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BACKGROUND: The pathogenesis of vascular stiffening and hypertension is marked by non-compliance of vessel wall because
of deposition of collagen fibers, loss of elastin fibers, and increased vascular thickening. Rho/Rho-associated coiled-coil
containing kinases 1 and 2 (ROCK1 and ROCK?2) have been shown to regulate cellular contraction and vascular remodeling.
However, the role of ROCK isoforms in mediating pathogenesis of vascular stiffening and hypertension is not known.

METHODS AND RESULTS: Hemizygous Rock mice (Rock1*~ and Rock2*-) were used to determine the role of ROCK1 and ROCK2
in age-related vascular dysfunction. Both ROCK activity and aortic stiffness increased to a greater extent with age in wild-
type mice compared with that of Rock*~ and Rock2*~ mice. As a model for age-related vascular stiffening, we administered
angiotensin Il (500 ng/kg per minute) combined with nitric oxide synthase inhibitor, L-N“-nitroarginine methyl ester (0.5 g/L) for
4 weeks to 12-week-old male Rock1*~ and Rock2'~ mice. Similar to advancing age, angiotensin II/L-N“-nitroarginine methyl
ester caused increased blood pressure, aortic stiffening, and vascular remodeling, which were attenuated in Rock2+~, and to
a lesser extent, Rock7*~ mice. The reduction of aortic stiffening in Rock2'~ mice was accompanied by decreased collagen
deposition, relatively preserved elastin content, and less aortic wall hypertrophy. Indeed, the upregulation of collagen | by
transforming growth factor-B1 or angiotensin Il was greatly attenuated in Rock2~~ mouse embryonic fibroblasts.

CONCLUSIONS: These findings indicate that ROCK1 and ROCK2 mediate both age-related and pharmacologically induced aor-
tic stiffening, and suggest that inhibition of ROCK2, and to a lesser extent ROCK1, may have therapeutic benefits in preventing
age-related vascular stiffening.
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lar stiffening and systolic hypertension are inde-

pendent predictors of cardiovascular disease.!?
Although there is a close association between aortic
stiffness and the development of systemic hyperten-
sion,®* the mechanisms leading to vascular stiffening
and the temporal relationship between aortic stiffness
and the development of hypertension remains unclear.
Nevertheless, the pathogenesis of age-related vascu-
lar stiffening with or without hypertension is marked by

Epidemiologioal studies have shown that vascu-

non-compliance of the vessel wall because of deposi-
tion of non-compliant collagen fibers, loss or fragmen-
tation of elastin fibers, endothelial dysfunction, and
increased vascular matrix remodeling.>® Therefore,
signaling pathways, which affect the compliance and
contractility of the vessel wall, may be important con-
tributors to the pathogenesis of vascular stiffening.
The Rho/Rho-associated coiled-coil containing
kinases (ROCK1 and ROCK2) are important medi-
ators of vascular function through their regulation of
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CLINICAL PERSPECTIVE

What Is New?

e Aortic Rho/Rho-associated coiled-coil contain-
ing kinases (ROCK) activity increases with vas-
cular age.

e ROCK is an important mediator of aortic stiff-
ness in aging mice.

e |oss of Rock2 attenuates hypertension, aortic
stiffening, vascular remodeling, and fibrosis in a
pharmacologic model of aortic stiffening.

What Are the Clinical Implications?

e |nhibition of ROCK, especially ROCK2, may
have therapeutic benefits in preventing age-
related aortic stiffening.

e ROCK2 mediates smooth muscle cell prolifera-
tion and profibrotic gene expression, suggesting
ROCK?2 is a critical mediator of age-associated
vascular remodeling.

Nonstandard Abbreviations and Acronyms

Ang I angiotensin |l

CTGF connective tissue growth factor

eEF1A1 eukaryotic elongation factor 1-alpha 1

eNOS endothelial nitric oxide synthase

L-NAME L-N"“-nitroarginine methyl ester

MEF mouse embryonic fibroblasts

MLC myosin light chain

PWV pulse wave velocity

ROCK1 Rho/Rho-associated coiled-coil
containing kinase 1

ROCK2 Rho/Rho-associated coiled-coil
containing kinase 2

SMC smooth muscle cells

TGF-[31 transforming growth factor 31

VSMC vascular smooth muscle cells

WT wild-type

actin cytoskeleton, cellular contraction, and fibro-
sis.”® Clinically, we have shown that increased leuko-
cyte ROCK activity is associated with advancing age,
systolic hypertension, and increased carotid-femoral
pulse wave velocity (PWV).9° Recently, we identified
eukaryotic elongation factor 1-alpha 1 (eEF1A1), a reg-
ulator of cellular protrusion' and proliferation,”” as a
binding partner for ROCK2."® Subsequent mutational
analysis of eEF1A1 identified Thr*3? as the specific
ROCK2 phosphorylation site. Furthermore, ROCK af-
fects cardiovascular remodeling through its effects on
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neointima formation™ and regulation of transforming
growth factor-B1 (TGF-(31), connective tissue growth
factor (CTGF), and procollagen expression.'®'® These
findings suggest that ROCK could be a critical medi-
ator of the mechanical properties of the vascular wall.

Previous studies with ROCK inhibitors are limited by
their relative lack of specificity for ROCK as opposed to
other serine/threonine protein kinases such as PKA, pro-
tein kinase C, and citron kinase when given in vivo, and
are unable to distinguish between the actions of spe-
cific ROCK isoforms.'” Hence, a genetic approach using
haploinsufficiency of specific ROCK isoforms is needed
to determine the role of ROCK isoforms in vascular dis-
eases. In this study, we used hemizygous Rock 7+~ and
Rock2*~ mice to investigate the role of ROCK isoforms
in the pathogenesis of vascular stiffening.

METHODS

The data, analytic methods, and study materials are
available upon request.

Animals

The hemizygous Rock mice, Rock1*~ and Rock2-
mice, were generated as described." Wild-type (WT)
littermates were used as the controls for Rock1*~ or
Rock2*~ mice. All mice are congenic strains on a
C57BI/6J background. Mice were housed on a 12-
hours light/dark cycle in a specific pathogen-free fa-
cility maintained by the University of Chicago Animal
Resources Center. Standard laboratory diet and drink-
ing water were supplied ad libitum. For all surgical pro-
cedures, animals were anesthetized with 2% isoflurane
and rectal temperature was monitored and maintained
at 37 °C +0.5 °C. The level of anesthesia was moni-
tored with pedal reflex. The analgesic buprenorphine
(0.1-0.2 mg/kg) was administered subcutaneously at
the beginning of surgery and once every 12 hours for
4 days or until animals are observed to be free of signs
of pain. All animals were euthanized by carbon diox-
ide (CO,) asphyxiation. A gradual fill method was used
with a displacement rate of 10% to 30% of the cham-
ber volume/minute (3 L/min). CO, flow was continued
for at least 1 minute after respiratory arrest. Cervical
dislocation, a secondary euthanasia method was used
for all the animal procedures. All animal protocols were
approved by the Institutional Animal Care and Use
Committee at the University of Chicago and conform
to National Institutes of Health guidelines.

