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nterrelationships Among Hypoxia-Inducible
actor Biology and Acid-Base Equilibrium
enry N. Hulter and Reto Krapf

In this article, we try to summarize the most important novel biological information on the
complex interrelationships between acid-base alterations and hypoxia-inducible factor
(HIF) signaling. Extracellular and intracellular acid-base alterations affect HIF signaling in
part independently of hypoxia, and involve, among others, effects on cytoprotection and
apoptosis. Conversely, HIF signaling may affect systemic and local acid production rates
and has been implicated in the mechanism of the acute hyperventilatory response (ie,
respiratory alkalosis) in response to hypoxia as well as for hypoxia-induced pulmonary
artery hypertension (PAH), although the latter data are quite preliminary and can be
explained by alternative mechanisms. Thus, this review calls attention to these relation-
ships for renal physiologists and nephrologists to stimulate focused clinical observations
and specific investigative efforts as proposed in this overview.
Semin Nephrol 26:454-465 © 2006 Elsevier Inc. All rights reserved.

KEYWORDS cancer, iron deficiency, HIF, hypoxia, acidosis, acid-base, respiratory alkalosis,
pulmonary artery pressure, endogenous acid production
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ypoxia-inducible factor (HIF) is a heterodimeric transcrip-
tion factor family comprising oxygen-sensitive HIF-� sub-

nits that function only after heterodimerizing with an oxygen-
nsensitive HIF-1� subunit (Fig 1). Thus, HIF-1� is stably
resent intracellularly whereas HIF-� (chiefly HIF-1� and
IF-2� isoforms) is produced constitutively but fails to accu-
ulate under normoxic conditions owing to recruitment and

inding by the tumor-suppressor protein, von Hippel-Lindau
pVHL), and targeted degradation through the ubiquitin-pro-
easome pathway.1 pVHL exists in the cytoplasm as a multimeric
rotein complex (VCB-Cul2 in which VHL is bound to elongin
, elongin B, Cul-2, and Rbx1) and shows numerous other

unctions besides HIF binding. The molecular mechanism for
xygen-dependent degradation of HIF-� is based on the hy-
roxylation of defined proline residues on HIF-�, catalyzed by a
amily of HIF prolyl hydroxylases (dioxygenases) that require

olecular oxygen as a substrate, with iron and 2-oxoglutarate as
ofactors. Thus, HIF prolyl hydroxylases (HIF-PHDs) act as the
ody’s main oxygen sensor, and under hypoxic conditions be-
ome inactivated to allow for HIF-� stabilization and initiation
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f the HIF-responsive transcriptional cascade.2,3 As counter-
oint, the PHD isoform PHD2 has been reported to undergo
obust hypoxic induction. This may represent a feedback con-
rol mechanism that dampens hypoxic gene responses or pre-
ents overstimulation in the posthypoxic period.4 The PHD iso-
orms also appear to have low substrate specificity, raising the
ossibility that non-HIF substrates may be regulated by this
amily of dioxygenases.5

On stabilization, the HIF-�/HIF-� heterodimer rapidly trans-
ocates into the nucleus, where it binds to a conserved DNA

otif found within the promoters of all HIF target genes, termed
he hypoxia response element (HRE), and, in cooperation with
ther coactivators such as p300, initiates de novo transcrip-
ion.6,7 Numerous genes have been shown to be under HRE
ontrol including those with erythropoietic, cytoprotective, and
etabolic functions (eg, erythropoietin [EPO], heme oxygen-

se-1, glucose transporter-1, vascular endothelial growth factor
[VEGF-A]).

ole of Acidosis
r Intracellular pH in
egulating HIF: Possible
ole in Cytoprotection

cidification of media in vitro provides cytoprotection dur-

ng hypoxic injury in myocardial,8 renal cortical,9 and corti-
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HIF and Acid-Base Equilibrium 455
al neuronal10 cells, as well as in isolated perfused liver,11

aising the possibility that cell acidification also might regu-
ate HRE gene responses or share the HIF pathway with hy-
oxic stimuli. After 6 hours of normoxic exposure to hyper-
apnic media (pH 7.0, in vitro respiratory acidosis), HIF-1�
rotein was increased by more than 3-fold in Hep3B liver
ells and this effect also was found after 20 hours of isocapnic
H reduction (14 mmol/L HCO3), albeit to a lesser extent
han that achieved by severe hypoxia.12 Moreover, in hypoxic
eLa cells, both 6 and 20 hours of superimposed hypercap-
ic acidification resulted in significant additional HIF-1�
rotein accumulation beyond that produced by hypoxia
lone. Isocapnic acidification (a model of in vitro metabolic
cidosis) of hypoxic HeLa cells also produced significant ad-
itional HIF-1� accumulation beyond that afforded by hyp-
xia alone.12 Importantly, using a luciferase reporter gene
onstruct in HeLa cells, isocapnic medium acidification in-
reased HRE-mediated gene transcription rates under both
ormoxic and hypoxic conditions, which in the case of hy-
oxic cells resulted in an additional doubling of reporter gene
xpression. Normocapnic acidification induced selective am-
lification of specific hypoxia-induced gene responses. As
nalyzed by quantitation of messenger RNA (mRNA) levels of
arbonic anhydrase IX, a HRE-modulated gene, a significant
mplification by normocapnic acidification was shown, al-
hough such amplification was not found for glucose trans-
orter-1.12

The inducible isoform of heme oxygenase (HO-1), another
RE-responsive gene, also has been reported recently to be
p-regulated by extracellular acidification, via both tran-
criptional and posttranscriptional mechanisms in primary
ultures of both aortic and pulmonary artery smooth muscle
ells.13 Because heme oxygenase-1 provides a classic cytopro-
ective, anti-inflammatory, and antiproliferative response to
ypoxia as mediated by HIF stabilization, it will be interest-

Figure 1 HIF regulation of gene transcription. PH, prol
(Color version of figure is available online.)
ng to evaluate the relative roles of acidosis and hypoxia in the c
verall response to organ injury (eg, in response to ischemia)
nd acute renal failure in particular.

