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Abstract

Perhaps the defining characteristic of pulmonary arteries is the process of
hypoxic pulmonary vasoconstriction (HPV) which, under physiological
conditions, supports ventilation-perfusion matching in the lung by divert-
ing blood flow away from oxygen deprived areas of the lung to oxygen
rich regions. However, when alveolar hypoxia is more widespread, either
at altitude or with disease (e.g., cystic fibrosis), HPV may lead to hypoxic
pulmonary hypertension. HPV is driven by the intrinsic response to
hypoxia of pulmonary arterial smooth muscle and endothelial cells, which
are acutely sensitive to relatively small changes in pO, and have evolved
to monitor oxygen supply and thus address ventilation-perfusion mis-
match. There is now a consensus that the inhibition by hypoxia of mito-
chondrial oxidative phosphorylation represents a key step towards the
induction of HPV, but the precise nature of the signalling pathway(s)
engaged thereafter remains open to debate. We will consider the role of the
AMP-activated protein kinase (AMPK) and liver kinase B1 (LKB1), an
upstream kinase through which AMPK is intimately coupled to changes in
oxygen supply via mitochondrial metabolism. A growing body of evi-
dence, from our laboratory and others, suggests that modulation of the
LKB1-AMPK signalling pathway underpins both hypoxic pulmonary
vasoconstriction and the development of pulmonary hypertension.
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11.1 Introduction

Although there had been some prior comment,
the first definitive description of hypoxic pulmo-
nary vasoconstriction (HPV) was provided by
Bradford and Dean in 1894 (Bradford and Dean
1894). They described not only a rise in pulmo-
nary vascular pressure upon asphyxia, but con-
cluded that this was driven by the reaction to
asphyxia of the blood vessels themselves, because
the measured increase in pressure upon asphyxia
persisted after transection of the spinal cord.
Fifty years later, von Euler and Liljestrand
showed that hypoxia without hypercapnia
induced pulmonary vasoconstriction, and hypoth-
esised that HPV may assist ventilation-perfusion
matching in the lung (von Euler and Liljestrand
1946); by contrast, systemic arteries dilate in
response to tissue hypoxemia, in order to match
local perfusion to local metabolism (Roy and
Sherrington 1890).

That HPV was largely, or entirely independent
of the autonomic nervous system (Nisell 1951)
was evident after chemical sympathectomy
(using 6-hydroxy-dopamine), surgical denerva-
tion of the carotid and aortic chemoreceptors or
after bilateral cervical vagotomy (Lejeune et al.
1989; Naeije et al. 1989). Most significantly,
bilateral lung transplants established that HPV
remains unaffected following denervation in man
(Robin et al. 1987). Therefore, neither central nor
local regulation of the autonomic nervous system
plays a role in mediating HPV.

In 1951 it was demonstrated that HPV was not
induced when the lung was perfused with hypoxic
blood at a constant, normoxic alveolar oxygen
tension (Duke and Killick 1952), and later work
confirmed that a fall in airway/alveolar pO,
triggered a pronounced increase in pulmonary
vascular perfusion pressure (Bergofsky et al.
1968). Consistent with this, Kato and Staub dem-
onstrated, using unilobar hypoxia, that the small

precapillary resistance arteries contributed most
to the increase in pulmonary vascular perfusion
pressure during alveolar hypoxia, and that the
magnitude of HPV was inversely related to pul-
monary artery diameter (Kato and Staub 1966).
In isolated arteries HPV is biphasic (see
Fig. 11.2a) with a threshold for initiation of
~60 mmHg (Dipp and Evans 2001). Thereafter
the magnitude of constriction increases in a
manner proportional to the degree of hypoxia,
until it fails under near anoxic conditions (Dipp
et al. 2003). The two phases of HPV observed in
isolated arteries are discrete, comprising a tran-
sient constriction (Phase 1; 5-10 min) followed
by a slow tonic constriction (Phase 2; peak after
30-40 min), both of which are initiated immedi-
ately upon exposure to hypoxia (Dipp et al. 2001;
Leach et al. 1994).

