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Hypoxia and inflammation share an interde-
pendent relationship (1). Many recent publica-
tions implicate hypoxia-elicited inflammation,
or inflammation during hypoxic conditions
in the outcomes of a wide array of human
diseases (2). On the one hand, inflammatory
disease states are frequently characterized by
tissue hypoxia, or stabilization of hypoxia-
dependent transcription factors, such as
hypoxia-inducible factor (HIF) (3). For ex-
ample, intestinal inflammation, such as oc-
curs during inflammatory bowel disease, is
characterized by the occurrence of severe

hypoxia of the mucosal surface, and con-
comitant stabilization of HIF (4, 5). Stabili-
zation of HIF1A during intestinal inflam-
mation is caused by alterations in metabolic
supply and demand ratios, particularly for
oxygen, leading to “inflammatory hypoxia”
(6). Similarly, lung inflammation, such as
occurs during acute lung injury, is associated
with metabolic alterations leading to the sta-
bilization of HIF1A (7). On the other hand,
disease conditions that are primarily caused
by a lack of oxygen are characterized by sec-
ondary inflammatory changes. For example,

ischemia and reperfusion injury is charac-
terized by inflammatory responses that lead
to subsequent organ dysfunction (8). The
functional role of hypoxia-signaling and sta-
bilization of HIFs during acute inflamma-
tory or hypoxic disease states has been the
focus of many recent studies. Surprisingly,
many of these studies show that pharmaco-
logic stabilization of HIF functions in an
adaptive manner by increasing ischemia tol-
erance (9) and controlling excessive inflam-
mation (10). Many of the studies have linked
the anti-inflammatory effects of hypoxia-
signaling to a transcriptional program that
is under the control of HIF, where pharma-
cologic activators of HIFs provide tissue
protection (11, 12). However, a recent study
by Scholz et al. provides a different per-
spective on the mechanism of how hypoxia-
signaling can function to dampen tissue
inflammation (13). Scholz et al. provide com-
pelling evidence that hydroxylases, which are
inhibited by hypoxic conditions, modulate in-
flammation via key posttranslational modifi-
cations in the IL-1β pathway, with important
implications for the use of hydroxylase in-
hibitors for the treatment of inflammatory
disorders.
Hydroxylases play a central role for the link

between hypoxia and inflammation. Spec-
ifically, a set of four different hydroxylases—
prolyl-hydroxylases (PHD)-1, PHD2, and
PHD3, and the asparagine-hydroxylase
factor-inhibiting HIF (FIH)—have been im-
plicated in the posttranslational regulation
of hypoxic and inflammatory signaling path-
ways (2). These four enzymes are known for
their functional role in controlling the stabil-
ity of the α-subunit of HIF. Both FIH and
PHDs require oxygen as a cofactor for hy-
droxylation and if oxygen levels fall, FIH and
PHDs are functionally inactive, thereby lead-
ing to the stabilization of HIF and subsequent
activation of hypoxia-elicited genes. There-
fore, hydroxylases, such as FIH and PHDs,
play an important functional role as cellular
oxygen sensors, by sensing the presence or
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Fig. 1. Schematic overview of the molecular interaction between the HIF and the NF-κB pathways. In hypoxic conditions
(Left), hypoxia-inducible factor (HIF) α and HIF-β subunits translocate to the nucleus, where they bind as heterodimers to
a hypoxia response promoter element (HRE), inducing transcription of numerous genes, including those of nuclear factor
κB (NF-κB) and toll-like receptors (TLRs). In normoxia, HIF-α is hydroxylated by prolyl-hydroxylases (PHDs) and factor-
inhibiting HIF (FIH), and is thereby targeted for proteasomal degradation (in the case of PHDs) or rendered transcriptionally
less active (in the case of FIH; not shown here). In resting cells (Right), NF-κB, a heterodimer consisting of p50 and p65
subunits, is inactive in the cytosol because it is associated with nuclear factor of kappa light polypeptide gene enhancer in B
cells alpha (IκBα), a regulatory component of NF-κB. At the time of cellular activation, the beta subunit of the IκB kinase
complex (IKKβ) phosphorylates the inhibitor IκBα, which thereby becomes degraded and liberates NF-κB for translocation
in the nucleus, where it can activate the transcription of inflammatory genes as well as of HIF (genes involved in tissue
protection and homeostasis are not shown). PHDs and FIH regulate NF-κB activation by controlling the activity of IKKβ.
From Eltzschig and Carmeliet (2). Reprinted with permission from the Massachusetts Medical Society.
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absence of oxygen and controlling the sub-
sequent stabilization of HIFs (Fig. 1) (2).
Importantly, HIF-elicited gene programs have
been shown in a wide variety of inflamma-
tory disease models to dampen hypoxia-
induced inflammation, for example, through
the enhanced production and signaling ef-
fects of anti-inflammatory signaling mole-
cules, such as adenosine (6) or netrin-1 (14).
However, there are many additional links