Although overall understanding of the mechanism of acid-
fication-mediated HRE gene transcription is at a very early
tage, there are a number of possible control mechanisms to
onsider. For example, the relative roles and possible inter-
lay of HIF-1� and HIF-2� on acidosis-induced HRE gene
xpression has not been explored thoroughly and will be
mportant to consider because some HIF target genes are
elatively isoform-specific (eg, EPO is under predominant
ontrol by HIF-2� in hypoxia). In HeLa cells, hypoxia in-
reased PHD3 mRNA whereas superimposed isocapnic acid-
fication significantly further amplified PHD3 mRNA abun-
ance without an effect on either PHD1 or PHD2.12

Thus, it will be important to assess the specific question of
hether acidosis might provide a homeostatic signal to brake
r counter-regulate the exuberant HIF stabilization engen-
ered by hypoxia. For example, if PHD1 and PHD2 protein
xpression are ordinarily rate limiting for HIF-� stabilization
s a hypoxic event occurs, then is it possible that a variable
oncomitant local or systemic acidosis provides additional
HD activity to extinguish HIF-mediated HRE activity in a
ecessary and timely manner?

ossible Role of VHL
ransport/Sequestration in
etermining Acidosis-Induced
RE Gene Expression Responses

ecently reported studies in cultured myoblast cells, neu-
ons, and renal cell cancer cells have shown that isocapnic
xtracellular fluid (ECF) acidification from pH 7.2 to 6.3
HCO3 reduction) results in VHL protein undergoing rapid
ransport from its normally diffuse cytoplasmic/nuclear lo-

roxylase; Asn, asparaginyl; FIH, factor inhibiting HIF.
yl hyd
alization into a highly sequestered nucleolar locale under
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456 H. Hulter and R. Krapf
ither hypoxic or normoxic conditions (Fig 2).14 In these
tudies, normohydric hypoxia stabilized HIF as expected by
reventing PHD activity owing to the unavailability of O2 for
IF hydroxylation. In contrast, under acidic conditions, un-
er either basal normoxia or after re-oxygenation after hyp-
xia, HIF also was stabilized. Thus, under all conditions in
hich nucleolar sequestration of pVHL (exclusively acidic

onditions) is obtained, pVHL was inactive or physically de-
ied access to its HIF target for subsequent HIF degradation.
The mechanism for extracellular acidification to sequester

VHL in the nucleolus has been elucidated further. Ordi-
arily, under normohydric conditions, the VCB-Cul2 com-
lex is quite mobile within the cell. A protein surface region
f the VHL � sheet domain has been identified as a discrete
H-responsive nucleolar detention signal that targets the en-
ire multimeric VCB-Cul2 ubiquitin ligase complex to nucle-
li.15 To date there are no reports relating changes in intra-
ellular pH (pHi) to nucleolar detention. Interestingly,
ucleolar pH measurements using intracellular fluorophores

igure 2 Extracellular acidification by metabolically active cells trig-
ers the redistribution of VHL to a subnuclear (nucleolar) locus in
ormoxia. Human embryonic kidney (HEK) 293 cells with endog-
nous VHL or VHL-deficient 786 to 0 renal cancer cells expressing
denovirus-introduced VHL-green fluorescence protein (GFP) or
FP are shown. Cells were incubated in standard (SD, pH stable at
.2) or acidic (AP, low HCO3, pH 5.8-6.0) media. Alternatively,
xogenous lactic acid was added to cells in standard media (SD, pH
table at 6.0). Staining for endogenous VHL or detection of GFP
ignal identified protein localization. Inset shows C2C12 mouse
broblast myotubes and PC12 neurons, which failed to acidify AP
edia under normoxia and showed no change in the localization of

denovirus-introduced VHL-GFP. Adapted by permission from Nat
ell Biol,14 2004. (Color version of figure is available online.)
nd confocal microscopy have found the nucleolus to be n
ignificantly more acidic than surrounding nucleus and cy-
oplasm.16

Because acidosis is observed in ischemic tissues and is a
unction of hypoxic stress, Mekhail et al17 have proposed that
cid-induced nucleolar sequestration of pVHL provides a
echanism for prolongation of HIF-induced cytoprotection

y virtue of making pVHL refractory/unavailable to degrade
IF even when tissue O2 tension subsequently is normalized

s noted in Figure 3.

an HIF Stabilization
ontrol Systemic
etabolic Acid Production
ia its Effects on Glycolysis?

ot only is acidosis reported to be a mediator of HIF stabili-
ation and downstream gene expression, but there is evi-
ence that the generation of metabolic acid itself can be de-
endent on the presence of HIF. In mouse embryonic
broblast (MEF) cells, the ability to shift during hypoxia from
xidative to glycolytic metabolism with increased acid gen-
ration, the Pasteur effect, has been shown to be dependent on
IF. When glucose-replete MEF cells are exposed to 72
ours of hypoxia, cells with deleted HIF-1� show a signifi-
ant defect in lactate and acid generation of sufficient magni-
ude to fully prevent the medium pH reduction observed in
ild-type cells and is associated with a significant decrease in

ree adenosine triphosphate (ATP) levels.18

Further evidence for a critical role of HIF in glycolytic
apacity with metabolic acid generation and its effects on cell
urvival was reported using A549 lung adenocarcinoma cells.
nockdown of HIF-1� expression with specific small inter-

ering RNA (siRNA) inhibited lactate production and in-
reased medium pH while protecting the cells from hypoxia-
nduced apoptosis.19 On the other hand, overexpression of
IF-1� resulted in increased glycolysis, acidification of the
edium, and increased hypoxia-induced apoptosis.
hether HIF-induced glycolysis-driven acidification per se

xplains some of the reported tumor-protective effects of HIF
tabilization20,21 remains to be determined.

