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The many acid-base manifestations and consequences of hypoxia
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Hypoxia evokes a spectrum of acid-base changes from
alkalosis to acidosis and alters many responses to hypoxia at
non-genomic and genomic levels, in part via altered hypoxia-
inducible factor (HIF) metabolism. Healthy people at altitude
and persons hyperventilating to non-hypoxic stimuli can raise
arterial pH as high as 7.7. In these circumstances, alkalosis
reduces sympathetic tone, blunts hypoxic pulmonary
vasoconstriction and cerebral vasodilation, and increases
hemoglobin-oxygen affinity. With severe hypoxia owing to
profoundly low arterial O, content (hypoxemia) or poor
perfusion (ischemia), metabolic and hypercapnic acidosis
develops along with considerable lactate formation with pH
falling to below 6.8. Although acidoses are considered
deleterious to cell function and survival, they can be
cytoprotective by various anti-inflammatory, anti-oxidant, and
anti-apoptotic mechanisms. Attempts to correct acidosis
under these circumstances concurrent with re-oxygenation
efforts may be ill advised. This so-called ‘pH paradox’ or
permissive acidosis may offer therapeutic possibilities. Rapidly
growing cancers often outstrip their oxygen and nutrient
delivery and metabolic waste disposal, thus limiting growth and
metastatic potential. However, their excessive glycolysis and
lactate formation may not necessarily represent oxygen
insufficiency, but an attempt to provide sufficient amounts of
small carbon intermediates to supply many synthetic pathways
of cellular proliferation. In either case, there is expression and
upregulation of many genes involved in acid-base
homeostasis, in part by HIF-1a and HIF-2a signaling. Inhibition
of these proteins or gene suppression may have important
therapeutic application in cancer therapy.
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Introduction

Depending upon its magnitude and causes, hypoxia
evokes considerable effects on local and systemic acid—
base status and organ/cellular function. These are medi-
ated by pH changes and the reversible binding of protons
to titratable amino acids of proteins, which affect their
charge and secondary/tertiary structures, leading to
altered activity of membrane receptors, channel proteins,
enzymes, cell polarization, intracellular signaling events,
and gene transcription and translation. Acid—base changes
can alter hypoxia inducible factor (HIF-la and 2a)
metabolism, in hypoxia and normoxia. Thus, any under-
standing of responses to hypoxia without appreciating the
accompanying acid—base changes will be less rigorous. 1
will discuss the association of hypoxia with different acid—
base consequences, how these acid-base changes alter
the magnitude and dynamic aspects of hypoxic responses,
how HIF metabolism may be affected, how altered acid-
base conditions may be deleterious or beneficial, and how
the acid—base milieu might be manipulated to better treat
cancer and hypoxic/ischemic injuries.

Hypoxia and respiratory alkalosis at high
altitude and with early lung disease

High altitude hypoxia and lung diseases provoke hyper-
ventilation (hypoxic ventilatory response or HVR) to raise
arterial pO, and lower arterial/tissue pCO, and increase
arterial/tissue pH. This is one of the most important
compensatory responses for high altitude success and
survival and possibly so in acute lung diseases. Healthy
people at high altitude or persons hyperventilating to
non-hypoxic stimuli can become quite alkalemic with
arterial pH rising as high as 7.7 and PaCO, falling to as low
10 mmHg [1].

Respiratory alkalosis has many consequences for the
responses to hypoxia in altitude adaptation beyond
greater arterial oxygenation (Figure 1). The neural and
CNS effects of hypoxia include increased sympathetic
nervous activity (SNA), increased HVR, and increased
cerebral blood flow. All are blunted by respiratory alkalo-
sis and augmented by hypercapnic acidosis [2]. The
alkalotic reduction of SNA decreases hypoxic pulmonary
vasoconstriction (HPV), renal vasoconstriction, and
sodium retention, responses which mitigate high altitude
pulmonary edema (HAPE) and limit fluid retention. In
contrast, hypercapnic hypoxia augments of the above
hypoxic responses. Alveolar hypocapnia directly reduce
pulmonary artery pressure and inhibit HPV [3]. Hypoxia
reduces alveolar epithelial sodium and fluid reabsorption
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Hypoxia at high altitude evokes hyperventilation and the generation of a hypocapnic acidosis with a variety of positive (beneficial) effects and
negative effects on the sympathetic nervous system, pulmonary and cerebral hemodynamics, hypoxic ventilatory responsiveness, lung fluid
balance, hemoglobin-oxygen affinity and blood oxygen content, and renal function.

