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Abstract

Rationale: Glycolytic shift is implicated in the pathogenesis of
pulmonary arterial hypertension (PAH). It remains unknown how
glycolysis is increased and how increased glycolysis contributes to
pulmonary vascular remodeling in PAH.

Objectives: To determine whether increased glycolysis is caused by
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3)
and how PFKFB3-driven glycolysis induces vascular remodeling in PAH.

Methods: PFKFB3 levels were measured in pulmonary arteries of
patients and animals with PAH. Lactate levels were assessed in lungs
of animals with PAH and in pulmonary artery smooth muscle cells
(PASMCs). Genetic and pharmacologic approaches were used to
investigate the role of PEKFB3 in PAH.

Measurements and Main Results: Lactate production was
elevated in lungs of PAH rodents and in platelet-derived growth
factor-treated PASMCs. PFKFB3 protein was higher in
pulmonary arteries of patients and rodents with PAH, in
PASMC:s of patients with PAH, and in platelet-derived growth
factor-treated PASMCs. PFKFB3 inhibition by genetic disruption

and chemical inhibitor attenuated phosphorylation/activation
of extracellular signal-regulated kinase (ERK1/2) and
calpain-2, and vascular remodeling in PAH rodent models,
and reduced platelet-derived growth factor-induced
phosphorylation/activation of ERK1/2 and calpain-2, collagen
synthesis and proliferation of PASMCs. ERK1/2 inhibition
attenuated phosphorylation/activation of calpain-2, and vascular
remodeling in Sugen/hypoxia PAH rats, and reduced lactate-
induced phosphorylation/activation of calpain-2, collagen
synthesis, and proliferation of PASMCs. Calpain-2 inhibition
reduced lactate-induced collagen synthesis and proliferation of
PASMCs.

Conclusions: Upregulated PFKFB3 mediates collagen synthesis
and proliferation of PASMCs, contributing to vascular remodeling in
PAH. The mechanism is through the elevation of glycolysis and
lactate that results in the activation of calpain by ERK1/2-dependent
phosphorylation of calpain-2.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Glycolytic shift is implicated
in the pathogenesis of human and
experimental pulmonary arterial
hypertension. It remains unknown
how glycolysis is increased and how
increased glycolysis causes pulmonary
vascular remodeling in pulmonary
arterial hypertension.

What This Study Adds to the
Field: We demonstrated, for the first
time to our knowledge, that increased
glycolysis driven by upregulated 6-
phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKFB3) induces
extracellular signal-regulated kinase
(ERK)1/2 phosphorylation and calpain
activation leading to collagen synthesis
and proliferation of pulmonary artery
smooth muscle cells in pulmonary
arterial hypertension. The data from
multidisciplinary approaches provide
rationale for manipulating PFKFB3 in
the treatment of pulmonary arterial
hypertension.

A key feature of pulmonary arterial
hypertension (PAH) is pulmonary vascular
remodeling that is associated with
accumulation of extracellular matrix,
including collagen, and vascular smooth
muscle cell (SMC) proliferation and
hypertrophy, leading to thickening of
pulmonary arterioles (1, 2). It has been
shown that glycolytic shift is implicated in
the pathogenesis of PAH (3-5). This
metabolic shift, termed “the Warburg
effect,” favors ATP production via
glycolysis and lactate formation.
Mitochondrial metabolism is abnormal in
PAH (6-8). Increased ®F-labeled
deoxyglucose imaging has been identified in
the lungs of patients with idiopathic
pulmonary arterial hypertension (IPAH),
although the precise origin of the signal was
unclear (8, 9). In glycolytic flux, one of the
rate-limiting checkpoints is mediated by
6-phosphofructo-1 kinase (PFK-1) catalysis
of fructose-6-phosphate (F6P) to fructose-
1,6-bisphosphate (F1,6P2). PFK-1 is
activated by its allosteric activator, fructose-
2,6-bisphosphate (F2,6P2). F2,6P2 is
synthesized by 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase
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Figure 1. Higher levels of PFKFB3 are expressed in pulmonary artery smooth muscle cells (PASMCs)
of patients with idiopathic pulmonary arterial hypertension (IPAH) and hypoxic pulmonary arterial
hypertension (PAH) mice and monocrotaline (MCT) PAH rats. (A, C, and E) Protein levels of PFKFB3 in
PASMCs of control subjects and patients with IPAH and the lung homogenates of control and hypoxic
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(PFKFB), isoform 3 (PFKFB3) in vascular
cells and leukocytes and by other isoforms
in hepatocytes (PFKFB1), cardiomyocytes
(PFKFB2), and testis (PFKFB4) (10, 11).
Enhanced expression of PFKFB3 results in
an elevation of Fru-2,6-P2 leading to
increased PFK-1 activity and consequently
glycolytic flux (12, 13). Recent studies
demonstrated that PFKFB3 plays a critical
role in processes, such as proliferation, cell
cycle progression, and apoptosis (14, 15).
We hypothesize that glucose metabolic shift
to glycolysis occurs proactively because of
increased PFKFB3 function in proliferation
and collagen synthesis of pulmonary arterial
smooth muscle cells (PASMCs) in PAH.