Thus, although existing evidence suggests that systemic
IF stabilization might result in increased organic acid pro-
uction owing to increased expression of glycolytic enzymes,

t is still not clear, in vivo, how HIF stabilization might affect
actate and pyruvate oxidation rates that are critical determi-
ants of the net organic acid production rate. For example,
or glycolysis to manifest as an increased in vivo acid produc-
ion rate, mitochondrial pyruvate disposal must be inhibited.
ormally pyruvate dehydrogenase converts pyruvate to

cetyl-CoA. Pyruvate dehydrogenase activity is ordinarily
nder the inhibitory influence of pyruvate dehydrogenase
inase-1, activation of which increases lactic acid produc-
ion. Recently, it has been reported that HIF-1� has the poten-
ial to suppress lactate oxidation via transactivation of pyruvate
ehydrogenase kinase-1 in mouse embryo fibroblasts.22 HIF
ffects on in vitro and in vivo organic acid production rates have

ot been reported. Nevertheless, organic acidosis has not been
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HIF and Acid-Base Equilibrium 457
eported to be present in states with demonstrable HIF-� over-
xpression (eg, Chuvash polycythemia, see later).

ecent Studies Have
roadly Implicated Extracellular
nd Intracellular Acidification
n HIF-Mediated Effects on
poptosis and Cell-Cycle Arrest

ecently, several reports have appeared regarding the specific
ffects of intracellular pH reductions on HIF stabilization or
RE-responsive gene transcription. By using 8 different hu-
an cancer cell lines, the effect of bafilomycin (a V-type
-ATPase inhibitor), an agent expected to cause a reduction

n cell pH by its ability to block proton extrusion, was exam-
ned for HIF stabilization.23 This study showed the large ef-
ect that bafilomycin had in increasing HIF-1� half-life with
o change in its mRNA abundance. Bafilomycin also resulted

n a significant G1 cell-cycle arrest (antitumor growth) that
as abrogated in HIF-1� null cells. Intracellular pH was not
easured, but the results are consistent with a role for intra-

ellular acidification. Although extracellular alkalinization
id not affect bafilomycin-induced HIF-1� accumulation in
his report and this particular finding has been editorialized24

s evidence against a role for reduced cytosolic pH in stabi-
izing HIF-1�, extracellular alkalization per se may have no
ffect on pHi or even endosomal pH under these conditions.
bundant V-type H-ATPase protein has been localized to the
lasma membrane of cancer cells with high metastatic activ-

ty by immunocytochemistry, whereas H-ATPase was not
ound in the limiting membrane in tumors with low meta-
tatic activity.25 In isolated plasma membranes, V-type H-

Figure 3 Oxygen sensing by H� and hypoxic cell memor
dated by a shift to glycolysis, leading to acidification of th
redistribution of VHL to nucleoli and stabilization of HI
prevents hydroxylation of HIF-�. Reoxygenation of aci
This prolongs HIF stability and hypoxic cell memory unt
version of figure is available online.)
TPase enzymatic activity displayed a similar pattern and p
as sensitive to bafilomycin inhibition. Importantly, highly
etastatic cells examined using pHi measurements, were shown

o selectively and quantitatively use H-ATPase activity over
a/H exchange activity to regulate cytosolic pH. Bafilomycin’s

bility to decrease pHi in highly malignant cancer cells cor-
elated with an acute decrease in cell migratory ability.25-27

recent report using glioblastoma cell lines showed that
ormoxic extracellular acidosis resulted in increased car-
onic anhydrase IX (a known HRE gene, a transmembrane
rotein with extracellular enzymatic activity) mRNA and
rotein accompanied by HIF-1� accumulation.28 Taken to-
ether, these results provide further support for acidification-
nduced HIF stabilization that, in cancer cells, fosters apopto-
is and cell-cycle arrest and that the cell-acidifying Pasteur
ffect itself may be HIF-dependent. The selective presence of
-type H-ATPase in the plasma membrane may contribute
ignificantly to ECF acidification within invasive tumors
hile permitting cell viability by prevention of undue cyto-

olic acidity. Acidic ECF pH benefits tumor cells because it
romotes invasiveness, whereas an alkaline pHi provides a
rowth advantage.25 Importantly, V-type ATPase is antiapop-
otic in tumor cells,25 possibly providing a critical intersec-
ion for tumor control/amelioration by HIF-1�.

ole of HIF Stabilization, Per Se,
n Oncogenesis or Tumor
rogression: Evidence
hat HIF Stabilization by
cidosis or Hypoxia is

nsufficient to Produce Cancer
n typically acidic cancer cells, for example, where excess

oderate decrease in oxygen concentration is accommo-
via excess lactic acid production. ECF acidosis leads to
fore inactivation of PHDs. Further decreases in oxygen
ells reactivates PHDs without affecting nucleolar VHL.
ral conditions are restored. From Mekhail et al.17 (Color
y. A m
e ECF

F-� be
dotic c
il neut
rotons, pyruvate, and lactate are produced even in the pres-
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458 H. Hulter and R. Krapf
nce of only mild hypoxia or even normoxia (Warburg ef-
ect), preferential reliance on glycolysis versus oxidative
hosphorylation is correlated with disease progression. Al-
hough oncogenes such as ras, src, and myc have been found
o enhance aerobic glycolysis by increasing the expression of
lucose transporters and glycolytic enzymes, the relevance of
he Warburg effect to cancer cell biology has remained ob-
cure.29 An important question, therefore, is whether extra/
ntracellular acidification/acidosis-induced HIF stabilization
nd/or down-stream gene expression plays a role in tumori-
enesis or tumor progression.