It is generally accepted that hypoxia triggers
pulmonary artery constriction via signalling
pathways intrinsic to the smooth muscle and
endothelial cells. Initially, HPV is driven by cal-
cium release from the smooth muscle sarcoplas-
mic reticulum via ryanodine receptors and in a
manner that does not require calcium influx
(Dipp et al. 2001), although it is clear that subse-
quent activation of the store-refilling current aids
the maintenance of constriction (Evans et al.
2005; Lu et al. 2008; Wang et al. 2004; Wilson
et al. 2002). Thereafter, constriction is augmented
via myofilament calcium sensitisation, which is
initiated in response to the release of a vasocon-
strictor from the endothelium (Evans and Dipp
2002; Robertson et al. 2000, 2001). At the molec-
ular level, there is also clear evidence that hypoxia
modulates the activity of voltage-gated potas-
sium channels (Ky) in the plasma membrane of
the smooth muscle cells, although the functional
consequence of potassium channel regulation
remains unclear (Archer et al. 1993; Dipp et al.
2001; Post et al. 1992; Remillard et al. 2007).
That aside, the nature of the principle signalling
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pathway(s) involved remains open to debate
(Evans et al. 2011), but clearly relies on the mod-
ulation by hypoxia of mitochondrial metabolism
(see for example Sommer et al. 2010).

11.2 Mitochondria and Oxygen
Sensing

A requirement for functional mitochondria in the
process of oxygen-sensing was first identified by
investigations into the function of the carotid
bodies, which noted that cyanide (Cooper and
Brown 2008) mimicked and occluded activation
by hypoxia of the carotid body (Heymans et al.
1930). The first direct evidence of this fact was
provided by spectrophotometric analysis of the
respiratory chain redox status and fluorometric
measurement of the NAD(P)H/NAD(P)* ratio
(Mills and Jobsis 1972). By relating outcomes to
afferent sinus nerve discharge during hypoxia it
was shown that an increase in the NAD(P)H/
NAD(P)* ratio correlated with afferent fibre dis-
charge frequency over what is considered to be
the physiological range of arterial pO,. It was
therefore proposed that mitochondria of most
cells may utilise a high affinity (i.e. normal) cyto-
chrome az, while the cytochrome a; incorporated
in mitochondria of oxygen-sensing cells may
have a low affinity for oxygen. This proposal
gained support from the work of Duchen and
Biscoe (1992a, b) and has gathered further
momentum of late, not least due to the detailed
investigations of Buckler and co-workers (Turner
and Buckler 2013; Wyatt and Buckler 2004).
However, the strongest evidence in favour of an
absolute requirement for functional mitochondria
in oxygen-sensing comes from studies on immor-
talised neonatal adrenomedullary chromaffin
cells that incorporate or lack functional mito-
chondria (Buttigieg et al. 2006; Thompson et al.
1997, 2007). Those with functional mitochondria
were found to respond to hypoxia and to inhibi-
tors of mitochondrial oxidative phosphorylation.
By contrast, those cells lacking functional mito-
chondria failed to respond to either stimulus.
Allied to these findings, it has been shown that
pulmonary arterial smooth muscle cells depleted,

by ethidium bromide, of mitochondrial DNA and
thus a functional mitochondrial electron transport
chain, do not respond to hypoxia (Waypa et al.
2001). Moreover, comprehensive data indicate
that inhibitors of mitochondria (either uncouplers
or blockers of specific respiratory chain com-
plexes) mimic hypoxia in their ability to regulate
ion channel function in a variety of oxygen-
sensing cells, including pulmonary arterial
smooth muscle cells (Leach et al. 2001;
Weissmann et al. 2003). It should be noted, how-
ever, that we have yet to determine effectively the
extent to which mitochondria of oxygen-sensing
cells are uniquely sensitive to a fall in oxygen
supply, or subject to the modulation of their
activities, either directly or indirectly, by “local”
metabolic intermediates (e.g. O, gradients, ATP,
ADP; Brown 1992; Gnaiger et al. 1998; Jones
1986) and/or the signalling systems that they may
modulate mitochondrial function. Nevertheless
the weight of evidence suggests that the inhibi-
tion of mitochondrial oxidative phosphorylation
is a key step towards the initiation of HPV.