Calpain belongs to the family of
calcium-dependent, cytosolic, cysteine
endopeptidases (16, 17). Two major
isoforms, calpain-1 and -2, are composed of
a distinct large subunit and a common
small subunit (18, 19). Regulation of
calpain occurs by such mechanisms as
calcium binding; autolysis; phospholipid
binding; post-translational modification; or
release from the specific inhibitor,
calpastatin (17). We reported that platelet-
derived growth factor (PDGF) activates
calpain in PASMCs, and inhibition of
calpain prevents vascular remodeling in
PAH (20, 21). Moreover, PAH mediators
induce extracellular signal-regulated kinase
(ERK1/2) activation that causes activation
of calpain-2 in PASMCs from patients and
animals with PAH (20). It is still not clear
how ERK1/2 is activated in PASMCs in
PAH.

In the present study, we demonstrate
that enhanced expression of PFKFB3
and increased lactate induce ERK1/2
phosphorylation and calpain activation in
PAH. We found that inhibition of PFKFB3
attenuated PDGF-induced calpain
activation, collagen synthesis, and
proliferation in PASMCs. Inhibition of
ERK1/2 prevented calpain activation,
collagen synthesis, and proliferation
induced by lactate. More importantly, our
data show that SMC-specific knockout
of PFKFB3, a PFKFB3 inhibitor, and an
ERK1/2 inhibitor attenuate PAH and
vascular remodeling in PAH animal models.

These observations indicate that PFKFB3 in
PASMCs may be a novel target for PAH
treatment.

Methods

Extended description of the materials and
method is provided in the online
supplement.

Human Tissues

Lung sections and PASMCs of unused
donor and IPAH were provided by the
pulmonary hypertension breakthrough
initiative. The clinical information of these
patients is shown in Table El in the online
supplement. These patient cells are primary
PASMCs from peripheral type-III
pulmonary arteries (<1 mm in diameter).
The cells were cultured and passaged in the
same way as the Lonza PASMCs.

Rodent PAH Models

Mouse line of inducible SMC-specific
knockout of PFKFB3 (PFKFB3"*1*;
SMMHC-CreER) were created. Hypoxic
PAH mouse model, monocrotaline (MCT),
and Sugen/hypoxia PAH rat model were
used. All animal studies were performed
using unbiased approaches as described
previously (22, 23).

Echocardiography, Assessment of
Pulmonary Hypertension, and
Histologic Analysis

Transthoracic echocardiography was
performed with a Visual Sonics Vevo 2100
ultrasound machine. Pulmonary artery
acceleration time (PAAT), cardiac output
(CO), and tricuspid annular plane systolic
excursion were measured. Right ventricular
systolic pressure (RVSP) was measured by
inserting a 25-gauge needle connected to a
pressure transducer into the right ventricle
through the diaphragm. The Fulton index
[right ventricle/(left ventricle + septum)]
was calculated as a parameter of right
ventricular hypertrophy. The lung sections
were stained with hematoxylin and eosin
and analyzed for pulmonary arterial wall
thickness.

Cell Experiments

Primary human PASMCs were purchased
from Lonza, Inc. (#CC-2581) and cultured
in smooth muscle growth medium-2
(SmGM-2; Lonza). Lactate level, calpain
activity, cell proliferation, apoptosis, and
phosphorylation of ERK1/2 and calpain-2
were analyzed.

Immunofluorescence Confocal
Microscopy and Western Blot

Analysis

Lung tissue slides from PAH animal models
and from normal patients and patients with
PAH were double stained for PFKFB3/a-
actin, p-ERK1/2/a-actin, p-calpain-2/a-
actin, spectrin breakdown product
(SBDP)/a-actin, collagen-I/a-actin, and
Ki67/a-actin and were examined using a
Zeiss LSM 510 confocal microscope.
Western blot was performed to determine
the protein levels of PFKFB3, calpain-1,
calpain-2, collagen-I, calpastatin, p-ERK1/2,
and total ERK1/2.

Study Approval

Animal experiments were performed under
protocols approved by the Augusta
University Institutional Animal Care and
Use Committee. Waiver of informed
consent of human lung samples was
approved by the Augusta University
Institutional Review Board.

