Pharmacological targeting of the HIF hydroxylases — a new field in medicine development
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Abstract

In human cells oxygen levels are ‘sensed’ by a set of ferrous iron and 2-oxoglutarate dependent
dioxygenases. These enzymes regulate a broad range of cellular and systemic responses to hypoxia by
catalysing the post-translational hydroxylation of specific residues in the alpha subunits of hypoxia
inducible factor (HIF) transcriptional complexes. The HIF hydroxylases are now the subject of
pharmaceutical targeting by small molecule inhibitors that aim to activate or augment the
endogenous HIF transcriptional response for the treatment of anaemia and other hypoxic human
diseases. Here we consider the rationale for this therapeutic strategy from the biochemical, biological
and medical perspectives. We outline structural and mechanistic considerations that are relevant to
the design of HIF hydroxylase inhibitors, including likely determinants of specificity, and review

published reports on their activity in pre-clinical models and clinical trials.
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1. Introduction
A wide range of inducible signalling systems operate in order to protect human cells from damaging
stresses. Such systems are attractive for the development of drugs that seek to ameliorate injury or
enhance repair by augmenting the natural protective response. Here we review developments in our
understanding of the transcriptional responses to hypoxia from this perspective, focusing on progress
towards therapeutic activation of hypoxia inducible factor (HIF) by inhibition of the HIF prolyl

hydroxylase enzymes that signal the availability of oxygen to HIF.

HIF is a basic-helix-loop-helix-PAS domain transcription factor that binds to hypoxia response
elements in DNA as an alpha/beta heterodimer (Wang et al., 1995; Wu et al., 2015). Regulation by
oxygen is mediated by the alpha subunits, via the post-translational hydroxylation of specific amino
acid residues. In the human system, prolyl hydroxylation at N- and C-terminal sites within a central
oxygen-dependent degradation domain (NODD, CODD) promotes association with the von Hippel-
Lindau (pVHL) ubiquitin E3 ligase complex, followed by degradation by the ubiquitin-proteasome
pathway (Figure 1) (lvan et al., 2001; Jaakkola et al., 2001; Maxwell et al., 1999). Asparaginyl
hydroxylation, at a single site within the C-terminal activation domain (CAD) of HIF-a subunits,
downregulates transcriptional activity by blocking the recruitment of transcriptional co-activator
proteins (Dames et al., 2002; Freedman et al., 2002; Lando et al., 2002b; McNeill et al., 2002). In
humans, HIF prolyl hydroxylation is catalysed by three closely related dioxygenases, PHD (prolyl
hydroxylase domain) 1, 2 and 3 (otherwise known as EGLN2, 1 and 3) (Bruick et al., 2001; Epstein et
al., 2001). HIF asparaginyl hydroxylation is catalysed by FIH (factor inhibiting HIF) (Hewitson et al.,
2002; Lando et al., 2002a). The PHDs and FIH both belong to the superfamily of ferrous iron and 2-
oxoglutarate dependent oxygenases (20G oxygenases) (Aik et al., 2015; Hausinger, 2004). Like other
20G oxygenases, the HIF hydroxylases couple oxidative decarboxylation of 20G to hydroxylation (of
HIF-a), with concomitant production of succinate and carbon dioxide (Hausinger, 2004). In hypoxic
cells, HIF hydroxylase activity is suppressed, allowing HIF-a to escape proteolysis and assemble into
an active transcriptional complex. Given the role of hypoxia in many human diseases, this direct

connection between oxygenase-dependent catalysis and the physiological response to hypoxia



suggested that medicinal modulation of HIF hydroxylase activity should have therapeutic potential - a

proposal supported by recent clinical studies (see below).

The HIF system was first identified though studies of one of the most sensitive homeostatic responses
to hypoxia, induction of the haematopoietic growth factor erythropoietin by reduced blood oxygen
availability (Semenza et al., 1992). However it rapidly became apparent that this response was part of
a widespread response to cellular hypoxia (Maxwell et al., 1993b). Pan-genomic studies have revealed
the existence of thousands of direct HIF transcriptional targets across the human genome (for review,
see (Schodel et al., 2013)). Direct transcriptional effects are amplified by the action of HIF on
numerous secondary transcriptional cascades, extensive non-coding RNA networks and multiple
aspects of RNA processing/translational control (Choudhry et al., 2014; Kulshreshtha et al., 2007;
Uniacke et al., 2012). Overall, these pathways have multiple cellular and systemic actions that support
oxygen homeostasis, either through enhancement of oxygen delivery (erythropoiesis, angiogenesis,
ventilatory and vasomotor controls) or through reduction in oxygen demands (reprogramming of
energy metabolism, cytostasis and cell survival decisions), for review see (Masson et al., 2014;
Pouyssegur et al., 2006; Prabhakar et al., 2012). Reflecting these very widespread functions, the HIF
pathway has been considered as the master regulator of oxygen homeostasis. However the diversity
of HIF target genes and the phenotypes associated with inactivation of the system, suggest that HIF
pathways have even more extensive biological actions. For instance, HIF has multiple effects on
immune and inflammatory signalling (for review see (Eltzschig et al., 2014; Eltzschig et al., 2011a; Nizet
et al., 2009)). These actions might reflect a hitherto unrecognised physiology of hypoxia, or (since HIF
can apparently also be activated by non-hypoxic stimuli such as cytokines and growth factors (for
review see (Eltzschig et al.,, 2014; Eltzschig and Carmeliet, 2011a; Nizet and Johnson, 2009)),
subversion of the pathway for functions unconnected with oxygen homeostasis. The HIF system
represents an exciting target for the development of new therapeutics. However, the complexity and
widespread nature of the HIF related pathways presents a challenge in predicting drug action. A wide
range of therapeutic approaches have been proposed targeting different points in the HIF system
(Figure 1). In this review we focus on the most advanced of the current therapeutic developments,

activation of HIF by inhibition of the HIF prolyl hydroxylases.



The fundamental premise underlying this approach is that, in disease, activation of the HIF
transcriptional cascade by endogenous hypoxia is suboptimal (for at least some components of the
response), and that this can be augmented by additional pharmacological inhibition. For instance, in
the anaemia associated with renal disease, erythropoietin (Epo) production is reduced due to poorly
understood changes in the renal interstitium (see review (Haase, 2013)). The aim of HIF prolyl
hydroxylase inhibition treatment for anaemia is to augment native erythropoietin production in the
diseased kidneys or in the liver. Similarly, in ischaemic tissues, poorly understood cytoprotective and
reparative responses are promoted, at least in part, by the endogenous activation of HIF;
pharmacological activation may augment this defence, for instance through actions on angiogenesis
and metabolic reprogramming. In other diseases, the induction of specific HIF functions (e.g. improved
epithelial barrier function, enhanced stem cell behaviour, orimmune cell modulation) may be of value.
However, the diversity of the roles of HIF strongly suggests that global activation of all components of
the system is unlikely to be universally beneficial. Thus, one challenge facing the clinical therapeutic
development of molecules that augment the natural hypoxic response is how to achieve the most
desirable spectrum of HIF pathway activation in a given clinical condition. Several general approaches

have the potential to impact on the problem.

Firstly, specificity may be intrinsic to the physiological response or disease process. For instance, the
induction of erythropoietin production is one of the most sensitive responses to physiological hypoxia.
It is possible that this might intrinsically enable a (partially) specific response to HIF prolyl hydroxylase
inhibition. Similarly, in ischaemic tissues, it is possible that tissue hypoxia might sensitise cells to
pharmacological HIF prolyl hydroxylase inhibition, so enabling a selective response in the target tissue.
Secondly, specific action might be achieved through pharmacokinetic and pharmacodynamic
considerations. Drugs are normally differentially distributed across tissues and often can achieve their
highest tissue concentrations in liver and kidney, the main organs that produce erythropoietin. Thus
molecules that concentrate in, or which are targeted to, these organs may be more effective in the
stimulation of erythropoietin production, as opposed to other actions (for reviews, see (Myllyharju,

2013; Schofield et al., 2004)). Thirdly, selective inhibition of one or two of the three human HIF prolyl



hydroxylases, or even differences in non-selective activity on other 20G oxygenases, may hold the key
to effective differentiation of clinical effects. PHD2 is the most abundant HIF prolyl hydroxylase in
most tissues and therefore is the most important enzyme in regulating many outputs of the HIF system
(Appelhoff et al., 2004; Berra et al., 2003). Nevertheless PHD1 and PHD3 make a relatively greater
contribution to the regulation of HIF-2a versus HIF-1a (Appelhoff et al., 2004). HIF-1a and HIF-2a
isoforms have distinct (though still incompletely understood) physiological roles, including apparently
specific upregulation of erythropoietin production by HIF-2a. Interestingly, in certain circumstances
HIF-1a and HIF-2a may even have opposing actions on some responses to hypoxia (for review, see
(Keith et al., 2012)). Notably, PHD1 and 2 accept both NODD and CODD substrates, whereas PHD3 is
highly selective for CODD (Epstein et al., 2001; Hirsila et al., 2003; Landazuri et al., 2006). Thus even
moderately selective activity against different HIF prolyl hydroxylases may be clinically differentiating.
The feasibility of targeting individual PHD isoform to upregulate specific HIF-a isoform is exemplified
by a recent study of Akebia’s compound, AKB-6899, an inhibitor that is reported to inhibit PHD3
preferentially, resulting in specific upregulation of HIF-2a in murine bone marrow-derived
macrophages (Roda et al., 2012). Differential modulation of FIH might also permit useful
differentiation of HIF hydroxylase inhibitors, given that FIH has been demonstrated to modulate the
expression of some but not all HIF target genes (Dayan et al., 2009; Dayan et al., 2006). Interestingly
FIH has been reported to be more active with respect to hydroxylation of HIF-1a CAD compared to
HIF-2a (Koivunen et al., 2004; Tarhonskaya et al., 2015). These observations suggest that combined
inhibition of the PHDs and FIH might possibly be exploited as a strategy to selectively enhance

activation of the HIF-1a dependent transcriptional programme.