between hypoxia-signaling and inflammatory
gene expression. For example, a recent study
contributed to the definition of the relation-
ship between NF-κB and HIF-1 by showing
that NF-κB is a critical transcriptional activa-
tor of HIF-1 (15). Similarly, previous studies
from Taylor’s laboratory have significantly
contributed to our understanding of the re-
lationship between hypoxia signaling and the
NF-κB pathway. Based on the observation
that the transcription factor NFκB is acti-
vated in hypoxia, Taylor’s research team
demonstrated that hypoxia activates NF-κB
through a pathway involving activation of
IκB kinase-β (IKKβ), leading to phosphory-
lation-dependent degradation of IκBα and
liberation of NF-κB (16). These findings in-
dicate that hypoxia leads to NF-κB activation
through decreased PHD-dependent hydrox-
ylation (resulting in evasion of degradation)
of IKKβ (16).
These results are somewhat in contrast to

many reports that consistently demonstrate
an anti-inflammatory role of hydroxylase
inhibitors, such as dimethyloxallyl glycine
(DMOG) (7, 10, 17–19). Indeed, in their
most recent work, Scholz et al. confirm that
hydroxylase inhibitor treatment using DMOG
is associated with attenuated IL-1β–induced
NF-κB activity in vitro or in vivo (13). In
other words, these findings indicate that the
activity of hydroxylases is required for IL-
β–induced NF-κB activation. To identify the
responsible hydroxylase, the authors next
performed siRNA-mediated repression of
individual hydroxylases, including PHD1
to -3 and FIH. These findings indicated that
a combination of PHD1 and FIH knock-
down is associated with attenuated IL-1β–
induced NF-κB activity (13). Having demon-
strated that hydroxylase inhibitors regulate
IL-1β–induced NF-κB signaling, the next step
was to identify possible substrates for hydrox-
ylation in the IL-1β pathway. For this pur-
pose, Scholz et al. used an unbiased mass

spectrometry-based approach to identify pro-
teins that coimmunoprecipitate with indi-
vidual hydroxylase isoforms. These studies
demonstrated that several proteins of the
IL-1β signaling pathway form complexes with

Scholz et al. contribute
significantly to our
understanding of how
hydroxylase inhibitors
function to dampen
excessive inflammation
at the interface
between hypoxia and
inflammation.
either PHD1 or FIH, and subsequent studies
provide indirect evidence that several of these
proteins are hydroxylated. Taken together,
the present studies of Taylor’s research team
demonstrate that PHD1 and FIH play a
central role in modulating IL-1β–induced
NF-κB activity, and several proteins in the
IL-1β signaling pathway were found to be
associated with hydroxylases. Furthermore,
peptides from these (and other) IL-1β sig-
naling proteins are found in the hydroxylated
state. As such, these studies shed a different

light on the mechanism of how hydroxylase
inhibitors can function to dampen inflam-
mation. Importantly, these anti-inflammatory
effects of hydroxylase inhibitors are indepen-
dent of HIF1A and indicate a more global
role of PHDs and FIH outside of the HIF
pathway. These findings are very timely and
important from a translational perspective.
Indeed, a recent phase 1 clinical trial suc-
cessfully used a hydroxylase inhibitor in the
treatment of renal anemia (20), indicating
that these compounds can be used safely in
patients. Moreover, many preclinical studies
demonstrate therapeutic effects of hydroxy-
lase inhibitors in pathologic conditions
characterized by hypoxia-associated inflam-
mation (e.g., ischemia and reperfusion in-
jury) (9, 17, 19) or during inflammatory
diseases characterized by tissue hypoxia or
HIF activation (5, 7). As such, the present
studies of Scholz et al. (13) contribute sig-
nificantly to our understanding of how
hydroxylase inhibitors function to dampen
excessive inflammation at the interface be-
tween hypoxia and inflammation.
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