Statistical Analysis

Results are shown as means = SE for n
experiments. One-way ANOVA and two-
tailed Student’s ¢ test analysis was used to
determine the significance of differences
between groups. A value of P less than 0.05
was considered significant.

Results

Higher Levels of PFKFB3 Are
Expressed in PASMCs of Patients

with IPAH and PAH Rodents

To determine the role of PFKFB3 in PAH,
we determined protein levels of PFKFB3 in
PASMC:s of patients with IPAH and hypoxic
PAH mice and MCT PAH rats. PFKFB3
protein levels were much higher in PASMC

Figure 1. (Continued). PAH mice and control and MCT PAH rats were measured by Western blot. The blots are representative immunoblots of PFKFB3 from
six experiments. (B, D, and F) Lung slides of human, mouse, and rat were double stained for PFKFB3 (green) and «-actin (red). The images are representative
of lung tissues from control subjects and patients with PAH (B), from control mice and hypoxic mice (D), and from control rats and MCT PAH rats (F). Results
are expressed as mean * SE; n=6. *P < 0.05 and **P < 0.01 versus control (normal). PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3.
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Figure 2. Smooth muscle-specific knockout of PFKFB3 attenuates chronic hypoxia-induced
pulmonary arterial hypertension (PAH). Five days after a regimen of tamoxifen administration, male
control mice and male PFKFB3™¥1°%, SMMHC-CreER mice were exposed to room air (normoxia) or
10% oxygen (hypoxic PAH) for 4 weeks. (A and B) Pulmonary arteries (<1 mm in diameter) were
isolated from lungs of PFKFB3™¥1°%, SMMHC-CreER mice and control mice under a dissect
microscope and were denuded of surrounding tissues and endothelium. Total RNA and protein were
extracted for QRT-PCR and Western blot analysis of PFKFB3 mRNA and protein levels. (C) Lung
slides from PFKFB311oX, SMMHC-CreER mice and control mice were double stained for a-actin
(red) and PFKFBS3 (green, white arrows). (D and E) Echocardiography showing pulmonary artery
acceleration time and cardiac output. (F) Changes in right ventricular systolic pressure. (G) Changes in

homogenates of PAH patients (Figure 1A)
and in lung homogenates of hypoxic PAH
mice and MCT rats (Figures 1C and 1E).
Moreover, PASMCs of patients with IPAH
and of hypoxic PAH mice and MCT rats
contained higher levels of PFKFB3 (Figures
1B, 1D, and 1F).

SMC-Specific Knockout of PFKFB3
Attenuates Hypoxia-induced PAH
PFKFB3 in PASMCs was inhibited in a
mouse line of SMC-specific knockout of
PFKFB3. The lungs from PFKFB3°¥/x;
SMMHC-CreER mice, compared with
control mice, exhibit lower PFKFB3 mRNA
and protein levels in PASMCs (Figures
2A-2C), indicating that PFKFB3 was
successfully knocked out specifically in
PASMCs. Echocardiography showed that
PAAT was shorter in hypoxic PAH mice
than normoxic mice and SMC-specific
knockout of PFKFB3 attenuated decreases
in PAAT induced by hypoxia (Figure 2D).
There was no significant difference in CO
between the two groups of mice under
normoxia or hypoxia (Figure 2E). RVSP
and Fulton index were higher in hypoxic
mice than normoxic mice. However, RVSP
and Fulton index were comparable between
PFKFB3">1°%; SMMHC-CreER mice
exposed to normoxia and those exposed to
hypoxia (Figures 2F and 2G). Moreover,
hypoxia-induced increases in pulmonary
artery wall thickness, collagen-I protein,
and SMC proliferation and decreases in
SMC apoptosis in pulmonary arterioles was
attenuated in PFKFB3"*"*; SMMHC-
CreER mice (Figures 2H and 2I; see Figures
El and E2). Together, these results show
that knockout of PFKFB3 specifically in
PASMC:s attenuates hypoxia-induced PAH
and vascular remodeling.

PFKFB3 Inhibitor 3PO Attenuates
Progression of MCT-induced PAH

in Rats

PFKFB3 inhibitor 3PO was given 2 weeks
after MCT injection. In echocardiography,
3PO in two doses attenuated decreases in
PAAT, tricuspid annular plane systolic
excursion, and CO in MCT PAH rats
(Figures 3B-3D), suggesting inhibition of
PFKFB3 reduces pulmonary hypertension
and improves right ventricular function in
MCT-induced PAH. The increases in
RVSP, Fulton index, pulmonary artery
wall thickness, numbers of occluded
vessels, collagen-I, and SMC proliferation
and decreases in SMC apoptosis in
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pulmonary arterioles were attenuated in
3PO-treated MCT PAH rats (Figures
3E-3I, E3, and E4).