Western Blotting

Protein was extracted from tissues or cells as previ-
ously described.'® The same amount of extracted pro-
tein was loaded on SDS-PAGE gel and transferred to
polyvinylidene difluoride membranes (Immobilon-P;
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Millipore). The membranes were blocked with 3%
bovine serum albumin (A7906; Sigma-Aldrich) and
0.1% Tween-20 (B1379; Sigma-Aldrich) in tris buff-
ered saline for 1 hour at room temperature and then
incubated overnight at 4 °C with primary antibodies
(Table S1). After incubated with corresponding sec-
ondary antibodies at room temperature for 1 hour,
the regions containing proteins were visualized by the
enhanced chemiluminescence kit (Clarity Western
ECL Substrate; Bio-Rad). Densitometric analysis was
performed using Imaged Software (National Institutes
of Health). Densitometric readings of band intensities
were normalized to control protein expression levels.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction

Total RNA was extracted from tissues or cells, using
the PureLink RNA Mini Kit (Invitrogen), according to
the manufacturer’s instructions. Total RNA was con-
verted to cDNA using the iScript Reverse Transcription
Supermix Kit (Bio-Rad). The PowerUp SYBR Green
Master Mix (Applied Biosystems) was used to per-
form amplifications on the StepOnePlus Real-Time
PCR System (Applied Biosystems). The Ct value cal-
culated by the StepOne Software version 2.3 (Applied
Biosystems) for all samples was normalized to the
housekeeping gene, Hprt. The relative fold change
was computed by the AACt method. The primers used
in this study are listed in Table S2.

Ang IlI/L-NAME Administration
Twelve-week-old male WT, Rock1*~, and Rock2"-
mice were implanted with Alzet osmotic mini-pump
(Model 1004) containing saline or angiotensin Il (Ang
1) (500 ng/kg per minute, A9525; Sigma-Aldrich). Mice
were anesthetized with 2% isoflurane and analgesic
buprenorphine (0.1-0.2 mg/kg) was administered sub-
cutaneously before implantation of the osmotic mini-
pump. A 1.0-cm vertical mid-scapular skin incision was
made, followed by a creation of a 3.5-cm deep subcu-
taneous pocket. The osmotic mini-pump was inserted
into the pocket. Skin closure was performed using 4-0
silk sutures, and mice were allowed to recover on a
heating plate at 37 °C. The L-N“-nitroarginine methy!
ester (LNAME, 0.5 g/L, N5751; Sigma-Aldrich) was
supplied in the drinking water. The duration of treat-
ment was 4 weeks. Measurements of aortic stiffness
and blood pressure (BP) were performed at baseline
and at 4 weeks after treatment.

Measurements of PWYV, Blood Pressure,
and Hemodynamic Parameters in Mice

Mice were anesthetized with 2% isoflurane on a heat-
ing (37 °C) board with integrated ECG electrodes.
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The pulse waveforms in the aortic root and abdomi-
nal aorta were obtained by pulse wave Doppler ultra-
sonography (Vevo 2100 imaging system, VisualSonics)
and synchronized with ECG monitoring. The pulse
wave, aortic dimensions in systole and diastole were
measured by 38-MHz transducer. The PWV was cal-
culated by dividing the distance by the difference of
transit time between aortic root and abdominal aorta.
Invasive blood pressure was measured using a Millar
pressure catheter (1.4F, model SPR-671 recorded
on MPVS-300 System) inserted into the aortic root
of mice under 2% isoflurane anesthesia. In Ang II/L-
NAME treated mice, a second pressure transducer
was inserted via the right femoral artery and advanced
into the thoracic aorta. The pullback procedure was
performed to simultaneously measure PWYV, determine
the transit distance, and correct for differences in fre-
quency response and amplifier delays between the 2
pressure transducers.'® The pressure waveforms in the
aorta were recorded and analyzed to obtain systolic,
diastolic, and mean aortic blood pressure (systolic BP,
diastolic BP, and mean BP, respectively). These pa-
rameters were used to calculate pulse pressure, the
change in pressure from augmentation point to peak
systolic pressure (AP), and the augmentation index
[(AP/pulse pressure)x100]. The aortic systolic and di-
astolic internal and outer diameter were determined by
ultrasonography, and the corresponding lumen area
and wall thickness were calculated. Using pulse wave
Doppler ultrasonography, the flow velocity waveform
and diameter at the left ventricular outflow tract (LVOT)
and aortic root were measured. The LVOT area was
calculated by measuring the average diameter, assum-
ing a circular orifice. The LVOT flow velocity waveform
was multiplied by LVOT area to derive the flow volume
in the LVOT, which is equivalent to flow volume in the
aorta.

Histological Analysis

Mice were anesthetized with 2% isoflurane and eutha-
nized by CO, inhalation. At the time of euthanizing, the
left ventricle of euthanized mouse was cannulated and
perfused with PBS containing heparin. The aorta was
then perfused and fixed with 4% paraformaldehyde in
PBS under physiological pressure. Following removal of
the aorta and further incubation in 4% paraformaldehyde
in PBS for 6 hours, the aortic segments are embedded
in optimal cutting temperature compound and frozen.
Ten sequential cross-sections of 5-um thickness at 3- to
4-mm intervals distal to the aortic valve were obtained
for immunohistochemical and morphometric analysis.
Fresh frozen sections were cut on a freezing microtome
(Microm; Walldorf). Slides were stained with hematoxy-
lin and eosin, elastin, picosirius red, and cross-sectional
images were analyzed using an image analysis system
(Multiscan; Fullerton). The identity of each sample was
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coded to allow data to be analyzed in a "blinded" man-
ner. Measurements of vessel thickness and medial area
were determined on cross-sections of aortas on the
same slide used for morphometric analysis. Wall thick-
ness was determined in pressure-perfusion fixed aortas
(at mean BP of 100 mm Hg). Medial area was deter-
mined by elastin stain and defined as the area between
the internal and external elastic lamina. The medial areas
were measured using National Institutes of Health Image
software and the average medial area was calculated.
To correct for vessel deformation and off-transverse sec-
tioning, the areas were determined by measuring the
circumference of the vessel lumen and calculating the
area as a generalized circle based on the measured cir-
cumference. For morphometric analysis, sections were
stained with picosirius red (24901; Polysciences Inc.)
for collagen, and elastin stain for elastin (HT25; Sigma-
Aldrich). The areas of collagen and elastin staining were
then standardized to medial area or wall thickness.

Measurement of Hydroxyproline and
Desmosine Content

The entire aorta was harvested and snap freezing in
liquid nitrogen. The aortic tissues were hydrolyzed in
6 N HCI at 100 °C for 24 hours as described.?® The
amount of cross-linked collagen was quantitated
by measuring the amount of hydroxyproline in aor-
tic lysates as described.?! The amount of desmosine
and isodesmosine, which forms cross-links with elas-
tin, was determined by high performance liquid chro-
matography/mass spectrometry as described.?® The
amount of collagen and elastin were standardized to
vessel length (mm). The ratio of hydroxyproline to des-
mosine and isodesmosine was taken as an index of
vascular remodeling.