Hypoxia itself is a non-specific inhibitor of not just the HIF prolyl and asparaginyl hydroxylases, but
also, potentially, of any of the ~60 human 20G oxygenases. Such enzymes catalyse a range of
biological oxidations, including nucleic acid and protein (histone) demethylations and hydroxylations
that affect gene expression, and hence have the potential to modulate components of the HIF
transcriptional cascade (Hausinger, 2004; Klose et al., 2006; Klose et al., 2007; Loenarz et al., 2008).
At present it is unclear to what extent this occurs. Nevertheless, a number of 20G oxygenases,

including chromatin modifying enzymes, are themselves targets of HIF (Beyer et al., 2008; Pollard et



al., 2008; Xia et al., 2009), suggesting a role in response to hypoxia. It is thus possible that different
inhibitors with activities against both HIF hydroxylases, and at least some other 20G oxygenases, could

have clinically useful differential actions on hypoxia signalling pathways.

Thus, although the definition of the HIF hydroxylases as targets for drug development has opened an
exciting new area of experimental medicine, there remain significant uncertainties as to the best
therapeutic strategies. Against this background we will review progress in HIF hydroxylase
development to date including the structural and mechanistic considerations that underpin rational

inhibitor design.

2. Overview of the Structures, and Mechanisms of HIF hydroxylases and Possible Modes of
Inhibition

To place studies on the therapeutic modulation of the HIF hydroxylases (including the potential for

specific inhibition) in context, we will first summarise relevant general structural and mechanistic

knowledge of the 20G oxygenase superfamily, including precedents for pharmaceutical targeting. For

more detailed reviews on 20G oxygenase inhibition and biochemistry see (Aik et al., 2015; Hausinger,

2004; Hausinger, 2015; McDonough et al., 2010; Rose et al., 2011; Thinnes et al., 2014).

HIF hydroxylases are non-haem iron utilising redox enzymes, which, as a general type, are well
precedented as drug targets, perhaps most notably with respect to cyclooxygenase inhibition
(Simmons et al., 2004). At the time of discovery of the HIF hydroxylases, several 20G oxygenases (and
closely related enzymes) had already been successfully targeted. For instance, y-butyrobetaine
hydroxylase (BBOX1) had been targeted for therapeutic inhibition following myocardial infarction,
though the precise mechanism of action of the BBOX1 inhibitors is unclear (Leung et al., 2010b; Rose
et al., 2011; Simkhovich et al., 1988). Pioneering work on collagen prolyl hydroxylases established the
feasibility of prolyl hydroxylase inhibition by small molecules (Nwogu et al., 2001; Sharir et al., 1993;
Tschank et al., 1991). Inhibitors of another 2-oxo acid dioxygenase, p-hydroxyphenylpyruvate
dioxygenase (HPPD) are used in the treatment of type Il tyrosinemia (Lindstedt et al., 1992; Lock et

al., 1998); HPPD is not a 20G oxygenase, but oxidises a 2-oxo acid tyrosine-containing metabolite



(Lock et al., 1998; Moran, 2005). 2-oxo acid dioxygenases are also important targets in agrochemistry;
including 20G oxygenases involved in gibberellin biosynthesis (Rose et al., 2011) and plant HPPD
(Moran, 2005). It was also known that aspects of the hypoxic response could be induced by treatment
with cobalt (Il) ions (Schuster et al., 1989) or with non-specific metal chelators (e.g. desferrioxamine,
DFO (Wang et al., 1993)). Indeed, cobalt (II) ions were once used for the treatment of anaemia (Berk
et al., 1949; Wolf et al., 1954); both these treatments are likely to be mediated by HIF hydroxylase
(PHD) inhibition, i.e. by competition of cobalt (Il) with ferrous iron ions for binding to the active sites,
or by removal of ferrous iron by the chelators (Epstein et al., 2001). Thus, following the discovery of
the roles of the HIF hydroxylases in the hypoxic response, there was a good indication that they, and

in particular the PHDs, might be therapeutically tractable drug targets.

The 20G oxygenases are widely distributed in aerobes (though likely not archaea) where they catalyse
a very wide range of oxidative reactions (Aik et al., 2015; Hausinger, 2004; Hausinger, 2015; Loenarz
et al., 2011b; Noma et al., 2010). In animals, reactions identified to date are limited to hydroxylations
and N-methyl group demethylations, proceeding via initial hydroxylation of the methyl group (Klose
and Zhang, 2007; Thalhammer et al., 2012; Thinnes et al., 2014). To date all 20G oxygenases, including
the PHDs and FIH, have been found to contain a modified double-stranded B-helix protein (DSBH) fold;
in different research fields, this fold has also been referred to as a cupin, jelly-roll, or JmjC motif (Aik
et al., 2012; Aik et al., 2015). The DSBH fold supports three highly, but not exclusively, conserved iron
binding residues, which form an HXD/E...H metal chelating motif (Aik et al., 2012; Aik et al., 2015). The
HXD motif is often located on a distorted B-strand; in a few cases, including at least one human

enzyme, the latter histidine of the HXD/E...H motif is not required (Lancaster et al., 2004).

A large body of evidence from kinetic, spectroscopic and crystallographic analyses supports a
consensus catalytic mechanism for the PHDs and FIH as occurs for other studied 20G oxygenases
(Figure 2). Binding of 20G to a (normally) tri-coordinated iron is sequentially followed by binding of
the prime (e.g. HIF-a) substrate and, finally, oxygen (Aik et al., 2015; Hausinger, 2004; Hausinger, 2015;
Noma et al., 2010; Rose et al., 2011; Thinnes et al., 2014; Zhou et al., 2001). At least in some cases,

substrate binding reduces the metal coordination of a water molecule in the octahedrally coordinated



metal 20G complex, freeing up a vacant coordination position for binding to oxygen. Oxidative
decarboxylation of 20G then yields a ferryl (Fe!V)=0) intermediate that effects substrate oxidation
(hydroxylation for the HIF-a substrates); oxidised product release is then followed by that of succinate,
with rehydration of the metal centre (Hausinger, 2004; Krebs et al., 2007). The rates of individual steps
in the mechanism vary. Notably, in the case of the PHDs, the Fe!V'=0 intermediate has not been
observed spectroscopically, consistent with hydroxylation of the HIF-a substrate by this intermediate
not being rate limiting in PHD catalysis (Flashman et al., 2010; Tarhonskaya et al., 2015). In contrast
for PHD2, there is evidence that binding of oxygen to the 20G substrate complex coupled to
displacement of a metal bound water in the enzyme-substrate complex is rate limiting in catalysis
(Flagg et al., 2012; Flashman et al., 2010; Pektas et al., 2015; Tarhonskaya et al., 2014a; Tarhonskaya
et al., 2015), a property consistent with the oxygen sensing role of the PHDs. Another distinguishing
feature of PHD2 is that it forms an unusually stable enzyme Fe(ll) 20G complex (McNeill et al., 2005b).
20G oxygenases often oxidise 20G to succinate in the absence of substrate, albeit at a reduced rate.
Since such uncoupled activity may leave the enzyme in an oxidised inactive form, this process has the
potential to alter the effective kinetics with respect to dioxygen. As with its slow reaction with oxygen,
the unusually stable enzyme Fe(ll) 20G complex is proposed to enable the PHDs (at least as shown by
work with PHD2) to respond specifically to dioxygen levels and hence act as an oxygen sensor

(Flashman et al., 2010; Tarhonskaya et al., 2014a).

The mode of action of most ‘current generation’ HIF prolyl hydroxylase inhibitors involves 20G
competition (see below and Figure 2) (Rose et al., 2011). As shown by spectroscopic and multiple
crystal structures, the 2-oxoacid element of 20G binds in a bi-dentate manner to the iron via its 2-oxo
oxygen and one of its C-1 carboxylate oxygens (Aik et al., 2012; Aik et al., 2015; Hausinger, 2004;
McDonough et al., 2006; Rose et al., 2011). The methylene groups and C-5 carboxylate of 20G are
bound in a pocket directed towards the interior of the protein fold. The C-5 carboxylate is bound by
interactions with a basic residue —lysine in FIH (Dann et al., 2002) or arginine in the PHDs (McDonough
et al., 2006), and at least one alcohol (Aik et al., 2012). Although the generic use of 20G as co-substrate
raises issues for the design of selective 20G analogues, the mode of 20G ‘side chain’ binding is a

subfamily characteristic (Aik et al., 2012)] suggesting that it can be exploited in inhibitor design



(McDonough et al., 2005; Rose et al., 2011; Thinnes et al., 2014). It is also notable that there are
considerable variations in the Ky, values for 20G for 20G oxygenases, a property that should be taken
into consideration when predicting potencies of 20G competing inhibitors in cells. In addition, co-
substrate (20G)/co-product (succinate) inhibition is commonly observed with 20G oxygenases.
Intracellular levels of succinate and fumarate can be substantially elevated, particularly in certain
cancer cells, and it has been proposed that inhibition of the PHDs by these endogenous inhibitors can
induce the hypoxic response and promote cancer development (Hewitson et al., 2007a; Kawamura et
al.,, 2011; Koivunen et al., 2007; Pollard et al., 2005; Selak et al., 2005). However, the
pathophysiological relevance of such inhibition is unclear (Adam et al., 2011). This is also the case with
partial inhibition (Kawamura et al., 2011; Tarhonskaya et al., 2014b), or even potentially activation
(Koivunen et al., 2012) of the PHDs by 2-hydroxyglutarate levels which are elevated (with a
concomitant decrease in 20G levels) by specific gain of function mutations of isocitrate
dehydrogenases 1 and 2. Whatever the pathophysiological relevance of these findings, it is important
to recognise that the potency of 20G competitive inhibition on the HIF hydroxylases may be affected

by a variation in levels of 2-oxo acids and related metabolites in different cell types.

