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Rho A/ROCK1 signaling-mediated metabolic reprogramming of
valvular interstitial cells toward Warburg effect accelerates
aortic valve calcification via AMPK/RUNX2 axis
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The aberrant differentiation of valvular interstitial cells (VICs) to osteogenic lineages promotes calcified aortic valves disease (CAVD),
partly activated by potentially destructive hemodynamic forces. These involve Rho A/ROCK1 signaling, a mechano-sensing pathway.
However, how Rho A/ROCK1 signaling transduces mechanical signals into cellular responses and disrupts normal VIC homeostasis
remain unclear. We examined Rho A/ROCK1 signaling in human aortic valves, and further detected how Rho A/ROCK1 signaling
regulates mineralization in human VICs. Aortic valves (CAVD n= 22, normal control (NC) n= 12) from patients undergoing valve
replacement were investigated. Immunostaining and western blotting analysis indicated that Rho A/ROCK1 signaling, as well as key
transporters and enzymes involved in the Warburg effect, were markedly upregulated in human calcified aortic valves compared with
those in the controls. In vitro, Rho A/ROCK1-induced calcification was confirmed as AMPK-dependent, via a mechanism involving
metabolic reprogramming of human VICs to Warburg effect. Y-27632, a selective ROCK1 inhibitor, suppressed the Warburg effect,
rescued AMPK activity and subsequently increased RUNX2 ubiquitin-proteasome degradation, leading to decreased RUNX2 protein
accumulation in human VICs under pathological osteogenic stimulus. Rho A/ROCK1 signaling, which is elevated in human calcified
aortic valves, plays a positive role in valvular calcification, partially through its ability to drive metabolic switching of VICs to the Warburg
effect, leading to altered AMPK activity and RUNX2 protein accumulation. Thus, Rho A/ROCK1 signaling could be an important and
unrecognized hub of destructive hemodynamics and cellular aerobic glycolysis that is essential to promote the CAVD process.
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INTRODUCTION
Calcific aortic valve disease (CAVD) is an increasingly frequent valvular
heart disease in aging populations of the Western world [1], which is
characterized by fibro-calcific remodeling of aortic valve leaflets [2]. It
is suggested that CAVD is a chronic and progressive disorder that
includes aortic valve sclerosis and calcific aortic valve stenosis phases,
initiated by risk factors similar to those of atherosclerosis [3]. Currently,
there is no effective pharmacology approach to prevent or reduce the
progression of CAVD [4], and despite intervention to known risk
factors, the therapeutic effects of anti-inflammation or lipid modula-
tion remain unsubstantiated. Current management of CAVD appears
to be a wait-and-see schema until severe stenosis presenting with
clinically apparent, such as angina and cardiac insufficiency,
warranting aortic valve replacement, which comes with complications
and no guarantee of long-time survival; however, it is regarded as the
only choice for patients with CAVD so far [5].
Valvular calcification was once considered as a passive change of

dead and dying cells [6]. Exploration of histological similarities with
osteogenesis [7], as well as upregulation of genes encoding bone
morphogenetic proteins [8, 9], including runt-related transcription

factor 2 (RUNX2), in calcified human aortic valves provided
intriguing evidence that vibrantly regulated osteogenic processes
participating in valvular calcification. Valvular interstitial cells (VICs)
compromise a major component of aortic valves and are active in
the production of mineralization of valve leaflets via their abilities
for aberrant differentiation to osteogenic lineages, which has been
identified as the theoretical basis of the ectopic ossification of aortic
valves [10]. Recent studies of pharmacotherapies to treat CAVD
have targeted VICs’ osteogenic phenotypic switch in an attempt to
halt the progression of CAVD [11, 12]. Exposure of aortic valve
leaflets to constantly changeful hemodynamics and high shear
stress might trigger mechanosensing-dependent VICs activation
and promote pathological differentiation in CAVD.
Ras homolog family member A (Rho A)/Rho associated coiled-

coil containing protein kinase 1 (ROCK1) mechanical-sensitive
signaling is involved in several physiological processes, such as
proliferation, differentiation, migration, and apoptosis, via shrink-
ing or stretching of the cellular cytoskeleton. Interestingly, Rho
A/ROCK1 signaling is positively associated with progression and
metastasis of cancerous cells [13–19], and Mah et al. reported that
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ROCK inhibition alleviated breast cancer invasion partially by
shifting tumorous cells metabolism from glycolysis to oxidative
phosphorylation (OXPHOS) [20]. Furthermore, Rho A/ROCK
blocking-up was found abolished mutant p53 (mutp53)-mediated
Warburg effect through inhibiting glucose transporter type 1
(GLUT1) translocation to the plasma membrane and consequently
compromised mutp53’s tumorigenic function in mouse cells [21].
The Warburg effect (also called aerobic glycolysis), manifested as a
preference for glycolysis to generate energy even under adequate
oxygen conditions [22, 23], is extensively documented in
atherosclerosis and skeletal development, which share similar
pathophysiological calcification features to those of CAVD. As the
main cells causing valve calcification, Ca/P-induced calcified
human VICs also appear an increased glycolytic capacity [24].
Rho A/ROCK1 signaling has been implicated in both osteogenic
differentiation of VICs and aortic valve calcification in animal
models [25–30]. Nonetheless, the regulatory role of Rho A/
ROCK1 signaling in human CAVD models has not been elucidated,
additionally the mechanisms underlying any positive effect of Rho
A/ROCK1 on CAVD require further study.
AMP-activated protein kinase (AMPK) is a canonical regulator of

energy homeostasis, and can sense the metabolic switch in status
from OXPHOS to glycolysis. Aberrant levels of AMPK are noted in
various pathological settings of calcification, such as osteogenesis
and atherosclerosis [31–34], and lower AMPK activity in human
calcified aortic valves (CAVs) was detected [35]. AMPK has various
biological functions, while its inhibition could adjust RUNX2
protein expression in a ubiquitin-proteasome pathway dependent
manner. Therefore, a better understanding of the role of AMPK in
VIC osteogenic differentiation might contribute to determining
the function of Rho A/ROCK1 in CAVD progression.
In the present study, we explored the possible mechanisms of

Rho A/ROCK1 signaling in CAVD, focusing on metabolic reprogram-
ming to the Warburg effect during the osteogenic differentiation of
VICs. We found that AMPK received these energy variation signals
and then promoted VICs calcification via decreasing ubiquitin-
mediated RUNX2 proteasomal degradation. Broadly speaking, this
study demonstrated that the Rho A/ROCK1/Warburg effect/AMPK/
RUNX2 axis is a critical mechanism to explain the interactions
between abnormal hemodynamic forces and VICs calcification,
which could become a therapeutic target for CAVD treatment.

MATERIALS AND METHODS
Human aortic valves collection
Human aortic valve tissues were obtained in accordance with the
Declaration of Helsinki and under informed consent using protocols
approved by the ethics committee of Qilu Hospital of Shandong University
(catalog: KYLL-202111-229-1). In total, 47 patients were screened between
April 2022 and July 2022. Five patients were excluded from further analysis
because of bicuspid aortic valve morphology, and six were excluded due to
a history of rheumatic heart disease. In addition, two patients withdrew after
refusing to sign the informed consent form. A total of 34 patients, consisting
of 22 patients with CAVD and 12 non-CAVD controls (NC), were finally
included in the current analysis. Calcified aortic valve tissues were obtained
from 22 patients with CAVD who underwent aortic valve replacement due to
severe aortic valve stenosis confirmed by doppler echocardiography and
pathology. Non-calcified aortic valve samples were obtained from 12
patients who suffered aortic dissection and received Wheat or Bentall
procedures in our institution. All samples were resected aseptically and
intraoperatively, without any annular tissues, rinsed with cold sterile
phosphate-buffered saline (PBS) (Tianjin TBD Haoyang BioTech Co. Ltd.,
Tianjin, China) to remove blood components, and preserved in liquid
nitrogen or 4% paraformaldehyde (PFA) (Biosharp, Hefei, China) immedi-
ately. The baseline demographic characteristics of the CAVD group and the
control group are summarized in Table 1.