Isolation of Mouse Primary Aortic Smooth
Muscle Cells

Primary aortic smooth muscle cells (SMC) were isolated
from 8- to 10-week-old mice. The thoracic aortas were
dissected from the arch to just above the diaphragm.
The adventitia and the surrounding adipose tissue were
carefully removed. Aorta was cut longitudinally and the
endothelial layer was gently removed by sterile cotton
swab. The luminal side of aorta was attached to gelatin-
coated 35-mm culture dish with growth medium. The
dishes were placed in 37 °C and 5% CO, incubator
and left undisturbed for 5 days, allow the aortic SMC
to migrate and proliferate from the aorta. The growth
media containing DMEM/F12 (11320033), 20% fetal bo-
vine serum (FBS), Smooth Muscle Growth Supplement
(800725), 1% GlutaMAX (35050061) and 1% Antibiotic-
Antimycotic (15240062) were used for the SMC culture.
All the cell culture reagents listed above were pur-
chased from Thermo Fisher Scientific and were used
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according to the manufacturer’s instructions. Primary
SMC between passages 3 to 6 were used for all experi-
ments. The mRNA levels of SMC differentiation markers
(Myh11 and Smtn) and stem cell markers (S700b and
Scal) were significantly lower in SMC compared with
aortas, suggesting SMC exhibit proliferative phenotype
(data not shown). For in vitro studies, SMC were serum
(1%)-starved overnight and then treated with or without
20 pmol/L ROCK inhibitor Y-27632 (688001; Millipore)
for 1 hour before stimulation with 1 pmol/L Ang Il (A9525;
Sigma-Aldrich) for 24 hours.

Transfection of Small Interfering RNA

Control small interfering RNA (siRNA) (sc-37007), Rock1
siRNA (sc-36432), and Rock2 siRNA (sc-36432) were
purchased from Santa Cruz Biotechnology. The siR-
NAs were diluted to 20 nmol/L in Opti-MEM (31985070;
Thermo Fisher) and mixed with Lipofectamine RNAIMax
(13778075; Thermo Fisher) at room temperature for
20 minutes. Mouse primary aortic SMC were seeded
at subconfluent densities in collagen type |-coated 6-
well plates or 60-mm culture dishes in growth media
without antibiotics. The siRNA-Lipofectamine mixtures
were added to SMC and incubated for 48 hours.

SMC Proliferation and Protein Synthesis
Assay

Mouse aortic SMC in logarithmic growth phase were
harvested and plated at 1.5x10% cells/cm? and cul-
tured overnight in DMEM with 10% FBS. SMC were
transfected the following day with control vector, WT
eEF1A1 cDNA vector or the mutant eEF1A1 (AT432A)
cDNA vector, which cannot be phosphorylated by
ROCK2. After transfection for 48 hours, SMC were
synchronized to GO with serum-starvation for 16 hours.
SMC proliferation was assessed by cell count and [PH]-
thymidine uptake and protein synthesis by [°H]-leucine
(New England Nuclear-Life Science Products) uptake
in response to 10% FBS. SMC were treated with the
indicated conditions in the presence of diluents, [°H]-
thymidine or [?H]-leucine (1 uCi/mL) for 24 hours. After
incubating at room temperature for 45 minutes, cel-
lular proteins were precipitated with 5% trichloroacetic
acid, resuspended in 0.4 N NaOH, and the radioactiv-
ity was counted in a scintillation counter (Beckman LS
B6000IC). Transfection efficiency was 30% to 35% and
standardized to transfection with 3-gal cDNA. The re-
sults were expressed as counts per minute (cpm) per
microgram protein.

Isolation and Immortalization of Mouse
Embryonic Fibroblasts

Primary mouse embryonic fibroblasts (MEF) were
cultured from 13-day-old embryos derived from WT,
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Rock1~~, and Rock2~~ mice. The embryos were sepa-
rated from their yolk sac and placed in the complete
growth medium, DMEM with 10% FBS, 1% penicillin
and streptomycin, and 1% GlutaMAX (Invitrogen). After
the embryonic head and innards were removed, the
trunk was homogenized and trypsinized at 37 °C for
45 minutes. After neutralizing the trypsin with the com-
plete growth medium, the MEF were isolated from the
remaining embryonic body by repeated pipetting and
cultured until confluent. After the third passage, the
MEF from each strain were immortalized by infection
with a retrovirus vector expressing SV40 large T anti-
gen, using neomycin selection for 2 weeks. MEF were
cultured in gelatin-coated dishes. After serum starva-
tion overnight, MEF were cotreated with or without
ROCK inhibitor Y-27632 (20 umol/L; 688001, Millipore)
and stimulated for 24 hours with TGF-B1 (10 ng/mL;
100-21C, PeproTech).

Statistical Analysis

Allresults are expressed as the mean+SEM. Comparisons
of parameters were performed with 1-way ANOVA fol-
lowed by post-hoc Tukey Honest Significant Difference
test for multiple comparisons. Statistical significance was
evaluated with GraphPad Prism 7 (GraphPad Software)
and JMP 7 (SAS Institute Inc.). A P value of <0.05 was
considered to be statistically significant.

RESULTS

Effects of Age on ROCK Activity

Age is associated with increased aortic stiffening and
systolic hypertension.?? To determine whether increased
ROCK expression and activity are associated with aging
in mice, we measured ROCK activity and expression
in the aortas of 4-, 11-, and 20-month-old male WT
C57BL/6J mice. Compared with 4-month-old mice,
11- and 20-month-old mice exhibited increased aortic
ROCK activity (P<0.001 for both, n=6 in each group) as
determined by phosphorylation of myosin-binding subu-
nit of myosin light chain (MLC) phosphatase (Figure 1A
and 1B). Interestingly, there was no increase in ROCK1
or ROCK2 expression in aortas of 11- and 20-month-old
mice (Figure 1C). These findings suggest that aging may
lead to conditions, which increases ROCK activity but
not ROCK expression in the aorta.