In contrast to the common use of 20G and iron as co-substrate/co-factors, the (¥60) human 20G
oxygenases oxidise a diverse range of prime substrates, including proteins, small-molecules, nucleic
acids and lipids (Hausinger, 2004; McDonough et al., 2010; Thinnes et al., 2014). Consistent with this,
they vary considerably more in their substrate binding modes than those of 20G and iron (Aik et al.,
2012; McDonough et al., 2010). Substrate binding typically involves residues from B1 and B2 of the
eight conserved strands of the core DSBH fold, as well as mobile elements and residues from the active
site (Aik et al., 2012; McDonough et al., 2010). In the case of the PHDs, crystal structures of the
catalytic domain of PHD2 with and without a HIF-a CODD peptide suggest that induced fit plays a
crucial role in substrate binding during catalysis (Chowdhury et al., 2009). The CODD sequence binds
as an extended loop on the surface of PHD2; a loop region located between B2 - B3 folds over the
conserved LXXLAP motif of the HIF-a-CODD substrate to completely enclose the target prolyl and
adjacent residues (Figure 3A). Emerging results are revealing differences in the extent to which

different types of PHD inhibitor that compete with 20G also compete with CODD for binding.



Crystallographic analyses reveal that the binding of certain PHD inhibitors (e.g. Fibrogen’s FG-2216,
see below) at the PHD2 active site may also prevent the binding of HIF-a-CODD substrate (Chowdhury
et al., 2009), an observation supported by NMR (Nuclear Magnetic Resonance) studies (Leung et al.,
2010a). It is important to note that although some inhibitors perturb the productive binding mode of
the hydroxylated HIF-a proline residue and surrounding residues based on crystallographic analysis,
they do not necessarily displace HIF-a CODD completely from binding. For example, the PHD inhibitor
IOX2 is predicted to block the binding of HIF-a-CODD substrate based on crystallographic analyses,
but NMR studies indicate otherwise (Chan et al., 2015). This is a general caveat of crystallographic
analyses, which do not always precisely reflect the solution binding mode as measured by NMR. For
instance, in another study on a prolyl hydroxylase inhibitor structurally related to FG-2216, NMR
revealed two modes of binding to PHD2 in the solution state, in contrast to the single binding mode
in the crystal state (Poppe et al., 2009). Deeper knowledge of the dynamics of the protein-protein
interactions involved in HIF-a substrate binding will be important in the development of PHD isoform
and, potentially, NODD/CODD substrate selective inhibitors. In this regard, it is noticeable that the
three PHD isoforms differ in their N-terminal regions, with PHD3 having the shortest N-terminal.
PHD2, but not PHD1 or 3, contains a MYND type zinc finger which is highly conserved in PHD evolution
(Loenarz et al., 2011a) and has been reported to enhance the inhibition of HIF by overexpressed PHD2
(Choi et al., 2005). These differences in the N-terminal region could conceivably provide a route to
isoform-selective inhibition of the PHDs, although structural and mechanistic information is not yet
available to assess this possibility. Interestingly, polymorphisms in the N-terminal region of PHD2 are
linked to adaptation to high altitude in the Tibetan population (Song et al., 2014). Since degradation
of HIF-a isoforms is differently dependent on NODD and CODD hydroxylations, inhibitors with
differential effects on HIF-a substrate binding may enable the HIF response to be tuned to generate
different biological outputs. It is notable that multiple non-HIF-a substrates have been reported for
the PHDs (Anderson et al., 2011; Cummins et al., 2006; Huo et al., 2012; Koditz et al., 2007; Lee et al.,
2015; Luo et al., 2011; Mikhaylova et al., 2008; Moore et al., 2015; Moser et al., 2013; Takahashi et
al., 2011; Xie et al., 2012; Xie et al., 2009; Yan et al., 2011); however, as yet there is no structural or

kinetic information on these, and it is possible that not all the reports of ‘alternative’ PHDs substrates

10



will be validated. Nonetheless, given the potentially important roles of some of the substrates, it is an

important issue with respect to analysis of the pharmaceutical effects of PHD inhibitors.

The PHDs and FIH belong to structurally distinct subfamilies of the 20G dependent oxygenases (Dann
et al., 2002; Elkins et al., 2003; McDonough et al., 2010). To date, pharmaceutical programmes have
sought to target the PHDs specifically. Nevertheless, selective modulation of FIH (either complete or
partial) may also have potential for therapeutic augmentation of the hypoxic response and deserves
consideration. A number of features distinguish the two types of HIF hydroxylase. The PHDs are
normally monomeric (Figure 3A) and utilise the C-terminal region in substrate binding (Chowdhury et
al., 2009; McDonough et al., 2006). In contrast, FIH is a functional dimer with oligomerisation
occurring via a C-terminal helical region (Figure 3B) (Dann et al., 2002; Elkins et al., 2003; Lancaster et
al., 2004). FIH is also a more ‘promiscuous’ enzyme, which has the capacity to hydroxylate a range of
residues in addition to asparagine, in ankyrin repeat consensus within a range of ankyrin-repeat
domain (ARD) containing proteins (see review (Cockman et al., 2009b)). The available FIH structures
imply that the different types of HIF-a CAD and ARD protein substrates bind in a similarly extended
manner on the FIH surface (Cockman et al., 2009a; Coleman et al., 2007; Elkins et al., 2003; Hardy et
al., 2009; Wilkins et al., 2012). Notably, this binding mode must involve unfolding of the canonical
ankyrin repeat fold (Cockman et al., 2009b); such unfolding is not required for the HIF-a. CAD binding,
since the CAD apparently does not have secondary structure, at least in its uncomplexed form (Dames
et al., 2002; Freedman et al., 2002). The details of the ARD unfolding by FIH remain to be resolved,
but knowledge of these may be useful in attempts to develop substrate selective inhibitors that
selectively block ARD protein, but not HIF-a, binding to FIH. Such compounds/inhibitors might
promote FIH catalysed HIF-a hydroxylation and hence, HIF inactivation, by freeing up more FIH to bind

to HIF-a.

3. HIF hydroxylase assay development
The availability of recombinant forms of the HIF hydroxylases has enabled the development of assays
for potent inhibitors (Hewitson et al., 2007b). Various assays for the HIF hydroxylases have been

developed based on generic assays of 20G oxygenase activity (for review, see (Rose et al., 2011)).
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Some of these assays employ 20G/0, consumption and succinate/CO, production (Ehrismann et al.,
2007; Kaule et al., 1990; McNeill et al., 2005a); however, these assays suffer from the drawback that
they do not directly monitor hydroxylation, which can be problematic, since there is potential for
uncoupling of 20G oxidation. Hence assays that directly monitor hydroxylation are preferred. Assays
employing mass spectrometry (MS) and antibody based methods for the detection of hydroxylation
of HIF-1a fragments have been developed for both the PHDs and FIH (see e.g. (Chowdhury et al., 2013;
Hewitson et al., 2007a; Lee et al., 2008; Oehme et al., 2004)), with the MS based method being

preferred for directly analysing HIF-a hydroxylation.

Binding assay methods for the HIF hydroxylases have also been reported. These have employed
protein MS (Demetriades et al., 2012; Stubbs et al., 2009) and fluorescence based assays of proximity
(Cho et al., 2005; Dao et al., 2009). The monitoring of bulk water relaxation by NMR can be used to
assess PHD-ligand interactions (Leung et al., 2010a). NMR-based reporter ligand displacement assays,
employing [*3C]-labelled 20G, have also been developed to monitor ligand binding to PHD2 and can

be used to determine Kp values and competition with 20G (Leung et al., 2013).

Cell based assays for PHD inhibitors have employed antibodies to monitor HIF-1a/2a upregulation
(Chan et al., 2015), as well as reporter gene assays employing fluorescence/luminescence based
methods (Smirnova et al., 2010). Other cell-based assays have been derived from the measurement
of changes in the expression of well-characterised HIF transcriptional targets, such as erythropoietin.
One recent advance has been the development of HIF-1a hydroxylation site-specific antibodies, which
enable the semi-quantitative analysis of the relative efficiency of PHD and FIH catalysed HIF-a
hydroxylations in cells (Chan et al., 2015; Lee et al., 2008; Snell et al., 2014; Tian et al., 2011). Note
such assays are complicated, for instance, by the necessity for HIF-a levels to be unregulated in order
for PHD/FIH mediated inhibition to be directly assessed. Cells that are blocked for HIF-o. degradation,
either by the application of a proteasome inhibitor, or due to the absence of functional pVHL, have
been used to monitor FIH-dependent HIF-CAD hydroxylation (Tian et al., 2011). In future work, the
development of PHD isoform selective inhibitors should also be aided by the availability of genetically

modified cells containing an isolated single PHD isoform.
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4. Clinically Trialed Inhibitors of the HIF hydroxylases
To date pharmaceutical effects on HIF hydroxylase inhibition have largely focused on the catalytic
domain PHDs. As discussed above, the first concerted efforts to develop human 20G oxygenase
inhibitors came with work on the inhibition of collagen prolyl hydroxylase. The bulk of this work was
carried out in pharmaceutical companies and was halted, apparently due to unanticipated effects,
which may have resulted, at least in part, from inhibition of the then still to be discovered HIF prolyl
hydroxylases. However, some of these relatively non-selective inhibitors, such as N-oxalylglycine and
pyridine-2,4-dicarboxylate, and prodrug forms, such as the dimethyl ester of N-oxalylglycine (DMOG),
were useful in validation of the PHDs as targets (Epstein et al., 2001; Ivan et al., 2002; Jaakkola et al.,
2001; Mole et al., 2003). Early work on the selectivity of different NOG analogues for the PHD and FIH
enzymes was also notable as it demonstrated that at least relatively selective inhibition of 20G

oxygenases could be achieved by this type of molecule (McDonough et al., 2005).