Because certain, but not all, inactivating mutations within
he VHL gene are highly associated with VHL syndrome (au-
osomal-dominant pattern with inheritance of a single mu-
ated allele followed by somatic inactivation/mutation of the
ther allele), a cancer syndrome predisposing individuals to
everal tumors, including renal cell carcinoma and pheo-
hromocytoma, it is difficult to argue that permanent loss of
VHL’s HIF regulatory function is responsible/supportive for
uch tumors. Polycythemia is uncommon in VHL syndrome,
ut has been reported in VHL syndrome with hemangioblas-
oma.30 Nevertheless, it is not surprising that nucleolar pVHL
equestration by acidosis has received speculation as another
onceivable way to generate or foster tumor growth.17

Further understanding of the prospects for acidosis to
odulate oncogenesis or tumor progression via VHL effects

an be achieved from an understanding of VHL pathophysi-
logy in general. Apart from the VHL syndrome, additional
eterozygous and homozygous VHL mutations in human
eings have been characterized for polycythemia-causing or
ssociated phenotypic classes that are associated with in-
reased plasma EPO levels but are not associated with tumor
redisposition, consistent with VHL functioning to interact
ith multiple proteins and signaling pathways.31 Among the

eported polycythemia-causing/associated mutations beyond
he common germline homozygous 598 mutation in the
huvash polycythemia (CP) syndrome (homozygous muta-

ion of VHL at C598T) are the combination of the C598T
ith another VHL mutation at either 562 or 574 and a ho-
ozygous 571 germline mutation.31,32 The CP syndrome

polycythemia with increased plasma EPO and VEGF-A lev-
ls) is still not well understood in molecular terms. Studies in
86-O, VHL-null, renal cell carcinoma cells monitoring
IF-1�–dependent HRE reporter activity using a vector con-

aining either the human wild-type or CP C598T VHL mu-
ant, showed only a very small increase in transcription rate
ith mutant C598T VHL, and the ability of C598T pVHL to

apture HIF-1� was only modestly impaired.33 Moreover,
hen this mutation was tested for HIF-2� regulation in mu-

ine embryonic stem cells, no impairment was found.34

hen numerous tumor-associated VHL syndrome mutants
from both � and � VHL structural domains) were tested in
urine embryonic stem cells, none affected hypoxic/nor-
oxic HIF-1� regulation.34,35 Although testing of HIF-2�

rotein regulation by VHL syndrome mutants revealed no
efects in nearly all tested mutants, 1 mutant (Y112H found

n a type 2A pheochromocytoma-associated phenotype)

howed abnormally increased HIF-2� during normoxia.34 m
hus, there is no consistent evidence reported to date linking
bnormal stabilization of either HIF-1� or -2� to tumor-
ssociated VHL mutations. Importantly, numerous reports
sing mice injected with tumors have shown that experimen-
al overexpression of HIF-1� or -2�, per se, in injected cells
s insufficient to produce a tumor phenotype as long as a
unctionally intact VHL protein also is expressed.36,37

pVHL targets numerous other cell proteins besides the HIF
soforms, including fibronectin, such that VHL null cells are
nable to properly assemble fibronectin matrix. In each of 6
ested VHL tumor-associated mutants, there was defective
inding of pVHL to fibronectin.34 It thus has been proposed
hat a tissue-specific effect on fibronectin-pVHL interaction
ould produce tissue-specific phenotypes independent of
IF isoform stabilization, and that a fibronectin-related de-

ect could relate to tumor effects.31,34 Additional molecular
argets for pVHL have been implicated in tumorigenesis.
mong them, protein kinase C� (PKC�) has important roles

n proliferation, cell survival, and cell polarity.38 PKC� is
nother pVHL target and a key regulator of cell growth and
etabolism via its binding to IGF-IR. A human renal cell

arcinoma cell tumor invasion assay showed that transfection
ith either wild-type VHL, dominant-negative PKC�, or anti-

nsulin-like growth factor-I receptor antibody resulted in a
imilar loss of invasiveness.39 pVHL recently has been re-
orted to directly bind and stabilize the tumor-suppressor
ene, p53, and to thereby enhance p53 transcriptional con-
rol activity including cell-cycle arrest in renal cell carcinoma
ells and the induction of apoptosis after DNA damage, pro-
iding another HIF-independent mechanism whereby a de-
ective VHL might induce tumors.37,40 Recently, a HIF-inde-
endent protein with function related to apoptosis

nduction, clusterin, has been linked to VHL syndrome pheo-
hromocytomas and renal cell carcinomas by the finding that
n pVHL-defective tumors, clusterin secretion and expression
ere greatly reduced.41,42 Thus, future research is needed to
nderstand the links between VHL mutations and tumori-
enesis. There is currently no clear relation among the struc-
ural mutation sites and the tumor and nontumor pheno-
ypes. Importantly, neither pVHL inactivation nor HIF�
soform stabilization in mice has resulted in solid tumors,43-45

lthough introduction into liver and skin of dual HIF-1� and
IF-2� mutants incapable of hydroxylation by PHDs pro-
uced increased tissue vascularity.45 Consistent with the the-
is that HIF stabilization per se does not confer tumor risk, an
dditional HIF-stabilizing mutation in human beings has
een reported recently. A family with a loss of function PHD2
utation (the mutated PHD2 is defective in vitro in inhibit-

ng HRE reporter gene activity) with autosomal-dominant
econdary polycythemia has been reported and has no appar-
nt tumor predilection.46 Regarding the specific experimen-
ally induced effects of the HIF isoforms in cancer, a large and
rowing body of literature has documented, both for HIF-1�
nd HIF-2�, that their underexpression in tumor cell lines
osters tumor growth and that overexpression reduces
rowth.20,21

A direct test of the potential for HIF-� stabilization to

odulate tumor progression has been reported recently us-
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HIF and Acid-Base Equilibrium 459
ng systemic administration of a small molecule PHD inhib-
tor, FG-2216. By using numerous xenograft mouse models
f lung and colon cancer showing the anemia of chronic
isease, chronic oral FG-2216 increased blood hemoglobin
oncentration and serum erythropoietin concentration. Tu-
or progression was not increased versus control animals as

ssessed by tumor weight, volume, and metastasis, with a
rend observed toward tumor retardation.47