Effects of ROCK Isoforms on Age-
Associated Aortic Stiffness

To investigate the involvement of ROCK isoforms in
age-related aortic stiffening, we measured PWV in mice
at 4, 11, and 20 months of age. The age-associated in-
crease in aortic ROCK activity correlated with greater
aortic stiffness in 11 and 20-month-old male WT mice
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compared with that of 4-month-old male WT mice
(PWV at 11 and 20 months: 6.43+0.18 and 7.08+0.23
versus 4 months: 4.13+0.17 m/s; P<0.001 for both com-
pared with 4 months, n=6 in each group) (Figure 1D).
Interestingly, in 4-month-old male mice, aortic stiff-
ness was slightly less in Rock*~ and Rock2*~ mice
compared with that of WT mice (PWYV, 3.42+0.16 and
3.23+0.13 m/s versus 4.13+017 m/s; P=0.04 and
P=0.003, respectively, n=6 in each group). Similar to
20-month-old WT mice, aortic stiffness was greater
in 20-month-old male Rock7*~ and Rock2*~ mice
compared with that of 4-month-old male Rock7*~
and Rock2*~ mice (PWV at 20 months: 5.11+0.16
and 4.33+0.08 m/s, PWV at 4 months: 3.42+0.16 and
3.23+0.13 m/s, respectively; P<0.001 for both com-
pared with corresponding 4-month-old mice, n=6 in
each group), but the magnitude of increase was much
less compared with that of 20-month-old WT mice
(P<0.001 for both) with 20-month-old Rock2~ mice
being the most attenuated (WT. 7.08+0.23 versus
Rock2~: 4.33+0.08 m/s; P<0.001, n=6 in each group).
Indeed, aortic stiffness in 20-month-old Rock2*~ mice
was not different compared with that of 4-month-old
WT mice (PWV, 4.33+0.08 m/s versus 4.13+0.17 m/s;
P>0.05, n=6 in each group), suggesting that haploin-
sufficiency of Rock2 abrogates age-related aortic stiff-
ness. Similar findings of aortic stiffness were obtained
when comparing 4-month-old and 11-month-old fe-
male WT littermates and hemizygous Rock7*~ and
Rock2*~ mice (Figure 1E). These findings indicate that
haploinsufficiency of Rock1, and to a greater extent, of
Rock2, attenuates age-associated aortic stiffness.

Effects of ROCK Isoforms on Age-
Associated Changes in Endothelial Nitric
Oxide Synthase and Extracellular Matrix
We next determine the effects of ROCK isoforms on
age-associated changes in endothelial nitric oxide
synthase (eNOS) expression and extracellular matrix in
aortas of 4 and 12-month-old male WT littermate, and
hemizygous Rock1*~ and Rock2*~ mice. The expres-
sion of eNOS was similar between 4-month-old WT,
Rock1*~ and Rock2*~ mice (Figure 1F). However, com-
pared with 4-month-old mice, eNOS expression was
decreased by 64% and 60% in 12-month-old WT and
Rock1*~ mice (P<0.001 for both, n=5 in each group),
respectively, whereas there were no changes in eNOS
expression between 4 and 12-month-old Rock2-
mice (P>0.05, n=5 in each group). These findings sug-
gest that Rock2 mediates the downregulation of eNOS
expression during vascular aging.

In 4-month-old male mice, the hydroxyproline and
desmosine contentinthe thoracic aortas were similar be-
tween WT, Rock1*~ and Rock2+~ mice (Figures 1G and
1H). However, in 12-month-old mice, the hydroxyproline
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Figure 1. Rho/Rho-associated coiled-coil containing kinase (ROCK) isoform expression and activity with age and their

effects on age-related aortic wall remodeling and stiffness.

A, Representative immunoblots showing the protein level of ROCK isoforms, phosphorylated myosin-binding subunit, total myosin-
binding subunit, and 3-actin in aortas of 4, 11, and 20 months of age male C57BL/6J mice. Densitometric analysis of (B) ROCK activity
(phosphorylated myosin-binding subunit/total myosin-binding subunit) and (C) ROCK expression (standardized to (3-actin) in aortas
of 4, 11, and 20 months of age male wild-type (WT) mice, n=6 aortas in each group. Pulse wave velocity in the aortas of 4, 11 and
20 months of age (D) male and (E) female WT littermates, Rock1*-, and Rock2*~ mice. For male mice: n=6 mice in all groups. For
female mice: n=6 mice in all 4 and 11-month-old groups, n=3 mice in 20-month-old WT group, n=2 mice in 20-month-old Rock1*~
and Rock2*~ groups. F, The mRNA level of endothelial nitric oxide synthase in aortas of 4- and 12-month-old male WT, Rock1*~, and
Rock2*~ mice, n=5 aortas in each group. G, Collagen and (H) elastin content in aortas of 4- and 12-months-old male WT, Rock7+-,
and Rock2*- mice. The collagen and elastin content were determined by quantification of hydroxyproline and total desmosine; n=4
aortas in all groups. I, The ratio of collagen (hydroxyproline) to elastin (desmosine) in the aorta; n=4 aortas in all groups. Results
are expressed as mean+SEM. P values were calculated using 1-way ANOVA with Tukey Honest Significant Difference test. p-MBS
indicates phosphorylated myosin-binding subunit; ROCK/Rock, Rho/Rho-associated coiled-coil containing kinase; t-MBS, total
myosin-binding subunit; eNOS, endothelial nitric oxide synthase; Hprt, hypoxanthine phosphoribosyltransferase; and WT, wild-type.

content was increased in aortas of WT and Rock1*/~
mice, but not in the aortas of Rock2*~ mice (Figure 1G).
In contrast, the reduced aortic desmosine or elastin
content in 12-month-old WT mice was not observed
in aortas of corresponding age Rock1*~ and Rock2+~
mice (Figure 1H). Consequently, the increased ratio of
collagen to elastin in 12-month-old WT and Rock7+~
aortas was substantially attenuated in 12-month-old
Rock2'- aortas (Figure 1l). These findings indicate that
Rock2 mediates age-associated aortic fibrosis, which
could account for the increased pulse pressure and
stiffness with age.
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ROCK Isoforms Mediate
Pharmacologically-Induced Vascular
Stiffening

To determine the hemodynamic and histological effects
of Rock1 and Rock2 on age-associated aortic stiffen-
ing, we used a pharmacologically-induced model of
vascular stiffening to induce age-like vascular changes
in mice.?® Accordingly, 12-week-old male WT, Rock 1+~
and Rock2~ mice were treated with Ang Il (500 ng/
kg per minute) and L-NAME (0.5 g/L) for 4 weeks. With
saline and Ang II/Ll-NAME treatment, body weights
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were not different between the groups of mice (Table).
However, treatment with Ang Il/L-NAME increased the
heart weights as well as the heart weight to body weight
ratios of WT and Rock7*~ mice to a greater extent
compared with that of Rock2*~ mice. These findings
indicate that treatment with Ang II/L-NAME increased
myocardial hypertrophy in WT and Rock7+~ mice, but
to a lesser extent, in Rock2+~ mice. Indeed, systolic BP
and mean BP were substantially increased with Ang
l/L-NAME treatment in WT and Rock 7+~ mice, and to a
much lesser extent, in Rock2"~ mice (Table).

The pressure waveforms of invasive blood pres-
sure monitoring showed that the increases in pulse
pressure, AP, and augmentation index following Ang
[I/L-NAME treatment in WT mice were attenuated
in Rock1*~ mice, and more substantially reduced in
Rock2~ mice (Figure 2A through 2C). This correlated
with greater distensibility as measured by changes in
the difference between systolic and diastolic internal
diameters in the aortic root of Rock2*~ mice compared
with that of WT and Rock1*~ mice (Figure 2D through
2F). Compared with control (saline), aortic wall thick-
ness in WT and Rock1*~ mice was also increased with
treatment of Ang Il/L-NAME, but this thickening of the
aortic wall was absent in Rock2”~ mice (Figure 2G).
These findings suggest greater distensibility or elastic-
ity of aortas from Rock2*~ mice compared with that of
WT and Rock1*~ mice.