by downregulation and internalization of apical Na™-K*
ATPase and basolateral epithelial sodium channels
(ENaC), and this may be further aggravated by both
hypocapnia and hypercapnia [4].

"The responses of the pulmonary circulation and control of
ventilation to hypoxia discussed above have only begun to
be considered in the light of changes in HIF production at
the vascular smooth muscle, endothelium, brain and
chemoreceptors. The limited evidence from studies in
mice with heterozygous HIF-1 deficiency reveals that
HPV [5] and HVR [6] are blunted. Paradoxically, hetero-
zygous HIF-2a deficiency increases HVR [7], thus point-
ing out the complexity of HIF expression and action with
respect to the HIF subtype, organ, and function studied.
Endothelial cell-specific deletion of HIF-2 alpha in mice
prevents the development of hypoxia-induced hyperten-
sion, whereas specific deletion of HIF-1a in endothelial
cells does not, nor does specific pulmonary vascular
smooth muscle cell HIF-2a deletion [8]. HIF-1a also
represses the expression of the cystic fibrosis transmem-
brane regulator (CF'TR) in the intestine [9] and in lung
[10], and this may contribute both to Gl abnormalities and
alveolar fluid clearance problems at high altitude.

It is conceivable that blunting of many hypoxic responses
by alkalosis in normal animals and humans may be related
to alkalotic suppression of HIF-1a levels and activity [11],
but this needs to be more formally investigated. In
contrast, acidosis independent of hypoxia increases
HIF-1a levels and its gene transcriptional and protein

translation [12] in part, by inducing nucleolar sequestra-
tion of von Hippel Lindau (VHL) protein, a factor critical
to the targeting of HIF-1a for destruction [13]. Other
effects of acidosis include upregulation of 2-hydroxyglu-
tarate in normoxia and even more so in hypoxia, which
inhibits the prolyl-hydroxylases (PHD) that target HIFs
for degradation [14].

Respiratory alkalosis and hypocapnia increase hemoglo-
bin-oxygen affinity allowing greater lung oxygen uptake.
In terms of tissue O, delivery, increased O, content is
clearly favorable. Countering the hypocapnic left shift of
the hemoglobin-O, dissociation curve, is a rise in 2,3-
diphosphoglycerate (2,3-DPG) elicited by alkalosis that
reduces hemoglobin-oxygen affinity in humans to
enhance tissue off-loading [15]. While hypercapnic and
metabolic acidosis inhibits erythropoietin (EPO) forma-
tion, there does not appear to be a potentiation of EPO
production by respiratory alkalosis directly or in those
with a high HVR [16].

Respiratory alkalosis enhances glycolysis and lactate for-
mation by stimulating phosphofructokinase (PFK) activ-
ity, the rate limiting enzyme in glycolysis. Under some
circumstances such as severe hypoxia or ischemia, lactate
may be a preferred fuel by critical cells such as neurons
[17°], but whether this extends to more physiological
state of hypocapnic hypoxia at altitude is unknown.
Respiratory alkalosis induces sodium, potassium, and
bicarbonate losses that contribute in part to the diuretic
phase of persons adapting well at altitude. This renal
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response (a compensatory metabolic acidosis) has the
important effect of returning arterial pH back toward
normal and mitigating the effect of alkalosis on reducing
the full strength of HVR in defense of arterial oxygen-
ation [18].