11.3 The AMP-Activated Protein
Kinase Mediates Hypoxic
Pulmonary Vasoconstriction

Ten years ago the LKB1-AMPK signalling path-
way was proposed to couple inhibition by
hypoxia of mitochondrial metabolism to HPV
(Evans 2006; Evans et al. 2005, 2006). This
seemed logical not least because AMPK activity
is intimately coupled to mitochondrial oxidative
phosphorylation through the action of LKB1, the
principle upstream kinase contributing to the
activation of AMPK in response to metabolic
stress (Hardie 2007; Oakhill et al. 2011).
Moreover, AMPK is ubiquitously expressed and
comprises catalytic « and regulatory f and y sub-
units, of which there are multiple isoforms
(Hardie 2007) (Fig. 11.1), that may confer at
least 12 different subunit combinations and thus
the capacity for the modulation of both sub-
strate- and cell-specific functions (Steinberg and
Kemp 2009). In response to metabolic stresses,
such as the inhibition of mitochondrial oxidative
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Fig.11.1 The AMPK alpha, beta and gamma subunit isoforms GBD, Glycogen binding domain

phosphorylation, AMPK is activated by an
increase in the ADP/ATP ratio, which is ampli-
fied by adenylate kinase into a much larger
increase in the AMP/ATP ratio (Gowans et al.
2013; Hawley et al. 1995). Allosteric activation
of AMPK by AMP binding to the y subunit may
confer a 10-fold increase in activity (Gowans
et al. 2013). That aside, activation of AMPK by
more than 100-fold is conferred by phosphoryla-
tion at Thr-172 within the o subunit by upstream
kinases, of which the most important is the tumor
suppressor, LKB1 (Hawley et al. 2003). LKB1
appears to phosphorylate Thr-172 constitutively,
but in manner facilitated by binding of AMP to
the y subunit (Gowans et al. 2013). Moreover,
binding of AMP or ADP to exchangeable sites
(Oakhill et al. 2011; Xiao et al. 2011) on the y
subunit of AMPK inhibits dephosphorylation of
Thr-172, thus augmenting the switch to the
active, phosphorylated form. This multiplexing
mechanism of AMPK activation ensures great
sensitivity, with the combinatorial effects deliv-
ering graded activation up to 1,000-fold from
very low activities observed in unstressed cells
when ATP is bound to the y subunit sites.
Alternatively, AMPK may be activated by
increases in intracellular calcium via CaMKK-f,
which also phosphorylates Thr-172 and likely
acts to increase energy supply, for example,

during periods of high cellular activity (Woods
et al. 2005). By these mechanisms AMPK can be
activated within seconds (Tamas et al. 2006) in
order to up-regulate catabolic processes and sup-
press non-essential ATP-consuming reactions in
order to maintain ATP supply; even without any
measurable fall in cellular ATP. AMPK is there-
fore rightly considered to act as a ‘guardian’ or
‘fuel gauge’ of cellular metabolism (Hardie
2007). Pertinent to this Chapter, however, is the
concept that AMPK may contribute to the regu-
lation of oxygen and thereby energy (ATP) sup-
ply at the whole-body level and in doing so may
contribute to hypoxia-response coupling by reg-
ulating cell and system physiology (Evans 2006).
That AMPK may regulate aspects of cell func-
tion other than metabolism in all cell types
brings us back to the mitochondrial/metabolic
hypothesis for oxygen sensing.