PDGF Increases Protein Levels of
PFKFB3 and Lactate Production in
PASMCs, and Higher Lactate Levels

in Lungs of PAH Rodents

Growth factors, such as PDGF (20, 21, 24)
and glycolysis (25), are important elements
in PAH pathogenesis. As shown in Figure
E5A, incubation of PASMCs with PDGF-
BB (5-30 ng/ml) for 24 hours caused
increases in PFKFB3 protein levels.
Moreover, the lactate concentration in the
culture medium was significantly higher in
PASMC:s treated with PDGF (Figure E5B),
indicating that PDGF induces an increase
in glycolysis. We have previously reported
that PDGF levels are elevated in lungs of
PAH models (21). As shown in Figures E5C
and E5D, lactate levels were remarkably
higher in lungs of hypoxic PAH mice and
MCT PAH rats, indicating that glycolysis is
increased in PAH. In addition, another
PAH mediator endothelin-1 (ET-1) also
induced PFKFB3 expression in PASMCs
(see Figures E6A and E6B).

Inhibition of PFKFB3 Attenuates
PDGF-induced Collagen Synthesis
and PASMC Proliferation and
Decreases in PASMC Apoptosis
As shown in Figures 4A-4C and Figure
E7A, incubation of PASMCs with PDGF
for 24 hours caused increases in collagen-I
protein levels and PASMC proliferation
and decreases in PASMC apoptosis.
PFKFB3 inhibitor 3PO significantly
attenuated PDGF-induced increases in
collagen-I protein levels and proliferation
and decreases in apoptosis. Furthermore,
transduction of PASMCs with PFKFB3
shRNA adenovirus markedly reduced
PDGF-induced increases in collagen-I
protein levels and PASMC proliferation
(Figures 4D-4F), indicating that PFKFB3
plays an important role in PDGF-induced
collagen synthesis and cell proliferation.
Moreover, PFKFB3 inhibitor 3PO also
attenuated ET-1-induced increases in

collagen-I protein level and cell
proliferation (Figures E6C and E6D).

Inhibition of PFKFB3 Attenuates
Calpain Activation in Pulmonary
Arteries in PAH and in PDGF-treated
PASMCs

We have previously reported that calpain is
activated in pulmonary arteries and causes
increased collagen synthesis and PASMC
proliferation in PAH (20, 21). To study
whether increased glycolysis in PAH causes
calpain activation, SBDP was measured in
lungs of PAH rodents as described
previously (21, 26, 27). As shown in Figures
5A and 5B, SBDP levels were significantly
elevated in PASMCs in hypoxic mice and
MCT PAH rats. SMC-specific PFKFB3
knockout and 3PO attenuated increases in
SBDP levels in PASMCs in hypoxic mice
and MCT PAH rats, suggesting that
PFKFB3 causes calpain activation in
hypoxia- and MCT-induced PAH.
Similarly, PFKFB3 inhibitor 3PO prevented
PDGF-induced increase in calpain activity
in PASMCs (Figure E8A). Furthermore,
overexpression of calpain-2 in
PFKFB3-deficient PASMC:s restores
collagen synthesis and cell proliferation in
PDGF-treated PASMCs (Figure E8B).
These results indicate that calpain-2 is

the downstream mediator of PFKFB3
signaling.

Lactate Increases Calpain Activity
and ERK1/2 Phosphorylation in
PASMCs
As shown in Figure 5C, incubation of
PASMCs with sodium lactate (10 mM) for
10 minutes to 24 hours induced a rapid
increase in calpain activity. The calpain
activation was at peak at 10 minutes to 1
hour and lasted for at least 24 hours. The
calpain activation was not accompanied
with changes in the protein levels of
calpain-1, calpain-2, and calpastatin
(Figure 5D), suggesting that lactate
stimulates calpain activity via post-
translational mechanisms.

We have previously reported that
ERK1/2 phosphorylates Ser-50 of calpain-2,

which is crucial in PDGF-induced calpain
activation (20). Interestingly, lactate
induced ERK1/2 phosphorylation in the
same temporal manner as calpain
activation (Figure 5D), suggesting that
ERK1/2 may mediate lactate-induced
calpain activation.

Inhibition of Calpain-2 Attenuates
Lactate-induced Collagen Synthesis
and PASMC Proliferation

Incubation of PASMCs with sodium lactate
(10 mM) caused increases in collagen-I
protein levels (Figure 5D). Moreover,
calpain inhibitor MDL28170 prevented
lactate-induced increases in collagen
protein levels and proliferation and
decreases in apoptosis (Figures 6A-6C and
E7B). Furthermore, knocking down
calpain-2, but not calpain-1, inhibited
lactate-induced increases in collagen
protein levels and proliferation of
PASMC:s (Figures 6D-6F). These data show
that it is calpain-2, rather than calpain-1,
that is responsible for lactate-induced
collagen synthesis and PASMC
proliferation.