Acidosis and hypoxia with exercise

In heavy and maximal exercise ‘lactic acidosis’ does not
appear to impose much limitation, despite winners cross-
ing the finish line with pHs as low as 6.7 and lactates as
high as 34 mM [19]. There may even be several benefits
to the profound acidosis of heavy exercise. First, either
hypercapnic or metabolic acidosis shifts the Hb-O, dis-
sociation curve to the right to aid progressively more O,
unloading. Intracellular acidosis helps to preserve muscle
excitability when muscles become more depolarized due
to rising extracellular potassium [20]. The generation of
lactate acid and CO; in substantial amounts with heavy
exercise (Figure 2), is not driven by any critical hypoxia at
the respiring mitochondria [21] as is very commonly
taught, but rather by ever-increasing sympathetic activity
and rising catecholamine levels, acting to maintain a
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Net muscle lactate efflux and intracellular PO, as a function of O,
consumption (VO,) in normoxia (breathing 21% O,) and hypoxia
(breathing 12% O,) in healthy subjects performing single leg
quadriceps exercise. Intracellular PO, was derived from phosphorus
proton magnetic resonance spectroscopy measurement of myoglobin
(Mb) saturation. The data show increasing lactate efflux as measured
by venous-arterial lactate differences multiplied by thermodilution
measured leg blood flow to maximum exercise output without a
decline of intracellular PO2 fully adequate to support mitochondrial
respiration. (for lactate efflux, r=0.97 and 0.99 in normoxia and
hypoxia, respectively, P < 0.05). VO, max equals maximum leg muscle
oxygen consumption. McKenna et al. [23]. Reproduced with
permission.

higher level of arterial blood pressure to support muscle
perfusion and cerebral blood flow. Adrenergic activity also
increases muscle sarcolemmal membrane Na™/K*
ATPase pump activity via local glycolytic production of
ATP [22], which is necessary to counter the constant K*
leak out of muscle with repetitive contractions [23] that
can drive interstitial and arterial potassium as high as
13 mM and 8.0 mM, respectively.

Increased lactate generation may also support skeletal
and cardiac muscle energetics, because its uptake into
mitochondria by monocarboxylate transporter-1 (MC'T-1)
and oxidation in the Krebs cycle permits better mainte-
nance of redox balance in cytosol and mitochondrial
compartments. In addition, lactate itself may be an impor-
tant signaling molecule for tissues under stress via
changes in redox state [17°]. Acidosis and catecholamines
help to limit the potential negative electro-physiological
effects of exercise-induced hyperkalemia on the
heart [24].

There has been a long-running debate whether lactate
formation might also be beneficial since the reduction of
pyruvate to lactate by lactate dehydrogenase is proton
consuming and might limit the acidosis of exercise. The
idea that lactate formation might reduce acidosis presup-
poses that acid production is the result of other H*
producing reactions, such as ATP hydrolysis. However,
with constancy of cellular ATP largely maintained, even
at work rates generating lactate and lactic acidemia, any
protons formed with ATP breakdown are consumed with
ADP rephosphorylation, making it difficult to explain
acidosis on this basis because it would require stoichio-
metric accumulation of ADP. With the complicated book-
keeping of all relevant buffers and H* producing/con-
suming reactions in exercising muscle, the idea that
lactate formation reduces the total acid burden and is
beneficial must remain speculative and a matter for lively
debate [25°].

As mentioned above, while maximal exercise is not
accompanied by any rate-limiting reduction in mitochon-
drial respiration and ATP generation during normoxic sea
level exertion [21], nonetheless there is a progressive
decline in muscle PO, sufficient to elicit elevations of
both HIF-1a and HIF-2a. These HIF increases help to
increase muscle capillarity and blood flow via vascular
endothelial growth factor (VEGF)-mediated angiogene-
sis, upregulation and expression of vascular endothelial
nitric oxide synthase, enhanced intermediary metabolism
efficiency and glucose uptake [reviewed in Ref. 26]. A
critical role of HIF-la in training and endurance is
evident in a mouse model of skeletal muscle selective
knockout of HIF-1a, in which the transgenic mice
showed greater muscle injury with intense exercise and
reduced exercise capacity compared to wild type controls
[27]. With training, there is a significant attenuation of the
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acute HIF-1 alpha response in muscle with exertion
through both a reduction in the fall in muscle PO, and
an increase in some of the negative regulators of HIFs,
such as factor inhibiting HIF (FIH), sirtuin 6, and PHDs
2, and 3 [26]. The extent to which the accompanying
myocyte intracellular acidosis and systemic metabolic
acidosis of heavy exercise contributes to changes in
HIF expression, and metabolism has not been studied.

