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Abstract

Background: Increased Rho-kinase activity in circulating leucocytes is observed in
heart failure with reduced ejection fraction (HFrEF). However, there is little informa-
tion in HFrEF regarding other Rho-kinase pathway components an on the relationship
between Rho-kinase and apoptosis. Here, Rho-kinase activation levels and phospho-
rylation of major downstream molecules and apoptosis levels were measured for the
first time both in HFrEF patients and healthy individuals.

Methods: Cross-sectional study comparing HFrEF patients (n = 20) and healthy con-
trols (n = 19). Rho-kinase activity in circulating leucocytes (peripheral blood mono-
nuclear cells, PBMCs) was determined by myosin light chain phosphatase 1 (MYPT1)
and ezrin-radixin-moesin (ERM) phosphorylation. Rho-kinase cascade proteins phos-
phorylation p38-MAPK, myosin light chain-2, JAK and JNK were also analysed along
with apoptosis.

Results: MYPT1 and ERM phosphorylation were significantly elevated in HFrEF pa-
tients, (3.9- and 4.8-fold higher than in controls, respectively). JAK phosphorylation
was significantly increased by 300% over controls. Phosphorylation of downstream
molecules p38-MAPK and myosin light chain-2 was significantly higher by 360% and
490%, respectively, while JNK phosphorylation was reduced by 60%. Catecholamine
and angiotensin |l levels were significantly higher in HFrEF patients, while angio-
tensin-(1-9) levels were lower. Apoptosis in circulating leucocytes was significantly
increased in HFrEF patients by 2.8-fold compared with controls and significantly cor-
related with Rho-kinase activation.

Conclusion: Rho-kinase pathway is activated in PMBCs from HFrEF patients despite
optimal treatment, and it is closely associated with neurohormonal activation and

with apoptosis. ROCK cascade inhibition might induce clinical benefits in HFrEF
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1 | INTRODUCTION

Increased neurohormonal drive in heart failure (HF), mainly as a result
of sympathetic and renin-angiotensin system (RAS) activation, sig-
nificantly contributes to pathological cardiac remodelling and disease
progression.l'2 Both neurohormonal systems promote activation of
the small protein RhoA signalling pathway and its target Rho-kinase
(ROCK). Activated ROCK phosphorylates and switches on several in-
tracellular proteins, promoting cardiac hypertrophy, ventricular dys-
function, fibrosis, inflammation and apoptosis‘l's This pathway also
modulates blood pressure by regulating smooth muscle contraction.®*

ROCK activity in circulating leucocytes has been studied exten-
sively in patients. Elevated ROCK activity is associated with metabolic
syndrome,® cigarette smoking and with endothelial dysfunction.”
ROCK activity in circulating leucocytes was 90% higher in patients
with cardiovascular disease compared to healthy tindividuals and the
ROCK inhibitor fasudil significantly increased their forearm blood flow
(but not in healthy individuals).® ROCK activation in peripheral blood
mononuclear cells (PBMCs) has been found in human hypertension,c"'10
with higher levels in hypertensive patients with left ventricular hy-
pertrophy (LVH). In patients with heart failure and reduced ejection
fraction (HFrEF), ROCK activity in circulating leucocytes is markedly
elevated*® and inversely correlated with ejection fraction.**

There are few data in heart failure and related conditions regard-
ing downstream effects after ROCK activation in PBMCs. In DOCA
hypertensive rats, with LVH and increased myocardial fibrosis, ROCK
activation in PBMCs is significantly correlated with activation of this
pathway in the myocardium and with determinants of cardiac remod-
elling (hypertrophy, fibrosis and inflammation).* Most interestingly,
ROCK activation increased levels of ROCK1 and the pro-inflamma-
tory molecules p65 NF-KB, VCAM1 and IL-6 simultaneously in the
myocardium and in PBMCs that decreased to control levels with
the ROCK inhibitor fasudil.!* Furthermore, in normotensive Brown
Norway rats (BN), an preclinical model with genetically determined
high angiotensin-converting enzyme (ACE) and angiotensin Il lev-
els,’>® and we previously found significantly increased phosphor-
ylation of MYPT1, ERM and p38-MAPK as well as increased levels
of p65-NF-xB at the same time in the LV and in PBMCs, and fasudil
reduced them to levels observed in their respective controls.!”

Observations in rodents indicate that ROCK contributes both
to myocardial fibrosis and cardiomyocyte apoptosis.18 ROCK1
activation by caspase-3 plays an essential role in cardiomyo-
cyte apoptosis.l? In a transgenic mouse model of dilated cardio-
myopathy, ROCK1 deletion attenuated left ventricular dilation,

0

contractile dysfunction and cardiomyocyte apoptosis?® and

patients, and its assessment in PMBCs could be useful to evaluate reverse remodel-

ling and disease regression.

apoptosis, ERM, heart failure, MYPT1, remodelling, Rho-kinase

cardiomyocyte-specific ROCK1 overexpression accelerated pro-
gression to HF by increasing apoptosis and fibrosis.?! These stud-
ies strongly suggest that ROCK activation may promote myocardial
apoptosis in human HF as well.

The aforementioned observations raise several questions con-
cerning the pathological significance of ROCK activation in HFrEF
patients, specifically about the mechanisms responsible for ROCK
activation, the role of downstream ROCK molecules and the clin-
ical consequences. Moreover, there is little information about the
activity of other components of this pro-remodelling pathway and
regarding the relationship between ROCK activation and apoptosis
in HFrEF patients.

Thus, in order to assess more comprehensively the pathophys-
iological role of the ROCK cascade activation in PBMCs in human
HFrEF, the purpose of the study was to relate Rho-kinase activation
levels with the main ROCK downstream molecules associated with
myocardial remodelling as well as to apoptosis levels in circulating
leucocytes in patients with HFrEF. The direct relationship of ROCK
activation in the myocardium and in PBMCs was further examined in
a preclinical model with activation of the renin-angiotensin system

and high cardiovascular ROCK levels.”

2 | METHODS

This cross-sectional observational study compared patients with
stable chronic HFrEF and healthy controls. The study adhered to the
Declaration of Helsinki principles and was approved by the Human
Research Ethics Committee at the Pontificia Universidad Catolica de
Chile School of Medicine. Written informed consent was obtained
from all participants prior to any procedure.

Participants were consecutive patients (n = 20) with stable
chronic congestive HFeEF, functional class Il or Il (New York Heart
Association), and ejection fraction <35% under optimal medical
treatment. Stability was defined according to the following criteria:
no hospitalizations or emergency room visits for HF in the last year
neither deterioration in renal function, clinical tolerance to vaso-
dilators and betablockers, no dyspnoea in daily life activities, abil-
ity to walk 21 block on level ground without dyspnoea or fatigue
and no need to increase diuretics to keep volume status, abscence
of hyponatremia. These criteria are currently used to define clini-
cal stability in HFrEF patients.?? All patients were in sinus rhythm.
Controls (n = 19) were healthy individuals (by medical history, symp-
toms, electrocardiogram and echocardiogram), matched for age

and gender, not taking any antihypertensive drug. Exclusion criteria
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were neoplastic disease in the last 4 years, active infection in the last
8 weeks, use of high-dose statins,?® any other clinically significant

chronic disease, obesity and diabetes.

2.1 | Echocardiographic measurements

Echocardiograms were obtained using a Philips iE33 instru-
ment with a 2.5-MHz transducer to evaluate cardiac function at
the time of blood sampling. Measurements were performed by a
blinded rater according to American Society of Echocardiography

recommendations.?*

2.2 | Plasma oxidative stress

Plasma malondialdehyde (MDA) and 8-isoprostane levels were
measured in venous blood in both groups. MDA levels were meas-
ured by determining the content of thiobarbituric acid-reactive
substances.?® Plasma 8-isoprostane levels were measured with an

enzyme immunoassay kit (Cayman Chemical Company).