Inhibition of ERK1/2 Attenuates
Lactate-induced Increases in Calpain
Activation, Collagen Synthesis, and
PASMC Proliferation

Incubation of PASMCs with lactate

(10 mM) caused remarkable increases in
calpain activity, collagen-I protein levels,
and cell proliferation (Figure E9). Moreover,
PD98059 (10 wM) and knocking down of
ERK1/2 significantly attenuated lactate-
induced increases in calpain activity,
collagen-I protein levels, and proliferation
and decreases in PASMC apoptosis (Figures
E7C and E9). These data confirm that
ERK1/2 has an important role in lactate-
induced calpain activation, collagen
synthesis, and PASMC proliferation.

Inhibition of ERK1/2 Blocks Calpain-2
Phosphorylation at Serine 50 in
Lactate-treated PASMCs

There are two major phosphorylation sites
in calpain-2 (p-Ser50 and p-Ser369), which

Figure 2. (Continued). Fulton index [right ventricle/(left ventricle + septum)]. (H) Representative images of lung sections of control mice and PFKFB

Sflox/ﬂox;

SMMHC-CreER mice exposed to normoxia or hypoxia. (/) Changes in ratio of vascular wall area to total vessel area in the lung sections of control mice and
PFKFB3 1% SMMHC-CreER mice, exposed to normoxia or hypoxia. Results are expressed as mean =+ SE; n =6 experiments. *P < 0.05 versus control mice,
P < 0,05 versus normoxia, and *P < 0.05 versus hypoxic pulmonary arterial hypertension group of control mice. KO = knockout; PAAT = pulmonary artery
acceleration time; PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; RVSP =right ventricular systolic pressure; WVF =von Willebrand factor.
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Figure 3. The PFKFB3 inhibitor 3PO suppresses monocrotaline (MCT)-induced pulmonary arterial
hypertension in rats. Male Sprague-Dawley rats 8 weeks of age were injected subcutaneously without or
with MCT (60 mg/kg). After 2 weeks, control rats and MCT-injected rats (MCT 2 wk) were subjected to
echocardiography and determination of pulmonary hypertension and pulmonary vascular remodeling. At
the same time (the beginning of the third week), another group of MCT-injected rats started to receive the
PFKFBS inhibitor 3PO (intraperitoneally; MCT 4 wk + 25 mg/kg and MCT 4 wk + 50 mg/kg) or saline
(MCT 4 wk + vehicle) once a day and 5 days per week. Echocardiography, pulmonary hypertension,
and pulmonary vascular remodeling were assessed 2 weeks later (4 wk after MCT injection). (A)
Protocol for the time course of the experiment. (B-D) Echocardiography showing pulmonary artery
acceleration time, tricuspid annular plane systolic excursion, and cardiac output. (E) Changes in right
ventricular systolic pressure. (F) Changes in Fulton index. (G) Representative images of lung sections
of control rats and MCT pulmonary arterial hypertension rats treated with or without 3PO. (H)
Changes in ratio of vascular wall area to total vessel area in the lung sections. (/) Percentage of
occluded vessels. Results are expressed as mean =+ SE; n=5. **P < 0.01 versus control; P <0.05
and #P < 0.01 versus 4 weeks MCT + vehicle group. PAAT = pulmonary artery acceleration time;
PFKFBS = 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; RVSP =right ventricular
systolic pressure; TAPSE = tricuspid annular plane systolic excursion.
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are altered by PAH mediators including
PDGF in PASMCs (20). Incubation of
PASMCs with lactate significantly increased
ERK1/2 phosphorylation, which was
inhibited by PD98059 (Figure E10A).
Lactate and PD98059 did not affect

the protein levels of calpain-2

(Figure E10A).

Furthermore, lactate caused increases
in Ser50 phosphorylation and decreases in
p-Ser369 levels in PASMCs (Figure E10B).
In addition, PD98059 prevented a lactate-
induced increase in phosphorylation of
calpain-2 at Ser50, and did not influence
decreases in Ser369 phosphorylation
induced by lactate (Figure E10B).
Collectively, these results indicate that
lactate induces calpain activation via
ERK1/2-mediated phosphorylation of
calpain-2 at Ser50.