Cell isolation and culture
Primary human VICs were isolated using a previously described method with
modifications [36]. Briefly, surgically obtained human aortic valve leaflets

were washed with cold PBS (containing 1% penicillin/streptomycin (P/S)
(Gibco, Grand Island, NY, USA)), and then cut into approximately 3 x 3mm
pieces. Next, valve leaflets were subjected to digestion with 2mg/ml
collagenase II (Worthington Biochemical Corporation, Lakewood, NJ, USA)
and incubated at 37 °C for 30min, and then shaken vigorously to remove any
remaining valvular endothelial cells (VECs). Valve samples were then washed
in sterile PBS again and incubated in 2mg/ml collagenase II for 2 h at 37 °C.
The resulting cells were collected by centrifugation at 12000 rpm for 5min.
Human primary VICs were seeded in T25 flasks or plates and cultured in high
glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, containing
2mM L-glutamine, 4.5 g/L D-glucose and 110mg/L sodium pyruvate)
supplemented with 10% fetal bovine serum (FBS) (Gibco, 10100139 C) and
1% P/S, and stimulated for the indicated times. Human VICs were maintained
in an incubator containing 5% CO2 at 37 °C. VICs in all in vitro experiments
were utilized from passages 2 to 7.

Osteogenic differentiation of human VICs
To stimulate calcification, human VICs were cultured with inorganic
phosphate-osteogenic medium (IP-OM) (complete media supplemented with
2mM sodium dihydrogen phosphate (Beyotime Biotech, Jiangsu, China),
75mM ascorbic acid (Beyotime Biotech), 100 nM dexamethasone (Beyotime
Biotech) and 10−7mM insulin (Beyotime Biotech)) for 7–9 days, modified from
previously described approaches [4, 37, 38]. Calcific nodules could be observed
by day 3. The osteogenic differentiation medium was changed every 2 days.

Alizarin red staining
For human VICs, following treatments, cells were washed three times with 1x
PBS to remove medium, then fixed in 4% PFA (Biosharp) for 30min at room
temperature, and rinsed with double distilled water. Fixed VICs were then
stained with 2% alizarin red stain (pH-4.2) (Beyotime Biotech) in the dark,
overnight at room temperature. VICs were next washed three times with 1x
PBS or double distilled water to remove non-specific staining. Mineralized
nodules stained with Alizarin Red manifested as red depositions. For human
aortic valve tissues, paraffin-embedded sections (5 μm) were prepared, then
twice deparaffinized using dewaxed solution, and hydrated with ethyl
alcohol (SCR) using a concentration gradient (100%, 90%, 80%, 70%, 60%).
The tissue sections were then incubated with Alizarin Red solution for 2 h
and washed in water to remove excessive dye. For quantification, images
were photographed using a microscope (CKX53, Olympus, Tokyo, Japan)
and captured using CellSens software (Olympus). Then Alizarin Red positive
areas were assessed using Image J analysis (NIH, Bethesda, MD, USA) and the
mean was determined from three independent biological replicates.

Alkaline phosphatase staining
Alkaline phosphatase (ALP) staining was processed per the manufacturer’s
instructions of the 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/nitro blue
tetrazolium (NBT) Alkaline Phosphatase Color Development Kit (Beyotime
Biotech). Human VICs were fixed in 4% PFA for 30min at room
temperature after washing in 1x PBS supplemented with Tween20
(Biosharp) (PBST). This was followed by three washes with PBST and then
the cells were incubated with moderate BCIP/NBT dyeing solution at room
temperature for 1 to 2 h protected from light until the desired coloration
displayed. VICs were next rinsed with 1x PBS three times. Images were
acquired under a microscope (CKX53, Olympus). ALP-positive areas were
calculated using Image J software, and the mean was determined from
three independent biological replicates.

RNA isolation and quantitative real-time reverse transcription
PCR
Total RNA was isolated from human VICs using the Trizol Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol.
Two micrograms of total RNA were reversely transcribed into cDNA using
M-MLV Reverse Transcriptase (Invitrogen, Waltham, MA, USA). Then, quanti-
tative real-time PCR was performed using SYBR Green chemistry to examine
the mRNA expression level of RUNX2. The housekeeping gene, ACTB (encoding
β-actin) was used to normalize the differences in the efficiencies of reverse
transcription. The primer sequences are listed in Supplemental Table S2.

Western blotting
Western blotting analysis was applied to examine protein levels using
antibodies recognizing Rho A (Abcam, Cambridge, MA, USA), ROCK1
(Abcam), ROCK2 (Abcam), myosin phosphatase-targeting subunit 1
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(MYPT1) (Cell Signaling Technology (CST), Danvers, MA, USA), phosphory-
lated (p)-MYPT1 (CST), glucose transporter type 1, erythrocyte/brain
(GLUT1) (Abcam), hexokinase 2 (HK2) (Abcam), pyruvate dehydrogenase
kinase 1(PDK1) (Abcam), phosphofructokinase 1 (PFK1) (CST), lactate
dehydrogenase A (LDHA) (Abcam), osteopontin (OPN) (Abcam), RUNX2
(Abcam), AMPK (Abcam), p-AMPK (Abcam), ubiquitination (Proteintech,
Rosemont, IL, USA), Sodium Potassium ATPase (Abcam), and β-actin
(Proteintech). Human aortic valve tissues and VICs were rinsed with cold 1×
PBS, and then lysed on ice in radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime Biotech; 50 mM Tris, pH 7.4, 150mMNaCl, 1% Triton X-
100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 mM

sodium orthovanadate, 1 mM sodium fluoride, 1 mM Ethylenediaminete-
traacetic acid (EDTA), and leupeptin) containing 1mM phenylmethylsulfo-
nyl fluoride (PMSF) for 15min, followed by homogenization with 20 kHz
ultrasonic lapping and centrifugation at 14,000 rpm at 4 °C in a refrigerated
microcentrifuge for 15min to extract total protein. Then, supernatants
were stored and a bicinchoninic acid (BCA) Protein Assay Kit (Beyotime
Biotech) was used to detect the total protein concentration to normalize
the samples. Equal amounts of samples (30–45 μg/lane) were run on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and then transferred to polyvinylidene difluoride (PVDF) membranes
using a wet-transfer system. The membranes were blocked using

Table 1. Baseline characteristics.