Hypoxia, metabolic acidosis and respiratory
acidosis in critical illness

With severe hypoxia either in the setting of profound
arterial hemoglobin desaturation or anemia and reduced
O, content, poor perfusion (ischemia) at the global or local
level with microvascular flow dysregulation, or primary
mitochondrial dysfunction (as in sepsis), metabolic and
hypercapnic acidosis can develop along with impressive
lactate formation. Under these situations the pH may fall
well below 7.0. Although no doubt exists that the dis-
orders causing severe acidoses can be life-threatening, the
conventional wisdom that acidosis itself is harmful does
not stand up to scrutiny. More interestingly it may be an
attempt by the organism refined by evolution to mitigate
injury and enhance survival.

Both hypercapnic and metabolic acidoses may be cyto-
protective by various anti-inflammatory, anti-oxidant,
anti-apoptotic mechanisms which limit total hypoxic
or ischemic reperfusion injury. The traditional reasons
given to treat severe acidemia (pH < 7.1-7.2) in cardio-
genic, hypoxic, and septic shock states are to reverse
depressed catecholamine and insulin sensitivity, and
raise the threshold for cardiac arrhythmias. There have
been several randomized trials in patients with arterial
pH between 6.8 and 7.10 using sodium bicarbonate
against equal amounts of sodium as NaCl in diabetic
ketoacidosis and various forms of lactic acidosis. The
amounts given ranged from 100 to 200mEq over 15—
30 min, rates roughly equivalent to or greater than the
ongoing rates of acid production in these situations. The
data in aggregate are consistent in showing no meaning-
ful clinical benefit or even in improving acid-base status
to any significant degree [1]. Any purported benefit, such
as a transient rise in blood pressure, may simply be due
to the volume expanding effects of the accompanying
sodium administration. In a more recent study of bicar-
bonate administration in critically ill patients with met-
abolic acidosis (pH<7.30) to keep pH above
7.30 showed that compared to no bicarbonate adminis-
tration, there was no survival benefit and only a modest
reduction in the need for renal replacement therapy.
This last finding may be the result of how bicarbonate
reduces acidemia and hyperkalemia, two of several indi-
cations to begin dialysis [28°].

The failure of bicarbonate has multiple causes and any
purported benefits may be outweighed by disadvantages,

such as hyperosmolality, hypernatremia, hypokalemia,
hypocalcemia, and post-therapeutic metabolic alkalosis.
While important, more alarming are the deleterious
effects of alkalization on O, delivery, cytokine, and oxi-
dant radical formation, and increasing the likelihood of
cell death in marginal areas ahead of resolution of the
primary cause [29°]. This ‘pH paradox’ is not entirely
understood. One explanation is as cells become critically
hypoxic, they are unable to maintain low intracellular
concentrations by outward calcium flux indirectly tied to
active maintenance of a large transmembrane sodium
gradient. An acidic pH inhibits calcium entry into cells
and thereby slows the eventual critical rise in intracellular
concentration, which as it rises above its low submicro-
molar concentrations, several metabolic pathways and
enzymes are stimulated.

These include those that activate degradative proteases,
lipases, and nucleases, causing cell necrosis, but are
inhibited by acidic pH. Other benefits include blunting
of oxidant NO and ROS formation [30], and inhibition of
pro-inflammatory cytokine production [31]. Acidosis
blocks many apoptotic pathways and enhances the sig-
naling of several anti-apoptotic mediators [32,33] and
attenuates mitochondrial permeability transition pore
opening that release cytochrome C3, a pro-apoptotic
signaling molecule [34]. Lastly, as with the high meta-
bolic demand of exercise, in critical illness with compro-
mised perfusion and oxygen delivery, lactate may be a
preferred fuel for mitochondrial oxidation [17°] and
reduce activity of pro-inflammatory immune cells [33].