Using ultrasonography and pulse wave Doppler to
measure the diameter of left ventricular outflow tract
(LVOT) and the peak and mean velocities through

ROCKSs and Vascular Stiffness

LVOT, we calculated the peak and mean flow in LVOT.
The diameter of LVOT for all groups were similar and
did not change with Ang II/LNAME treatment (Table).
However, peak LVOT velocities were higher in Rock2+~
mice, both with saline and Ang II/l-NAME treatment,
suggesting higher flow across LVOT. Indeed, treatment
with Ang IlI/L-NAME decreased peak and mean flow in
WT mice, but had little or no effect on these parame-
ters in Rock1*~ and Rock2'~ mice. This corresponded
to a smaller and no increase in PWV in Ang II/L-NAME-
treated Rock 1+~ and Rock2*~ mice, respectively, com-
pared with that of WT mice (PWV: WT, 4.93+0.06 m/s;
Rock1*~, 416010 m/s; Rock2'-, 3.25+0.03 m/s,
P<0.001 compared with WT mice, Figure 2H). These
results suggest that Rock7, and to a greater extent
Rock2, plays an important role in regulating aortic dis-
tensibility and flow.

Effects of ROCK on Aortic Hypertrophy
and Vascular Remodeling

Next, we examined the morphology and extracellular
matrix of aortas from WT and Rock mutant mice. Using
hematoxylin and eosin staining, we found that treatment
with Ang IIl/L-NAME increased the medial area of the
aortic wall, as determined by the area between the in-
ternal and external elastic lamina. This increase in me-
dial area was smaller in Rock2*~ mice compared with
that of WT mice (Figure 3A and 3B). Indeed, treatment
with Ang II/L-NAME increased aortic wall thickness by
ultrasonography in WT mice, which was attenuated

Table 1. Hemodynamic Parameters of Aorta in Ang IlI/L-NAME Treated Hemizygous ROCK Mice
WT Rock1*~ Rock2-
Ang II/L-NAME Ang II/L-NAME Ang II/L-NAME
Saline (n=4) (n=5) Saline (n=3) (n=3) Saline (n=3) (n=4)
Body weight, g 21.8+0.3 22.2+0.2 21.920.2 221+0.3 22.0£0.3 22.40.2
Heart weight, mg 102.7+0.5 134.1+0.9* 102.9+1.0 132.8+1.1% 102.8+1.7 118.9+1.041
Heart weight/body weight, mg/g 4.7+0.1 6.1+0.1% 4.7+0.1 6.0+0.1% 4.7£041 5.3+0.111
Hemodynamics
Heart rate, beats/min 379.5+10.4 382.2+7.7 370.7+11.4 379.7£13.6 390.0+14.8 383.3+9.8
sBP, mm Hg 117.3+1.3 135.241.7* 114.0+1.7 129.3+3.0* 112.7+1.8 120.0+1.57
dBP, mm Hg 82.5+1.6 89.2+1.3* 81.7+1.5 89.3+2.2* 80.0+1.5 85.8+1.1
mBP, mm Hg 94.0+0.9 104.6+0.6* 92.7+1.5 102.3+2.3% 90.7+0.3 97,044 471
Aortic hemodynamics
Peak LVOT velocity, cm/s 106.1+4.5 86.7+3.4* 106.2+5.9 89.1+3.3 125.7£5.4 1171441
Diameter of LVOT, cm 0.085+0.002 0.084+0.002 0.085+0.002 0.086+0.002 0.082+0.003 0.084+0.002
Peak flow, cm®/s 0.605+0.026 0.486+0.019* 0.600+0.028 0.517+0.031 0.666+0.026 0.644+0.018!
Mean flow, cm®s 0.149+0.003 0.136+0.0031 0.146+0.002 | 0.143+0.002 0.157+0.003 0.161+0.0021

Twelve-week-old, male wild-type littermates, Rock1*~, and Rock2*~ mice were treated with angiotensin Il (500 ng/kg per minute) and L-N“-nitroarginine
methyl ester (-NAME; 0.5 g/L, drinking water) for 4 weeks. Results are expressed as mean+SEM. P values were calculated using 1-way ANOVA with Tukey
Honest Significant Difference test. Ang Il indicates angiotensin Il; dBP, diastolic blood pressure; L-NAME, L-N“-nitroarginine methyl ester; LVOT, left ventricular
outflow tract; mBP, mean blood pressure; Rock, Rho/Rho-associated coiled-coil containing kinase; and sBP, systolic blood pressure.

*P<0.05, tP<0.01, *P<0.001 compared with saline.

1P<0.01, 1P<0.001 compared with corresponding treatment of wild-type mice.

J Am Heart Assoc. 2021;10:e022568. DOI: 10.1161/JAHA.121.022568
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Figure 2. Hemodynamic parameters in Angiotensin lI/L-N“-nitroarginine methyl ester-treated hemizygous Rock mice.

Twelve-week-old, male wild-type littermates, Rock7+~, and Rock2*~ mice were treated with angiotensin Il (Ang Il; 500 ng/kg per
minute) and L-N“-nitroarginine methyl ester (L-NAME, 0.5 g/L, drinking water) for 4 weeks. A, Pulse pressure, (B) AP, augmentation
point to peak systolic pressure, and (C) augmentation index were obtained by pressure waveforms from pressure transducers in the
aorta. D, Systolic internal diameter, (E) diastolic internal diameter, (F) change in the systolic and diastolic internal diameters of the
aortic root, and (G) aortic wall thickness were determined by ultrasonography. H, Pulse wave velocity was determined by pressure
waveforms in aortic root and abdominal aorta at the level of renal artery. Saline group: wild-type (n=4), Rock1+~ (n=3), and Rock2*~
(n=3); Ang lI/L-N“-nitroarginine methyl ester group: wild-type (n=5), Rock1*~ (n=3), and Rock2*~ (n=4). Results are expressed as
mean+SEM. P values were calculated using 1-way ANOVA with Tukey Honest Significant Difference test. Ang Il indicates angiotensin
II; PP, pulse pressure; AP, augmentation point to peak systolic pressure; Rock, Rho/Rho-associated coiled-coil containing kinase; and

WT, wild-type.

in Rock1*~ mice, and to a greater extent, in Rock2+~
mice (Table). This attenuation in aortic wall and medial
thickness was associated with less collagen fiber dep-
osition (Figure 3C) and greater elastic fiber preserva-
tion in Rock2~ mice compared with that of WT mice
(Figure 3D). This correlated with decreased amount of
hydroxyproline, an indicator of collagen fiber content, in
the aortas of Rock2"~ mice compared with that of WT
mice (Figure 3E). Furthermore, the level of desmosine
and isodesmosine, which cross-links with elastin, was
higher in aortas from Rock2~ mice compared with that
of WT mice after Ang II/L-NAME treatment (Figure 3F).
Using the ratio of collagen to elastin as an index of ex-
tracellular matrix remodeling of the aorta, we found that

WT mice have higher remodeling compared with that
of Rock 1+~ and Rock2*~ mice following Ang II/L-NAME
treatment (Figure 3G). These results indicate that Rock7,
and to a greater extent Rock2, are critical mediators of
wall thickening and extracellular matrix remodeling of
the aortic wall that could lead to aortic stiffening.