2.3 | Rho-kinase cascade proteins in peripheral
blood mononuclear cells (Western blot)

To assess ROCK pathway activation, we determined (a) ROCK acti-
vation, by measuring phosphorylation of two direct ROCK targets:
myosin light chain phosphatase 1 (MYPT1-P/T) and ezrin-radixin-
moesin (ERM-P/T); (b) both ROCK1 and ROCK2 isoform levels; and (c)
subsequent phosphorylation of the downstream ROCK cascade pro-
teins p38-MAPK, myosin light chain-2 (MLC-2) and c-Jun N-terminal
kinase (JNK). Levels of the apoptosis indicator cleaved caspase-3 and
ROCK-dependent (downstream) pro-inflammatory molecules p65
nuclear factor kB (NFkB), vascular cell adhesion molecule 1 (VCAM-
1), intracellular adhesion molecule 1 (ICAM-1), interleukin 6 (IL-6) and
interleukin 8 (IL-8) were also measured. Additionally, phosphorylation
of the upstream ROCK protein JAK2 (Janus kinase) was determined.

2.4 | Protein extraction from peripheral blood
mononuclear cells[9,11]

Forisolating peripheral blood mononuclear cells (PBMCs), 5 vol of whole
blood containing EDTA was poured over a 5 vol of density gradient cell
separation medium (Ficoll and sodium diatrizoate, Histopaque-1077,
Sigma Chemical Co.) and centrifuged. White cells were separated, re-
suspended and washed in phosphate buffered saline (PBS). Upon isola-
tion (4-80 x 10° viable cells, 95% viability), cells were resuspended in
lysis buffer containing 150 mmol/L NaCl, 1% NP40, 0.5% deoxycho-
late, 0.1% sodium dodecyl! sulphate (SDS) and 50 mmol/L Tris. Lysis
buffer was supplemented with a protease inhibitor cocktail (1 ug/mL

aprotinin, 1 pg/mL leupeptin and 1 mmol/L PMSF). Protein content was

determined by the Lowry assay. ROCK activity and ROCK downstream
target proteins were determined by Western blot.

2.5 | Western blot analysis

Soluble protein fractions were heated 5 minutes at 95°C with SDS
sample buffer (375 mmol/L Tris-HCI pH 6.8, 6% SDS, 48% glyc-
erol, 9% 2-mercaptoethanol and 0.03% bromophenol blue). Equal
amounts of protein were loaded and separated on a 5% stacking
and 8, 18% resolving SDS-PAGE gel (80 V), and transferred into a
nitrocellulose membrane at 400 A during 2 hours on ice. Blocking
was performed with 5% BSA at room temperature. Blots were in-
cubated overnight at 4°C with the primary antibody. The relative
amount of protein was estimated by chemiluminescence (ECL plus
kit, Perkin Elmer which contains the substrate for horseradish per-
oxidase, HRP). Digital images were obtained with a Syngene G-Box
automated system and analysed by densitometry using the software
UN-SCAN-IT™ (Silk Scientific Corporation).

The blots were incubated overnight with the following primary
antibodies: anti-MYPT-1 antibody (Cell signaling, Cat 2634); an-
ti-p-MYPT-1 antibody (Cyclex, Cat CY-P1025); anti-ERM antibody
(Cell Signaling, Cat 3142); anti-p-ERM antibody (Cell Signaling, Cat
3141); anti-p38 MAPK antibody (Cell Signaling, Cat 9212); anti-phos-
pho-p38 MAPK antibody, Cell Signaling, Cat 4511); anti-ROCK-1
antibody (BD Bioscience, Cat 611136); anti-ROCK-2 antibody (BD
Bioscience, Cat 610623); anti-p65 nuclear factor kB antibody (Cell
Signaling, Cat 8242); anti-vascular cell adhesion molecule 1 antibody
(Santa Cruz, Cat sc1504); anti-intracellular adhesion molecule 1 an-
tibody (Santa Cruz, Cat sc8439); anti-interleukin 6 antibody (Abcam,
Cat ab6672); anti-interleukin 8 antibody (Abcam, Cat ab7747); an-
ti-myosin light chain 2 antibody (Cell Signaling, Cat cs3672) and
anti-phospho-MLC-2 antibody (Cell Signaling, Cat cs3674); an-
ti-JAK antibody (Cell signaling Cat cs3230); anti-phospho JAK2 an-
tibody (Cell signaling Cat sc3776); anti-JNK antibody (Cell signaling
¢s9252); anti-phospho JNK antibody (Cell signaling cat cs9251); and
anti-cleaved caspase-3 antibody (Cell signaling cs9662). The blots
were then washed and incubated with a secondary antibody HRP-
conjugated goat anti-rabbit 1gG (1:7500, Thermo Fisher Scientific,
Cat 31466) or a goat antimouse IgG (1:10.000, Santa Cruz, Cat
sc2005) for 2 hours. As a protein loading control, p-actin (B-actin,
mouse monoclonal, 1/10000, Sigma, Cat A2228) was used. (Specific
details of the different antibodies for Western blot analysis proto-
cols are described in detail in On Line Supplement 1, Section 1).

2.6 | Circulating catecholamines, BNP, angiotensin
Il, angiotensin-(1-9) and inflammatory cytokines
IL-6 and IL-8

Venous blood samples were taken and immediately cooled and cen-
trifuged at 4°C and then stored at -80°C until analysis. Laboratory

evaluations included plasma B-type natriuretic peptide (BNP),
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TABLE 1 Functional class, aetiology and pharmacological
treatment in the HFrEF patients (n = 20)

NYHA functional class

11(%) 25
11-111 (%) 45
111 (%) 30
Aetiology
Idiopathic dilated cardiomyopathy (%) 55
Coronary heart disease (%) 25
Hypertensive (%) 15
Secondary to antraciclines (%) 5

Pharmacological treatment

ACE inhibitors (%) 35
Angiotensin receptor blockers (%) 55
Betablockers (%) 95
Furosemide (%) 65
Spironolactone (%) 95
Digoxine (%) 15
Fibrates (%) 5
Atorvastatine (%) 40
Aspirine (%) 30

adrenaline and noradrenaline levels. BNP, Angiotensin Il (Ang Il) and
vasodilatory peptide Ang-(1-9) levels were quantified using commer-
cial ELISA kits (Sigma; Enzo Life Sciences; Cloud-Clone Corp, respec-
tively) according to the manufacturer instructions. Epinephrine and
norepinephrine were measured by chromatography. Each sample
was analysed in duplicate. The ELISA detection limits were 1.02 pg/
mL for BNP (intra-assay coefficient of variation [CV]: 7.8%-9.9%;
inter-assay CV: 8.1%-15%); 4.6 pg/mL for Ang Il (intra-assay CV
4.7%-7.3%; inter-assay CV 6.0%-15.9%); and 2.5 pg/mL for Ang-(1-9)
(intra-assay CV < 10%; inter-assay CV < 12%).

Serum levels of IL-6 and IL-8 were also determined using the
Abcam ELISA kit according to the manufacturer's instructions.