This knowledge leads to the idea of delaying the correc-
tion of acidosis to permit reestablishment of oxygenation
first, or the administration of drugs that limit the ability of
cells to export protons or carbon dioxide. The first strat-
egy involves initiating reperfusion of an ischemic organ
with acidic perfusates as low as 6.4. In small mammal
models of myocardial infarction caused by 30-60 min
ischemic periods, reperfusion with oxygenated acidic
fluid for several minutes delays intracellular pH normali-
zation, improves phosphocreatine recovery, decreases
LDH release and almost halves infarct size [35,36,37°].
Blocking membrane sodium—hydrogen exchange (NHE)
by caroporide, is cardioprotective in ventricular fibrilla-
tion by attenuating intracellular calcium overload and is
enhanced when co-administered with an inhibitor of the
sodium-bicarbonate symporter [38]. Lastly, acetazol-
amide and other carbonic anhydrase (CA) inhibitors at
doses capable of generating a combined metabolic and
respiratory acidosis by renal and red cell CA inhibition are
protective in models of cerebrovascular occlusion [39],
ischemic liver injury [40] and coronary artery occlusion
[37°]. These results should encourage the limited use of
alkalinizing agents, except in a few situations such as
hyperkalemia and toxic ingestions, in which renal clear-
ance can be accelerated [41].

www.sciencedirect.com

Current Opinion in Physiology 2019, 7:72-81



76 Hypoxia

Local and systemic hypercapnia may also develop with
hypoxic ischemia and with severe ventilatory failure. In
poorly perfused areas, CO, retention results from insuffi-
cient clearance and CO; generation as accumulating H" is
buffered by tissue bicarbonate stores [42]. As with meta-
bolic acidosis, the clinical reflex until most recently was to
increase ventilation, but the evidence for harm of hyper-
capnia has always been weak. The safety of permissive
hypercapnia-purposefully limiting tidal volume and pres-
sure and accepting subsequent hypercapnic acidosis in
status asthmaticus [43] resulted in no pneumothoraxes or
hemodynamic compromise, and a mortality reduction
from 20% to almost 0, even with PaCO,s exceeding
100 mmHg. In the large ARDSNet trial of 6 versus
12 ml/kg tidal volumes [44], controlling for other variables
predictive of mortality, moderate levels of hypercapnic
acidosis (pH 7.15-7.35 PaCO,: 45-65 mmHg) lowered the
odds ratio of death significantly in the larger tidal volume
group [45]. Hypercapnic acidosis is well tolerated if
perfusion and arterial oxygenation are assured [40].
The ability to withstand hypercapnic acidosis depends
upon strong neuro-endocrine responses that maintain
cardiac output despite direct negative inotropic and vaso-
dilating effects of CO, and active intracellular pH
defense mechanisms that export H® (Na/H exchange
and H* translocating ATPase) out of the cell [47].

With growing acceptance of permissive hypercapnia and
‘pH paradox’ paradigms, deliberate imposition of hyper-
capnia (therapeutic hypercapnia) by ventilation with
CO;-enriched gas mixtures ranging from 10 to 25% was
found to be protective in isolated perfused lungs sub-
jected to ischemia-reperfusion, infectious and oxidant
injuries [reviewed in Ref. 47]. The favorable results on
alveolar edema, compliance, gas exchange and histology
were replicated in live animals even when inspired carbon
dioxide as high as 10-12% was given to lower arterial pH
into the 7.00-7.15 range and PaCQO, as high as 80-
90 mmHg [47]. Despite the preponderant evidence for
salutary anti-inflammatory, immunomodulatory and anti-
oxidant effects of hypercapnic acidosis [47,48], concern
remains that therapeutic hypercapnia might blunt desir-
able host defense mechanisms necessary for dealing with
infection-related ARDS or on infections developing dur-
ing their need for mechanical ventilation [49-52].