As mentioned above, all mitochondrial
inhibitors tested thus far mimic the effects of
hypoxia on pulmonary arterial smooth muscle
cells at the level of the oxygen-sensitive delayed
rectifier potassium (Ky) current (Firth et al.
2008). However only some mitochondrial inhib-
itors have been shown to mimic and occlude
HPV in the perfused lung, while others have
been shown to block but not mimic HPV in the
perfused lung and isolated pulmonary arteries
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(Leach et al. 2001; Weissmann et al. 2003). This
has been a bone of contention in the field and
has been cast as being inconsistent with the
view that HPV may be triggered by inhibition of
mitochondrial oxidative phosphorylation. In
this respect it is important to note that HPV fails
under near anoxic conditions (<1 % oxygen),
i.e., there is a pO, window within which pulmo-
nary artery constriction may be initiated by
hypoxia. It is therefore notable, for example,
that the NAD(P)H/NAD(P)* ratio in dorsal root
ganglion neurones, which do not serve to moni-
tor oxygen supply, exhibits no shift until the pO,
falls to near anoxic levels (~5 mm Hg); i.e., the
pO, at which HPV begins to fail (Dipp et al.
2003). Why might this be significant? Strictly
speaking, itis the “anoxic” and not the “hypoxic”
condition that mitochondrial inhibitors would
mimic at concentrations that ablate oxidative
phosphorylation. Therefore, an explanation for
the inconsistency of outcome with respect to the
effects of mitochondrial inhibitors on HPV, and
the pO, window within which HPV is triggered,
may ultimately be provided by a greater under-
standing of the impact on pulmonary vascular
function of degrees of metabolic stress. After
all, dilating pulmonary arteries in response to
anoxia might be the “last gasp” for optimal gas-
eous exchange within the lungs and thereby
oxygen supply to the body. These considerations
bring us back nicely to AMPK, which is acti-
vated by all mitochondrial inhibitors in a man-
ner dependent of the degree of inhibition of
mitochondrial ~ oxidative  phosphorylation
(Hawley et al. 2010).

Consider the possibility that physiological
levels of hypoxia may activate AMPK and
thereby precipitate, for example, HPV (Evans
et al. 2005). It is quite possible that during more
extreme metabolic stress, such as anoxia, AMPK
may play its now classical role and “switch off”
non-essential ATP-consuming processes in order
to ensure cell survival, and may not under these
conditions function itself to drive constriction. A
case in point with respect to mitochondrial inhib-
itors may be that one such agent, metformin,
provides for effective therapy of type II diabetes
via AMPK activation, whereas a closely related

and more potent inhibitor of mitochondrial
respiration, phenformin, is no longer prescribed
because of related contra-indications.

What of the evidence supporting a role for
AMPK in HPV? Our initial studies (Evans et al.
2005) showed that exposure of pulmonary arte-
rial smooth muscle to hypoxia (15-20 mm Hg)
precipitates an increase in the AMP/ATP ratio
(Fig. 11.2), concomitant activation of AMPK
and phosphorylation of acetyl-CoA carboxylase
(ACC; an established marker for AMPK action),
despite the fact that cellular ATP levels remain
remarkably stable in the presence of hypoxia
(Fig. 11.3a). Moreover, inhibition of mitochon-
drial oxidative phosphorylation by phenformin
(Owen et al. 2000), evoked increases in NAD(P)
H autofluorescence (Fig. 11.3b), AMPK activa-
tion and ACC phosphorylation (Fig. 11.3a) in
pulmonary arterial smooth muscle cells. AMPK
activation and ACC phosphorylation were also
induced by AICAR (Fig. 11.3c), which activates
AMPK not by inhibiting the mitochondrial elec-
tron transport chain (Fig. 11.3b) but by uptake
into cells and subsequent metabolism to the
AMP mimetic, ZMP (AICAR monophosphate;
Corton et al. 1995). Regardless of their respec-
tive mechanism of action, each agent induced an
increase in the intracellular calcium concentra-
tion in acutely isolated pulmonary arterial
smooth muscle cells and did so by mobilising
sarcoplasmic reticulum stores via ryanodine
receptors as does hypoxia (Fig. 11.4). Most sig-
nificantly, AMPK activation by AICAR evoked
a slow, sustained and reversible constriction of
pulmonary artery rings (Fig. 11.5a, b); an action
not mimicked by phenformin due to confound-
ing effects on smooth muscle function (Evans,
unpublished observation). Moreover the sus-
tained phase of HPV and pulmonary artery con-
striction in response to AICAR exhibited
strikingly similar characteristics, namely a
requirement for smooth muscle SR calcium
release via ryanodine receptors, and calcium
influx into and vasoconstrictor release from the
endothelium (Fig. 11.5¢). Consistent with these
findings HPV was blocked by the non-selective
AMPK antagonist, compound C (Robertson
et al. 2008).
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Fig. 11.2 Hypoxia increases the AMP/ATP ratio in pul-
monary arterial smooth muscle. Upper panel shows an
idealised representation of the assessment of relative