ROCK2 Mediates SMC Proliferation
Through eEF1A1 Phosphorylation

To determine the mechanism by which ROCKs regu-
late vascular remodeling and stiffness, we hypoth-
esized that phosphorylation of eEF1A1 by ROCK2
could be involved in aortic SMC proliferation and
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Figure 3. Morphology of aortas from Rho/Rho-associated coiled-coil containing kinase (Rock)1*- and Rock2*- mice with
saline or Angiotensin II/L-N"“-nitroarginine methyl ester treatment.

A, Hematoxylin and eosin staining of aortas after saline or angiotensin Il (Ang Il)/L-N"“-nitroarginine methyl ester treatment for 4 weeks.
The medial area is indicated by white dash lines. Scale bar represents 100 pm. B, Quantification of medial area from the aortic section
of hematoxylin and eosin staining. C, Representative images of picrosirius red-stained aortic sections. Black arrowhead indicates
collagen deposition. Scale bar represents 100 um. D, Morphology of elastic fibers in elastin-stained aortic sections. White arrowhead
indicates the distribution of elastic fibers. Scale bar represents 50 pm. Cross-linked (E) collagen and (F) elastin content in aortas were
determined by measurement of hydroxyproline content and HPLC/MS detection of total desmosine (desmosine+isodesmosine). G,
The ratio of collagen (hydroxyproline) to elastin (total desmosine) content in the aorta. Saline group: wild-type (n=4), Rock1*~ (n=3),
and Rock2*~ (n=3). Ang Il/ L-N“-nitroarginine methyl ester group: wild-type (n=5), Rock1*~ (n=3), and Rock2"~ (n=4). Results are
expressed as mean+SEM. P values were calculated using 1-way ANOVA with Tukey Honest Significant Difference test. Ang Il indicates
angiotensin Il; L-NAME, L-N“-nitroarginine methyl ester; Rock, Rho/Rho-associated coiled-coil containing kinase; and WT indicates
wild-type.

hypertrophy. Previously, we have shown that ROCK2 phosphorylation in primary aortic SMC (Figure 4A).
can phosphorylate eEF1A1 at Thr*®2'3 and eEF1A1 Compared with SMC treated with control or Rock?
has been shown to play an important role in regulat- SiRNA, eEF1A1 Thr*®? phosphorylation was reduced in
ing the actin cytoskeleton.?® Using an antibody against ~ SMC treated with Rock2 siRNA (Figure 4B).

phospho-Thr*¥? of eEF1A1, we found that treatment  Toconfirmthat eEF1A1 Thr*32 phosphorylation by ROCK2
with the ROCK inhibitor, Y-27632, decreased eEF1A1 contributes to ROCK2-mediated SMC proliferation and
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Figure 4. Phosphorylation of eEF1A1 by ROCK2 regulates SMC proliferation and protein synthesis.

A, Immunoblots showing eukaryotic elongation factor 1-alpha 1 (€EF1A1) Thr*3? phosphorylation (p-eEF1A1) and total eEF1A1 (t-
eEF1A1) in primary aortic smooth muscle cells (SMC) treated with increasing concentration of the ROCK inhibitor, Y-27632, for
24 hours. Densitometric analysis of eEF1A1 phosphorylation (p-eEF1A1/t-eEF1A1). n=4 cell isolates in each group. B, Immunoblots
of wild-type SMC treated with control (scrambled), Rock1, or Rock2 siRNA, n=4 cell isolates in each group. Cell proliferation was
determined by (C) cell number and (D) [*H]-thymidine uptake in response to 10% serum in SMC transfected with empty vector
(control), wild-type eEF1A1, or mutant eEF1A1 (AT432A). SMC were synchronized to GO phase with serum starvation for 16 hours
before experiments. n=6 cell isolates for cell number and n=4 cell isolates for thymidine uptake. E, Protein synthesis was determined
by [*H]-leucine uptake. n=4 cell isolates. Results are expressed as mean+SEM. P values were calculated using 1-way ANOVA with
Tukey Honest Significant Difference test. ROCK indicates Rho/Rho-associated coiled-coil containing kinase; siRNA, small interfering
RNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; and WT, wild-type.

hypertrophy, we made a mutant eEF1A1 (AT432A), which the ROCK inhibitor, Y-27632. Treatment with Ang

cannot be phosphorylated by ROCK2."* Compared with
control vector, overexpression of WT eEF1A1 in SMC
led to increased cell proliferation and protein synthesis,
while overexpression of mutant eEF1A1 (AT432A) had
no effect on SMC proliferation (Figure 4C through 4E).
These results suggest that phosphorylation of Thr*? of
eEF1AT by ROCK2 mediates SMC proliferation and hy-
pertrophy, which could contribute to medial SMC prolif-
eration and wall thickening in the aorta.

ROCK2 Mediates Profibrotic Gene
Expression

To determine the role of ROCK isoforms in Ang lI-
induced extracellular matrix remodeling, we first ex-
amined the expression of profibrotic genes in Ang
ll-stimulated primary aortic SMC with and without

Il increased ROCK activity and upregulated TGF-
B1 and collagen | protein and mRNA expression
in SMC, which were substantially attenuated by Y-
27632 (Figure 5A and 5B). Selective knockdown of
Rock1 or Rock2 in SMC led to a comparable re-
duction in Ang llI-induced TGF-B1 and collagen |
protein expression (Figure 5C). Similarly, using MEF
that were isolated from WT, Rock1~~ and Rock2~"~
embryos, we found that the expression of collagen
|, and the downstream effector of TGF-B1, CTGF,
were both reduced in response to TGF-31 stimula-
tion (Figure 5D). These findings suggest that ROCK
inhibition, and in particular, ROCK2 inhibition atten-
uates Ang ll-induced TGF-[31 signaling and fibrosis,
in part, through downregulation of TGF-31 expres-
sion and its downstream profibrotic effectors, CTGF,
and collagen I.
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DISCUSSION