2.7 | Assessment of apoptosis by DNA
fragmentation

PBMC (2 x 10* cells) was harvested and washed once with phos-
phate buffered saline (PBS). The cells were then fixed in slices within
an area of 1 cm? with 4% paraformaldehyde (in PBS, pH 7.4, for at
least 6 hours, RT) and air-dried for 24 hours. Afterwards, cells were
washed twice with PBS and incubated with permeabilization solu-
tion (0.1% Triton-X-100 in 0.1% sodium citrate, 15 minutes, RT).
Permeabilization solution was removed, and TUNEL analysis was
performed with the In Situ Cell Death Detection Kit, POD (Roche
Inc). Cells with TUNEL-positive nuclei with evidence of cromatin

26,27

margination were considered apoptotic. A total of 400 con-

secutive cells were counted in 20 sequential fields (40x). The total

TABLE 2 Demographics, blood pressure and heart rate, blood
chemistry and plasma oxidative stress levels

HFpatients  Control patients
(n=20) (n=19) P value

Age (y) 56.9 +13.0 577 +59 >.05

Men (%) 55 63 >.05

Weight (kg) 74.5+129 74.7 £ 8.0 >.05

Body mass index (kg/m?) 27.7 4.0 259+1.7 >.05

Systolic blood pressure 1070+ 18.5 115.0+11.3 >.05
(mm Hg)

Diastolic blood pressure  67.4 + 10.1 75.8+5.6 .05
(mm Hg)

Heart rate (bpm) 64371 63.7+£9.3 >.05

Haematocrit (%) 419+2.7 43.2+3.0 >.05

Haemoglobin (mmol/L) 87+10 91+1.1 >.05

WBC/MI 6400 + 1057 5939 + 1147 >.05

Absolute neutrophil 6631 + 1550 6200 + 1649 >.05
count (/mm°)

Neutrophil-to- 21+1.0 22+1.6 >.05
lymphocyte ratio

Plasma creatinine 79.6 £0.2 70.7 £0.2 >.05
(pmol/L)

BUN (mmol/L) 7+52 511+ 3.9 <.05

Potassium, serum 41+0.2 4.2+0.3 >.05
(mmol/L)

Alanine aminotrans- 041+0.2 0.32+0.1 >.05
ferase (pkat/L)

Aspartate aminotrans- 0.39+0.2 0.33+x0.1 >.05
ferase (pkat/L)

Uric acid (pmol/L) 333.1+29.7 315.2+178 >.05

BUN/plasma creatinine 22.3+5.5 17.8+3.7 <.05

Serum cholesterol 451+1.2 5.35+0.62 <.05
(mmol/L)

LDL cholesterol 2.69 +0.90 3.24+0.75 >.05
(mmol/L)

HDL cholesterol 1.05+0.23 147 +0.4 <.05
(mmol/L)

Triglicerydes (mmol/L) 1.48+0.7 1.27+0.5 >.05

MDA (uM) 1.3+0.9 1.1+0.5 >.05

8-lsoprostane (pg/mL) 11.1+453 87+43 >.05

Note: Values shown as mean + SD.

Abbreviations: BUN, blood urea nitrogen; MDA, malondialdehyde; NS,
nonsignificant; WBC, white blood cells.

nuclei count and number of apoptotic nuclei were used to compute
the percentage of apoptotic cells. Intra-assay and inter-assay coef-
ficients of variation were 2.1%-3.5% and 6.2%-8.5%, respectively.

2.8 | Apoptosis levels in the myocardium and
PBMC s in a preclinical model of ROCK activation

Recently, wereported asignificant correlation between ROCK activa-

tion in the myocardium and in circulating leucocytes in normotensive
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TABLE 3 Cardiac dimensions, LV systolic function and
pulmonary artery systolic pressure by echocardiography

HF patients  Control patients
(n =20) (n=19) P value
Posterior wall thick- 9.1+1.8 87+1 >.05
ness (mm)
Septum thickness 10.1+1.7 89+1.2 <.05
(mm)
LV end-diastolic 68.4+8.7 489 +5.5 <.05
diameter (mm)
LV end-systolic 59.0+9.1 29.7 +2.5 <.05
diameter (mm)
Left atrial diameter 48.2+77 37.3+3.6 <.05
(mm)
LV Shortening frac- 13.6 + 6.6 370+5.0 <.05
tion (%)
LV Ejection fraction 25.7+6.2 67.8+4.4 <.05
(%)
Pulmonary artery 40.9+12.3 254 +1.3 <.05

systolic pressure

(mm Hg)
Note: Values shown as mean + SD.
Abbreviation: LV, left ventricle.

rats with genetically high vs low levels of ACE and ROCK activity
(Brown Norway (BN) and Lewis rats, respectively).!” To better inter-
pret the apoptosis data collected in the HF patients here, we used
the same experimental model to measure at the same time apoptosis
levels in PBMCs and in the left ventricle (LV) in 3 groups of male rats:
Lewis, untreated BN and BN rats treated with the ROCK inhibitor
fasudil, 100 mg/kg/d by gavage for 7 days (n = 7-11/group). (Detailed
experimental protocol described in described in detail in On Line
Supplement 1, Section 2).

A C HF
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2.9 | Types of PBMCs involved in enhanced ROCK
signalling in HFrEF patients

In order to specify in which PBMCs types ROCK is becoming ac-
tivated, MYPT1 phosphorylation in PBMC subpopulations was
evaluated by flow cytometry. Accordingly, 500 000-2 000 000
cells were taken per sample (n = 5 HFrEF patients and 5 controls)
and kept in PBS/FBS 1%. The cells were incubated with the fol-
lowing antibodies: anti-CD14 APCH7; anti-CD19 BV421; anti-CD4
BUV395; anti-CD8 BB515 and anti-CD3 Pecy7 during 30 minutes
at 4°C. Then, the cells were washed with 1 mL of PBS/foetal bo-
vine serum (FBS)1%. The samples were centrifuged at 360 g for
6 minutes, and the supernatant discarded and resuspended in
PBS/2% PFA to be fixed for 15 minutes at 4°C. Then, the cells
were washed with 1 mL of PBS/FBS 1%. The next step was to per-
meabilize the cells with a permeabilization buffer containing 0.1%
saponin, 10% FBS, 0.1% BSA, 1 mmol/L CaCl,, 1 mmol/L MgSO,
and 40 mmol/L Hepes (50 pL to each sample). After 10 minutes
of incubation in this solution, the phosphorylated and total anti-
MYPT1 antibodies were added and incubated for 45 minutes at
4°C. Afterwards, the cells were washed as mentioned above and
incubated with an APC antimouse antibody that recognizes the
anti-MYPT1 antibody for one hour (4°C). After this time, the cells
were washed twice with permeabilization buffer and resuspended
in PBS containing 1% FBS. Finally, the samples were acquired in a
LSR Fortessa X20 cytometer.

2.10 | Statistical analysis
Data are presented as mean + SD. Differences between mean values

were compared using a t test, and one factor ANOVA followed by

the Neuman Keuls test. Correlation analyses were performed using

B (v HF
—_— ¥
e 3 e R B e
SUE=dE - R Bl
B- actin  =—p 42 kDa

1

[

HF

Increased ROCK activity in circulating leucocytes as measured by MYPT-1 and ERM phosphorylation in HFrEF

patients and control patients. (A) Upper panel: Representative Western blots from 2 controls (left) and 2 HFrEF patients (right).