The chemical structures of some of the PHD inhibitors currently in clinical trials have been revealed
(Figure 4) whilst the others (such as Akebia’s AKB-6548, Daiichi Sankyo’s DS-1093 and Japan Tobacco’s
JTZ-951) remain undisclosed. Most, if not all, of the reported PHD inhibitors in pharmaceutical
development, are likely to work by binding at the active site, where they have been shown, or are
predicted to, complex to the ferrous iron, usually in a bidentate manner (Chan et al., 2015; Chowdhury
et al., 2013; Chowdhury et al., 2009; McDonough et al., 2006; Poppe et al., 2009) and to compete with
20G (Leung et al., 2013; Leung et al., 2010a). NOG competes with 20G, but (at least as shown by work
on PHD2) does not displace HIF-a from its catalytically productive binding mode (Chowdhury et al.,

2009; Epstein et al., 2001).

PHD inhibitors have now entered clinical trials for the treatment of anaemia; the first compound to
be trialed was Fibrogen’s FG-2216. Trials with this agent were temporarily suspended by the FDA
following an adverse event (www.astellas.com/en/corporate/news/pdf/070507_eg.pdf). Although
permission to resume trials was given, the company replaced clinical development of FG-2216 with

the structurally related FG-4592 (www.astellas.com/en/corporate/news/pdf/080402_eg.pdf).
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Nevertheless, at least on the basis of published data, FG-2216 is one of the best studied PHD inhibitors.
FG-2216 is a bicyclic isoquinoline with a glycinamide side chain as in NOG, which occupies the 20G
binding pocket (Chowdhury et al., 2009). As revealed by crystallographic analysis FG-2216 binds to the
active site metal via its glycinamide carbonyl oxygen and isoquinolyl nitrogen (Figure 4B) (Chowdhury
et al., 2013; Chowdhury et al., 2009). Its phenolic hydroxyl is positioned to form an intramolecular
hydrogen bond with the glycinamide NH group, which SAR work indicates is important in achieving
potency (Klaus et al., 2006). The bicyclic aromatic ring system of FG-2216 slots between the side chains
of hydrophobic amino acid residues which form a rather narrow (at least compared to FIH) entrance
to the PHD active site (Figure 5) (Chowdhury et al., 2013; Chowdhury et al., 2009). At least in vitro,
FG-2216 has also been shown to inhibit other 20G oxygenases, for instance the Fat Mass and Obesity
Protein, FTO (Aik et al., 2013) and ABH5 (which like FTO is an N-methyl RNA demethylase) (Aik et al.,
2014). Crystallographic studies reveal FG-2216 binds to FTO in a generally similar manner to that in
which binds to PHD2, though the topologies of the active sites differ substantially (Aik et al., 2013),
implying that achieving selectivity should be possible, at least with respect to FTO and PHD inhibition.
Interestingly, in crystallographic analysis FG-2216 is observed to undergo covalent reaction with a
cysteine residue of ABH5, probably via nucleophilic aromatic substitution; although such reaction is
likely not be important for inhibition of 20G oxygenases by FG-2216 in solution (Aik et al., 2014).
Although analytical studies on FG-4592/Roxadustat (Fibrogen’s successor to FG-2216 in clinical trials
of anaemia, Figure 4D) have not yet been reported, one difference relative to FG-2216 is the presence
of an additional phenoxy-group on the phenyl isoquinolyl ring, suggesting that this compound may

displace HIF-a substrate binding more efficiently than FG-2216.

As with FG-4592, there is little reported information on the binding mode to the PHDs of the GSK's,
GSK1278863 (Daprodustat, Figure 4D) which is also in clinical trials (Johnson et al., 2014). Like other
PHD inhibitors, including FG-2216 and FG-4592, GSK1278863 also has a 20G analogous glycinamide

IM

side chain; this is linked to a cyclic “tricarbonyl” motif, which is additionally functionalised to two
cyclohexane rings (derived from the N,N'-Dicyclohexylcarbodiimide (DCC) in the synthesis of
GSK1278863) (Johnson et al., 2014; Thevis et al., 2015). The presence of the cyclohexyl rings in

GSK1278863, suggests the possibility of P450 catalysed production of metabolites, which indeed have
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been observed (Johnson et al., 2014; Thevis et al., 2015); it is possible that these hydroxylated

metabolites have altered inhibition properties for the PHDs or other human 20G oxygenases.

Bayer has developed potent tricyclic PHD inhibitors with linked pyridine-carboxylate, dihydropyrazole
and triazole rings, with one compound, BAY 85-3924 (Molidustat, Figure 4D) currently in clinical trials
(Flamme et al., 2014). At present there is little information about the precise mode of action of BAY
85-3924 itself; hence, we describe recent work on closely related compounds (Chan et al., 2015).
These inhibitors bind to the active site iron via the nitrogen atoms of their pyridine ring and pyrazolone
rings (Figure 4C). BAY 85-3924 likely binds via a related mode and notably, as with FG-2216, the NMR
results of structurally related 10X4 reveal that it binds to PHD2 competitively with 20G, but that it
does not substantially displace the HIF-a substrate (although likely alters its binding mode) (Chan et
al., 2015). Importantly from a pharmaceutical perspective, the carboxylic acid side chain, which in
many PHD inhibitors binds in a manner analogous to that of 20G, is replaced with an N-heterocycle in

BAY 85-3924 (Meanwell, 2011).

Taken together, the available data suggests that the development of potent selective PHD inhibitors
from different chemical templates is feasible (Figure 4). Whilst existing molecules act rather similarly
on the PHD catalytic domains, generating new types of selective inhibitors (for instance through
exploiting active site differences, differential substrate displacement or by targeting the N-terminal
regions of PHDs) should be possible. To date, drug development programmes have been directed
principally towards the treatment of anaemia. Nevertheless, a substantial body of evidence points to
potential benefits in a range of other conditions. This evidence encompasses data from specific
genetic interventions and from pharmacological interventions that range from non-specific iron
chelators and general 20G oxygenase inhibitors to more specific compounds developed as HIF prolyl
hydroxylase inhibitors. Below, we summarise data that has been generated by the latter. For more
detailed reviews of different interventions see (Bishop et al., 2015; Eltzschig et al., 2014; Koury et al.,

2015; Rose et al., 2011).

5. Therapeutic application of HIF prolyl hydroxylase inhibitors
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5.1 Anaemia

The extraordinary sensitivity of erythropoietin production to changes in blood oxygen availability
provided the original physiological paradigm for investigations of gene regulation by hypoxia. Echoing
these classical studies, augmentation of erythropoietin production has now provided the first clinical
target for pharmacological inhibition of HIF prolyl hydroxylases. Relative erythropoietin deficiency is
a near universal component of the anaemia associated with kidney disease. It is also a common
component of anaemia associated with many other chronic diseases, particularly those involving

systemic inflammation.

Although a number of organs express the erythropoietin gene at low levels, systemic production of
the hormone is largely confined to the kidneys and liver, with the kidneys making much the largest
contribution in adult life. Normally, erythropoietin is produced by the interstitial fibroblasts of the
renal cortex (Bachmann et al., 1993; Maxwell et al., 1993a). Given that this population of cells is
apparently increased in most types of kidney disease, it is not immediately clear why erythropoietin
production should fail. Although altered renal tissue oxygen tension may contribute (Souma et al.,
2015), the erythropoietin producing interstitial fibroblasts themselves appear to undergo rapid
phenotypic changes following injury to the kidneys (Maxwell et al., 1997). These include developing a
myofibroblast-like phenotype, which is associated with reduced expression of erythropoietin and
reduced expression of markers such as CD73 (5’ ectonucleotidase) (Maxwell et al., 1997; Souma et al.,
2013). Interestingly, it has long been appreciated that erythropoietin production is not irreversibly
suppressed, but can be re-activated in kidney patients by intercurrent exacerbations of anaemia or
hypoxia, or even dwelling at altitude (Brookhart et al., 2008). More recently, lineage tracing studies in
mouse models have established that the greatly expanded myofibroblast-like populations of cells seen
ininjured kidneys do indeed derive from erythropoietin-producing fibroblasts, and that erythropoietin
gene expression can be reactivated by genetic inactivation of the HIF prolyl hydroxylases (Souma et
al., 2015; Souma et al., 2013). Most interestingly, studies of unilateral kidney injury suggest that whilst,
ordinarily, erythropoietin production by the diseased kidney is strikingly suppressed, following genetic