P and HIF Stabilization:
Recently Proposed Cause

f Chronic Repiratory Alkalosis
n subjects in the CP population, a homozygous mutation in
he VHL gene leads to permanent, low-level, normoxic HIF
tabilization with a persistent increase of plasma VEGF-A and
PO concentrations and with no increase in tumor incidence
r retinopathy.31,33,48 Lymphocyte HRE gene product
EGF-A and aldolase C mRNA have been reported to be

ncreased in CP subjects as well.65 Although it is highly likely
hat erythropoiesis is indeed stimulated as a result of HIF-�
tabilization induced by homozygous mutant VHL, with
IF-� acting to up-regulate EPO and other erythron-regulat-

ng genes, the magnitude of increases in HRE-responsive
ene products also may be explained by co-existing iron de-
ciency from the subjects’ acute and/or chronic phlebotomy
istory (see later and Table 1). A retrospective mortality
tudy using matched controls in Chuvashia in which affected
P homozygotes were paired with unaffected spouses and
lso with unaffected community members showed that the
ean age at death in CP subjects was age 44 versus 46 in

pouses and 44 in community members, with a higher inci-
ence of stroke deaths in the CP population, consistent with
heir polycythemia.48

Smith et al65 recently reported a study of basal ventilatory
tatus and pulmonary artery hemodynamics and their re-
ponses to acute hypoxia in 12 subjects: 3 subjects with CP,

age- and sex-matched polycythemic subjects with idio-

able 1 Comparison of Phlebotomized CP Subjects, Normal

nalysis
CP

(N � 3) P value
N

HCO3]a, mmol/L 21.1
aCO2, mm Hg 34.2 <.05
Ha, units 7.41 <.05
aO2, mm Hg 102.1
ct, vol % 48
CV, fL 64 <.001
erum Fe, �mol/L 3.5 <.001
erum ferritin, �g/L 2.2
erum transferrin, g/L 3.8 <.02
SAT,% 3.6

SAT was computed as follows: [S Fe (�g/dL) � 70.9] � S transfe
convert S transferrin from g/L to mg/dL, multiply by 100. Statistic
Smith et al.65

bbreviations: Nl, normal; Hct, hematocrit; MCV, mean corpuscula
athic erythrocytosis or polycythemia vera, and 6 age- and o
ex-matched control subjects. Both CP and polycythemic
ontrols were iron deficient as a result of prior phlebotomies
Table 1). As shown in Table 1, resting data in CP subjects
evealed a significant chronic respiratory alkalosis (CRA)
ith an increased mean arterial pH versus the control sub-

ects by 0.03 pH units (�3 neq/L reduction in blood H� con-
entration) and arterial carbon dioxide tension (PaCO2) reduced
y approximately 6 mm Hg. This degree of decrease in blood
H�] is consistent with normative data provided by Krapf et
l49 who defined the characteristics of this acid-base disorder
y inducing experimental hypobaric hypoxemic CRA in nor-
al subjects on a fixed dietary intake. Based on these data, a

igure 4 Relations of blood hydrogen ion concentration and plasma
icarbonate concentration to PaCO2 in normal subjects prior to and
ollowing induction of CRA. These data define the 95% confidence
nterval for the acid-base disorder, chronic respiratory alkalosis in
uman beings. Solid symbols represent control and recovery while

ls, and Phlebotomized Control Polycythemic Subjects

trols
6)

Polycythemic Controls
(N � 3)

P value
(versus CP)

0 23.7
3 41.5 <.01
38 7.38
9 –

45
79

0 12.4
5 8.4
6 3.3

15

g/dL). To convert S Fe from �mol/L to �g/dL, multiply by 5.56. To
ificance for TSAT and bicarbonate were not reported. Adapted from

e; fL, femtoliter; TSAT, transferrin iron saturation.
Contro

l Con
(N �

23.
40.
7.

98.
42
89
17.
48.
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pen symbols reflect steady-state values for CRA. From Krapf et al.49
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460 H. Hulter and R. Krapf
ecrease in blood [H�] of 0.41 neq/L for every mm Hg de-
rease in PaCO2 is expected, with the expected tolerance for
ariation as reported in the 95% confidence band for CRA in
hose subjects (Fig 4). Consistent with the presence of respi-
atory alkalosis, the minute ventilation measured with a
outhpiece tended to be higher in CP subjects than in con-

rol subjects. In response to 10-minute periods of experimen-
ally induced isocapnic hypoxia, targeting end-tidal partial
ressure of oxygen (PO2) values of 70 and 50 mm Hg, the
arkedly iron-depleted CP subjects showed significantly

reater increments in minute ventilation versus iron-replete
ontrol subjects with the more moderately iron-deficient
olycythemic controls, showing an intermediate degree of
ypoxic ventilatory hyper-response. Thus, the CP subjects
howed both a reduced PaCO2 set point for basal control of
entilation and an enhanced acute hypoxic ventilatory (AHV)
ensitivity.

It is well known that surgical bilateral loss of the carotid
odies in human beings results in complete abrogation of the
HV response and significant blunting of the hypercapnic
esponse.50,51 Other than for its location in the carotid bodies,
he mechanistic basis for AHV response remains somewhat of
mystery as recently reviewed by Lahiri et al.52 As shown in
igure 5, the instantaneous AHV is independent of protein
ynthesis and largely is attributable to depolarization of ca-
otid body glomus cells by a sudden hypoxia-induced de-
rease in cell membrane K� conductance, resulting in mem-
rane depolarization leading to a secondary increase in

ntracellular [Ca] and a subsequent increase in the discharge
ate and release of dopamine and other neurotransmitters.