MYPT1-P = Phosphorylated MYPT-1, MYPT1-T = Total MYPT-1. Lower panel: MYPT-1-P/T in both groups (*P < .01 vs controls, mean + SD;
n = 15-17 per group, statistical power = 100%). (B) Upper panel: Representative Western blots from 2 controls (left) and 2 HFrEF patients
(right). ERM-P = Phosphorylated ERM, ERM-T = Total ERM. Lower panel: ERM-P/T values in both groups (*P < .01 vs controls, mean + SD;

n = 19-20 per group, statistical power = 100%)
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TABLE 4 Components of the ROCK pathway in PBMCs
(Western blot) and circulating levels of cytokines IL-6 and IL-8, BNP,
catecholamines and angiotensins

HF patients  Control patients
(n=20) (n=19) P value
In PBMCs (blood mononuclear cells)
ROCK 1 0.7+0.4 1.0+ 0.6 >.05
ROCK 2 1.2+1.0 1.0+ 0.5 >.05
JAKP/T 3.2+1.5 1.0+0.2 <.05
IL-6 (UOD) 5.8+54 1.0+0.7 <.05
IL-8 (UOD) 7.0+4.5 1.0+0.8 <.05
ICAM-1 (UOD) 22+19 1.0+ 0.6 <.05
VCAM-1 (UOD) 1.0+£0.8 1.0+0.5 >.05
p65-NFkB (UOD) 1.1+0.8 1.0+ 0.5 >.05
Circulating levels
Brain natriuretic 183+124 56 +11.2 <.05
peptide (BNP,
pg/mL)
Adrenaline (pg/ 47 £ 27.6 25+94 <.05
mL)
Noradrenaline 421 + 237 243 +132.3 <.05
(pg/mL)
Angiotensin Il (pg/ 12.0+3.1 9.2+28 <.05
mL)
Angiotensin-(1-9) 85+6.4 61.5+34.5 <.05
(pg/mL)
IL-6 (pg/mL) 27+19 0.4+0.3 <.05
IL-8 (pg/mL) 3.3+x1.7 3.5+0.5 >.05

Note: Values are shown as mean + SD (fold vs control patients).
Abbreviations: ICAM-1, Intercellular Adhesion Molecule 1; IL,
interleukin; JAK, Janus kinase; JNK, Jun amino-terminal kinase; MLC,
myosin light chain; P/T, phosphorylated/total; p65-NFkB, Nuclear
factor NF-kappa-B p65 subunit; UOD, Units of optical density; VCAM-
1, Vascular Cell Adhesion Protein 1 or vascular cell adhesion molecule 1.

the Pearson correlation coefficient. P values <.05 were considered

statistically significant.

3 | RESULTS

3.1 | Clinical characteristics, laboratory tests and
cardiac remodelling assessed by echocardiography

The aetiology of HFrEF in the patient sample was mainly dilated car-
diomyopathy and coronary heart disease with standard pharmaco-
logical treatment (Table 1). Demographics, heart rate, blood pressure
and blood chemistry results were similar in both groups (Table 2).
Interventricular septum thickness, left atrial diameter, LV end-di-
astolic diameter and pulmonary artery systolic pressure were signifi-
cantly greater in the HFrEF patients, with values 13%, 29%, 40% and
61% greater than in control patients (Table 3). The LV end-systolic
diameter was 2-fold greater in the HF patients (P < .01). Systolic LV

function was markedly deteriorated in the HFrEF patients.

3.2 | Rho-kinase activation and JAK2
phosphorylation levels (upstream of Rho-kinase) in
PBMCs (Figure 1)

The mean ratio between phosphorylated and total MYPT1 (MYPT1-
P/T), a measurement of ROCK activation, was significantly increased
by 3.9-fold in the HFrEF patients (P < .001) (Figure 1A), whereas
ROCK1 and ROCK 2 isoform levels were similar in the two groups
(Table 4). The MYPT1-P/T ratio was inversely correlated with LV
fractional shortening (r = -.66, P < .001), LVEF (r = -.53; P < .01) and
directly correlated both with pulmonary artery systolic pressure
(r=.55; P <.01) and with the end-systolic LV diameter (r = .67; P < .01).

In addition, there was a significant 4.8-fold increase (P < .001) in
ERM (ezrin-radixin-moesin) phosphorylation, another direct ROCK
substrate in HF patients (Figure 1B). ERM and MYPT1 phosphoryla-
tion levels were correlated (r = .47; P < .01).

JAK2 phosphorylation levels (upstream of Rho-kinase) were
significantly increased by 3-fold in HFrEF patients as compared to
controls (Table 4).

3.3 | Downstream ROCK pathway components in
PBMCs (Figure 2)

HFrEF patients showed a significant 3.6-fold increase in p38-MAPK
phosphorylation (P < .001, Figure 2A) and correlated with ROCK ac-
tivation assessed by MYPT1-P/T levels (r = .5; P < .01). Moreover,
in HFrEF patients MLC-2 phosphorylation levels were significantly
increased by 4.9-fold compared with control subjects (Figure 2B),
whereas JNK phosphorylation was significantly reduced by 60% in
the same patients (Figure 2C).

HFrEF patients also showed a significant 2.2, 5.8 and 7-fold in-
crease in ICAM-1, IL-6 and IL-8 levels, respectively, as compared to
control subjects (Table 4), while p65-NFkB and VCAM-1 levels were

similar in the two groups.

3.4 | Circulating levels of BNP, catecholamines,
angiotensins and inflammatory cytokines IL-6 and IL-8

Although the HFrEF patients were clinically stable and receiving com-
plete pharmacological treatment, their BNP, adrenaline, noradrenaline
and Ang Il plasma levels were significantly increased compared with
those in controls by 227%, 88%, 73% and 30%, respectively (Table 4).
Conversely, circulating levels of the vasodilatory peptide Ang-(1-9) were
significantly lower by 86% in the HFrEF patients compared with control
subjects (Table 4). Levels of ROCK activation in PBMCs were directly
correlated with most of circulating cathecolamines, Ang Il and BNP lev-
els and inversely correlated with angiotensin-(1-9) levels (Figure 3).
Compared with healthy controls, HFrEF patients had a 6-fold
significant increase in serum IL-6 levels and similar serum IL-8 levels
(Table 4). Serum IL-6 levels were correlated with MYPT1 P/T and with
ERM P/Tin PBMCs (r = .45; P = .06 and r = .61; P < .01, respectively).
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FIGURE 2 p38-MAPK, MLC and JNK phosphorylation (Western blot) in PBMCs from HFrEF patients and control patients. (A) Upper
panel: Representative Western blots from 2 controls (left) and 2 HFrEF patients (right). p38-P = Phosphorylated p38-MAPK, p38-T = Total
p-38-MAPK. Lower panel: p38-MAPK phosphorylation in both groups (*P < .01 vs controls, mean + SD; n = 17-19, per group, statistical
power = 100%). (B) Upper panel: Representative MLC Western blots from 2 controls (left) and 2 HFrEF patients (right). Lower panel:

MLC phosphorylation in both groups (*P < .01 vs controls, mean + SD; n = 17-19, per group, statistical power = 100%). (C) Upper panel:
Representative JNK Western blots from 2 controls (left) and 2 HFrEF patients (right). Lower panel: JNK phosphorylation in both groups
(*P < .05 vs controls, mean + SD; n = 17-19, per group, statistical power = 100%)

3.5 | Apoptosis in HFrEF patients in circulating
leucocytes (Figures 4 and 5)

Patients with HFrEF displayed a significant increase in apopto-
sis levels determined by TUNEL in their PBMCs compared to con-
trol patients (12.3 + 3.3% vs 4.4 + 4.6% apoptotic nuclei, P < .001,
Figure 4A). Apoptosis assessed by TUNEL was consistent with a 5.9-
fold increase in cleaved caspase-3 protein levels measured simultane-
ously in their PMBCs (P < .01, Figure 4B). Apoptosis levels in PBMCs
assessed by TUNEL assay and by cleaved caspase-3 measurements
were significantly correlated with ROCK activation levels measured
both by MYPT1 and by ERM phosphorylation levels (Figure 5).