Variables CAVD (N= 22) NC (N= 12) P value

Clinical characteristics

Age, years 60.1 ± 11.8 61.4 ± 9.7 0.751

Male gender, n (%) 14 (63.6) 10 (83.3) 0.432

Medical History

HP, n (%) 5 (22.7) 6 (50.0) 0.138

DM, n (%) 2 (9.1) 2 (16.7) 0.602

CAD, n (%) 5 (22.7) 5 (41.7) 0.271

Echocardiographic data

LVEF, % 56.9 ± 13.5 56.8 ± 6.8 0.974

LA diameter, mm 42.5 ± 8.5 49.8 ± 14.7 0.071

LV diameter, mm 52.6 ± 10.6 62.3 ± 11.3 0.018

RV diameter, mm 25.0 ± 3.6 24.4 ± 3.0 0.636

IVST, mm 13.1 ± 2.3 11.5 ± 2.7 0.080

LVPWT, mm 11.4 ± 2.1 10.8 ± 2.1 0.759

AAD, mm 39.1 ± 6.4 40.2 ± 8.5 0.680

MPA diameter, mm 25.6 ± 5.0 27.1 ± 3.0 0.364

maxPG, mmHg 101.0 ± 41.7 25.2 ± 10.6 0.001

meanPG, mmHg 60.5 ± 27.2 12.0 ± 4.6 0.001

Max V, cm/s 492.7 ± 102.0 246.4 ± 47.5 N/A

AOD, mm 22.6 ± 3.2 24.1 ± 4.1 0.304

AVA, cm2 0.8 ± 0.3 1.3 ± 0.0 N/A

Laboratory findings

HDL-C, mmol/L 1.1 ± 0.2 1.2 ± 0.3 0.331

LDL-C, mmol/ L 2.5 ± 0.7 2.2 ± 0.8 0.247

sdLDL-C, mmol/ L 0.6 ± 0.3 0.4 ± 0.2 0.093

Cho, mmol/ L 4.1 ± 0.9 3.9 ± 0.8 0.429

TG, mmol/ L 1.3 ± 0.7 0.9 ± 0.3 0.046

NEFA, umol/dl 46.6 ± 22.2 43.3 ± 18.4 0.665

Cr, umol/L 70.9 ± 12.0 80.2 ± 13.7 0.050

eGFR, ml/min/1.73m2 93.1 ± 11.8 86.5 ± 11.3 0.122

GLU, mmol/ L 5.4 ± 2.8 4.6 ± 0.8 0.343

HbA1c, % 5.5 ± 2.9 4.5 ± 0.7 0.226

Calcium, mmol/L 2.3 ± 0.1 2.2 ± 0.1 0.174

Phosphate, mmol/L 1.1 ± 0.2 1.2 ± 0.1 0.610

NT-pro BNP, pg/ml 2165.5 ± 2235.9 1730.4 ± 2431.4 0.708

CAVD calcified aortic valve disease, NC negative control, HP hypertension, DM diabetes mellitus, CAD coronary artery disease, LVEF left ventricular ejection
fraction, LA diameter left atrium diameter, LV diameter left ventricle diameter, RV diameter right ventricle diameter, IVST interventricular septum thickness,
LVPWT left ventricular posterior wall thickness, AAD ascending aorta diameter, MPA diameter main pulmonary artery diameter, MaxPG maximum pressure
gradient, MeanPG mean pressure gradient, Max V maximum flow velocity of aortic valve, AOD aortic diameter, AVA aortic valve orifice area, HDL-C high-density
lipoproteincholesterol, LDL-C low-density lipoproteincholesterol, sdLDL-C small dense low-density lipoproteincholesterol, Cho cholesterol, TG triacylglycerol,
NEFA non-esterified fatty acid, Cr creatinine, eGFR estimated glomerular filtration rate, GLU blood glucose, HbA1c glycosylated hemoglobin Alc, NT-proBNP
N-terminal pro brain natriuretic peptide.
Data are presented as mean ± SD or absolute numbers (proportions).
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QuickBlock Blocking Buffer (Beyotime Biotech) at room temperature for
20min, and then incubated with primary antibodies at 4 °C overnight. After
three washes with Tris-buffered saline-Tween-20 (TBST) (Servicebio,
Wuhan, China), we incubated membranes with the corresponding
secondary antibodies coupled with horseradish peroxidase (HRP) for
90min on shakers. After three washes with TBST, enhanced chemilumi-
nescence (ECL) signals (Amersham Biosciences, Piscataway, NJ, USA) were
detected using an ECL kit (Millipore, Billerica, MA, USA) with Imaging
system (Thermo Fisher Scientific). Densitometric quantification was
performed using Image J software.

Ubiquitination assay
Human VICs were treated with the proteasome inhibitor MG132 at 100 nM
for 15 h before harvest. Cell lysates were immunoprecipitated using anti-
RUNX2 antibodies, and then analyzed by immunoblotting using anti-
Ubiquitin antibodies.

Measurements of adenosine levels
Human VICs were homogenized with 20 kHz ultrasonic lapping and then
incubated in boiled Tris-Acetate buffer for 90 s to extract adenosine. Levels of
ATP, ATP+ ADP, and ATP+ AMP were detected using an AMP-Glo™ Assay
(Promega, Madison, WI, USA) according to the manufacturer’s instructions.
Cellular contents of adenosine were normalized to the total protein content.

Immunohistochemistry
Immunohistochemistry detection of Rho A, ROCK1, ROCK2, GLUT1, HK2,
PDK1, PFK1, LDHA, OPN and RUNX2 in human aortic valve leaflets was
performed. 4% PFA-fixed paraffin sections (5μm thick) were deparaffinized
using dewaxed solution and hydrated using decreasing concentration of
ethyl alcohol (100%, 90%, 80%, 70%, 60%), and then incubated at 65 °C for
20min in antigen unmasking solution using PT Module-Lab Vision (Thermo
Fisher Scientific) for antigenic retrieval. Following several washes (3 x 5min)
in PBS, paraffin sections were blocked for 30min using 5% bovine serum
albumin (BSA). After blocking, primary antibodies against Rho A (abcam,
ab54835), ROCK1 (abcam, ab97592), ROCK2 (abcam, ab125025), GLUT1
(abcam, ab115730), HK2(abcam, ab209847), PDK1 (abcam, ab202468), PFK1
(CST, #8164), LDHA (abcam, ab52488), OPN (abcam, ab63856) and RUNX2
(abcam, ab192256) were diluted at optimized concentrations in 1% BSA and
incubated with the sections in a wet box overnight at 4 °C. Subsequently,
appropriate secondary antibodies were applied for 30min at room
temperature. Following secondary antibody incubation, the positive staining
was detected using an UltraSensitive SP IHC Kit and DAB Kit, and
hematoxylin staining was used for nuclear counterstaining. Images were
visualized using a microscope (CKX53, Olympus), and Image J software was
applied for data quantification.

Alkaline phosphatase activity assay
The alkaline phosphatase activity assay was performed according to the
manufacturer’s instructions (Beyotime Biotech). Human VICs were harvested
and lysed with RIPA lysis buffer without phosphatase inhibitor. Following
homogenization and centrifugation, the supernatants were collected. Then
supernatants were added with dilution buffer (Beyotime Biotech),
p-nitrophenol (Beyotime Biotech) and the chromogenic substrate (Beyotime
Biotech), next mixed using a horizontal shaker, and incubated at 37°C for
20min. The absorbance at 405 nm was detected using an EPOCH2 microplate
reader (Thermo Fisher Scientific) to measure alkaline phosphatase activity.

L-lactate assay
The L-Lactate assay was performed according to the manufacturer’s
instructions (Abcam). Briefly, human VICs were harvested, washed with
cold PBS, and then resuspended in 4x volumes of Lactate Assay Buffer.
After centrifugation for 2 min at 4 °C at top speed in a microcentrifuge to
remove insoluble material, the supernatants were collected. LDH was
removed from the samples by performing Perchloric acid (PCA)/KOH
deproteinization. Then, we detected absorbance at 450 nm using the
EPOCH2 microplate reader and constructed a standard curve. The lactate
concentration was estimated by plotting on the standard curve.

Glucose uptake colorimetric assay
The glucose uptake colorimetric assay was performed according to the
manufacturer’s instructions (Sigma, St. Louis, MO, USA). Briefly, human VICs
were seeded at 1500 cells per well in 96-well plates after appropriate

stimulation and incubated in an incubator containing 5% CO2 at 37 °C
overnight. VICs were then rinsed twice with sterile PBS and starved in
serum-free medium overnight. After another several washes, VICs were
glucose-starved in Krebs-Ringer phosphate HEPES buffer containing 2%
BSA for 40min, followed by stimulation with or without insulin for 20min.
VICs were then cultured with 1mM of the fluorescent glucose analog 2-
Deoxy-d-glucose (2-DG) for 20min. Following incubation, the cells were
washed three times with PBS and then lysed using 80 μl of extraction
buffer per well. After heating at 85 °C for 40min, the cell lysates were
incubated with Reaction Mix A and Reaction Mix B on a horizontal shaker.
Fluorescence was calculated using absorbance at 485 nm in the EPOCH2
microplate reader (Thermo, EPOCH2).