Figure 5 Schematic understanding of potential for HIF-�
depletion. Effect of acute/instantaneous Fe depletion wit
glomus cells despite the presence of normoxia. Paralle

hypoxia to suppress K� current leading to chemosensory disc
opamine is recognized as the most abundant and potent
euromodulator influencing the nerve-ending response to
ypoxemia. Dopamine release from glomus cells in response
o hypoxia acts predominately via low-affinity excitatory
ostsynaptic receptors but also on high-affinity inhibitory D2

eceptors.53 Dopamine signaling thus can either increase or
nhibit the AHV response. The importance of dopamine is
hown by the high glomus cell content of the dopamine
ynthetic enzyme, tyrosine hydroxylase (TH). Although
any studies have found pro-ventilatory effects of dopamine

elease, a recent report showed that the administration of a
opamine D2 antagonist resulted in acute hyperventilation in
ats and an accentuation of the AHV response.53 Both sus-
ained and intermittent hypoxia result in increased levels of
arotid body TH protein and dopamine and norepinephrine
ontent.54 The relative roles of each of many proposed neu-
otransmitters remains to be determined.

There also is evidence that more prolonged hypoxia can
nduce structural changes requiring protein synthesis in ca-
otid body that include increased vascularity, hypertrophy,
nd hyperplasia.52 Although there is currently no convincing
vidence for classic HIF stabilization to play a role in the de
ovo AHV response, HIF-1� protein has been shown to ac-
umulate in the nucleus of rat glomus cells as early as 1 hour
fter initiating hypoxia.55 Accordingly, recent evidence has
merged for the role of HIF in chronic intermittent hypoxia.
lthough prior chronic intermittent hypoxia wild-type mice
howed the expected accentuated AHV response to hypoxia,
ice heterozygous for a null mutation for HIF-1� showed a

omplete loss of chronic intermittent hypoxia AHV accentu-

ome activated in carotid body glomus cells by acute Fe
e chelator to potentially stabilize HIF-� in carotid body
vations are depicted for the observed effects of acute
to bec
h an F
l obser
harge. From Lahiri et al.52
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HIF and Acid-Base Equilibrium 461
tion.56 Heterozygotes showed no impairment in their hyper-
apnic acute ventilatory response.

Thus, although evidence is limited at this stage, it seems
nlikely that HIF stabilization at any level will modify or
articipate in the acute hypoxic or hypercapnic ventilatory
esponse. The effects of physiologic or pharmacologically
chievable HIF stabilization on chronic ventilatory responses
o hypoxia and hypercapnia have not been reported in any
pecies. Based on the small effects observed in heterozygous
IF null mice, it is unlikely that significant physiologically
eaningful effects will be observed in wild-type animals. The

verall effects of systemic HIF-� stabilization on renal and
ystemic acid-base equilibrium could be tested under condi-
ions of constant dietary intake with CoCl2 administration or
y the use of small organic molecule inhibitors of PHDs.

vidence That Iron
eficiency Can Result in
n Accentuated AHV Response:
n Alternative Iatrogenic
xplanation for CRA in CP

ron deficiency, possibly by its effect to inhibit PHD activity,
nduced by a 1-hour exposure of glomus cells to superfusion
ith an iron chelator resulted in a significant increase in

ellular HIF-1� protein to levels equivalent to those of 1 hour
f hypoxia.55 Thus, it is conceivable that more chronic iron
eficiency could result in sufficient HIF stabilization to result

n an accentuated AHV response of the magnitude observed
n chronic intermittent hypoxic conditioning.

Importantly, iron chelator exposure of rat glomus cells for
ess than 1 minute was reported to significantly decrease
utward K� current and the effect was rapidly reversible with
e addition.57 Cytosolic [Ca] and dopamine release followed
y chemosensory discharge responses were all reversibly and
ssentially immediately increased in parallel with the effects
n K� current. Thus, iron sequestration or depletion can
ncrease the sudden (eg, instantaneous) dopaminergic signal-
ng responsible for the AHV response.

Carotid body and adrenal cells share many similarities re-
arding dopamine metabolism. In both locations in rats, TH
rotein and enzymatic activity increase in tandem during
hronic hypoxia.58 The finding that short-term dietary-in-
uced iron deficiency resulted in a significant increase in
oth adrenal TH protein and enzymatic activity in rats (ca-
otid bodies were not examined), provides a third line of
vidence that iron deficiency theoretically is capable of in-
reasing the AHV response.59

athophysiology of CP and PAH
ypoxic pulmonary artery vasoconstriction is a normal hu-
an physiologic response to hypoxia in which increase pul-
onary artery (PA) pressure directs blood from poorly ven-
ilated lung regions to better-ventilated segments, thereby n
mproving ventilation-perfusion mismatch. The mechanism
s unknown (see later).60

The CP subjects studied for ventilatory function by Smith
t al65 also were reported to have PAH, in the absence of
ypoxia, as assessed by echocardiography. Other than the
uthors’ proposed lifelong stabilization of HIF-� by a defect
n VHL signaling, there are additional possible explanations
or the finding of increased pulmonary artery pressure (PAP)
n subjects with CP. First, these subjects have been exposed
o presumed lifelong polycythemia, a background not shared
y the control populations selected for comparison. The ma-

or medical complication of polycythemia in this population
s an increased thrombotic risk starting in the third or fourth
ecade of life. Thrombosis is known to be associated with
ustained polycythemia of other causes, with polycythemia
era (PV) being the most common. In long-term follow-up
tudies the proportion of deaths attributed to cerebrovascular
r other thrombotic events was reported at 47% in CP48 and
0% in PV subjects,61 with the lower proportion of throm-
otic deaths in PV likely a result of the high competing ma-

ignancy death rate in that condition. Over half of venous
hromboembolism deaths in the largest PV follow-up study
ere attributed to pulmonary embolism.61 Given the diffi-

ulty of diagnosis of pulmonary thromboembolism in life, it
s likely that clinically relevant chronic or intermittent pul-

onary embolism affects the vast majority of polycythemic
ubjects. Importantly, subjects with PV and related myelo-
roliferative diseases showing polycythemia or thrombocy-
osis are reported to have a high prevalence PAH attributable
n large part to pulmonary thromboemboli.62-64 Thus, as
ointed out by Smith et al,65 prior pulmonary emboli are a
easonable explanation for PAH in CP as an alternative to
ifelong HIF-� stabilization.