3.6 | Apoptosis in the myocardium and in PBMCs in a
preclinical model of ROCK activation (Figures 6 and 7)

In the preclinical model of ROCK activation in the BN rats (with ge-
netically determined high ACE levels and ROCK activation),'® sig-
nificantly increased apoptosis levels both in PBMCs (by Tunel and
cleaved caspase-3 levels) (Figure 6A,B) and in the LV myocardium
(Figure 6C) were observed compared to the Lewis rats (with geneti-
cally determined low levels of ACE and ROCK activation). By admin-
istering the ROCK inhibitor fasudil for 7 days to BN rats, apoptosis
was significantly reduced to control (Lewis rats) levels suggesting
strongly a causal relationship with ROCK activation (Figure 6). In
this model, a significant correlation was found between apoptotic
nuclei in PBMCs and in the LV myocardium (Figure 7A). Additionally,

a significant correlation was observed between LV apoptotic nuclei
with MYPT1 phosphorylation levels in PBMCs (Figure 7B).

3.7 | Types of PBMCs involved in enhanced ROCK
signalling in HFrEF patients (Figures 8 and 9)

Flow cytometry analyses in 5 consecutive HFrEF patients and
controls showed that B lymphocytes (CD19+, Figure 8A,B) and
monocytes (CD14+, Figure 8A,B) have low levels of MYPT1 phospho-
rylation compared with T lymphocytes (CD3 positive cells, Figure 9).
Two positive populations were selected for phosphorylated MYPT1,
R3 and R4 in the case of CD8 T lymphocytes and R5 and Ré in the
case of CD4 T lymphocytes. R3 and R5 populations displayed higher
expression levels of phosphorylated MYPT1, whereas R4 and Ré
populations displayed lower levels of MYPT1 phosphorylation. As
shown in Figure 9, the patient's PBMCs have higher levels of MYPT1
phosphorylation compared with the control samples, which means
that these two cell populations, CD4 and CD8 T lymphocytes, have
a higher expression of MYPT1 phosphorylated (Figure 9).

4 | DISCUSSION

This study examined levels of key RhoA/ROCK pro-remodelling
signalling pathway molecules in PMBCs from HFrEF patients.
Significant novel findings include increased phosphorylation levels
of the direct ROCK target ERM, the upstream ROCK protein JAK2,
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FIGURE 3 Relationship between ROCK activation measured by PBMCs MYPT-1 and ERM phosphorylation and circulating levels of
cathecolamines, BNP, Ang-(1-9), Ang Il and in patients with HFrEF (black circles) and in control patients (white circles). Linear relationship
assessed with the Spearman correlation coefficient. (A) Relationship between log PBMC MYPT-1 phosphorylation levels and log adrenaline
circulating levels (r = .57, P < .01; n = 12-15 per group). (B). Relationship between log PBMC MYPT-1 phosphorylation levels and log Ang-
(1-9) circulating levels (r = .52, P < .03; n = 12-15 per group). (C). Relationship between log PBMC MYPT-1 phosphorylation levels and

log BNP circulating levels (r = .61, P < .01; n = 12-15, per group). (D). Relationship between log PBMC ERM phosphorylation levels and log
adrenaline circulating levels (r = .43, P < .05; n = 12-15, per group). (E). Relationship between log PBMC ERM phosphorylation levels and log
noradrenaline circulating levels (r = .49, P < .05; n = 12-15, per group). (F). Relationship between log PBMC ERM phosphorylation levels and
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and the downstream ROCK pathway molecules p38-MAPK and
MLC-2 in HFrEF patients. These abnormalities in the ROCK cascade
in PMBCs were associated with increased neurohormonal activation
and most interestingly with cell death induced by apoptosis.

In searching for a surrogate tissue, tracking the ROCK cardiac re-
modelling pathway we turned to PBMCs, as integral to molecular and
cellular mechanisms of tissue repair and cardiac pathology. Rationale
for targeting PBMCs as a putative surrogate for myocardial remodel-
ling is based on several issues: (a) The gene expression profile of mul-
tiple tissues is shared with PBMCs?®: (b) PBMCs are central to the
neuroendocrine-immune system interface involved during stressor

states; (c) PBMCs activation reveals molecular signatures in chronic

HF and predicts its severity29'32;

(d) previously we identified the ac-
tivation of PBMC ROCK proteomic in rats**!’; and (e) the availability
of PBMC:s for clinical interrogation as a noninvasive target/marker

able to be monitored serially.

4.1 | ROCK activation in PMBCs, cardiac
remodelling and neurohormonal status in HF

Higher ROCK activation is observed in acute compared to stable HF
and in patients with HF and preserved systolic function® and is re-

lated to mortality.'?'® Besides, similar high ROCK activation levels
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are found in HF patients with different etiologies.13 In our HFrEF
patients, ROCK activation was increased by 4-fold compared to
controls. Although clinically stable under treatment, the patients
had elevated levels of cathecolamines and Ang Il, suggesting a link
between ROCK activation and neurohormonal activation. A lack of
systemic oxidative stress in these patients with HFrEF was in keep-
ing with their clinical stability.

Because several factors influence ROCK activation, the clinical
significance of the ROCK signalling in PMBCs is likely connected
to the integration of multiple factors causing HF. According to
Watanabe et al,®® because biomarkers reflecting extracardiac pa-
thologies in HF have not been defined, Rho-kinase activity in PMBCs

might emerge as a preferred biomarker for the integrated features of
HF. They also point out that according to preclinical evidence, Rho-
kinase activation itself appears to contribute to the pathogenesis of
HF, specifically to cardiac remodelling induced by ischaemia or hy-
pertrophic stress leading to cardiac decompensation and HF.%3
Cathecolamines and Ang Il activate RhoA via the membrane G
protein-coupled receptor, and ROCK is an effector of active RhoA.!
Ang Il infusion in rats causes cardiac hypertrophy, which is sup-
pressed by fasudil.>* In DOCA hypertensive rats, fasudil reduces
blood pressure and angiotensin Il and increases Ang-(1-9) levels.®
ROCK is activated by numerous factors, and its clinical sig-

nificance may involve several pathways that lead to the onset and
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high angiotensin-converting enzyme and ROCK activation levels (Brown Norway, BN), BN treated with fasudil and in Lewis rats
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positive nuclei in left myocardium of one Lewis, one untreated BN and one BN rat treated with the ROCK inhibitor fasudil (100 mg/kg/d)
for 7 d. Bar = 40 um Lower panel: TUNEL-positive nuclei (%) in Lewis, untreated BN and BN rats treated with fasudil. Data are shown
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progression of HF by promoting myocardial remodelling. ROCK ac-
tivity in PMBCs increases progressively in hypertensive patients as
LVH develops.’ In the current HFrEF patients, ROCK pathway ac-
tivation in PMBCs was related to adverse cardiac remodelling, ele-
vated levels of cathecolamines and Ang Il as well as to reduced levels
of Ang-(1-9), a novel endogenous vasodilatory and cardioprotective
angiotensin.®*%8 Thus, ROCK activity in PMBCs remained high de-
spite optimal treatment as long as neurohormonal activation was not

suppressed and myocardial remodelling not reversed.