Glycolysis measurements
The real-time oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) of human VICs were measured using a Seahorse XFe96 flux
analyzer (Agilent Technologies, Santa Clara, CA, USA). Briefly, human VICs
were seeded into XF96 V3 PS cell culture microplates (Agilent Technologies)
at 5000 cells/well and treated with appropriate medium at 37 °C in a CO2

incubator, meanwhile hydrated a sensor cartridge at 37 °C in a non-CO2

incubator overnight. On the day of real-time ATP production analysis, VICs
were rinsed once with sterile Seahorse XF DMEM Medium (pH 7.4) which
had been pre-heated to 37 °C (supplemented with 10mMXF glucose,
1mMXF pyruvate, and 2mMXF glutamine). Then, cells were incubated in
the above-prepared assay media in a CO2-free incubator at 37 °C for 45min.
After this incubation, the assay medium was removed and replaced with
fresh warm assay medium in each well. Microplates were placed in the
Seahorse XFe96 flux analyzer. ECAR of human VICs was measured in
response to 0.5 μM Rotenone/Antimycin A and 50mM 2-DG using Agilent
Seahorse XF Glycolytic Rate Assays, and OCR was measured in response to
1.5 μM Oligomycin, 2 μM FCCP and 0.5 μM Rotenone/Antimycin A using
Agilent Seahorse XF Cell Mito Stress Test Kit, according to manufacturer’s
instructions. Three/Four calculations were performed under basal condi-
tions and after each drug injection, and relevant metabolic parameters
could be calculated using manufacturer-supplied equations.

Calcium colorimetric assay
The calcium colorimetric assay was performed following the manufac-
turer’s instructions (Beyotime Biotech). Briefly, human VICs collected after
corresponding stimulations were lysed using lysate buffer. The chromo-
genic reagent and calcium assay buffer were mixed with cell lysates,
followed by 5–10min incubation at room temperature protected from
light. The absorbance at 575 nm was then determined using the EPOCH2
microplate reader and a standard curve was established. Finally, the
calcium content was calculated according to the standard curve.

Statistical analysis
All statistical analyses and generation of graphs were performed using
GraphPad Prism version 9.0 (GraphPad Inc., La Jolla, CA, USA). Continuous
data were expressed as the mean ± the standard deviation (SD), and
categorical variables were expressed as absolute numbers and proportions.
All experiments were biologically replicated at least three times. In vitro,
experiments were performed independently in triplicate. In vivo, western
blotting was performed once in statistically relevant group sizes of 22
human aortic valve tissues in CAVD group and 12 in control group. The
normality of the distribution of continuous variables was confirmed by the
Shapiro–Wilk normality test and was visualized by a Q-Q plot. The
homoscedasticity was confirmed by F-test. For continuous variables, on the
basis of the normal distribution and similar variances, unpaired two-tailed
Student’s t-test (two groups) and one-way ANOVA followed by Bonferroni
post hoc test (≥3 groups) were used; if variances differed between the
groups, Welch ́s correction was used; if data showed significantly abnormal
distribution, Mann–Whitney U test (two groups) and Kruskal–Wallis test
followed by Dunn’s post hoc test (≥3 groups) were used. For categorical
variables, Pearson’s χ2 or Fisher’s exact test was used. Any p values that
were less than 0.05 were considered statistically significant (***p < 0.001,
**p < 0.01, or *p < 0.05).

RESULTS
Baseline characteristics of study population
The baseline clinical characteristics of the study population are
listed in Table 1. A total of 34 patients, consisting of 22 patients
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with CAVD and 12 non-CAVD controls, were included in the
current analysis. Patients were between 27 and 75 years old.
Among, the average age was 60.1 ± 11.8 for patients with CAVD
compared with 61.4 ± 9.7 for non-CAVD patients (P= 0.751).
Patients with and without CAVD were predominantly male
(63.6% and 83.3%, respectively; P= 0.432). Patients with CAVD
had similar rates of hypertension (P= 0.138), diabetes mellitus
(P= 0.602), and coronary heart disease (P= 0.271) compared with
those in the control group. Notably, the CAVD group showed a
significantly higher baseline pulmonary valve mean/max pressure
gradient (60.5/101.0 vs. 12.0/25.2 mmHg, P < 0.01 for all), while the
control group had an apparent expansion of the left ventricle
(52.6 ± 10.6 vs. 62.3 ± 11.3 mm, P= 0.018), which was related to
the pathophysiological diagnosis of severe aortic regurgitation in
the majority of patients in the NC group. No statistical significance
was found for the left atrium diameter (P= 0.071), right ventricle
diameter (P= 0.636), interventricular septum thickness (P= 0.080),
aortic diameter (P= 0.304), main pulmonary artery diameter
(P= 0.364), or ascending aorta diameter (P= 0.680). Baseline left
ventricular ejection fraction (56.9 ± 13.5% vs. 56.7 ± 6.8%,
P= 0.974) and N-terminal pro B-type natriuretic peptide (NT-
proBNP) (2165.6 l ± 2235.9 pg/ml vs. 1730.4 ± 2431.4 pg/ml,
P= 0.708), two indexes that are always used to assess cardiac
function in clinical practice, were similar between the groups.
Aortic valve maximum velocity was obviously higher and aortic
valve orifice area was much smaller for patients with CAVD;
however, these data obtained were inadequate to perform
meaningful analysis. Serological analysis demonstrated signifi-
cantly higher levels of serum triglyceride for patients with CAVD
(1.3 ± 0.7 vs. 0.9 ± 0.3 mmol/L, P= 0.046), whereas no statistically
significant difference was found for high density lipoprotein
cholesterol, low density lipoprotein cholesterol, total cholesterol,
non-esterified fatty acid, creatinine, estimated glomerular filtration
rate, glucose, HbA1c, calcium, or phosphate between the CAVD
and control groups (P > 0.05 for all).

Rho A/ROCK1, but not ROCK2, are elevated in human calcified
aortic valves and human calcified VICs
To study Rho A/ROCK signaling in human model of CAVD, we first
examined protein expressions of Rho A, ROCK1 and ROCK2 in
histologically calcified and non-calcified human aortic valve
leaflets. Higher expressions of Rho A and ROCK1 were detected
within calcific lesions compared to adjacent non-calcified regions
in aortic valves from patients with CAVD, while extensively lower
expressions were verified in the controls (Fig. 1A i, ii, iii and iv, and
1B). By contrast, ROCK2 protein expressions were similar in
calcified and non-calcified human aortic valves and were low in
both groups (Fig. 1A ix and x, and 1B). Consistently, western
blotting of aortic valves obtained from 34 patients showed
increased protein expressions of Rho A and ROCK1, and
phosphorylation levels of MYPT1 in the CAVD group, but not
ROCK2 (Figs. 1C and 1D). Calcium-rich regions on aortic valve
surface are ectopic osteogenic structures, as demonstrated by
alizarin red staining (Fig. 1E and F), and upregulated expressions of
osteogenic markers, RUNX2 and OPN, were likewise observed in
aortic valves with prominent calcified lesion formation (Fig. 1A to
D). We, therefore, isolated VICs from human calcified and non-
calcified valves, and examined Rho A, ROCK1 and ROCK2 protein
expressions, as well as ROCK activity in normal VICs, normal VICs
treated with inorganic phosphorus-osteogenic medium (IP-OM),
and diseased VICs extracted from CAVs. Human VICs from
calcifying valves, as well as VICs following 7-day OM-treatment
exhibited an osteogenic phenotype, characterized by increased
alizarin red (Figs. 1G and 1H) and alkaline phosphatase reactivity
(Figs. 1I and 1J), and upregulation of calcification markers, OPN
and RUNX2 (Figs. 1K and 1L). Rho A, ROCK1 protein expressions
and phosphorylation levels of MYPT1 were markedly increased in
both VICs isolated from CAVs and VICs undergoing OM-induced-

calcification (Figs. 1K and 1L). However, ROCK2 protein levels were
similar to those in non-calcified human VICs (Figs. 1K and 1L).