We have found that aortic ROCK activity increases
with age and haploinsufficiency of Rock7, and to a
greater extent, Rock2, confers protection against age-
associated aortic stiffening. Using a pharmacologically-
induced vascular stiffening model with Ang II/L-NAME,
we found that hypertension, myocardial hypertro-
phy, aortic stiffening, and vascular remodeling were
also reduced in hemizygous Rock mice, especially in
Rock2"~ mice. The attenuation in aortic stiffening in
Rock2*~ mice was accompanied by reduced vascu-
lar wall thickness, greater distensibility, less collagen
deposition, and more preserved elastin content. In
vitro, we showed that the phosphorylation of eEF1A1
by ROCK2 contributes to SMC proliferation and hy-
pertrophy, which could account for the medial thicken-
ing of the aorta in older mice. Furthermore, the loss of
Rock2 led to decreased profibrotic gene expression.
These findings indicate that ROCK2 is an important
mediator of vascular remodeling and fibrosis, and sug-
gest that ROCK could be a therapeutic target for age-
associated aortic wall remodeling and stiffening.
Aortic stiffness is associated with impaired endothe-
lial function and increased vascular tone.?* An essen-
tial mediator of endothelial function and vasodilation is
eNOS. The contribution of endothelial dysfunction in
aortic stiffness is supported by higher blood pressure
and aortic stiffness in eNOS knockout mice.?® In our
pharmacologically-induced vascular stiffening model,
Ang II/L-=NAME increased ROCK activity,'®?® and in-
creased ROCK activity has been shown to downregu-
late eNOS,"” impair endothelial function,?” and promote
vascular remodeling.* The accelerated aortic stiffening
model required the treatment of L-NAME, further high-
lighting the involvement of eNOS in the vascular stiff-
ening process. Indeed, ROCK2 downregulates eNOS
expression via phosphorylation of eEF1A1, which directly
binds to eNOS mRNA and limits its mRNA stability."® The
impaired endothelium-dependent dilation in aging cere-
bral arteries was reversed by selective sSROCK2 inhibi-
tor SLX-2119.28 Consistent with these previous studies,
we also found that eNOS mRNA level was decreased
in the aortas of older WT and Rock1*~ mice but not in
older Rock2*~ mice compared with that of younger cor-
responding mice. These findings suggest that ROCK2-
mediated downregulation of eNOS and endothelial
dysfunction may be one of the mechanisms by which
ROCK2 mediates vascular stiffening and hypertension.
Further studies using endothelial-specific ROCK isoform
deletion in mice would be helpful in determining the
mechanisms of endothelial ROCK2 in vascular stiffening.
Vascular aging is associated with enhanced con-
tractile response to vasoconstrictors and increased
myogenic tone. ROCK could increase blood pressure
through their direct effects on SMC contraction via
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changes in actin cytoskeletal dynamics. ROCK phos-
phorylates myosin-binding subunit of MLC phospha-
tase and inhibits MLC phosphatase activity, leading to
increased MLC phosphorylation, actomyosin interac-
tion, and contraction.”?® The eEF1A mediates binding
and cross-linking F-actin into non-contractile bun-
dles.*® Domain lll of eEF1A has been shown to cross-
link actin filaments with a unique binding rule that
excludes other proteins from cross-linking F-actin into
contractile bundles, such as phosphorylated MLC."
The binding of eEF1A to F-actin could negatively affect
cellular contractility and alter cell shape by preventing
actin-myosin interaction. Interestingly, the unphos-
phorylated form of eEF1A has been shown to bind to
and bundle F-actin, whereas phosphorylated eEF1A at
Thr*®2 by ROCK is unable to bind F-actin.?® Thus, by
phosphorylating eEF1A and preventing its interaction
with F-actin, ROCK could induce SMC contraction by
permitting the available F-actin to cross-link with phos-
phorylated MLC. Although both ROCK1 and ROCK2
can regulate MLC phosphatase, the ROCK2-eEF1A in-
teraction may be more important for vascular contrac-
tion, which is reflected by the finding that knockdown
of ROCK2, but not ROCK1, reduces the contractility in
rat vascular smooth muscle cells (VSMC).3" Moreover,
the ROCK2-specific inhibitor, KD025, significantly in-
hibits the myogenic tone in mice at 2, 6 to 8, and 13 to
14 months of age via ROCK2-mediated Ca®* sensitiza-
tion.32 Thus, these findings highlight the distinct effects
of ROCK2 in mediating vascular contraction as well as
age-related hypertension.

Epidemiological studies have shown that premeno-
pausal women are protected against arterial stiffening
compared with age-matched men.®® Increased con-
tractions to vasoconstrictor in aortas from male mice
are attributable to higher in RhoA/ROCK activation in
smooth muscles, independent of differences in the ex-
pression of RhoA or ROCK isoforms.3* Basal activity of
RhoA but not ROCK s higher in aortas of male mice and
there is no difference in levels of ROCK1 and ROCK2
in aortas from male and female mice.3* Interestingly,
17B-estradiol attenuates vascular contraction through
inhibition of RnoA/ROCK activity.®® The inhibitory effect
of estrogen on RhoA/ROCK activity may be attribut-
able to the activation of G protein-coupled estrogen
receptors, leading to the downstream Epac/Rap1- and
PKA-mediated RhoA/ROCK inhibition.®® Qur findings
indicate that the PWV was lower in old female WT
mice than in age-matched male mice. The haploinsuf-
ficiency of ROCK isoforms seems to exhibit similar pro-
tective effects on age-related vascular stiffness in both
male and female mice.

Vascular thickening and remodeling are predom-
inant structural changes that occur in vascular aging.
Upregulation of ROCK2, but not ROCK1, is found in the
media of pulmonary arteries from patients with idiopathic

11



Lietal

ROCKSs and Vascular Stiffness

A B
Angll —  + -+ @ P=0.01_P<0.001 D= P=0.01_P=0.03 5 P=0.004_P=0.03 5 P<0.001_P<0.001
Y27632 — - o+ o+ 8.3 — — 3517 — % 4 - 2.5 | P00 F
=z oo = <520
. P— 150kD £ < d <
D-MBS | e s 5§85, 361'5 {L— . <Z(,€3 ZIQ15 J
£-MBS | st et St s 150D O L S A - TR, rs
40} Sg 10 + E5 > ES10 $ -
i il 13 sk, ISR i
= g0 e ®205
G l37kp X 0 X =00 X o — X ogolt——"r——
APDH G — Angll - + Angll - + - +  Angll - + - + Angll - + - o+
Y27632 - - + + Y27632 - - + + Y27632 - - + + Y27632 - - + +
Angll - + - + - o+
C Control SRNA ~ + + - - - - P<0.001 P<0.001
ROCK1siRNA — — + + — — o 25, P=001 P=0.002 5 —~ 25, F70001 P=0.02
ROCK?2 siRNA — — - - + + > . O .
- 2T 50 20 39
ROCK1 s | 150 kD o ” e ©
ROCK2 | s s s s %& 1.5 jij_ %Q 1.5 _%_
[1o0Ke 89 4ol o5 i . Sc 10| & %ﬂf gt
P-MBS |+ s s s s s 150 kD o '}—:Lt o8 +
20 s P 29 05
£-VIBS | e o s c— a— w— 150 kD s~ T35
TeF[== = 125 kD ¢ 00 : : : £O 00 : : ;
Angll - + - + - + Angll - + - + - +
Collagen | ‘ - " 4 150 kD Control siRNA  +  + - — - - Control sSRNA  +  + - - - -
270 ROCK1SRNA - - + + — - ROCK1SRNA — — + + — —
GAPDH |l G Gauib G Gp s ROCK2SiRNA - - - - + + ROCK2SRNA - - - — + +
D - - P<0.001
WT Rock1 Rock2 P=0.01 P<0.001
TGFp1 - + - + - o+ © _ 25 P<0.001 oo Ufﬂ o-TGF T 207 p003 P<0001 o_-TGF
3T -0, =00 — =00
ROCK1 [y =l D20 L T, ® +TGF i,:) £ 15 % =0.03 ® +TGF
£ . gl N
ROCK2 | e s S = 1150 kD %51.5 * %910 w5 ° k3
Collagen | | == - 150 kD S 10l g = . 2% & 5 R
(Ol [0) .
137 kD > el %
- -— - = ° = 0.5
CTGF - - . 6 05 £ % 5 2 G:7'
GAPDH | s s s e s £ 00l — — S Qo0 - o y
WT  Rock1™ Rock2™~ WT  Rock1™™ Rock2™~

Figure 5. Regulation of transforming growth factor-B1 and collagen | expression by Rho/Rho-associated coiled-coil

containing kinase (ROCK) isoforms.