inactivation of the PHDs it can actually exceed that of the normal kidney (Souma et al., 2015).
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Against this background, the HIF prolyl hydroxylase inhibitors described above have been developed
to enhance endogenous erythropoietin production with the aim of correcting the anaemia of renal
disease. Published studies of a number of HIF prolyl hydroxylase inhibitors have established the ability
of these agents to promote erythropoietin production and erythropoiesis in mice, rats, non-human
primates and humans (Table 1). These studies report increases in haematocrit and haemoglobin levels
in normal animals, animal models of renal disease, normal humans and patients with kidney disease.
Six companies; GSK, Fibrogen, Bayer, Akebia, Daiichi Sankyo and Akros Pharma, have registered clinical
trials in anaemia and two have recently published the results of some of these studies. Fibrogen has
recently reported on two studies (Besarab et al., 2015a; Besarab et al., 2015b). The first was a 4-week
phase 2a study of FG-4592 in non-dialysis patients (CKD stage 3-4) (Besarab et al., 2015b). Patients
were randomised to placebo or doses of FG-4592 ranging from 0.7mg/Kg to 2.0mg/Kg, either 2x or 3x
weekly. Proportions of patients reaching the target increase in haemoglobin of 1g/dl ranged from 30%
for 0.7mg/Kg 2x weekly, to 100% for either 2.0mg/Kg regimen. The second Fibrogen publication
reported a 12-week open label study of FG-4592 in dialysis patients, in which patients were treated
with FG-4592 up to a maximum of 2.5mg/kg 3x weekly. Almost all (96%) of patients reached their
target (rise in haemoglobin >1g/dl) and the mean change in haemoglobin from baseline was 3.1g/dl
over 12 weeks (Besarab et al., 2015a). GSK reported a 4-week phase 2a study in both dialysis patients
and non-dialysis patients with CKD stage 3-5 (Holdstock et al., 2015). Non-dialysis patients had not
previously received rhEPO (recombinant human Epo) and were randomised to placebo or GSK1278863
at total doses of 0.5mg, 2mg or 5mg once per day, whilst dialysis patients were randomised to
continue rhEPO or receive the same doses of GSK1278863. The study established that the 5mg, but
not the lower doses, was effective in raising haemoglobin by a mean of 1g/dl or maintaining
haemoglobin levels in dialysis patients withdrawn from rhEPO. None of these studies reported an

excess of adverse events in treatment groups.

Given the uncertainties involved in systemic activation of the hypoxia response, it is important to
consider the potential advantages of HIF prolyl hydroxylase inhibitors, beyond the simple expedient
of an oral route of delivery. Firstly, an increased incidence of cardiovascular events has been observed

in several trials in which patients were being treated with higher doses of rhEPO to achieve a high
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target haematocrit (Besarab et al., 1998; Unger et al., 2010). Though the mechanisms underlying these
adverse events are not well understood, secondary analyses of these trials suggest that it was the high
doses of rhEPO rather than high haemoglobin that was associated with risk (Szczech et al., 2008), and
it has been proposed that very high levels of plasma erythropoietin have vascular toxicity (McCullough
et al., 2013). Although HIF prolyl hydroxylase inhibitors have the potential to generate high plasma
erythropoietin levels, several studies of these drugs in animals and humans have demonstrated that
target haemoglobin levels can be achieved with more modest rises in plasma erythropoietin that are
within the physiological range (Barrett et al., 2011; Barrett et al., 2015; Besarab et al., 2015b; Flamme

et al., 2014; Holdstock et al., 2015; Hsieh et al., 2007), and hence might be predicted to avoid this risk.

Systemic activation of the HIF pathway by HIF prolyl hydroxylase inhibitors may also have actions on
erythropoiesis that augment the effects of erythropoietin. Although erythropoietin is absolutely
necessary for erythropoiesis, clinical and experimental observations suggest that HIF hydroxylase
pathways may have additional direct actions on the bone marrow. For instance, erythroid colonies
derived from patients with Chuvash polycythaemia, in which systemic activation of the HIF system is
generated by a hypomorphic von Hippel Lindau protein allele, manifest hypersensitivity to
erythropoietin (Ang et al., 2002), whilst similar findings have been reported, following genetic
inactivation of PHD2, in mice (Arsenault et al., 2013). Although multiple HIF target genes have been
defined in haematopoietic tissues, the exact target cells and molecular processes underlying these

observations are unclear.

HIF also targets molecules involved in multiple steps in iron absorption, metabolism and transport (for
review see (Haase, 2013; Shah et al., 2014)) so that activation of the system by HIF prolyl hydroxylase
inhibitors has the potential to enhance iron availability for erythropoiesis. Nevertheless, the
complexity and wide tissue distribution of relevant actions makes overall effects difficult to predict,
particularly since enhanced erythropoiesis itself activates iron transport processes. For instance,
reduction in hepcidin is observed in patients treated with HIF prolyl hydroxylase inhibitors (Besarab
et al., 2015a; Besarab et al., 2015b; Holdstock et al., 2015), but it is unclear whether this is a direct

effect of HIF, an indirect of HIF or a simple consequence of stimulating erythropoiesis. Studies to date
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have reported that biomarkers of iron balance remain largely unchanged in patients treated with HIF
prolyl hydroxylase inhibitors without adjustments to iron supplementation. In Fibrogen’s study of FG-
4592 in dialysis patients, subjects were assigned to different iron supplementation regimens (no iron,
oraliron oriviron) (Besarab et al., 2015a). Changes in indices of iron balance and a somewhat reduced
haemoglobin rise in the no iron group indicated a need for some form of iron supplementation, but
were not different in the oral and iv supplementation groups. This strongly suggests an improvement
over historical findings on iron-limited erythropoiesis in patients receiving rhEPO (Macdougall et al.,
1996). However there are no published studies of iron absorption in patients given HIF prolyl
hydroxylase inhibitors or direct comparisons with the effects of rhEPO. Interestingly however, one
experimental study in rats in which JNJ-42905343 was given orally demonstrated a marked induction
of the HIF target genes DMT1 and DCtyB, which mediate iron absorption in the duodenal epithelium
(Barrett et al., 2015). Such effects, which would likely occur independently of systemic absorption,
raise the possibility that pharmacokinetic properties may be important in defining effects on iron

absorption.

Another possibility is that specific groups of patients may respond better to HIF prolyl hydroxylase
inhibitors than rhEPO. Systemic inflammation substantially reduces the responsiveness of patients to
rhEPO (Driieke, 2001) and it is also reported to reduce the responses of erythropoietin-producing cells
to hypoxic stimulation (Jelkmann, 2011; Souma et al., 2013). Interestingly however, recent
publications report that HIF prolyl hydroxylase inhibitors (BAY 85-3934, JNJ-42041935 and JNIJ-
42905343) were effective in the correction of haematocrit in a rat model of inflammatory arthritis-
associated anaemia generated by intra-peritoneal injection of peptidoglycan-polysaccharide (PGPS)
(Barrett et al., 2011; Barrett et al., 2015; Flamme et al., 2014). The study from Janssen demonstrated
that whereas JNJ-42905343 at a dose (3mg/kg) that raised haemoglobin effectively in normal rats,
corrected anaemia in the PGPS model, rhEPO at a dose (50ug/Kg/week), which was only slightly less
effective than JNJ-42905343 in normal rats, had no effect in the PGPS model (Barrett et al., 2015).
These observations are similar to an earlier study conducted in the same anaemia model using JNJ-
42041935 (Barrett et al., 2011). Neither study revealed major effects of HIF hydroxylase inhibition on

markers of inflammation, but all three studies revealed strong stimulation of erythropoietin
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production. The Janssen study also reported on markedly more erythroid appearances in the bone
marrow, but it was not clear whether this arose as a consequence of erythropoietin stimulation, or
implied some additional action. Interestingly, in the study of FG-4592 in dialysis patients, it was
reported that rises in haemoglobin were independent of plasma levels of the inflammatory marker C-

reactive protein (Besarab et al., 2015a).

Experimental studies on myofibroblast-like populations derived from the renal erythropoietin
producing cells indicate that some types of renal disease that are associated with expansion of this
population might show enhanced responses to HIF prolyl hydroxylase inhibitors. One study reporting
individual responses in nephric and anephric patients reported strikingly variable responses of plasma
erythropoietin amongst nephric haemodialysis patients, some of which exceeded those in normal
subjects (Bernhardt et al., 2010). Details of individual erythropoietin responses were not reported in
the three recent phase 2 studies (Besarab et al., 2015a; Besarab et al., 2015b; Holdstock et al., 2015).
However, the report on GSK1278863 gave a very wide range in erythropoietin response for the dialysis
patient group given the highest dose of the study drug, and commented on inter-subject variability
(Holdstock et al., 2015). In the report on pre-dialysis patients given FG-4592, a number of patients
experienced excessive rises in haemoglobin and planned higher treatment doses were withdrawn,

again suggesting that some responses were unexpectedly strong (Besarab et al., 2015b).

Overall, the most important uncertainties relate to whether HIF prolyl hydroxylase inhibitor dosing
schedules can deliver sufficient selectivity on erythropoietin to avoid the general effects of HIF
activation, and/or whether the risk to benefit balance of doing so is favourable. So far studies have
been limited. In the phase 2a clinical study, GSK1278863 was not associated with statistically
significant increases in plasma VEGF levels, although it was reported that these were very variable
(Holdstock et al., 2015). Limited studies of gene expression in animals have reported relatively
selective increases in erythropoietin mRNA in the liver and kidneys. For instance, in the kidneys of rats
given BAY 85-3934, increases in erythropoietin mRNA greatly exceeded increases in a panel of other

HIF target genes (Flamme et al., 2014). Interestingly, this study also reported a large reduction in blood

20



pressure in response to BAY 85-3934 in a subtotal nephrectomy model of renal failure in the rat, but

not in normal animals (Flamme et al., 2014).