Hypoxia, acidosis, and malignancy

Rapid growth of malignant cancer cells can lead to hyp-
oxia that upregulates hypoxia inducible factor (HIF)-
mediated gene expression to ensure adequate nutrient
and energy provision to sustain continued neoplastic
growth. The ability to limit the accumulation of large
amounts of acidifying waste products (carbon dioxide and
lactic acid), features prominently in this regard even in
tumor regions that are well oxygenated. Acidosis induces
HIF-1a [13,53], but this does not extend to all genes
targeted by it [52]. As mentioned previously, this effect of

acidosis is in part mediated by redistribution of VHL [13]
and is also important for the stabilization of HIF-1a in
formerly ischemic tissues soon after reperfusion [54] that
may permit cells close to death to survive. With long-term
exposure of cancer cells to acidosis, there is a reprogram-
ming toward glutamine metabolism, triggered by the
need to reduce the production of protons from glycolysis
and further maintained by the NAD(")-dependent
increase in sirtuin-1 deacetylase activity to ensure intra-
cellular pH homeostasis. A consecutive increase in HIF-
2« activity promotes the expression of various transpor-
ters and enzymes supporting the reductive and oxidative
glutamine metabolism, whereas a reduction in functional
HI-1a expression reduces glycolysis [55].

Otto Warburg in his classic studies in the 1920s observed
that tumors rely heavily on glycolysis even in the pres-
ence of sufficient oxygen and grow in a more acidic
milieu not generally tolerated by normal cells. Why
tumor metabolism is so heavily dependent upon glycol-
ysis has been conventionally explained by a need to
generate sufficient ATP in hypoxia. However, more
compelling and consistent with the high rate of glycolysis
even in the presence of oxygen, despite its inefficiency in
ATP generation, is that a high production rate of 3—4
carbon products of glycolysis (lactate) and Krebs cycle
intermediates are necessary as substrates for nucleotide,
amino acid, and lipid production [56] and other numerous
advantages to cancer cells in their growth and escape
from immune surveillance [57°] as shown in
Figure 3. Measurements of extracellular pH (pHe) and
intracellular pH (pHi) have shown that the ECF of
tumors that becomes acidic (6.0-6.8 versus 7.2-7.4 in
normal cells) [58,59] due to high lactic acid concentration
(5-10mM) and CO, tensions of 60-80 mmHg [60].
Despite the combined metabolic and respiratory
acidoses, intracellular tumor pH is much more alkaline
and nearly in the range of normal cells (pHi of 7.1-7.3)
[61]. HIF-dependent gene transcription facilitates high
rates of acid export and/or bicarbonate uptake. To sup-
port high rates of glycolysis, membrane glucose trans-
porters (1 and 3) and hexokinase 1/2 are upregulated to
increase glucose uptake [62]. The switch to lactic acid
production and suppression of aerobic glycolysis is
brought about by upregulation of lactate dehydrogenase
(LDH) that increases the flux from pyruvate to lactate,
and of pyruvate dehydrogenase kinase (PDK) to block
pyruvate uptake into the mitochondria [63]. T'o maintain
high rates of lactic acid export [64], several monocarbox-
ylate transporters (MCT) are inserted into the membrane
(Figure 3). In addition, proton export via NHE-1 is
present in malignant cells [65] and may be upregulated
by HIF-1 [66]. Other membrane bound proton translo-
cating ATPases (vacuolar H*-ATPase and H'-K*-
ATPase) are expressed in some tumor cells [67-69],
activity of which are enhanced by intracellular CA 11
shown in Figure 4.
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Figure 3
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Lactate is necessary for all the major steps in carcinogenesis; Lactate increases the expression of vascular endothelial growth factor (VEGF)
stimulating angiogenesis, increases motility and migration of cancer cells. Lactate is directly involved in the ‘immune escape’ by decreasing
monocyte migration and decreased activation of T cells as well as cytokine release and cytotoxic activity. Lactate increases extracellular acidosis
of tumor microenvironment decreasing capacity of T-cell to export lactate, thus decreasing T-cell activity. Finally, lactate is necessary for the self-
sufficiency of cancer cells by replenishing cytosolic levels of nicotinamide adenine dinucleotide (NAD+) and regulating the status of the equilibrium
of the cytoplasmic redox pair (NADH/NAD+) for continuation of glycolysis. San-Millan and Brooks [57°]. Reproduced with permission.