Most recently we have gathered further
significant support for our original proposals
by use of pharmacological activators of AMPK
(e.g., A769662) and recombinant, thiophos-
phorylated and thus active, human a2p2y1 het-
erotrimers. Intracellular dialysis of the
activated human AMPK or extracellular appli-
cation of A769662 resulted in the inhibition of
recombinant currents carried by Kyl.5 chan-
nels (not shown) and, like hypoxia, inhibited
Ky currents in acutely isolated pulmonary arte-
rial smooth muscle cells (Fig. 11.6). Therefore,
AMPK activation mimics the effects of hypoxia
on pulmonary arterial smooth muscle cells, at
the molecular, cellular and system level. This
leaves us with perhaps the most important
question — is the LKB1-AMPK signalling cas-
cade necessary for HPV?

nucleotide levels by capillary electrophoresis. Lower
panel show the AMP/ATP ratio of pulmonary arterial
smooth muscle during normoxia (blue) and hypoxia (red)

11.4 The Lkb1-AMPK Signalling
Cascade and HPV

We have recently studied mice in which the genes
for either LKB1, CaMKK-p or AMPK have been
deleted in smooth muscles. Experimental out-
comes from a range of studies on these mice are
entirely consistent with the view that the LKB1-
AMPK signalling pathway is required for HPV,
including the response to hypoxia of the pulmo-
nary vasculature and acutely isolated smooth
muscle cells. By contrast, we find no evidence to
suggest that CaMKK-f contributes to HPV. Nor
have we found any evidence for the direct regula-
tion of AMPK by hydrogen peroxide (Emerling
et al. 2009), which appears to activate AMPK
through inhibition of mitochondrial oxidative
phosphorylation (Hawley et al. 2010).



11 Modulation of the LKB1-AMPK Signalling Pathway Underpins Hypoxic Pulmonary... 95
a
4 —
06
< 8
© £04 <
Tl 8
aggo2 <
i3k »
at £
0.0 0= " s .
o R &
& oF 5
® \\Q “*Qo Q
b &
o Phenformin 10 mM AICAR 1 mM
S®
® = 100
0 S
o
Q.2
= -a' = SN
= . —_—
cw O 5 min 5 min
=R
©
c a2
© 0.6
E
=
o3 E%
583
682202
7] [=]
2E¢ Il __
e =
a.= ~0 E . —
o ) S & ) ©
¥ &
?30 Go(‘ eo\o@ & ?@?‘ o » é&o“o

Fig.11.3 AMPK activation and acetyl CoA carboxylase
phosphorylation in response to hypoxia, mitochondrial
inhibition and direct pharmacological activation. (a) Left
panel shows the increases in activity of AMPK-al and
AMPK-a2 containing heterotrimers during hypoxia, as
determined by immunoprecipitate kinase assay. Right
panel shows the increased phosphorylation of acetyl CoA
carboxylase during hypoxia in the presence and absence