SMC-Specific Knockout of PFKFB3
and PFKFB3 Inhibitor 3PO Attenuate
ERK1/2 Phosphorylation and Calpain-2
Phosphorylation at Ser50 in PAH
Models

The protein levels of p-ERK1/2 and p-Ser50-
calpain-2 were significantly elevated in
PASMC:s in mice with hypoxia and MCT
PAH rats and lung homogenates of MCT
PAH rats (Figures E11-E13). SMC-specific
PFKFB3 knockout attenuated increases in
the protein levels of p-ERK1/2 and p-Ser50-
calpain-2 in PASMCs in mice with hypoxia
and MCT PAH rats, indicating that
PFKFB3-mediated glycolysis causes the
phosphorylation and activation of ERK1/2
and calpain in PAH.

Inhibition of ERK1/2 Attenuates
Progression of Pulmonary
Hypertension and Vascular
Remodeling in Sugen/Hypoxia PAH
Rat Model

In echocardiography, ERK1/2 inhibitor
PD98059 attenuated decreases in PAAT and
CO in Sugen/hypoxia rats (Figure E14),
suggesting ERK1/2 inhibition reduces
pulmonary hypertension and improves right
ventricular function. The protein levels of
p-ERK1/2 were elevated in PASMCs and in
lung homogenates of Sugen/hypoxia rats
(Figure E15). More importantly, ERK1/2
inhibitor PD98059 significantly reduced
increases in ERK1/2 phosphorylation
(Figure E15) and in RVSP, Fulton index,
pulmonary artery wall thickness, number of
occluded vessels, and SMC proliferation and
decreases in SMC apoptosis in pulmonary
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Figure 4. Inhibition of PFKFB3 attenuates platelet-derived growth factor (PDGF)-induced collagen
synthesis and proliferation of pulmonary artery smooth muscle cells (PASMCs). (A-C) PASMCs were

incubated with PDGF-BB (10 ng/ml) in the presence and absence of PFKFB3 inhibitor 3PO (10 wM) for
24 hours, after which collagen-I protein levels in cell lysates and culture medium (A) and cell proliferation

using BrdU assay (B) and Ki67 staining (C) were measured. (O-F) PASMCs were transduced with the

PFKFB3 shRNA, adenovirus (10 pfu), and empty sham adenovirus (10 pfu). After 48 hours, PASMCs were
incubated with PDGF-BB (10 ng/ml) for 24 hours, then protein levels of collagen-I and PFKFB3 (D) and

cell proliferation using BrdU assay (E) and Ki67 staining (F) were measured. Results are expressed as
mean + SE; n=4. *P<0.05 and *P < 0.01 versus control; *P < 0.05, *P <0.01, and ##P < 0.001
versus PDGF. PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3.
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arterioles in Sugen/hypoxia rats (Figures
E14 and E16). Furthermore, the protein
levels of p-Ser50-calpain-2, SBDP, and
collagen-I were much higher in PASMCs
and in lung homogenates of Sugen/hypoxia
rats than control rats (Figures E17 and E18).
PD98059 markedly reduced increases in
the protein levels of p-Ser50-calpain-2,
SBDP, and collagen-I in PASMCs in
Sugen/hypoxia rats (Figures E17 and E18).
Together, these findings indicate that the
ERK1/2 inhibition attenuates the
phosphorylation and activation of calpain-2
and pulmonary hypertension as well as
vascular remodeling.

Discussion

A growing body of evidence indicates that a
glycolytic shift contributes to increased
proliferation and extracellular matrix
production of PASMCs, leading to
pulmonary vascular remodeling in

PAH (3, 28). In the present study we
demonstrated, for the first time to our
knowledge, that PFKFB3 plays an
important role in glycolysis-mediated
collagen synthesis and proliferation of
PASMC:s via increased ERK1/2-stimulated
calpain activation.

We found that PASMCs of patients
with IPAH and PAH rodents contain higher
levels of PFKFB3. It has been shown that
PFKFB3 levels are elevated in cancer (29),
and that PFKFB3 contributes to
hyperproliferation of cancerous cells (29,
30) and participates in glycolysis-associated
angiogenesis (15, 31). To study the role of
PFKFB3 in vascular remodeling in PAH, a
hypoxic mouse model and an MCT-
induced rat model were used. Knockout of
PFKFB3 specifically in SMCs attenuated
hypoxia-induced PAH, PASMC
proliferation, and pulmonary vascular
remodeling. PFKFB3 inhibitor 3PO
inhibited increases in RVSP, PASMC
proliferation, collagen deposition, and
pulmonary artery wall thickness, and right
ventricular hypertrophy in an established
PAH model. These data provide the first
evidence showing that increased PFKFB3 in
PASMCs mediates vascular remodeling in
PAH.