IP-induced human VICs osteogenic induction model in vitro
As an approach to stimulate calcification of VICs, human VICs were
cultured in IP-OM for up to 7 days to construct an inorganic
phosphorus-osteogenic induction model (IP-OIM) in vitro. During
this process, calcification became gradually more extensive.
Human VICs at day 1 showed no detectable calcified deposition,
as examined by a deficiency of alizarin red reactivity (Fig. 2A ii),
and minimal alkaline phosphatase activity (Fig. 2C ii). By day 3 of
osteogenic stimulation, human VICs were first noted with a few
scattered calcific nodules with narrow positive areas of alizarin red
(Fig. 2A iii) and alkaline phosphatase staining (Fig. 2C iii). Human
VICs under calcifying conditions at day 5 showed obviously
extensive calcification revealed as increased mineralization
nodules, and was positive for alizarin red (Fig. 2A iv) and alkaline
phosphatase staining (Fig. 2C iv). By day 7, nearly 90% of human
aortic VICs were detected calcified nodules, indicating a further
increase in mineralization (Fig. 2A v and 2 C v). In line with these
results (Fig. 2A to D), western blotting verified an increase in the
expressions of known osteogenic markers, including RUNX2 and
OPN, in a time-dependent manner (Figs. 2E and 2F). Accordingly,
protein expressions of Rho A and ROCK1, and MYPT1 phosphor-
ylation increased during this calcification process (Figs. 2E and 2F).

ROCK1 inhibition promotes RUNX2 ubiquitination and
proteasomal degradation
Treatment with Y-27632 (150 nM), a selective inhibitor of ROCK1,
led to an apparent reduction in phosphorylation levels of MYPT1
and a significant alleviation of osteogenic changes of human VICs
(Fig. 3A to C). Here, we noticed that ROCK1 inhibition decreased
the endogenous RUNX2 protein abundance in calcified VICs from
IP-OIM, but did not affect their mRNA levels (Fig. 3D), indicating
that the regulation of Rho A/ROCK1 signaling on RUNX2 might
occur mainly at its protein level. To determine whether the protein
stability of RUNX2 was adjusted by Y-27632, we first blocked de
novo protein synthesis through cycloheximide (CHX) and demon-
strated that Y-27632 shortened the half-life of RUNX2 markedly in
human calcifying VICs (Fig. 3E and F). Ubiquitin-proteasome
pathway is a primary pathway mediating endogenous protein
degradation in cells, and the degradation of RUNX2 protein
mediated by ubiquitination shows essential effect on regulatory
processes of calcification in mice osteoblasts [39]. Interestingly,
immunoprecipitation showed that RUNX2 ubiquitination was
markedly increased upon human VICs from IP-OIM that cultured
in the presence of Y-27632, as compared to those calcific VICs
cultured without Y-27632 (Fig. 3G). Furthermore, we noticed that
RUNX2 accumulation was restored when Y27632-cultured calcify-
ing VICs were treated with a proteasomal inhibitor MG132 and
that RUNX2 ubiquitination level was concomitantly increased
(Fig. 3H), whereas the lysosomal inhibitor chloroquine (CQ)
exhibited no such effect on RUNX2 protein abundance (Fig. 3I).
Taken together, these results validated Rho A/ROCK1 signaling
modulates RUNX2 protein expressions in a ubiquitin-proteasome
dependent manner.

AMPK inhibition partially abolished the enhancing effect of
Y-27632 on RUNX2 proteasome degradation
In the course of these experiments, AMPK activity, which was
assessed by the phosphorylation of its α subunit at Thr172 was
found to be downregulated in human calcified VICs (Fig. 4A and
B). Similarly, western blotting of human aortic valves also
investigated a much lower phosphorylation level of AMPK in
CAVs (Fig. 4C and D). However, phosphorylation of AMPK in
calcifying human VICs could be upregulated to control levels after
Y-27632 treatment (Fig. 4A and B). Previous studies have
demonstrated that RUNX2 ubiquitination in mice osteoblasts is

H. Liu et al.

5

Cell Death and Disease          (2023) 14:108 



positively regulated by AMPK [39]. To demonstrate if the positive
effect of Y-27632 on RUNX2 ubiquitin-proteasome degradation
and subsequent repressive effect on VICs calcification was caused
by an increase in AMPK activity, we, thereafter, blocked AMPK
activity in Y27632-treated calcifying VICs using Compound C

(120 nM), an AMPK inhibitor. Notably, the inhibitory effect of
Y-27632 on RUNX2 accumulation and subsequent VICs calcifica-
tion was largely blocked by Compound C, appearing as
upregulated protein expressions of OPN and RUNX2 (Fig. 4E and
F), also higher alizarin red reactivity (Fig. 4G) and ALP activity

Fig. 1 Rho A/ROCK1 signaling are elevated in human calcified aortic valves and human calcified VICs. A Immunohistochemistry and (B)
quantifications for Rho A (brown), ROCK1 (brown), ROCK2 (brown), OPN (brown) and RUNX2 (brown) of human aortic valves from CAVD and
NC groups. (Unpaired two-tailed Student’s t-test with Welch’s correction for OPN, RUNX2 and ROCK2; unpaired two-tailed Student’s t-test for
ROCK1 and Rho A). Scale bar= 200 µm. C Western blotting analysis for Rho A, ROCK1, ROCK2, MYPT1, p-MYPT1, OPN and RUNX2 of human
aortic valves, either calcified (n= 22) or non-calcified (n= 12) with (D) quantifications (Mann–Whitney test for ROCK2, pMYPT1/MYPT1 and
OPN; unpaired two-tailed Student’s t-test with Welch’s correction for Rho A and RUNX2; unpaired two-tailed Student’s t-test for ROCK1). β-actin
was used as loading control. E Low and high magnification of alizarin red staining of aortic valves from CAVD and NC groups and (F)
quantifications of positive alizarin red areas/fields (unpaired two-tailed Student’s t-test with Welch’s correction). Scale bar= 50 µm (high-power
views) and 20 µm (low-power views). G Representative alizarin red staining (red) and (H) quantifications of human VICs isolated from non-
calcified and calcified aortic valves, and human VICs from IP-OIM (one-way ANOVA followed by Bonferroni post hoc test). Scale bar= 200 µm.
I Representative ALP staining (purple) and (J) quantifications of human VICs isolated from non-calcified and calcified aortic valves, and human
VICs from IP-OIM (Welch’s ANOVA test). Scale bar= 200 µm. K Western blotting and (L) quantifications for Rho A, ROCK1, ROCK2, MYPT1, p-
MYPT1, OPN and RUNX2 of human VICs isolated from non-calcified and calcified aortic valves, and human VICs from IP-OIM (one-way ANOVA
followed by Bonferroni post hoc test). β-actin was used as loading control. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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(Fig. 4H). Consistently, downregulation of AMPK activity dramati-
cally decreased Y27632-induced upregulation of RUNX2 ubiquiti-
nation in calcified human VICs (Fig. 4I). Also, the half-life of RUNX2
of Y27632-treated calcifying VICs under conditions of Compound
C were much higher than those only cultured with Y27632 (Fig. 4J
and K). While no impact of AMPK inhibitor was observed on
ROCK1 phosphorylation (Fig. 4E and F), indicating that AMPK
mediates Y27632-induced reduction of VICs calcification through
enhancing RUNX2 ubiquitin-proteasome degradation.