5.2 Ischaemia

Organ ischaemia (inadequate blood flow) is a major clinical problem, arising principally from
cardiovascular and circulatory diseases, but also sometimes during surgery that requires circulatory
interruption or diversion. All organs may be affected, but common sites include the brain (as in stroke),
the heart, the kidneys and the limbs. Ischaemia may be acute (where blood is suddenly reduced over
minutes or hours) or chronic (where blood flow is progressively reduced over weeks or years). Tissue
hypoxia is a near universal feature of ischaemia, but is complicated by reduced delivery and clearance
of metabolites. In keeping with this, the HIF system is induced to a variable extent in ischaemic tissues
(Rosenberger et al., 2002; Willam et al., 2006). The principal underlying use of HIF prolyl hydroxylase
inhibitors in these settings is that augmentation of HIF activity may enhance the endogenous
protective or reparative responses. Potentially such an approach could address a massive unmet

medical need.

A very large number of genetic and pharmacological studies have sought to address whether
activation of HIF can improve the outcome of experimental ischaemia in a range of animal models
((Aragones et al., 2008; Holscher et al., 2011; Hyvarinen et al., 2010; Takeda et al., 2011) and reviewed
in (Bishop and Ratcliffe, 2015; Eltzschig et al., 2014, Eltzschig et al., 2011b; Fraisl et al., 2009)). The
large majority, though not all, of these have delivered a positive outcome at least in the short-term.
Table 2 summarises the data on rat or mouse models of brain, heart and kidney ischaemia using agents
that are closely related or identical to those which have been used in clinical trials for anaemia. In
models of brain ischaemia, treatments either shortly before, or almost immediately after, arterial
occlusion improved outcome as assessed by infarct volume (Chen et al., 2014; Reischl et al., 2014;
Siddiq et al., 2005). In the heart, studies of coronary ligation have revealed benefit from HIF prolyl
hydroxylase inhibition both through reduction in infarct size and (when treatment has been applied
post-ischaemically) in improved ventricular function (Bao et al., 2010; Ong et al., 2014; Philipp et al.,

2006; Vogler et al., 2015). Nevertheless, these benefits need to be set against potential detrimental
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effects on cardiac function (cardiomyopathy) that have been observed with long-term genetic
inactivation of PHD2 (Minamishima et al., 2008), and which appear to be enhanced by concurrent
inactivation of multiple PHD isoforms (Minamishima et al., 2009). In the kidney, studies of transient
renal artery occlusion have observed that pre- but not post-ischaemic treatment resulted in improved
function and histological outcome (Bernhardt et al., 2006; Kapitsinou et al., 2012; Rosenberger et al.,
2008; Wang et al., 2012). Most interestingly, in a rat model of renal allo-transplantation, a single
intravenous injection of FG-4497 to the donor animals was found to improve both early and late graft
survival (Bernhardt et al., 2009). The outcome of organ transplantation involves a complex interplay
between ischaemia and immune/inflammatory pathways, so that the mechanisms underlying such an
effect are particularly difficult to define. Nevertheless, the study demonstrates the potential for

benefit from PHD inhibition in an important clinical setting.

Overall, a very large number of ischaemia-protective mechanisms have been ascribed to specific HIF
pathways or target genes. Some, such as reprogramming of cellular metabolism, effects on
apoptotic/survival pathways, or altered vascular permeability could potentially act very rapidly.
Others, for instance angiogenesis and revascularisation, tissue repair, stem cell activation and homing,
matrix remodelling, are likely to operate over a longer time-scale. However, it remains largely unclear

which of these mechanisms mediate the observed effects in the different models of ischaemia.

Although a few studies have compared treatments with HIF prolyl hydroxylase inhibitors pre- and
post-ischaemia, the time window for effective therapeutic intervention remains poorly understood.
This is an important gap in knowledge. In clinical practice, applying interventions prior to ischaemia is
extremely difficult outside planned surgical procedures. Even very early intervention after acute
ischaemia can pose logistical problems and often would require the new therapy to be trialled on top
of complex interventions that form current standards of care. These considerations may account, at
least in part, for the notoriously poor translation of findings from experimental models of ischaemia
into clinical practice, and hence for the paucity of registered clinical trials of HIF prolyl hydroxylase

inhibitors in ischaemia, in comparison with anaemia.
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Because the HIF system is capable of augmenting anti-ischaemia responses such as neo-
vascularisation, which likely operate over long periods of time, another clinical scenario which
deserves consideration is chronic ischaemia. Many patients suffer from intractable myocardial or limb
ischaemia, despite medical and surgical treatment, and might benefit from HIF prolyl hydroxylase
inhibitors. In this setting, it would be important to avoid excessive erythropoiesis, but this might be
limited by intermittent treatment regimens or the use of agents that were less concentrated in the
erythropoietin producing tissues. Alternatively some patient groups suffer concurrent anaemia where
erythropoietic effects would be desirable. For instance, diabetic kidney disease is frequently

complicated by severe vascular disease and such patients might be particularly suitable for treatment.

Unfortunately, at present there is a mismatch between the focus of experimental studies on short-
term outcome following acute ischaemia and the likely focus of clinical application. It would be useful
to understand the duration of treatment required to improve chronic ischaemia and the duration of
any effect after treatment withdrawal. To date the only reported study of clinical ischaemia is a single
dose and a 14-day trial of GSK1278863 in patients suffering from chronic limb ischaemia (Olson et al.,
2014). No improvement in symptoms or walking distance was observed and no increase in HIF target
gene expression was observed in muscle biopsies. However, this does not exclude benefit from longer

or more intense treatment or that changes would have been observed by more detailed study.

53 Inflammation

Inflammation is a central component of many human diseases, driven by multiple factors, including
responses to pathogens, tissue injury, and dysregulated immunity. HIF is commonly activated in
inflamed tissues both by hypoxia within the inflammatory cell mass and by non-hypoxic signals which
activate HIF pathways at multiple levels (Eltzschig et al., 2014; Eltzschig and Carmeliet, 2011a; Nizet
and Johnson, 2009). Activated HIF has multiple effects on immune and inflammatory cells, including
effects on differentiation, apoptosis and cytokine production (Eltzschig et al., 2014; Eltzschig and
Carmeliet, 2011a; Nizet and Johnson, 2009). Apparently conflicting responses have been described in
some cell types. For instance, in different contexts induction of HIF-1 has been reported to activate

pro-inflammatory Th17 T-cells by up-regulation and co-activation of the transcription factor ROR-gt
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(Dang et al., 2011) and to activate anti-inflammatory suppressor T-cells by transactivation of FoxP3
(Clambey et al., 2012). Other studies have described potentially opposing isoform effects of activating
HIF-1 versus HIF-2. For instance, macrophage activation can be polarised to an M1 (pro-inflammatory)
phenotype by HIF-1a or an M2 (anti-inflammatory) phenotype by HIF-2a (Takeda et al., 2010). Actions
of HIF in inflamed tissues are further complicated by diverse activities on non-inflammatory cells. For
instance, HIF activation can promote either enhanced barrier function (Furuta et al., 2001) or
epithelial-to-mesenchyme transition (Higgins et al., 2007), under different circumstances. The HIF
pathway also appears to be subverted for cell entry, replication or survival by a range of pathogens
(Deshmane et al., 2011; Kempf et al., 2005; Morinet et al., 2013; Singh et al., 2012). Despite these
complexities, activation of HIF has been reported to improve outcome in a range of inflammatory
models. Studies using HIF prolyl hydroxylase inhibitors that are closely related or identical to those in

clinical development are summarised in Table 3; for more general review see (Eltzschig et al., 2014).

In a mouse model of ulcerative colitis generated by the administration of trinitrobenezene sulphonic
acid, FG-4497 and AKB-4924 conferred therapeutic benefit as judged by the reduction of weight loss,
colon shortening and histological damage (Keely et al., 2014; Marks et al., 2015; Robinson et al., 2008).
Mechanisms of protections were proposed to include a HIF-1-mediated improvement in epithelial
barrier function and healing, as well as a decrease in the inflammatory response. In another study, of
acute lung injury in the mouse, FG-4497 was associated with reduction in leukocyte infiltration and
increased survival rate (Gong et al., 2015). In this case, the mechanism of protection in this study was
proposed to be via HIF2-dependent induction of vascular endothelial protein tyrosine phosphatase
(VE-PTP), leading to an increase in vascular barrier integrity in the lung. Other studies have examined
the effect of HIF prolyl hydroxylase inhibitors in the inflammation associated with bacterial infection.
For instance, in mice bearing Staphylococcus aureus skin abscesses AKB-4924 administration resulted
in a decrease in lesion size (Okumura et al., 2012). Subsequent study of this inhibitor in another skin
infection model (LPS-induced inflammation) proposed a HIF-1-dependent mechanism of enhanced
neutrophil recruitment by keratinocytes (Leire et al., 2013). In a mouse model of urinary-tract
infection (UTI), AKB-4924 administration directly to the bladder reduced both inflammation and

bacterial burden in the kidney caused by uropathogenic Eschericia coli (Lin et al., 2015). Another study
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reported that GSK360A mitigated the increase in blood lactate level and increased the survival rate in
an endotoxin shock mouse model; a mechanism proposed to be mediated via inhibition of the hepatic

Cori cycle (Suhara et al., 2015).

6. Summary

The available data suggests that current generation HIF prolyl hydroxylase inhibitors are effective in
the correction of anaemia associated with erythropoietin deficiency and well tolerated, at least under
the conditions studied. For the treatment of anaemia, determination of long-term safety, and efficacy
equivalent or superior to rhEPOQ, is now a key challenge. From the medical perspective, a central
guestion is whether therapy can be applied in a way that largely restricts actions to the stimulation of
erythropoietin or, if not, whether and under what circumstances the additional ‘extra-erythropoietin’

actions are beneficial or adverse.