A second possible mechanism for the finding of increased
AP values in CP subjects is that CP patients were demon-
trably iron depleted as a result of either study protocol re-
uirements for normal hematocrits/phlebotomy or of lifelong
linically administered phlebotomies.48,65,66 Iron, similar to

2, is a substrate/cofactor for HIF-� hydroxylation by PHDs
nd HIF-� is thereby demonstrably stabilized by the pres-
nce of desferrioxamine (DFO) and other Fe chelators. Fe-
ependent regulation of HIF-�, using DFO, has been shown
o occur at proline residues at both N-terminal and C-termi-
al loci within HIF’s oxygen-dependent degradation domain,
hereas the C-terminal site alone is reported to participate in

2-dependent regulation.67 As noted in Table 1, Fe defi-
iency was demonstrably present in the CP subjects in whom
asal increased PAP and increased hypoxia-induced PAP has
een reported. Mean serum Fe, transferrin iron saturation,
nd ferritin levels were greatly reduced in CP subjects com-
ared with nonphlebotomized normal controls and the val-
es in the phlebotomized non-CP polycythemic controls also
ere reduced to values intermediate between CP and nor-
als.65 The sensitive role for mild Fe depletion in up-regu-

ating HRE-responsive genes in human beings has been re-
orted previously from the same laboratory. In those studies,
DFO-induced dose-responsive increase in serum EPO in

ormal subjects was observed as early as 8 hours after the
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462 H. Hulter and R. Krapf
tart of DFO infusion.68 Subjects with the lowest ferritin val-
es at baseline had the greatest increases in serum EPO and
hose with the highest ferritin values provided the least in-
rease in EPO levels. Moreover, in a separate study in normal
ubjects, acute cellular iron depletion with DFO resulted in
ignificant increases in PAP.69 Accordingly, Fe deficiency is a
easonable explanation for the observation of PAP increases
n phlebotomized CP subjects.65

The finding of Smith et al65 that phlebotomized, iron-de-
cient CP subjects displayed an accentuated PAP response to
xperimentally induced acute hypoxia in comparison with
oth normal controls and phlebotomized iron-deficient idio-
athic polycythemics, was interpreted as most likely owing
o the VHL mutation inducing lifelong HIF-� stabilization,
espite their prior DFO-induced EPO data. Thus, because
he CP subjects in the study by Smith et al65 had both a
aseline VHL mutation–driven HIF-� stabilization (that
aused the CP form of polycythemia) and a likely iron defi-
iency–driven HIF-� stabilization, the experiment lacks suf-
cient controls to attribute any cause for PAP changes after
xperimental hypoxia because hypoxia represents a third,
nd thereby confounding, mechanism for HIF-� stabilization
nd up-regulation of HRE-responsive genes. That is, when
ypoxia is applied in the presence of imposed iron deple-
ion–confounded HRE status in CP subjects but not in nor-
als, it is difficult to interpret the results for physiologic

esponses (eg, PAP) to the additional HRE stimulus (ie, hyp-
xia) as well as to possible nonspecific, non-HRE effects of
ron depletion.

The role of iron-deficiency versus concomitant anemia in
egulating cardiopulmonary function and structure is com-
lex. Dietary iron-deficiency anemia in rats results in cardiac
ypertrophy with increased diameter of cardiac myocytes,
epletion of cardiac norepinephrine, increased plasma nor-
pinephrine levels, increased urinary norepinephrine excre-
ion, increased cardiac inotropic response to intravenous
orepinephrine, impaired thermogenesis, and low thyroid
ormone levels secondary to impaired thyroid-stimulating
ormone secretion.70,71 The correction of anemia by ex-
hange transfusion corrected the thermogenesis and thyroid/
hyroid-stimulating hormone defects but had no effect on the
isordered catecholamine metabolism.70 By using a similar

ron-deficient anemic rat model, chronic administration of
eserpine resulted in the complete prevention of cardiac hy-
ertrophy, although it had no effect in another model of
ardiac hypertrophy, aortic banding.72,73 Ultrastructural
tudies have shown that the myocyte hypertrophy in iron
eficiency differs dramatically from that in aortic banding in
hat iron deficiency uniquely results in a large increase in the
ellular mitochondrial volume fraction.74,75 Similar changes
ere noted in erythroblasts. In a cohort of 72 women with
rolonged iron-deficiency anemia, 42% showed evidence of
ignificant chronic intrinsic pulmonary disease (abnormal
orced vital capacity, forced expiratory volume in 1 second,
orced expiratory volume in 1 second/forced vital capacity,

EF50, MEF75), suggesting that severe airway dysfunction
nd pulmonary vascular function may be associated with

ron deficiency.76 Thus, although specific effects of iron de- s
ciency on PAP or pulmonary artery morphology have not
een reported, the reported iron-deficiency–induced disor-
er of the autonomic nervous system may affect autonomic
ontrol of PA pressure and airway dysfunction is suggestive
f a broad spectrum of pulmonary disease.
Accordingly, the possible confounding role of iatrogenic

ron deficiency in the reported CP subjects of Smith et al65

uggests that future studies of both PAP and ventilation status
n the CP population should be performed with careful at-
ention to normalizing iron status.