4.2 | ROCK pathway activation in HFrEF patients

Circulating PMBCs from HFrEF patients displayed increased phos-

phorylation levels of the upstream ROCK cascade molecule JAK2,

of two direct ROCK targets (MYPT-1 and ERM), the downstream
molecules p38-MAPK and MLC-2, and higher levels of the pro-in-
flammatory molecules ICAM-1, ll-6 and IL-8. Reduced JNK phospho-
rylation levels were also found in the same cells (Table 4). Previous
clinical studies in HF patients have not assessed the ROCK cascade
in PBMCs but only myosin phosphatase phosphorylation.***3

Our findings here also show for the first time that in patients
with HFrEF, ROCK activation in PBMCs takes place predominantly
in T lymphocytes, specifically in CD4 and in CD8 T lymphocytes,
which is possibly related to the higher levels of ROCK-dependent
pro-inflammatory molecules ICAM-1, II-6 and IL-8. In patients with
systemic inflammatory diseases, increased ROCK activity is also ob-
served in circulating T lymphocytes.®?

ERM phosphorylation in humans has not been assessed previ-

ously, and its pathogenic role in HF remains unknown. In rodents with
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FIGURE 7 Simultaneous apoptosis levels in PBMCs and in the myocardium in rats with genetically determined high angiotensin-
converting enzyme and ROCK activation levels (Brown Norway, BN, black circles), BN treated with fasudil for 7 d (grey circles) and Lewis rats
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FIGURE 8 Flow cytometry of CD14
and CD19 positive cells from one HFrEF 10° 4
patient and a control patient. The figure
shows a representative flow cytometry
from a patient with HFrEF and a control
patient. Expression of phosphorylated
MYPT1 was measured in CD14
monocytes and CD19 B lymphocytes.
Two positive populations were selected
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LV, systolic dysfunction increased phosphorylated ERM levels are ob-
served in the myocardium and are normalized with fasudil, in parallel
with reverse cardiac remodeling.*®** A significant ROCK-dependent
correlation between ERM phosphorylation in the myocardium and in
PBMCs was observed previously in normotensive rats with genetically
increased ACE and Ang Il levels,"” which is consistent with the concept
of myocardial ROCK activation mirrored in circulating leucocytes.
Mitogen-activated protein kinases (MAPKSs) participate in the
development of cardiac hypertrophy, remodelling, contractile dys-
function and HF.*? In mice, increased cardiac p38-MAPK expression
is associated with reduced contractility and cardiomyopathy.*® In

rats with cardiac remodelling induced by endurance exercise, fasudil

reduces cardiac hypertrophy, apoptosis, myocardial fibrosis and
myocardial p38-MAPK levels.** Besides, a significant correlation be-
tween leucocyte p38-MAPK phosphorylation levels and cardiac and
aortic wall p38-MAPK phosphorylation levels secondary to ROCK
activation was found in rats.'” Until now, increased p38-MAPK
phosphorylation in leucocytes in parallel with ROCK activation has
not been reported in HFrEF patients.

MLC-2 phosphorylation in circulating leucocytes was increased
inthe HFrEF patients. MLC-2 is a ROCK target related to cell contrac-
tion. In human atria muscle, alphal adrenergic receptors mediate a
relevant increase in contractile force that depends on MLCK activity,

which is accompanied by an increase in MLC-2 phosphorylation.*
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4.3 | Apoptosis and ROCK activation in circulating
leucocytes in HFrEF

Apoptosis is a major mechanism of HF, and increased levels of
TUNEL-positive nuclei and cleaved caspase-3 in the circulating
leucocytes of HFrEF patients compared with controls were found
here. Additionally, ROCK induces apoptosis in several tissues and
cells 4648

ROCK inhibition reduces apoptosis induced by doxorubicin of
human cardiac stem cells possibly involving the cleaved caspase-3
and ROCK/actin,* and it attenuates left ventricular remodelling due
to chronic intermittent hypoxia in rats by suppressing myocardial
apoptosis and inflammation.*® Adittionally, the ROCK1/p53/NOXA
signalling pathway mediates cardiomyocyte apoptosis in response to
high glucose.!

There are no data regarding apoptosis in circulating leucocytes
in human H,F and its clinical significance is challenging. Here, ROCK
activation in the HFrEF patients was positively correlated with apop-
tosis in PMBCs.

In order to better understand the significance of increased
apoptosis levels in PMBCs in our HF patients, we employed an
experimental model of simultaneous cardiac and PMBCs ROCK
activation.” ROCK-dependent increased apoptosis levels both

in the myocardium and in PBMCs were observed (because fasudil

normalized apoptosis levels in BN rats, Figure 6). In this model, apop-
tosis in PBMCs and in the myocardium was correlated with ROCK
activation in PBMCs (Figure 7). Even though this observation is in a
different pathophysiological context, the results allow us to raise the
hypothesis that apoptosis in leucocytes of HF patients is consistent
with myocardial apoptosis.

Various degrees of LVH have been described in patients with
dilated cardiomyopathy, and LVH in them seems to have a better
prognosis than in patients without LVH.?>>* Clinical studies have
identified a number of aetiologic factors that contribute to dilated
cardiomyopathy, including viral infection, alcohol consumption
and microcirculatory failure, and the variation in the extent of LVH
may reflect different etiologies or different stages of a progres-
sive disease.”® Patients with dilated cardiomyopathy with LVH
show increased LV fractional shortening response to isoproterenol
than those without LVH, indicating that cardiac systolic reserve
is maintained in response to beta-adrenergic stimulation and that
the beta-adrenergic receptor pathway is more severely impaired in
dilated cardiomyopathy without LVH.> In our current study, mild
but significantly increased posterior wall thickness observed in the
patients with HFrEF with predominantly dilated cardiomyopathy is
most probably the result of remodelling because of cardiomyocyte
hypertrophy, increased myocardial fibrosis and inflammation associ-
ated with ROCK activation.
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4.4 | Study limitations

This was an observational study, without interventions performed in
the HFrEF patients and a relatively small n size. However, statistical
power for detecting the observed differences in the ROCK cascade
and apoptosis in PBMCs was high. Another theoretical limitation
in this study included a lack of analysis of the functional impact of
circulating neutrophils on ROCK activity. To isolate blood cells, we
used ficoll gradient, which selects PBMCs including both lympho-
cytes (T and B) and monocytes but not neutrophils. Neutrophils can
influence T cell activation®® and produce a marked loss of CD3+ and
CD4+ T cells.”” Thus, to determine the influence of neutrophils on
ROCK activity, it is necessary to isolate lymphocytes/monocytes
from neutrophils. On the other side, HF patients in the current study
were clinically stable and in similar patients we previously compared
ROCK activation with healthy controls and also with a second con-
trol group of hypertensive patients under pharmacological treat-
ment and observed similar ROCK activation levels as compared to
healthy controls, both control groups significantly lower compared
to the HFrEF group,11 which is consistent with subsequent findings
reported by Dong et al.'?

From a clinical point of view, the current findings strongly sug-
gest that ROCK activation determined in PMBCs may be useful to
assess reverse remodelling and disease regression in this severe and
highly prevalent clinical condition and could have prognostic rele-
vance for forecasting outcome and monitoring effective treatment.
Currently, there are no ROCK inhibitors approved for clinical use in
HFrEF. However, the findings provide a better understanding of the
complex adverse remodelling process in the HF population and raise
the possibility of therapeutic targets involving ROCK inhibition to
promote reverse remodelling and clinical benefit in patients with
HFrEF.

ACKNOWLEDGEMENTS

We acknowledge Ivonne Padilla for her work with the clinical samples
and Roberto Gémez for his work with flow cytometry. This work was
supported by grants from Fondecyt Chile (grants 1161739, 1121060
and 1150862), from Millennium Institute Chile on Immunology and
Immunotherapy (grant P09/016-F) and from FONDAP Chile (grant
15130011).