If effectively ‘erythropoietin-restricted’ action is feasible, then a logical initial clinical strategy would
be to deploy agents that are most effectively concentrated in the erythropoietin producing organs
(kidneys and liver) and to use them at the lowest effective dose. An important question is whether
large-scale trials could initially be focused on, or enriched for, those patients who are poor responders
to rhEPO or (should evidence for heterogeneity in response to HIF prolyl hydroxylase be substantiated)
to those who respond particularly well to these agents. Of particular interest in this respect is the

apparent efficacy of HIF prolyl hydroxylase inhibitors in the face of markers of systemic inflammation.

If it is not possible to generate sufficient selectively with respect to the erythropoietin response, then
clearly there is a need to define and optimise the risk-benefit ratio of actions on other components of
the HIF hydroxylase pathways. Potential anti-ischaemic and anti-inflammatory actions have been
discussed above, as have potentially beneficial actions on iron balance and haematopoietic precursors
in the marrow. Careful experimental and clinical assessment is required to assess, and, if possible,
optimise these effects. Equally, possible adverse effects, such as cardiomyopathy, pulmonary
vasoconstriction, retinal neo-vascularisation, and pro-inflammatory effects, need to be assessed and

avoided. This complexity creates a problem in defining priorities.
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Since in many groups of renal patients there is a high incidence of cardiovascular disease, and high
dose rhEPO has been associated with increased cardiovascular risk, a critical question is whether HIF
prolyl hydroxylase inhibitors have clinically useful benefits on cardiovascular disease in this setting.
Defining as accurately as possible, from experimental animal and early phase clinical studies, the time
windows under which beneficial effects can be observed on the most clinically relevant parameters
will be important. Unfortunately, to date, experimental studies have largely been confined to
assessment of short-term improvement under dosing conditions that will be difficult to translate into
clinical practice. In the future, it will be important to define the dose/time windows necessary to
generate improved vascular flow in diseased vessels and/or sustained functional improvement in
ischaemic tissues. Also important in guiding definitive clinical studies will be the careful assessment of

effects on known cardiovascular risk factors, such as blood pressure, lipid and glucose homeostasis.

In parallel with defining strategies for treatment of anaemia, an important consideration is whether
HIF prolyl hydroxylase inhibitors could be used in hypoxic disease settings that are not associated with
anaemia. Acute and chronic ischaemia of different organs represents an enormous area of unmet
medical need. However, it is an area with a particularly poor record for the translation of experimental
findings into clinical practice. As outlined above, we would argue for greater investment in defining
the dosage and time windows required to generate clinically useful signals of efficacy. This is
particularly the case as it will likely be necessary to define dosing schedules that avoid excessive
erythrocytosis. Similar considerations apply to the use of HIF hydroxylase inhibitors in inflammatory
conditions. Here an important consideration is whether agents can effectively be formulated for non-
systemic use. Experimental studies have suggested benefit in gastro-intestinal (colitis) and skin
conditions (chronic ulceration, wound healing (Botusan et al., 2008; Kalucka et al., 2013; Wetterau et
al., 2011; Zimmermann et al., 2014)) that might respond to the local application of HIF hydroxylase
inhibitors. Indeed, GSK is currently recruiting participants in a Phase 1 clinical trial of topical
GSK1278863 administration as treatment for wound healing in subjects with diabetic foot ulcers

(https://clinicaltrials.gov/ct2/show/NCT01831804 ?term=1278863&rank=17).
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From the chemical and pharmacological perspective, these considerations argue strongly for the
development and careful testing (e.g. variations in dosing regimes/delivery methods) of multiple PHD
inhibitors with different profiles, including with respect to PHD/HIF isoform selectivity and
pharmacodynamic properties. As argued above, it is likely that the molecules that are most
concentrated in the kidneys and liver would likely be the most appropriate in treating anaemia.
Equally, if non-erythropoietic effects are desired, then agents that are the least concentrated in the
kidneys and liver or preferentially targeted to other organs are likely to be the most appropriate.
Defining non-invasive pharmacodynamic measures that could be applied clinically (e.g. assessment of
metabolic actions in different organs, including the brain, by PET scanning, or MR assessments of
perfusion) would be useful in defining whether existing dosing schedules were indeed affecting the

desired target organs.

Structural and kinetic considerations, together with evidence for differential effects on HIF-a substrate
displacement amongst existing inhibitors, indicate that chemical differentiation should be possible.
Though overall domain structure is conserved, degradation of HIF-1la and HIF-2a appears to be
differentially dependent on NODD and CODD sites of prolyl hydroxylation and on the activity of
different PHDs. Since these HIF-a isoforms have apparently opposing effects on some responses to
hypoxia, even modest specificity amongst HIF prolyl hydroxylase inhibitors might generate clinically
useful differentiation. On the other hand, the continuing activity of FIH will modulate the expression
of specific sets of HIF target genes in cells exposed to HIF prolyl hydroxylase inhibitors (Dayan et al.,
2009; Dayan et al., 2006). Therefore, the design of inhibitors that combine activity against the two

types of HIF hydroxylases may be useful in some circumstances.

To support this translational work, relevant areas of basic biology require further investigation. In
considering the design of substrate selective inhibitors, the biological significance of the very large
number of non-HIF substrates that have been reported for the HIF prolyl hydroxylases requires urgent
clarification. On the other hand, a better understanding of whether, and under what circumstances,
other 20G oxygenase activities contribute to the regulation of specific components of the HIF pathway

would be helpful in assessing the utility of inhibitors with broader activity profiles. Given evidence of
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the binding of existing HIF prolyl hydroxylase inhibitors to a number of other 20G oxygenases, more

extensive profiling of inhibitors against 20G oxygenases will be important.

In our view these considerations argue strongly for complementing current translational efforts with
attempts to design and test chemically diverse inhibitors in the most clinically relevant models, and in
small-scale human studies, in order to define the therapeutic potential of this new area of medicine

as fully as possible.

Figure legends

Figure 1:

Schematic diagram illustrating the oxygen dependent regulation of HIF-a by the PHDs and FIH.
Possible interventions to activate (blue boxes) or to inactivate (orange boxes) the HIF pathway are

indicated.

Figure 2:
Outline of the catalytic mechanism for PHDs and FIH showing possible modes of inhibition for PHD

and FIH.

Figure 3: The PHDs and FIH belong to different structural subfamilies of 2-oxglutarate dioxygenases.
A) View from a crystal structure of the catalytic domains of PHD2, highlighting the flexible B2B3 loop
and the HIF-1a CODD substrate relative to the 20G/NOG binding site (left panel). Note the B2B3 loop
folds to enclose the substrate at the active site. View of the PHD2 active site, highlighting the metal
coordination by His313, Asp315, His374 and NOG, as well as the electrostatic interaction between the
C-5 carboxylate of NOG (a 20G isostere) and Arg383 (middle panel). The HIF-1a prolyl hydroxylation
reaction as catalysed by the PHDs (right panel).

B) View from a crystal structure of the FIH dimer, highlighting the HIF-1a CAD substrate relative to the
20G binding site (left panel). View of the FIH active site, highlighting metal coordination by His279,

His199, Asp201 and 20G, as well as interaction between the 20G and C-5 carboxylate with a lysine
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(Lys214) rather than an arginine, as in PHD2 (middle panel). The HIF-1a asparaginyl hydroxylation

reaction as catalysed by FIH (right panel).

Figure 4: PHD inhibitor binding modes

Views of N-oxalylglycine (NOG) (A), FG-2216 (B) and on I0X4 analogue (10X4 is identical except for the
presence of a t-butyl ester rather than an acid (C) binding modes to the active site of PHD2. (D)
Chemical structures of PHD inhibitors in clinical and/or pre-clinical studies; structural similarities to

the inhibitors with binding information highlighted in colour.

Figure 5: Entrances to the active site of PHD2 and FIH.
Surface representation from crystal structures of FIH in complex with N-oxalyl-D-phenylalamine (left)

and PHD2 in complex with FG-2216 (right), comparing the entrances to the active site cavities.
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HIF hydroxylase inhibitors in pre-clinical and clinical studies

Table 1: Anaemia

Inhibitor

Disease model

Species

Route of
administration

Outcome

References

PRE-CLINICAL STUDIES

BAY 85-3934 Normal
(Molidustat)

Rat

Oral

Increased plasma EPO,
proportion of reticulocytes
and EPO mRNA (in the
kidney) with single dose.
Increased haematocrit with
repeat doses (once daily)
over 26-day period.

Normal

Cynomolgus
monkey

Oral

Increased plasma EPO with
single dose.

Increased haemoglobin, red
blood cell counts and
reticulocytes with repeat
doses (once daily) over a
28-day period.

Gentamicin-
induced renal
anaemia

Rat

Oral

Increased plasma EPO and
EPO mRNA (in the kidney
and liver) with single dose.

Prevented decline in
haematocrit (over >35-day
period) and corrected
decrease in haemoglobin
(after 7-day period) in this
anaemia model with repeat
doses (5 doses a week).

(Flamme et
al., 2014)
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PGPS-induced Rat
inflammatory
anaemia

Oral

Reversed decline in
haematocrit and increased
in EPO mRNA (in the
kidney) with repeat doses
(once daily) over a 5-week
period.

Decreased mRNA levels of
hepcidin and monocyte
chemotaxic-protein-1.

FG-2216 Normal Mouse

Intravenous

Increased plasma EPO
with single dose.