Human VICs from IP-OIM and CAVs appeared Warburg effect
as their metabolic phenotype
AMPK activity was suppressed in calcifying VICs; therefore, we
hypothesized that there would be metabolic reprogramming and
a subsequent imbalance in adenosine content. We measured ATP,
ADP and AMP contents in calcified human VICs. There were
approximately 3- and 2-fold increase in ATP in human VICs under
CAVD pathological conditions or IP-OM stimulation, leading to a 3-
and 2-fold decrease in the ratio of AMP/ATP, respectively (Fig. 5A),

Fig. 2 IP-induced osteogenic differentiation of human VICs in vitro. A Alizarin red staining of human VICs under osteogenic stimulus for 0
(i), 1 (ii), 3 (iii), 5 (iv) and 7 (v) days. Scale bar= 200 µm. B Quantifications of data presented in A (one-way ANOVA followed by Bonferroni post
hoc test). C Alkaline phosphatase staining of human VICs under osteogenic stimulus for 0 (i), 1 (ii), 3 (iii), 5 (iv) and 7 (v) days. Scale
bar= 200 µm. D Quantifications of data presented in C (one-way ANOVA followed by Bonferroni post hoc test). E Western blotting and (F)
quantitation for Rho A, ROCK1, MYPT1, p-MYPT1, OPN, RUNX2, GLUT1, LDHA, HK2, PFK1 and PDK1 of human VICs under osteogenic stimulus
for 0, 1, 3, 5 and 7 days (one-way ANOVA followed by Bonferroni post hoc test). β-actin was used as loading control. Data are shown as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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which might contribute to the consequent suppression of the
primary energy sensor, AMPK. Since Ca/P-induced calcifying VICs,
as well as VSMCs and pre-osteoblasts generate almost of their ATP
through glycolysis during osteogenic process, we wondered
whether osteogenic VICs from IP-OIM and CAVs also behaved
Warburg effect as their characteristic features. Surprisingly, both

human VICs from CAVs and IP-OIM showed stronger capacity of
glycolysis, but not OXPHOS, indicative of metabolic preference to
Warburg effect (Fig. 5B and C). IP-induced osteogenic VICs took up
approximately 1.5-fold quantity of 2-DG taken up by normal VICs,
while a similar tendency was showed in VICs isolated from human
CAVs (Fig. 5D). Moreover, calcifying VICs induced a substantially

H. Liu et al.

8

Cell Death and Disease          (2023) 14:108 



increase in lactic acids accumulation than controls as examined by
colorimetric methods (Fig. 5E). Along, upregulation of metabolism-
related proteins required for glycolysis, including HK2, PFK1, PDK1,
LDHA and GLUT1 were detected in human VICs both undergoing
CAVD pathological stimulation in vivo and accepting IP-OM
stimulation in vitro (Fig. 5F and G).

Key transporters and enzymes for Warburg effect were
upregulated in human calcified aortic valves
Based on the metabolic reprogramming toward the Warburg
effect in osteogenic VICs we previously confirmed, herein, we
further indirectly assessed whether Warburg effect exists in
human CAVD process in vivo. Locally, immunohistochemistry
analysis confirmed abundant GLUT1, HK2, PDK1, PFK1 and LDHA
levels in calcified regions of aortic valves leaflets (Fig. 6A),
correlated with upregulation of Rho A/ROCK1 signaling (Fig. 1A
to D), but were barely detectable in the non-calcified valve
samples (Fig. 6A). Similarly, samples from patients with CAVD
presented higher expressions of GLUT1, HK2, PDK1, PFK1 and
LDHA at protein levels, versus controls (Figs. 6B and 6C). Changes
in the rate of glycolysis could not be observed using valve tissues,
but the increased expressions of key transporters and enzymes
associated with Warburg effect reinforced the idea that aerobic
glycolysis occurred in human model of CAVD in vivo.

Inhibition of Warburg effect leads to human VICs calcification
loss
Aerobic glycolysis displayed a positive association with human
VICs calcification as our data confirmed. Of note, our observations
showed HK2, PFK1 and LDHA proteins in IP-OIM were not
upregulated in a time-dependent manner, and an expression
peak of HK2 and LDHA was found in advanced of osteogenic
markers (Fig. 2E and F), indicating metabolism switching in VICs
maybe ahead of its calcification. However, it is still unclear
whether metabolic effects regulate human VICs osteogenic
differentiation directly or are evident only when VICs osteogenic
changes established. We used highly selective GLUT1 inhibitor,
BAY-876 (2 nM) and specific PDK1 inhibitor, BX-795 (6 nM), to
decrease glycolysis in calcifying VICs. Both PDK1 and GLUT1
inhibition reduced glycolysis in OM-induced calcified VICs (Fig. 7A
and B) as well as VICs isolated from human aortic valves under
calcific pathological conditions (CAVD) (Fig. 7C and D). The
glycolytic flux in calcifying VICs cultured with BAY-876 or BX-795
was abrogated to normal levels, and consequently, osteogenic
markers, RUNX2 and OPN (Fig. 7E to H), were markedly reduced.
Also, no significant changes were found in RUNX2 mRNA
expressions after GLUT1 or PDK1 inhibition treatments (Fig. 7I).
Furthermore, we found that the half-life of RUNX2 apparently
decreased after GLUT1 or PDK1 inhibition (Fig. 7J to L). The
inhibitory effect of BAY876 and BX795 on the RUNX2 protein
expressions were significantly reversed by MG132 (Fig. 7M), but

not CQ (Fig. 7N). Motivated by above results, we therefore
performed immunoprecipitation experiments and found that
RUNX2 ubiquitination levels in BAY876-treated and BX795-
treated VICs were much higher than those in calcified VICs
treated without BAY876 or BX795 (Fig. 7O).

Rho A/ROCK1 signaling positively regulate Warburg effect in
osteogenic human VICs
Against this background, we continued to analyze whether
Warburg effect in calcified human VICs was regulated by Rho A/
ROCK1 signaling. Treatment with BAY-876 or BX-795 markedly
reduced glycolysis in human VICs while did not affect neither
protein expression of Rho A or ROCK1, nor ROCK1 phosphoryla-
tion (Fig. 7E and F). Calcium deposits (Fig. 8A) and ALP activity
(Fig. 8B) were intensely negated in VICs treated with Y-27632. As
shown in Figs. 8C and 8D, both human VICs from the IP-OIM and
CAVs groups behaved decreased ECAR when treated with Y-
27632, while seahorse analysis did not show altered OCR,
representing the successful inhibition of the Warburg effect by
Y-27632 (Fig. 8C and D). Analysis of lactic acid levels using
colorimetric methods revealed significantly lower lactate concen-
trations after treatment with Y-27632, compared with calcifying
groups (Fig. 8E). Consistently, the decrease in glycolysis was
accompanied by marked reduction in the protein expressions of
GLUT1, HK2, PFK1, PDK1 and LDHA (Fig. 8G and H). In addition,
calcified VICs cultured in combination with Y-27632 exhibited
reduced 2-DG fluorescence compared with those cultured without
Y-27632 (Fig. 8F). Collectively, these results suggested that Rho A/
ROCK1 blocking partially reversed the metabolic reprogramming
toward the Warburg effect in human calcifying VICs.

DISCUSSION
Complicated and volatile hemodynamic environment as the aortic
valves residing in, abnormal mechanical strains is thought to be a
crucial event in the pathogenesis of CAVD, which was reinforced
by enhanced VICs mineralization in disrupted extracellular matrix
(ECM) homeostasis [40], as well as accelerated CAVD progression
in patients with bicuspid aortic valves [41–43]. Rho A/ROCK
signaling was identified as a side- and shear-dependent pathway
[44], sensing potentially destructive hemodynamic forces and
transducing mechanical signals into cellular responses [45, 46].
Although the positive association between Rho A/ROCK and CAVD
has been confirmed, the cellular mechanisms involved are still
poorly understood. VICs, the major cellular component of aortic
valves, play a positive role in triggering calcification as its
osteogenic transition potency [10, 47]. In this study, we first
demonstrated that Rho A/ROCK1 signaling promotes aortic valves
calcification via upregulating a novel metabolic characteristic of
human VICs. Specifically, we observed that Rho A/ROCK1, but not
ROCK2, signaling was significantly upregulated in human calcified

