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Abstract
Oxidative stress occurs during the process of pulmonary arterial hypertension (PAH). PAH is a proliferative disorder associated with

enhanced proliferation and suppressed apoptosis of pulmonary arterial smooth muscle cells. How the smooth muscle cells face the oxidative
stress in the PAH? It has been reported that glycolytic enzyme pyruvate kinase M2 isoform (PKM2) could maintain cellular redox homeostasis
during PAH. In this paper, we focus on the relationship between reactive oxygen species (ROS) and PKM2 in PAH.
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Pulmonary arterial hypertension (PAH), a severe disease
caused by increased pulmonary vascular resistance and finally
leads to right ventricular (RV) failure [1]. The occurrence of
pulmonary arterial hypertension is related to many factors, such
as cell abnormality, molecular, genetic factors and so on. PAH is
a proliferative disorder associated with enhanced proliferation
and suppressed apoptosis of pulmonary artery smooth muscle
cells (PASMCs) [2]. In the process of PAH, the smooth muscle cells
switch from the contractile phenotype to proliferative phenotype
[3], and occur over-proliferation and hypertrophy, resulting in
increased thickness of pulmonary artery. Markers of smooth
muscle cell contraction phenotype such as SM22a, SM a-actin
and calmodulin calponin, whose expressions all decreased in
the PAH [4]. The imbalance of proliferation and apoptosis of
pulmonary arterial smooth muscle cells leads to the increase of
pulmonary vascular resistance and pulmonary arterial pressure.

Excessive levels of reactive oxygen species (ROS) and
increased expression of NADPH oxidases (Nox) have been
proposed to contribute to pulmonary artery hypertension
[2,5,6]. Nox4 and Nox2-derived ROS increase can trigger
pulmonary vascular remodeling induced by hypoxia [7]. In
contrast to hypoxia-induced PAH, Nox1 is responsible for
pathophysiological proliferation and migration of PASMC in MCT-

induced PAH via increased superoxide production [8]. It is well
known that ROS over-accumulation results in significant damage
to cell structure. However, relatively little is known about how
the RPASMCs tolerate the increasing oxidative stress and over-
proliferate.

Most cells utilize glucose as energy source to produce ATP.
The formation of pyruvate by multistep glycolysis enters the
mitochondria, which is oxidized through the tricarboxylic acid
cycle and produces ATP to meet the energy requirements for the
cells [9]. However, in cancer cells or other highly proliferative
cells, most pyruvate produced by glycolysis does not enter the
mitochondria and instead to produce lactate in the presence
of lactate dehydrogenase (LDH). Lactate generally produced
in hypoxia, but cancer cells will give priority to use glycolysis
to produce ATP even in sufficient oxygen, which is proposed
in early 1920s by Otto Warburg. We call this phenomenon as
“Warburg effect” or “aerobic glycolysis” [10]. In Guo ’s paper
[11], isolated pulmonary arterial smooth muscle cells were
treated with different concentration of 2-DG and oligomycin.
2-DG is an inhibitor of glycolysis and oligomycin is the inhibitor
of mitochondrial oxidative phosphorylation. As a result, 2-DG
obviously inhibited intracellular ATP production of RPASMC and
suggested that glycolysis was the dominant metabolic way for
RPASMC.
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Pyruvate kinase (PK) is the key rate-limiting enzyme involved
in glycolysis. It catalyzes phosphoenolpyruvate (PEP) to generate
pyruvate [12]. There are four isoforms of PK in mammals
including PKL, PKR, PKM1 and PKM2 [13]. Among them, the M1
is expressed in almost all adult tissues; and the M2 splice variant
is expressed during embryonic development, in undifferentiated
tissues, and in tumors [12,14,15]. It has been reported that M2
isoform of pyruvate kinase (PKM2) is preferentially expressed
in cancer cells and is a central point of regulator in cancer
metabolism [16]. PKM2 may confer an additional advantage
to cancer cells by allowing them to withstand oxidative stress
[17]. RPASMC are very similar with cancer cells, which have
suppressed apoptosis, enhanced proliferation and migration in
the pathogenesis of PAH. Thus PKM2 may function in the process
of PAH (Figure 1).
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Figure 1: Schematic illustrating the signaling mechanisms
triggered by ROS to promote cells proliferation in PAH.
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Guo et al. [11] showed that ROS accumulation in the
smooth muscle cells led to the inhibition of PKM2 activity in
the pulmonary hypertension. PKM2 activity decreased while
the phosphorylation of PKM2 increased. The ROS inhibitor
including NAC, apocynin and MnTBAP could reverse the effects
in PAH. Then they explored the mechanism that inhibition of
PKM2 activity results in the cell proliferation. Decreased PKM2
activity modulated the flux of glycolytic intermediates in support
of cell proliferation through the increased pentose phosphate
pathway (PPP). The pentose phosphate pathway is a metabolic
pathway parallel to glycolysis. It generates NADPH and pentoses,
a precursor for the synthesis of nucleotides [18]. The pentose
phosphate pathway is related to the cell proliferation. Preter
G has demonstrated that inhibition of glucose-6-phosphate
dehydrogenase, the first and rate-limiting enzyme of the PPP
could decrease cancer cells proliferation [19]. What's more,
the decrease PKM2 activity promoted the expression of Cav1.2
which also could promote cell proliferation [20].

Conclusion

In PAH, the key glycolytic enzyme PKM2 involves in
maintaining cellular redox homeostasis in a negative feedback
loop. Increasing in cellular ROS promotes the phosphorylation
of PKM2, and inactivates its catalytic activity, which promotes
glucose to enter the pentose phosphate pathway and cell

proliferation. PKM2 activators may provide a new target in the
treatment of PAH.
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