Normal Rhesus

macques

Oral

Increased plasma EPO with
single dose.

Increased proportion of
reticulocytes and HbF-
containing reticulocytes
with repeat doses (twice
weekly) over a 2-week
period.

(Hsieh et al.,
2007)

FG-4497 Normal Mouse

Oral
and
intravenous

Increased plasma EPO with
single dose.

Increased haemoglobin and
haematocrit with repeat
doses (3 doses) over 7-day
period.

(Robinson et
al., 2008)

JNJ- Normal
42041935

Mouse

Oral

Increased plasma EPO with
single dose.

Increased proportion of
reticulocytes, haemoglobin
and haematocrit after
repeat doses over a 5-day
period (once daily).

PGPS-induced Rat
inflammatory
anaemia

Oral

Increased reticulocytes, red
blood cell count,
haemoglobin, haematocrit,
MCV and MCH with repeat
doses (once daily) over a
14-day period.

(Barrett et al.,
2011)
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JNJ- Normal
42905343

Rat Oral

Increased plasma EPO with
single dose.

Increased mRNA levels of
DcytB and DMT-1 (in the
duodenum) and EPO (in the
kidney and liver) with single
dose.

Increased haemoglobin,
MCH and MCV with repeat
doses (once daily) over a
28-day period.

PGPS-induced
inflammatory
anaemia

Rat Oral

Increased plasma EPO with
single dose.

Increased mRNA levels of
DcytB and DMT-1 (in the
duodenum) with single
dose.

Increased haemoglobin,
MCH and MCV with repeat
doses (once daily) over a
28-day period. Also
reduced bone marrow
damage and increased in
red blood cells precursors
with inhibitor treatment
compared to vehicle
control.

(Barrett et al.,
2015)

CLINICAL STUDIES

FG-2216 Anaemia
(Phase | trial)

Haemodialysis Oral
subjects

(including

anephric)

Healthy
subjects

Increased plasma EPO in all
subjects with single dose
within 24 h.

Increased reticulocyte
counts in nephric patients
with repeat doses (once
daily) over a 7-day period.

(Bernhardt et
al., 2010)
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(Phase 2a trial)

and non-
dialysis CKD
subjects

and plasma EPO levels in
non-dialysis subjects with
once daily dose over a 4-
week period. Also
decreased hepcidin levels.

Maintained haemoglobin
levels after switching from
rhEPO in haemodialysis
subjects with once daily
dose over a 4-week period.
Also increased in EPO levels
and no change in hepcidin
levels from baseline.

FG-4592 Anaemia Anaemic non-  Oral Increased haemoglobin (Besarab et
(Phase 2a trial) dialysis- levels and plasma EPO, and al., 2015b)
dependent reduced serum hepcidin
CKD subjects levels in inhibitor-treated
subjects with 2x weekly or
3x weekly doses over a 4-
week period.
Anaemia Haemodialysis Oral Increased haemoglobin (Besarab et
(Phase 2b or peritoneal levels and reduced serum al., 2015a)
trial) dialysis CKD hepcidin levels, with 3x
subjects with weekly doses over a 12-
or without week period.
iron
supplements
GSK1278863 Anaemia Haemodialysis Oral Increased in haemoglobin (Holdstock et

al., 2015)

rhEPO: recombinant human EPO; PGPS: Peptidoglycan-polysaccharide; MCV: mean corpuscular volume; MCH:

mean corpuscular haemoglobin. DcytB: duodenum cytochrome B; DMT-1: divalent metal transporter-1, CKD:

chronic kidney disease
FG-2216 is also known as 10X3.
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Table 2: Ischaemia

Inhibitor Disease model Species Route of Outcome References

administration

PRE-CLINICAL STUDIES

Brain

Compound A  Permanent Rat Oral Reduced brain infarct size (Siddiqg et al.,
cerebral with treatment at 6 h beforea 2005)
ischaemia permanent MCAO.

FG-2216 Transient Mouse Intravenous Reduced brain infarct size (Chenetal.,
cerebral with treatment at 24 h before 2014)
ischaemia transient MCAO.

FG-4497 Permanentand Mouse Intraperitonial  Reduced brain infarct size and (Reischl et al.,
transient decreased formation of 2014)
cerebral vasogenic oedema with
ischaemia treatment at 6 h before

transient MCAO.

Reduced brain infarct size
with treatment at 1 h after
permanent MCAO.

Heart

FG-2216 Myocardial Rat Oral Improved cardiac function (Philipp et al.,
infarction (without effect on infarct size) 2006)

with treatment over a 9-day

period starting at 48 h prior to

LAD ligation.
Myocardial Mouse Intraperitonial  Reduced myocardial infarct (Vogler et al.,
infarction size with treatment (two 2015)

doses) before (1 and 6 h) or

after (1 and 5 h) LAD ligation.

GSK360A Myocardial Rat Oral Improved heart ventricular (Baoetal.,
infarction function (without effect on 2010)

infarct size) with treatment
over a 28-day period starting
48 h after LAD ligation.
Myocardial Rat Oral Reduced myocardial infarct (Ongetal.,
infarction size with treatment at 4 h 2014)
prior to LAD ligation.
Kidney
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GSK1002083A

Renal ischaemia

Mouse

Oral

Improved renal function,
prevented development of
fibrosis, inflammation and
anaemia with pre-ischemic
treatment (two doses at 48 h
and 6 h prior to ischaemia)
but not post-ischemic
treatment (two doses at 2 and
4 days after ischaemia).

(Kapitsinou et
al., 2012)

FG-4497

Renal ischaemia

Rat

Intravenous

Improved renal blood flow
and protection of distal
tubules from injury in this ex
vivo AKI model with pre-
ischemic treatment (single
dose at 6 h prior to
ischaemia).

(Rosenberger
et al., 2008)

Renal allo-
transplantation

Rat

Intravenous

Improved early and late graft
survival, reduced tubular
necrosis and improved renal
morphology with pre-
transplantation treatment of
donor animal (single dose at 6
h prior to kidney
explantation).

(Bernhardt et
al., 2009)

FG-4487

Renal ischaemia

Rat

Intraperitonial

Improved renal function,
reduced tissue damage and
reduced apoptosis with pre-
ischemic treatment (single
dose at 6 h prior to
ischaemia).

(Bernhardt et
al., 2006)

FG-2216

Renal ischaemia

Rat

Subcutaneous

Improved renal function and
morphology with pre-ischemic
treatment (single dose at 6 h
prior to ischaemia) but not
post-ischemic treatment
(single dose after ischaemia, 1
minute prior to reperfusion).

(Wang et al.,
2012)

CLINICAL STUDIES
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GSK1278863

Limb ischaemia 46

Oral

subjects

with
PAD

No improvement on exercise
performance or increased in
HIF target genes expression in
PAD patients treated with
single dose or repeat doses
(once daily) over a 14-day
period.

(Olson et al.,
2014)

MCAO: middle cerebral artery occlusion, LAD: left anterior descending artery, AKI: acute kidney injury, PAD

(peripheral artery disease).

Table 3: Inflammation

Inhibitor

Disease model

Species

Route of
administration

Outcome

References

FG-4497

Colitis

Mouse

Intraperitonial

Attenuated weight loss and colon
shortening with treatment (3 doses;
1 day before, 4 hours before, 1 day
after TNBS administration).

Reduced inflammatory infiltrate,
increased intact epithelium and
increased overall preservation of
tissue architecture.

Decreased mRNA of TNFa and IFNy
(both inflammatory cytokines
associated with TNBS-induced
colitis) in epithelial-enriched colonic
scrapings.

(Robinson et
al., 2008)

Sepsis-induced
lung injury

Mouse

Intravenous

Reduced lung injury and leukocyte
infiltration into the lung with pre-
treatment (single dose, 3 days
before LPS injection).

Improved survival rate with post-
treatment (single dose, 2 h after LPS
injection).

(Gongetal.,
2015)

AKB-4924

Colitis

Mouse

Subcutaneous

Reduced weight loss, attenuated
colon shortening, reduced tissue
damage and reduced intestinal
permeability with repeat doses
(once daily) starting from 24 h
before TNBS-induced colitis up to 7
days after.

(Keely et al.,
2014)
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rate with treatment immediately
after LPS injection.

Colitis Mouse  Oral and Reduced weight loss, reduced tissue (Marks et al.,
intraperitonial  inflammation, increased mucosal 2015)
barrier function with repeat doses
(once every 48 h) starting from 24 h
before TNBS-induced colitis up to 7
days after.

Skin abscess Mouse  Intralesion Reduced lesion size with repeat (Okumura et
doses (3 doses at 0, 6 and 24 h) after al., 2012)
subcutaneous injection of
Staphylococcus aureus (MSSA strain)

LPS-induced Mouse  Intradermal Enhanced neutrophil recruitmentto (Leire et al.,

inflammation site of simultaneous inject of LPS 2013)
and inhibitor.

UTI Mouse  Transurethral Reduced bacterial burden in the (Linetal.,
urine, bladder and kidneys with 2015)
single dose treatment at 1 h prior to
UPEC injection.

Decreased in pro-inflammatory
cytokine release and neutrophil
activity in the bladders and kidneys.
GSK360A Lactic acidosis Mouse  Oral Attenuated the increase in blood (Suhara et
lactate level and increased survival al., 2015)

TNBS: trinitrobenzene sulfonic acid, TNFa: tumour necrosis factor-a; IFNy: interferon-y, MSSA: methicillin-
sensitive strains, LPS: lipopolysaccharide, UTI: urinary tract infection, UPEC: uropathogenic Eschericia coli.
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