Fig. 3 ROCK1 inhibition promotes RUNX2 ubiquitination and proteasomal degradation. A Western blot and quantification for p-MYPT1,
MYPT1, OPN and RUNX2 after culturing human VICs in osteogenic medium (OM) or complete medium (CM) for 7 days in the presence or
absence of Y27632 (150 nM) (one-way ANOVA followed by Bonferroni post hoc test). β-actin was used as loading control. B Representative
images of ALP staining and quantitation, after culturing human VICs in OM or CM, in the presence of Y27632 (150 nM) or vehicle (DMSO) (one-
way ANOVA followed by Bonferroni post hoc test). Scale bar= 200 µm. C Representative images of alizarin red staining and quantitation, after
culturing human VICs in OM or CM, in the presence of Y27632 (150 nM) or vehicle (DMSO) (one-way ANOVA followed by Bonferroni post hoc
test). Scale bar= 200 µm. D the mRNA levels of RUNX2 in human VICs after growth in CM or OM, in the presence or absence of Y27632
(150 nM) were determined using qRT-PCR (one-way ANOVA followed by Bonferroni post hoc test). E Lysates of OM-induced calcified human
VICs with or without Y27632 (150 nM) treated with 50 ug/ml cycloheximide (CHX) for the indicated times were examined by western blot and
(F) RUNX2 levels were quantified (one-way ANOVA followed by Bonferroni post hoc test). β-actin was used as loading control. G Ubiquitination
of immune-precipitated RUNX2 in VICs after growth in CM or OM, in the presence or absence of Y27632 (150 nM). H Ubiquitination of
immune-precipitated RUNX2, as well as RUNX2 protein levels of calcified VICs treated with or without Y27632 (150 nM), in the presence or
absence of MG132 (20 μM). I VICs cultured in OM with or without Y27632 (150 nM) were treated in the presence or absence of CQ (20 μM), and
examined for RUNX2 expression using immunoblotting. β-actin was used as loading control. Data are shown as mean ± SD. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 4 AMPK inhibition abolished Y-27632-enhanced RUNX2 proteasome degradation. A Western blot and quantification (B) for AMPK and
p-AMPK in human VICs in osteogenic medium (OM) or complete medium (CM) treated with or without Y27632 (one-way ANOVA followed by
Bonferroni post hoc test). C Western blotting for AMPK and p-AMPK of representative human aortic valves, either calcified or non-calcified.
β-actin was used as loading control. D Quantification of AMPK and p-AMPK of human calcified (n= 22) and non-calcified aortic valves (n= 12)
(Mann–Whitney test). EWestern blotting for AMPK, p-AMPK, MYPT1, p-MYPT1, OPN and RUNX2 of OM-Y27632-cultured human VICs treated with
or without Compound C. β-actin was used as loading control. F Quantifications of data presented in E (Unpaired two-tailed Student’s t-test).
G, H Representative images and quantifications of alizarin red and ALP staining for OM-Y27632-cultured human VICs treated with or without
Compound C. (unpaired two-tailed Student’s t-test). Scale bar= 200 µm. I Ubiquitination of immune-precipitated RUNX2 in OM-Y27632-cultured
VICs treated in the presence or absence of Compound C. J Lysates of OM-Y27632-treated human VICs with or without Compound C treated with
50 ug/ml cycloheximide (CHX) for the indicated times were examined by western blot and (K) RUNX2 levels were quantified (one-way ANOVA
followed by Bonferroni post hoc test). Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5 Human VICs from IP-OIM and CAVs appeared Warburg effect. A AMP/ATP ratio in human VICs isolated from non-calcified and
calcified aortic valves, and human VICs from IP-OIM (one-way ANOVA followed by Bonferroni post hoc test). B, C Seahorse profiles for oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) for human VICs isolated from non-calcified and calcified aortic valves, and
human VICs from IP-OIM. D, E Glucose consumption rate and lactate content in calcified VICs from CAVs and IP-OIM, and normal VICs (one-
way ANOVA followed by Bonferroni post hoc test). F Western blot and (G) quantification for LDHA, HK2, GLUT1, PDK1 and PFK1 in calcified
VICs from CAVs and IP-OIM, and VICs isolated from non-CAVs (one-way ANOVA followed by Bonferroni post hoc test). β-actin was used as
loading control. Data are shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 6 Warburg-associated key proteins are upregulated in human calcified aortic valves. A Representative immunohistochemical images,
and quantifications for % GLUT1+, % LDHA+, % HK2+, % PFK1+ and % PDK1+ area in human aortic valves with and without CAVD (Unpaired
two-tailed Student’s t-test with Welch’s correction for GLUT1, HK2 and LDHA; unpaired two-tailed Student’s t-test for PDK1 and PFK1). Scale
bar= 200 µm. B Representative images and (C) quantifications of western blot of GLUT1, LDHA, HK2, PFK1 and PDK1 in human calcified aortic
valves (n= 22) versus control (n= 12) (Unpaired two-tailed Student’s t-test for GLUT1 and PFK1; Mann–Whitney test for HK2; unpaired two-
tailed Student’s t-test with Welch’s correction for LDHA and PDK1). β-actin was used as loading control. Data are shown as mean ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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aortic valves, human VICs isolated from CAVs, and human VICs
undergoing OM-induced calcification. Rho A/ROCK1 signaling
aggravated human VICs calcification via upregulating VICs’
metabolic reprogramming to Warburg effect, which subsequently
reduced AMPK activity. AMPK inhibition reduced RUNX2 ubiquitin-

proteasome degradation, thus promoted RUNX2 accumulation
and a final calcification of VICs (Fig. 8I).
Aberrant upregulation of RUNX2, a necessary osteogenic

transcription factor associated with osteogenesis, has been
confirmed as an essential initiator for noxious cellular events that
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drive calcified pathology in cardiovascular system [48]. Mounting
evidence indicates that ubiquitin-mediated proteasomal degrada-
tion of RUNX2 and subsequent modification of RUNX2 protein
levels play pivotal roles in multiple pathogenesis of calcification
procedures, such as, skeletal development [39] and atherosclerosis
[49, 50]. Herein, we confirmed that ubiquitination of RUNX2 was
reduced in calcified human VICs, resulting in an increase in RUNX2
accumulation and associated enhancement of osteogenic
changes. This was consistent with previous findings, indicating
that ubiquitination might also act as a crucial posttranslational
modulator for RUNX2 protein fate by signing subunits for
proteasomal degradation during CAVD progression [51].
Previous studies reported that applying IP-OIM or 3-D hydrogels

with stress strain to create osteogenic conditions for VICs in vitro
showed increased Rho A/ROCK1 signaling, while inhibition of Rho
A concurrent with osteogenic treatment reduced calcific nodule
formation [40, 52]. Moreover, the Nfatc1Cre; R26-Cad11Tg/Tg mouse
model developed hemodynamically significant aortic stenosis
with prominent calcific lesions, which also correlated with
upregulation of Rho A in aortic valve leaflets [28]. These previous
findings indicated a positive role of Rho A/ROCK1 signaling in the
CAVD process. However, its role in human CAVD remains poorly
elucidated. Here, we detected for the first time that Rho A/
ROCK1 signaling was abundant in human CAVs and in calcified
VICs isolated from human CAVs, which was essentially consistent
with the same upregulation in human VICs undergoing OM-
induced calcification in vitro. Of note, we observed significant
suppression of osteogenic differentiation during ROCK1 inhibition,
accompanied by marked upregulation of RUNX2 ubiquitin-
proteasome degradation. By contrast, loss of ROCK1 activity had
no effect on RUNX2 mRNA levels. These results indicated that Rho
A/ROCK1 signaling might exert a regulatory effect on RUXN2
accumulation through ubiquitin-proteasome system; therefore, we
further explored the intermediate mechanism involved.
Increasing evidence suggests that AMPK-mediated signaling