11.5 The Lkb1-AMPK Signalling
Cascade and the
Development of Hypoxic
Pulmonary Hypertension

Consistent with our findings, Zhou and co-
workers have demonstrated that acute hypoxia-
induced pulmonary hypertension may be
prevented and partially reversed by the non-
selective. AMPK antagonist compound C (Ibe

of compound C, the non-selective AMPK antagonist. (b)
NAD(P)H autofluorescence of pulmonary arterial smooth
muscle cells is increased by phenformin but not AICAR.
(c) Effect of AICAR and phenformin on the activity of
AMPK-al (left panel) and AMPK-a2 (right panel) con-
taining heterotrimers, as determined by immunoprecipi-
tate kinase assay

et al. 2013). Moreover they suggest that AMPK
activation promotes pulmonary arterial smooth
muscle survival and thus proliferation during
hypoxia by a dual mechanism. Briefly, it was
suggested that activation of autophagy by
AMPK-al reduced cell death and that reduced
apoptosis resulted from AMPK-a2 activation.
Contrary to this latter proposal, however, upregu-
lation of mTORC?2 signalling has been proposed
to underpin smooth muscle proliferation and the
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Fig. 11.5 Hypoxia and AMPK activation induce pulmo-
nary artery constriction by similar mechanisms. (a)
Record of Phase 1 and Phase 2 of hypoxia-induced con-
striction of a rat pulmonary artery ring, indicating the
contribution to constriction of two components of cal-
cium release from the smooth muscle sarcoplasmic retic-
ulum (black and grey) and 3rd component driven by the
release of a vasoconstrictor from the pulmonary artery
endothelium (white). (b) Constriction of a pulmonary

constriction by TmM AICAR

artery ring by AMPK activation with AICAR, in the
presence and absence of the endothelium, with and with-
out extracellular calcium. (¢) Comparison of hypoxic
pulmonary vasoconstriction and constriction by AICAR
following the indicated experimental interventions:
removal of the endothelium (-E); removal of extracellu-
lar calcium (0[Ca*'].); block of ryanodine receptors
with caffeine and ryanodine; block of cADPR with
8-bromo-cADPR



11 Modulation of the LKB1-AMPK Signalling Pathway Underpins Hypoxic Pulmonary... 97

+40mV

+40mV

_somv _"’/,//-‘_,

-100mV

: s

0 min
15 min
I(nA) 20 ms 2 omia| A-769662
o O | —
TT—

Fig.11.6 AMPK activation by A769662 inhibits Kv cur-
rent in pulmonary arterial smooth muscle cells. The effect
of AMPK activation by A769662 on Ky currents recorded
in acutely isolated pulmonary arterial smooth muscle
cells. Left, current voltage relationship obtained by use of

progression of both idiopathic and hypoxic pul-
monary arterial hypertension (Goncharov et al.
2014), by promoting smooth muscle cell survival
in a manner, at least in part, dependent on down-
regulation of AMPK and consequent activation
of mTORCI. One possible explanation for these
contrary findings could be that AMPK activation
may be context-dependent and/or that the pro-
gression of pulmonary hypertension at different
stages is governed by temporal fluctuations in
AMPK activity.

11.6 Summary

We conclude that the inhibition of mitochondrial
oxidative phosphorylation by acute hypoxia is
coupled to pulmonary vasoconstriction through
the LKB1-AMPK signalling pathway, which
drives HPV by initiating and maintaining intra-
cellular calcium release from the smooth muscle
sarcoplasmic reticulum, promoting concomitant
inhibition of the smooth muscle Ky current and
by initiating vasoconstrictor release from the pul-
monary artery endothelium. Thereafter modula-
tion of the LKBI1-AMPK signalling pathway
may determine the progression of pulmonary
hypertension. Further detailed characterisation of
the regulation and role of AMPK signalling in the
pulmonary vasculature is therefore vital to our
understanding of the progression HPV and pul-
monary hypertension, and may provide greater

a ramp protocol between —100 mV and +40 mV, from a
holding potential of —80 mV. Right, current activated by a
voltage step to +40 mV from —80 mV. Insert shows
confounding inhibition of Kv current by the AMPK
antagonist compound C

insight into those tissue-specific responses that
are key to oxygen homeostasis.
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