Upregulated PDGF signaling is
associated with PAH (24, 32), and the
PDGF receptor antagonist STI571 reduced
and reversed pulmonary hypertension in
PAH animal models (24). In response to
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Figure 5. Smooth muscle cell-specific knockout of PFKFB3 and the PFKFB3 inhibitor 3PO attenuates
calpain activation in pulmonary arteries in hypoxia- and monocrotaline (MCT)-induced pulmonary arterial
hypertension, and lactate increases calpain activity, ERK1/2 phosphorylation, and collagen levels in

pulmonary artery smooth muscle cells (PASMCs). (A) Five days after a regimen of tamoxifen

administration, control mice and PFKFB31°*: SMMHC-CreER mice were exposed to room air
(normoxia) or 10% oxygen (chronic hypoxia) for 4 weeks. Lung slides were double stained for a-actin (red)
and spectrin breakdown product (SBDP) (green). n=6. (B) The PFKFB3 inhibitor 3PO was given to rats
2 weeks after MCT injection. Lung slides were double stained for a-actin (red) and SBDP (green). n=5. (C
and D) PASMCs were incubated with sodium lactate (10 mM) for 10 minutes to 24 hours, then calpain
activity (C) and protein levels of calpain-1, calpain-2, calpastatin, collagen-I, p-ERK1/2, and total ERK1/2
(D) were measured. Results are expressed as mean = SE; n=4. *P < 0.05 and **P < 0.01 versus control;
#P < 0.05 versus 10 minutes. ERK1/2 = extracellular signal-regulated kinase 1/2; PAH = pulmonary

arterial hypertension; PFKFB3 = 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3.

several stimuli, such as hypoxia, PFKFB3
expression is markedly increased in several
cell lines maintaining high glycolytic rates
(33). Elevated energy generation by
glycolysis contributes to increased
proliferation and survival of PASMCs in
PAH (34). Our present work here identified
a novel link from PAH mediators, such

as PDGF and ET-1, through PFKFB3 to
the elevated collagen synthesis and
proliferation of PASMCs. We found that
the PAH mediator PDGF and ET-1
significantly increased PFKFB3 protein
level in PASMCs. We recently reported that
PDGF- and ET-1-stimulated collagen
synthesis and proliferation of PASMCs
occurs through calpain activation (20, 21).
Here, our data revealed that specific
PFKFB3 inhibitor 3PO prevented PDGF-
induced increases in calpain activity. In
addition, 3PO also abolished increases in
collagen synthesis, cell proliferation, and
decreases in PASMC apoptosis induced by
PDGF and ET-1. Furthermore, knockdown
of PFKFB3 by PFKFB3 shRNA adenovirus
remarkably suppressed PDGF-induced
calpain activity, collagen synthesis, and
PASMC proliferation. SMC-specific
knockout of PFKFB3 and PFKFB3 inhibitor
3PO attenuates calpain activation in
PASMCs in PAH animal models.
Collectively, these findings indicate that
PFKFB3 governs PDGEF- and ET-1-induced
signaling pathway via calpain activation in
PASMCs.

Elevation in PFKFB3 protein levels in
PDGF-treated PASMCs and in the lungs of
PAH rodents are associated with increased
lactate levels. We provide evidence, for the
first time, claiming that PDGF upregulates
PFKFB3 expression leading to increased
glycolysis and elevation in lactate
production in PASMCs in PAH. Increased
vascular SMC proliferation and collagen
synthesis are characterized by enhanced
glycolysis and high lactate levels in vascular
remodeling in PAH (35, 36). The
underlying mechanism in which lactate
induces remodeling of the small pulmonary
arteries is not known. Our data show that
lactate causes remarkable elevation in
calpain activation in PASMCs. Inhibition of
calpain prevented lactate-induced collagen
synthesis and cell proliferation and
decreases in apoptosis of PASMCs.
Moreover, our data revealed that calpain-2
rather than calpain-1 is responsible for the
increased calpain activation, collagen
production, and PASMC proliferation
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Figure 6. Inhibition of calpain-2 abolishes the lactate-induced collagen synthesis and proliferation
of pulmonary artery smooth muscle cells (PASMCs). (A-C) PASMCs were incubated with sodium
lactate (10 mM) in the presence and absence of calpain inhibitor MDL28170 (20 wM) for

24 hours, after which collagen-| protein levels in cell lysates and culture medium (A) and cell
proliferation using BrdU assay (B) and Ki67 staining (C) were measured. (O-F) PASMCs were
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evoked by lactate. These findings are in
agreement with our previous report that
calpain-2 mediates collagen synthesis and
proliferation of PASMCs in PAH (20, 37, 38).