pathways regulate CAVD, arteriosclerosis [32, 53] and skeleton
development [39]. More precisely, AMPK negatively regulated
osteogenic differentiation, thereby restraining calcification and
significantly decreasing RUNX2 protein expression when AMPK
activity was upregulated. AMPK inhibition apparently contributed
to RUNX2-dependent atherosclerotic calcification [32]. A recent
study verified that metformin had potent effects on alleviating
mineralization of human VICs via its activation of AMPK; however,
whether the final level of RUNX2 was affected remained
unreported [35]. AMPK inhibition is assuredly relevant to CAVD,
which was verified in human CAVs, and human VICs from IP-OIM
in our work, consistent with previous studies. We showed that
ROCK1 activity inhibition not only reduced the calcification of
human VICs, but significantly recovered AMPK phosphorylation.
Accordingly, whether Rho A/ROCK1 regulates RUNX2 ubiquitin-
proteasome degradation in human VICs in an AMPK-dependent
manner or is merely an accompanying phenomenon was

investigated. A recent work showed that intensive AMPK activity
in osteoblasts was deleterious for bone formation, mainly through
favoring RUNX2 proteasomal degradation via phosphorylating
Smurf1, an E3 ubiquitin ligase tightly associated with ubiquitin-
proteasome degradation. Similar to osteoblasts, we provided
evidence that Y27632-mediated RUNX2 ubiquitination and
proteasome degradation could be interrupted by AMPK inhibition.
This variability reflected an AMPK-dependent regulatory mechan-
ism involved in the ubiquitin-associated RUNX2 degradation
during the activation of Rho A/ROCK1.
AMPK, functioning as an energy sensor and modulator, responds

to variations of intracellular adenine contents and was activated by
an increase in the ratio of AMP/ADP to ATP, ultimately regulating
cellular energy homeostasis [54]. Recently, AMPK was found to
participate in the pathogenesis of multiple metabolic disorders, such
as type 2 diabetes, cancer, and lipotoxic cardiomyopathy [55]. Several
osteogenic processes appeared lower AMPK activity, and this
variability might result from specific metabolic reprogramming,
which could make cells produce ATP more rapidly. Indeed, studies
showed that AMPK activity was negatively regulated by aerobic
glycolysis in cancer cells, while deletion of the α1 catalytic subunit of
AMPK accelerated lymphomagenesis [56, 57]. A recent report
showed that calcium/phosphorus (Ca/P)-induced calcified human
VICs displayed an energy switch in adenosine triphosphate (ATP)
production from mitochondrial OXPHOS to aerobic glycolysis [24].
Similar to Ca/P-induced calcification, calcified human VICs from IP-
OIM and CAVs acquired glycolytic states, which promote CAVD via
their metabolism-related pathways. Consistent with these findings,
we verified for the first time that key enzymes and transporters
demanded for glycolysis were highly expressed in human CAVs,
human VICs isolated from CAVs, and human VICs undergoing IP-OM
stimulation. Known as nucleated cells, VICs have two optional
manners to generate ATP. While the ATP production per molecule of
glucose is much lower for aerobic glycolysis compared to OXPHOS,
the metabolic transition to Warburg effect allows cells to yield energy
more rapidly, which confer both bioenergetic and biosynthetic
advantages on differentiating cells [56, 58]. Thus, it was not surprising
that VICs displayed Warburg effect as its characteristic features.
Furthermore, vascular calcification is a pathological process similar to
valve calcification, in which the osteogenic differentiation of VSMCs
serves as its key point [59]. During vascular injury, VSMCs switch from
a quiescent phenotype to a highly proliferative phenotype [60].
Intimal smooth muscle cells from plaques of rabbit carotid artery
exhibited an increased capacity of glycolysis [61]. Moreover, studies
have reported aberrant upregulation of key glycolytic enzymes in
calcified vessels [60, 62–64]. While attenuating atherosclerosis
through depriving glycolysis of VMSCs further proved the causality
between osteogenic changes and glycolytic preference [62].
Additionally, prospective osteoblasts also displayed metabolic
switching towards glycolysis [39], together with a shift in AMPK
activity, and the normal expression of RUNX2 cannot induce
calcification when glucose uptake was hampered. Clinical studies

Fig. 7 Inhibition of Warburg effect leads to human VICs calcification loss. A–D Seahorse profiles for extracellular acidification rate (ECAR) of
calcified VICs from CAVs or IP-OIM, and non-calcified VICs isolated from non-CAVs, cultured in the presence or absence of BAY876/BX795.
E, F Western blot and quantification for ROCK1, Rho A, MYPT1, p-MYPT1, OPN and RUNX2 in human VICs cultured in OM or CM treated with
BX795/BAY876 (one-way ANOVA followed by Bonferroni post hoc test). β-actin was used as loading control. G, H Western blot and
quantification for OPN and RUNX2 in human VICs isolated from CAVs treated with BAY876/BX795 (unpaired two-tailed Student’s t-test with
Welch’s correction). β-actin was used as loading control. I the mRNA levels of RUNX2 in human VICs from IP-OIM or CAVs, cultured in the
presence or absence of BAY876/BX795, were determined using qRT-PCR (one-way ANOVA followed by Bonferroni post hoc test). J Lysates of
calcified human VICs from IP-OIM and CAVs with or without BAY876/BX795 treated with 50 ug/ml cycloheximide (CHX) for the indicated times
were examined by western blot and (K, L) RUNX2 levels were quantified (one-way ANOVA followed by Bonferroni post hoc test). β-actin was
used as loading control. M RUNX2 protein levels of calcified VICs from IP-OIM or CAVs treated with or without BAY876/BX795, in the presence
or absence of MG132 (20 μM). β-actin was used as loading control. N VICs from IP-OIM or CAVs with or without BAY876/BX795 were treated in
the presence or absence of CQ (20 μM), and examined for RUNX2 expression using immunoblotting. β-actin was used as loading control.
O Ubiquitination of immune-precipitated RUNX2 in VICs from IP-OIM or CAVs, in the presence or absence of BAY876/BX795. Data are shown as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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demonstrated that some patients with cleidocranial dysplasia (CCD)
showed no detectable mutations in RUNX2, while GLUT1−/− embryos
developed CCD, further indicating that CCD might be caused by a
decrease in glucose consumption [65]. These data emphasized the
importance of metabolic reprogramming toward glycolysis in the
progression of calcification. Therefore, our findings provided new
mechanistic insights into the concept of CAVD, suggesting that it
might be appropriate to list CAVD as a metabolic disease.
In the present study, calcifying human VICs showed a significant

increase in ECAR, but not OCR. These variations were in parallel with
Warburg effect, which occurs in the metabolic signature of 70–80%
of human cancers, strongly associated with the invasive behavior of
tumor cells. ROCK1 has the ability to drive cortical actomyosin
contraction and is closely related to tumor metastasis [66–69].
Inhibition of Rho A/ROCK1 signaling was found to abolish the
function of tumor-associated mutant p53 (mutp53) proteins by
inhibiting GLUT1 translocation to the plasma membrane, conse-
quently leading to an inhibition of glycolysis and tumorigenesis [21].
In addition, it was also reported that ROCK1 could regulate the
Warburg effect and accelerated ovarian cancer growth [70]. However,
it was unclear whether the essential metabolic modifications could
be detected in human VICs during osteogenic progression. Here, we
showed that ROCK1 inhibition dramatically decreased the
Warburg effect. These data reflect a regulatory function of Rho
A/ROCK1 signaling for the Warburg effect in human VICs, indicating a
link between mechanical strain and cellular metabolism.
In conclusion, our findings demonstrated that Rho

A/ROCK1 signaling positively regulates RUNX2 accumulation via
a reduction of AMPK-dependent ubiquitin-associated RUNX2
proteasomal degradation caused by an enhanced Warburg effect
during osteogenic differentiation of VICs. Mechanistically, our
study provides novel insights into the molecular mechanism for
Rho A/ROCK1 signaling in controlling CAVD, highlighting meta-
bolic disorders in the pathogenesis of CAVD, and emphasizing a
new button between abnormal hemodynamics and the metabolic
phenotype.
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