CONFLICT OF INTEREST
None.

AUTHORS CONTRIBUTION

Maria Paz Ocaranza, Jackeline Moya, Jorge E. Jalil, Sergio
Lavandero, Luigi Gabrielli, lvan Godoy, Samuel Cérdova, Pablo
F. Castro, Paul Mac Nab, Victor Rossel, Lorena Garcia, Javier
Gonzalez and Camila Fierro contributed to data analysis. Maria Paz
Ocaranza contributed to study coordination. Maria Paz Ocaranza
contributed to manuscript writing. Jackeline Moya, Cristian Molina
and Camila Fierro contributed to biochemical and molecular work.

Jackeline Moya, Cristian Molina and Cristian Mancilla contributed

WILEY- %

to data analysis and discussion. Jorge E. Jalil contributed to study
design and conduction. Jorge E. Jalil and Sergio Lavandero contrib-
uted to final manuscript writing. Alexis M. Kalergis, Luigi Gabrielli,
lvan Godoy, Samuel Cérdova, Paul Mac Nab, Victor Rossel, Lorena
Garcia, Camila Fierro and Luis Farias contributed to manuscript
discussion. Alexis M. Kalergis contributed to flow cytometry data
analysis. Luigi Gabrielli, Ivdn Godoy, Samuel Cérdova and Paul Mac
Nab contributed to echocardiographic work. Pablo F. Castro and
Victor Rossel contributed to clinical work. Cristidn Mancilla con-
tributed to animal experiments. Cristian Mancilla contributed to
samples management. Luis Farias contributed to data management

and analysis.

ORCID

Jorge E. Jalil https://orcid.org/0000-0001-6877-2072

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon request.

REFERENCES

1. Shimokawa H, Sunamura S, Satoh K. RhoA/Rho-kinase in the car-
diovascular system. Circ Res. 2016;118:352-366.

2. Jalil JE, Lavandero S, Chiong M, Ocaranza MP. Rho/Rho kinase sig-
nal transduction pathway in cardiovascular disease and cardiovas-
cular remodeling. Rev Esp Cardiol. 2005;58:951-961.

3. Surma M, Wei L, Shi J. Rho kinase as a therapeutic target in cardio-
vascular disease. Future Cardiol. 2011;7:657-671.

4. Hartmann S, Ridley AJ, Lutz S. The function of Rho-associated ki-
nases ROCK1 and ROCK2 in the pathogenesis of cardiovascular
disease. Front Pharmacol. 2015;6:276.

5. Loirand G, Pacaud P. Involvement of Rho GTPases and their reg-
ulators in the pathogenesis of hypertension. Small GTPases.
2014;5:1-10.

6. Liu PY, Chen JH, Lin LJ, Liao JK. Increased Rho-kinase activity in a
Taiwanese population with metabolic syndrome. J Am Coll Cardiol.
2007;49:1619-1624.

7. Hidaka T, Hata T, Soga J, et al. Increased leukocyte rho kinase
(ROCK) activity and endothelial dysfunction in cigarette smokers.
Hypertens Res. 2010;33:354-359.

8. Hata T, Goto C, Soga J, et al. Measurement of Rho-associated ki-
nase (ROCK) activity in humans: validity of leukocyte p-MBS/t-MBS
in comparison with vascular response to fasudil. Atherosclerosis.
2011;214:117-121.

9. Gabrielli L, Winter JL, Godoy I, et al. Increased Rho-kinase activ-
ity in hypertensive patients with left ventricular hypertrophy. Am J
Hypertens. 2014;27:838-845.

10. Hata T, Soga J, Hidaka T, et al. Calcium channel blocker and
Rho-associated kinase activity in patients with hypertension. J
Hypertens. 2011;29:373-379.

11. Ocaranza MP, Gabrielli L, Mora |, et al. Markedly increased Rho-
kinase activity on circulating leukocytes in patients with chronic
heart failure. Am Heart J. 2011;161:931-937.

12. Dong M, Liao JK, FangF, et al. Increased Rho kinase activity in con-
gestive heart failure. Eur J Heart Fail. 2012;14:965-973.

13. Do eZ, Fukumoto Y, et al. Rho-kinase activation in patients with
heart failure. Circ J. 2013;77:2542-2550.

14. Ocaranza MP, Fierro C, Jalil JE, et al. Rho kinase activation in circu-
lating leukocytes is related to hypertensive myocardial remodeling.
Clin Sci (Lond). 2018;30(132):1837-1853.


https://orcid.org/0000-0001-6877-2072
https://orcid.org/0000-0001-6877-2072

142
s | \wWiLey

15.
16.
17.

18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

OCARANZA ET AL.

Ocaranza MP, Piddo AM, Faundez P, Lavandero S, Jalil JE.
Angiotensin I-converting enzyme gene polymorphism influences
chronic hypertensive response in the rat Goldblatt model. J
Hypertens. 2002;20:413-420.

Jalil JE, Pérez A, Ocaranza MP, Bargetto J, Galaz A, Lavandero
S. Increased aortic NADPH oxidase activity in rats with genet-
ically high angiotensin-converting enzyme levels. Hypertension.
2005;46:1362-1367.

Fierro C, Novoa U, Gonzalez V, Ocaranza MP, Jalil JE. Simultaneous
Rho kinase inhibition in circulating leukocytes and in cardiovascular
tissue in rats with high angiotensin converting enzyme levels. Int J
Cardiol. 2016;215:309-311.

Shimizu T, Liao JK. Rho kinases and cardiac remodeling. Circ J.
2016;80(7):1491-1498.

Chang J, Xie M, Shah VR, et al. Activation of Rho-associated coiled-
coil protein kinase 1 (ROCK-1) by caspase-3 cleavage plays an es-
sential role in cardiac myocyte apoptosis. Proc Natl Acad Sci USA.
2006;103:14495-14500.

Shi J, Zhang YW, Summers LJ, Dorn GW, Wei L. Disruption of
ROCK1 gene attenuates cardiac dilation and improves contractile
function in pathological cardiac hypertrophy. J Mol Cell Cardiol.
2008;44:551-560.

Shi J, Zhang YW, Yang Y, Zhang L, Wei L. ROCK1 plays an essential
role in the transition from cardiac hypertrophy to failure in mice. J
Mol Cell Cardiol. 2010;49:819-828.

Anand |. Stable but progressive nature of heart failure: con-
siderations for primary care physicians. Am J Cardiovasc Drugs.
2018;18:333-345.

Nohria A, Prsic A, Liu PY, et al. Statins inhibit Rho kinase activity in
patients with atherosclerosis. Atherosclerosis. 2009;205:517-521.
Lang RM, Bierig M, Devereux RB, et al. Recommendations for
chamber quantification: a report from the American Society of
Echocardiography's Guidelines and Standards Committee and the
Chamber Quantification Writing Group, developed in conjunction
with the European Association of Echocardiography, a branch
of the European Society of Cardiology. J Am Soc Echocardiogr.
2005;18:1440-1463.

Pérez O, Castro P, Diaz-Araya G, et al. Persistence of oxidative
stress after heart transplantation: a comparative study of patients
with heart transplant versus chronic stable heart failure. Rev Esp
Cardiol. 2002;55:831-837.

Slee EA, Adrain C, Martin SJ. Executioner caspase-3, -6, and -7 per-
form distinct, non-redundant roles during the demolition phase of
apoptosis. J Biol Chem. 2001;276:7320-7326.