echanism of the
ormal Hypoxic PAP Response:
ypoxic Pulmonary Hypertension

n general, cardiac output has a relatively small effect on
ystolic PAP, rendering systolic PAP as essentially a direct
easure of pulmonary vascular smooth muscle tone and

ollagenous arterial wall properties.69 There are 2 compo-
ents to hypoxic pulmonary hypertension (HPH): acute
ypoxic pulmonary vasoconstriction (HPV) and subse-
uent chronic vascular remodeling characterized by me-
ial thickening of small pulmonary arteries and right ven-
ricular hypertrophy.77 Although numerous humoral
ediators have been nominated as responsible, no conclu-

ive evidence exists for any humoral mediator in human
eings.
Endothelin has received substantial study as a possible
ediator of acute HPV. Plasma endothelin-1 (ET-1) levels are

ncreased in human beings exposed acutely to high altitude
nd ET-1 was related inversely to the partial pressure of ar-
erial oxygen and correlated with PAP. An increase in FIO2 to
.35 normalized the partial pressure of arterial oxygen and
ended to decrease ET-1 levels and decreased PAP.78 Al-
hough animal studies have shown attenuation of HPH by
TA receptor antagonism, the human acute HPV response
as unaltered by systemic ETA antagonism of sufficient mag-
itude to result in significant decreases in both basal nor-
oxic pulmonary and systemic vascular resistance values.79

he potential for a chronic effect of ET-1 on HPV or HPH in
uman beings remains unexplored.
Additional factors have been found to contribute to acute

r chronic HPH in animals, but have not yet been confirmed
n human beings. These factors include oxidative stress as
nhibited by allopurinol,80 altered arachidonic acid metabo-
ism favoring the production of PA constrictors (eg, throm-
oxane B2),81 platelet-activating factor,82 calcineurin,83 sero-
onin,84 histamine,85 and atrial natriuretic peptide.86 A
onsistent role for angiotensin in animal studies has not been
ound.87 In the case of platelet-activating factor antagonism,
ttenuation of HPH and right ventricular hypertrophy (RVH)
ccurred after 7 days of hypoxia in rats, but platelet-activat-
ng factor antagonism had no demonstrable effect on in-
reased PAP or RVH produced by CoCl2, an agent known to

tabilize HIF-�.82
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xperimental Systemic Hypoxia
ypically is Accompanied by Respiratory
lkalosis: Understanding the Possible
oles of pHi and HIF-� in the Cause
f HPH Requires Complex Study Designs
ecause experimentally induced hypoxia, as caused by re-
uctions in FIO2, invariably is accompanied by systemic re-
piratory alkalosis, experiments designed to examine the role
f PA smooth muscle cell (PA SMC) pHi in modulating HPH
equire control for the induction of systemic (and pulmo-
ary) extracellular alkalosis. Regarding the mechanism of
hronic PA SMC mitogenic responses, it has been reported
hat cell proliferation in response to growth factors in vitro is
ssociated with increased pHi and that pharamacologic
lockade of Na/H exchange with the Na/H inhibitor, di-
ethyl amiloride, prevented cell proliferation.88 Accord-

ngly, in rats, induction of chronic normobaric hypoxemia
esulted in a significant increase in PAP, which was prevented
y infusion of either dimethyl amiloride or ethylisopropyl
miloride, both of which inhibit Na/H exchange and can
revent cell alkalinization.89 In similar studies in rats with
cute (30 minute) normobaric hypoxia, however, acute pul-
onary hypertension was not prevented by dimethyl amilo-

ide.89 Increased PA SMC pHi has been found in mice with
hronic normobaric hypoxia and Na/H activity was shown to
e increased.90 These studies in mice also reported that Na/H
xchanger isoform Na/H Exchanger 1 (NHE1) mRNA and
rotein abundance both were increased in PA SMCs by
hronic hypoxia.

Recent studies have implicated a role for HIF-1� in the PA
MC alkalinization response to chronic hypoxia. By using
hronically hypoxic mice with partial deletion of HIF-1�, PA
MCs did not show an increase in the intracellular pHi or in
HE1 expression observed in wild-type mice.91 These inves-

igators found that 48 hours of hypoxia in vitro in normal PA
MCs was sufficient to increase NHE1 expression, as was
ector-delivered HIF-1� overexpression without hypoxia.
he critical question of whether an increase in HIF-1� abun-
ance is required for either cell alkalinization or hypoxic PAP

ncreases was not addressed. Moreover, because pHi mea-
urements taken under ex vivo conditions cannot be ex-
ected to reflect those of the in vivo circumstance when hy-
obaric hypoxia generates pHi changes as a result of both
ystemic respiratory alkalosis and of putative hypoxia-spe-
ific changes in pHi, mechanistic conclusions regarding any
ole for PA SMC pHi for generating HPH are premature.
ccordingly, in future experiments it will be desirable to
ontrol for the extracellular acid-base state that accompanies
oth hypocapnic and isocapnic normobaric hypoxia and the
Hi responses to hypoxia as they relate to changes in PAP. It
lso will be desirable to perform studies examining pHi
hanges in the setting of physiologically relevant changes in
IF-� protein levels in PA SMCs rather than the large

hanges presumably induced by gene deletion.
Similarly, it is difficult to interpret the reported finding

hat partial HIF-1�–deleted mice with chronic normobaric

ypoxia showed a significant amelioration of HPH and right 1
entricular hypertrophy in association with attenuated in-
reases in pulmonary arteriolar wall thickness.92 Whether
hysiologically relevant modulation of HIF-� protein levels
an affect either the acute or chronic PAP response to hypoxia
emains to be determined, as does the related question of
hether a primary increase of PA SMC HIF-� can increase
asal normoxic PAP.
In summary, the roles of systemic, cellular, and cellular

ompartmental acidosis on HIF-� stabilization and its con-
equences are emerging rapidly. Further understanding of in
ivo effects will require experimental designs that control for
oth systemic hypoxia and for its secondary respiratory alka-

osis. Likewise, in vitro studies must be designed with careful
ttempts to mimic in vivo circumstances and to control for
xpected in vivo simultaneous changes in oxygenation and
cid-base equilibrium. In addition to acid-base effects on HIF
iology and its multitude of downstream gene-transcription
ffects, altered HIF stabilization per se has the potential to
ffect acid-base equilibrium, although the unduly large mag-
itude of gene-deletion experimental effects to date make
ssessing the magnitude of physiologic effects difficult.
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