A, Protein and (B) mRNA levels of transforming growth factor-31 and collagen I in wild-type primary aortic smooth muscle cells (SMC)
treated with Ang Il (10 pmol/L) or Y-27632 (20 pmol/L) for 24 hours. n=4 cell isolates in each group. C, Representative immunoblots and
densitometric quantification of transforming growth factor-31 and collagen | in wild-type SMC treated with control (scrambled), Rock1
or Rock2 small interfering RNA. After transfection of small interfering RNA for 48 hours, SMC were stimulated with or without Ang |l
(10 umol/L) for 24 hours, n=4 cell isolates in each group. D, Representative immunoblots and densitometric quantification of connective
tissue growth factor and collagen | in wild-type, Rock1~'~ or Rock2~~ mouse embryonic fibroblasts treated with transforming growth
factor-31 (10 ng/mL) for 24 hours; n=4 cell isolates in each group. Results are expressed as mean+SEM. P values were calculated using
1-way ANOVA with Tukey Honest Significant Difference test. Ang Il indicates angiotensin Il; CTGF, connective tissue growth factor;
p-MBS indicates phosphorylated myosin-binding subunit; ROCK/Rock, Rho/Rho-associated coiled-coil containing kinase; siRNA,
small interfering RNA; TGF, transforming growth factor; t-MBS, total myosin-binding subunit; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; Hprt, hypoxanthine phosphoribosyltransferase; Collal, collagen type | alpha 1 chain; and WT, wild-type.

pulmonary arterial hypertension.” The hypoxia-induced
VSMC proliferation and pulmonary arterial thickening
are reduced in VSMC-specific ROCK2+~ mice, whereas
the overexpression of ROCK2 in VSMC enhances both
features of pulmonary arteries.®” The arterial SMC from
patients with pulmonary hypertension further confirms
that ROCK?2 is required for ERK1/2-mediated cell prolif-
eration and vascular remodeling in pulmonary arteries.*’
These results support the notion that ROCK2 in VSMC
regulates vascular remodeling through ERK-mediated
proliferative signal, which may be a similar mechanism
to ROCK2-mediated eEF1A1 phosphorylation-induced
SMC proliferation in the present study.

We found a relatively intact aortic wall struc-
ture and relative maintenance of elastic fibers in

J Am Heart Assoc. 2021;10:e022568. DOI: 10.1161/JAHA.121.022568

Rock2*~ aortas after Ang IlI/L-NAME treatment.
These observations suggest that Ang II/L-NAME-
induced elastolysis may be attenuated by ROCK2
deficiency, suggesting ROCK2 could increase the
activity of elastin-degrading enzymes in the vascu-
lature. Indeed, pharmacological inhibition of ROCK
decreases aortic elastin fragmentation, matrix metal-
loproteinase-2 activity, and vascular inflammation in
Ang ll-induced aneurysm animal models.®®%® Our
previous study also reported that leukocyte/macro-
phage ROCK1 is a mediator of vascular inflamma-
tion, neointima formation, and atherosclerosis.'*4°
However, the mechanisms by which ROCK regulates
the production of elastolytic enzymes in vascular or
inflammatory cells remains to be determined.
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Although previous studies show that ROCK1 de-
letion mediates cardiovascular remodeling and fibro-
sis through transcriptional regulation of TGF-31 and
its downstream profibrotic genes,'*'® the specific role
of ROCK2 in vascular fibrosis is not entirely known.
ROCK2, but not ROCK1, have been shown to mediate
kidney fibrosis through TGF-31-induced expression of
CTGF and profibrotic genes via the proinflammatory
transcription factor, nuclear factor-kB, in mesangial
cells.*! This observation agrees with our previous find-
ings about the profibrotic effect of ROCK2 in cardiac fi-
broblasts.'® The expression of ROCK2, but not ROCK{1,
is increased in activated cardiac fibroblasts after Ang
Il treatment and ROCK2 deletion in cardiac fibroblasts
leads to a reduction in Ang ll-induced cardiac fibrosis,
as well as decreases in collagen and CTGF expres-
sion. Similarly, in this study, we showed that ROCK2
affects vascular stiffening and remodeling, in part,
through TGF-B1 signaling pathways that control the
expression of CTGF and collagen. Moreover, since the
levels of Ang II*? and TGF-314® are elevated in circu-
lation of aging animals and humans, these 2 factors
could act as the inducers of vascular stiffness, or even
the ROCK2 activators, which further highlight the im-
portance of ROCK2 inhibition in alleviation of aging-
related vascular stiffness.

In summary, using Rock1 and Rock2 haploinsuffi-
cient mice, we have shown that Rock2 is the predomi-
nant mediator of vascular remodeling and stiffening that
occurs with aging. Our findings suggest that ROCK2
may be a potential therapeutic target for the prevention
of age-associated vascular disease.
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Table S1. List of primary antibodies

Target antigen Vendor or Source Catalog # Working
concentration
ROCK1 BD Biosciences 611136 1:1000 (250 ng/ml)
ROCK2 BD Biosciences 610623 1:1000 (250 ng/ml)
Phos-MYPT1 (p-MBS, Thr850) | Millipore 36-003 1:1000 (1000 ng/ml)
Myosin Phosphatase (t-MBS) Biolegend 925101 1:1000 (N/A)
beta-actin Proteintech 66009 1:5000 (86 ng/ml)
Phospho-eEF1A1 Dr. James K. Liao N/A 1:1000 (N/A)
EF-1 a1/2 Santa Cruz 377439 1:1000 (200 ng/ml)
GAPDH Cell Signaling Technology | 2118 1:5000 (N/A)
TGFb1 Santa Cruz sc-146 1:1000 (100 ng/ml)
COL1A1 Santa Cruz sc-8784 1:1000 (100 ng/ml)
CTGF Santa Cruz 365970 1:1000 (200 ng/ml)

Table S2. List of primers used in quantitative real-time PCR

Gene name Forward Primer (5’->3’) Reverse Primer (5'->3’)
Tgfb1 GAAGCGGACTACTATGCTAAA CCCGAATGTCTGACGTATTG
Col1at CAATGGTGCTCCTGGTATTG CACCAGTGTCTCCTTTGTTG
Rock1 GGAGATGTGTACAGAGCAGAAA GAAAGTGGTAGAGGGTAGGAATG
Rock2 ACAGATGAAAGCGGAAGACTATG TGAACTACCCAGGGACTGTT
Nos3 GACAGACTACACGACATTGAG ATGGTCCAGTTGGGAGCATC
Hprt AGTGTTGGATACAGGCCAGAC CGTGATTCAAATCCCTGAAGT