Zhao Y, Jiang ZF, Sun YL, Zhai ZH. Apoptosis of mouse liver nuclei
induced in the cytosol of carrot cells. FEBS Lett. 1999;448:197-200.
Liew CC, Ma J, Tang HC, Zheng R, Dempsey AA. The peripheral
blood transcriptome dynamically reflects system wide biology: a
potential diagnostic tool. J Lab Clin Med. 2006;147:126-132.

Seiler PU, Stypmann J, Breithardt G, Schulze-Bahr E. Real-time
RT-PCR for gene expression profiling in blood of heart failure pa-
tients-a pilot study: gene expression in blood of heart failure pa-
tients. Basic Res Cardiol. 2004;99:230-238.

Cappuzzello C, Napolitano M, Arcelli D, et al. Gene expression pro-
files in peripheral blood mononuclear cells of chronic heart failure
patients. Physiol Genomics. 2009;38:233-240.

Vo TK, de Saint-Hubert M, Morrhaye G, et al. Transcriptomic
biomarkers of the response of hospitalized geriatric patients ad-
mitted with heart failure. Comparison to hospitalized geriatric
patients with infectious diseases or hip fracture. Mech Ageing Dev.
2011;132:131-139.

Smih F, Desmoulin F, Berry M, et al. Blood signature of pre-heart
failure: a microarrays study. PLoS ONE. 2011;6:€20414.

Watanabe H, lino K, Ito H. Rho-kinase in leukocytes. An emerging
biomarker for heart failure. Circ J. 2013;77:2471-2472.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Higashi M, Shimokawa H, Hattori T, et al. Long-term inhibition of
Rho-kinase suppresses angiotensin ll-induced cardiovascular hy-
pertrophy in rats in vivo: effect on endothelial NAD(P)H oxidase
system. Circ Res. 2003;93:767-775.

Ocaranza MP, Rivera P, Novoa U, et al. Rho kinase inhibition ac-
tivates the homologous angiotensin-converting enzyme-an-
giotensin-(1-9) axis in experimental hypertension. J Hypertens.
2011;29:706-715.

Ocaranza MP, Moya J, Barrientos V, et al. Angiotensin-(1-9) re-
verses experimental hypertension and cardiovascular damage
by inhibition of the angiotensin converting enzyme/Ang Il axis. J
Hypertens. 2014;32:771-783.

Ocaranza MP, Lavandero S, Jalil JE, et al. Angiotensin-(1-9) reg-
ulates cardiac hypertrophy in vivo and in vitro. J Hypertens.
2010;28:1054-1064.

Ocaranza MP, Jalil JE. Protective role of the ACE2/Ang-(1-9) axis in
cardiovascular remodeling. Int J Hypertens. 2012;2012:594361.
Rozo C, Chinenov Y, Maharaj RK, et al. Targeting the RhoA-ROCK
pathway to reverse T-cell dysfunction in SLE. Ann Rheum Dis.
2017;76:740-747.

Chau VQ, Salloum FN, Hoke NN, Abbate A, Kukreja RC. Mitigation
of the progression of heart failure with sildenafil involves inhibi-
tion of RhoA/Rho-kinase pathway. Am J Physiol Heart Circ Physiol.
2011;300:H2272-H2279.

Mera C, Godoy |, Ramirez R, Moya J, Ocaranza MP, Jalil JE.
Mechanisms of favorable effects of Rho kinase inhibition on myo-
cardial remodeling and systolic function after experimental myo-
cardial infarction in the rat. Ther Adv Cardiovasc Dis. 2016;10:4-20.
Ocaranza MP, Jalil JE. Mitogen-activated protein kinases as bio-
markers of hypertension or cardiac pressure overload. Hypertension.
2010;55:23-25.

Auger-Messier M, Accornero F, Goonasekera SA, et al. Unrestrained
p38 MAPK activation in Dusp1/4 double-null mice induces cardio-
myopathy. Circ Res. 2013;112:48-56.

Ho TJ, Huang CC, Huang CY, Lin WT. Fasudil, a Rho-kinase inhib-
itor, protects against excessive endurance exercise training-in-
duced cardiac hypertrophy, apoptosis and fibrosis in rats. Eur J Appl
Physiol. 2012;112:2943-2955.

Grimm M, Haas P, Willipinski-Stapelfeldt B, et al. Key role of my-
osin light chain (MLC) kinase-mediated MLC2a phosphorylation in
the alpha 1-adrenergic positive inotropic effect in human atrium.
Cardiovasc Res. 2005;65:211-220.

Mills JC, Stone NL, Erhardt J, Pittman RN. Apoptotic membrane
blebbing is regulated by myosin light chain phosphorylation. J Cell
Biol. 1998;140:627-636.

Coleman ML, Sahai EA, Yeo M, Bosch M, Dewar A, Olson MF.
Membrane blebbing during apoptosis results from caspase-medi-
ated activation of ROCK I. Nat Cell Biol. 2001;3:339-345.

Sebbagh M, Renvoize C, Hamelin J, Riché N, Bertoglio J, Bréard
J. Caspase-3-mediated cleavage of ROCK | induces MLC phos-
phorylation and apoptotic membrane blebbing. Nat Cell Biol.
2001;3:346-352.

Kan L, Smith A, Chen M, et al. Rho-associated kinase inhibitor (Y-
27632) attenuates doxorubicin-induced apoptosis of human cardiac
stem cells. PLoS ONE. 2015;10:e0144513.

Wang ZH, Zhu D, Xie S, et al. Inhibition of Rho-kinase attenuates
left ventricular remodeling caused by chronic intermittent hypoxia
in rats via suppressing myocardial inflammation and apoptosis. J
Cardiovasc Pharmacol. 2017;70:102-109.

Su D, Guan L, Gao Q, et al. ROCK1/p53/NOXA signaling mediates
cardiomyocyte apoptosis in response to high glucose in vitro and
vivo. Biochim Biophys Acta. 2017;1863:936-946.

Feild BJ, Baxley WA, Russell RO Jr, et al. Left ventricular function
and hypertrophy in cardiomyopathy with depressed ejection frac-
tion. Circulation. 1973;47:1022-1031.



OCARANZA ET AL.

53.

54.

55.

56.

57.

Hayakawa M, Yokota Y, Kumaki T, et al. Clinical significance of left
ventricular hypertrophy in dilated cardiomyopathy: an echocardio-
graphic follow-up of 50 patients. J Cardiogr. 1984;14:115-123.
Benjamin 1J, Schuster EH, Bulkley BH. Cardiac hypertrophy in
dilated congestive cardiomyopathy: a clinicopathologic study.
Circulation. 1981;64:442-447.

lida K, el Sersi M, Fujieda K, et al. Pathophysiologic significance of
left ventricular hypertrophy in dilated cardiomyopathy. Clin Cardiol.
1996;19:704-708.

Kalyan S, Kabelitz D. When neutrophils meet T cells: beginnings of
a tumultuous relationship with underappreciated potential. Eur J
Immunol. 2014;44:627-633.

Agashe CH, Chiang D, Grishin A, et al. Impact of granulocyte con-
tamination on PBMC integrity of shipped blood samples: impli-
cations for multi-center studies monitoring regulatory T cells. J
Immunol Methods. 2017;449:23-27.

WILEY-%

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Ocaranza MP, Moya J, Jalil JE, et al.
Rho-kinase pathway activation and apoptosis in circulating
leucocytes in patients with heart failure with reduced ejection
fraction. J Cell Mol Med. 2020;24:1413-1427. https://doi.
org/10.1111/jcmm.14819



https://doi.org/10.1111/jcmm.14819
https://doi.org/10.1111/jcmm.14819