Interestingly, protein levels of calpain-
1, calpain-2, and calpastatin were not
changed in lactate-challenged PASMCs,
indicating that lactate-stimulated calpain
activation is caused by post-translational
modification of calpain-2. Phosphorylation
is one of the most critical post-translational
modifications that alter calpain activation
(39, 40). Epidermal growth factor initiates
serine 50 phosphorylation and activation of
calpain-2 by ERK1/2 in the absence of
calcium (41). Protein kinase A-mediated
phosphorylation of Ser369/370 inhibits
epidermal growth factor-induced calpain
activation (42). We have recently reported
that the PAH mediator PDGF induces
changes in the phosphorylation of calpain-2
via ERK1/2 and PP2A leading to calpain
activation and increased PASMC
proliferation in PAH (20). We also found
that higher levels of phospho-Ser50-calpain-
2 and lower levels of phospho-Ser369-
calpain-2 in PASMCs in patients with PAH
and animal models were correlated with
higher calpain activities (20).

In the present study, we found
significant increases in ERK1/2
phosphorylation and calpain activation in
lactate-treated PASMCs. The increased
calpain activation was correlated with
enhanced phosphorylation/activation of
ERK1/2. More importantly, ERK1/2
inhibition reduced lactate-induced calpain
activation, collagen synthesis, and
proliferation and decreases in PASMC
apoptosis. Furthermore, we detected
elevation in the Ser50 phosphorylation of
calpain-2 and reduction in the Ser369
phosphorylation of calpain-2 in PASMCs
treated with lactate. Our results also indicate
that the ERK1/2 inhibitor PD98059 attenuates
lactate-induced phosphorylation/activation of
ERK1/2 and phosphorylation of calpain-2 at
Ser50 residue. SMC-specific knockout of
PFKFB3 and PFKEB3 inhibitor 3PO reduces
the increases in ERK1/2 phosphorylation and
calpain-2 phosphorylation in PASMCs in
PAH rodent lungs. Together, these data show
that increased PFKFB3 causes elevation of
glycolysis and lactate level, which induces
calpain activation via ERK1/2-dependent
Ser50 phosphorylation of calpain-2 in
PASMCs.

We previously reported that calpain
inhibition attenuates pulmonary vascular
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remodeling in PAH (20, 21). ERK1/2
phosphorylation is increased in PASMCs in
a broiler PAH model (43). It is not clear
whether and how ERK1/2 participates in
PAH. Our data show that ERK1/2
inhibition attenuated pulmonary
hypertension and thickening of the SMC
layer of pulmonary arterioles in the lungs of
rats in Sugen/hypoxia PAH model.
Moreover, ERK1/2 inhibition prevented
phosphorylation of calpain-2 at Ser50,
calpain activation, collagen synthesis,

and cell proliferation in PASMCs in
Sugen/hypoxia rats. These findings provide
solid evidence confirming that ERK1/2
stimulates calpain activation and plays a
critical role in vascular remodeling in PAH.
Notably, ERK activity is decreased in right
ventricular failure (44). Our data showed
that the ERK inhibitor PD98059 improved
RVSP, PAAT, and CO in Sugen/hypoxia
PAH model, suggesting that right
ventricular dysfunction in PAH is primarily

caused by increased pulmonary arterial
pressure.

PFKFB3 is located downstream of
hexokinase in glycolytic flux. Inhibition of
hexokinase did not reduce but increased
PFKFB3 protein level in PASMCs (Figure
E19), indicating that PFKFB3 is a separate
glycolysis regulator. However, hypoxia-
inducible factor (HIF) is an important
transcriptional regulator of the hypoxic
response and plays a crucial role in
glycolytic shift (45) and PAH (46). Hypoxia
upregulates PFKFB3 expression through
HIF1la (33, 47). We found that HIF1a
inhibitor reduced PDGF- and hypoxia-
induced PFKFB3 expression (Figure E20).
Thus, the role of HIFla in glycolytic shift
and PAH may be achieved through
PFKFB3.

Besides PASMCs, pulmonary
endothelial cells also participate in the
pathogenesis of PAH. Indeed, PFKFB3
levels are also increased in pulmonary

artery endothelium in Sugen/hypoxia PAH
rats (Figure E21). Notably, endothelial
PFKFB3 plays a critical role in angiogenesis
(15). Thus, PFKFB3 in lung endothelial
cells may also contribute to the
development of PAH with their unique
mechanisms. Further studies are needed on
the role of PFKFB3 in these lung cells

in PAH.

In conclusion, we have demonstrated
that upregulated PFKFB3 mediates cell
proliferation and collagen synthesis in SMCs
of pulmonary arteries, contributing to
vascular remodeling in PAH. The proposed
mechanism (Figure E22) is through the
elevation of glycolysis and lactate that results
in calpain activation by ERK1/2-dependent
phosphorylation of calpain-2 at Ser50.
PFKFB3 may be a novel target for PAH
treatment.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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