T'o maintain favorable intracellular pCO,, carbon dioxide
diffuses across the cell membrane via aquaporin-1 serving
as a gas channel [70] and this activity is enhanced by
intracellular CA II [71]. Aquaporin-1 and other aquapor-
ins are richly expressed on tumors [72], are upregulated

by HIF-1, [73,74] and are correlated with worse tumor
prognosis and treatment failure [75]. In addition, tumor
cells richly express two isoforms of membrane-bound
carbonic anhydrases, CA IX and CA XII [76] that also
promote CO, and H™ export (Figure 4) and are the only
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Figure 4
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Major pH regulators in a cancer cell. After glucose uptake by specific transporters (GLUT1 and GLUT3), glucose is converted to pyruvate,
generating 2 ATP per glucose and proton. In accordance with the Pasteur effect, in the presence of oxygen, pyruvate is oxidized to HCO3™,
generating 36 additional ATP per glucose; in the absence of oxygen pyruvate is reduced to lactate, which is exported to the extracellular space.
However, as Warburg proposed glycolysis is potent in cancer cells. Notably both processes produce protons (H+), which cause acidification of
the extracellular space. This figure represents the main proteins that regulate intracellular and extracellular pH in tumors, including:
monocarboxylate transporters (MCTs), which transport lactic acid and other monocarboxylates formed by the glycolytic degradation of glucose;
the plasma membrane proton pump vacuolar ATPase (V-ATPase); Na*/H* exchangers (NHESs); anion exchangers (AEs); carbonic anhydrases (CAll,
CAIX, and CAXIl); Na*/HCO3™ co-transporters (NBCs), and HCO3; ™ -transporters (BTs). Damaghi et al. [61]. Reproduced with permission.

isozymes upregulated in hypoxia via HIF-1 [77]. Their
expression is a strong prognostic predictor of poorer
outcome in most cancers [78].

CA IX consists of a large extracellular part, containing a
unique N-terminal proteoglycan-like region (PG), and a
carbonic anhydrase domain which accelerates CO,3 intro-
conversion 10°-10°-fold over the uncatalyzed reactions
[79]. The PG domain appears to play some role in cell
adhesion characteristics of malignant cells leading them
to more easily separate from the primary tumor and
metastasize. Its rich basic amino acid content provides
buffering capacity for more optimal catalysis in the acidic
extracellular environment of tumors [80]. Additionally,
this domain by virtue of its many H'-titratable amino
acids, itself helps to augment lactic acid export by

concentrating protons and acting as a ‘proton antenna’
[76,81] to augment the outward flux of lactic acid by
MCT-1 and 4.

Given profound changes in tumor acid-base milieu and
the role of pH in tumor survival and growth, altering the
acid—base status has been of interest in treatment [82].
The marked extracellular acidosis appears to promote
migration and metastasis of cancer cells by disrupting
normal cell-matrix interactions that act to contain cells in
stable or controlled growth patterns. Additionally, host
defense against malignant cells involving macrophages,
lymphocytes and natural Kkiller cells is reduced with
acidosis [83°,84]. Sodium bicarbonate to increase tumor
pHe in vivo inhibits the metastatic spread and extends
survival in animal models of cancer [85,86].
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Pharmacologic therapy directed at lowering pHi of
tumors has shown promising results in animal models.
Acetazolamide and methazolamide, two clinically avail-
able non-selective CA inhibitors, suppressed growth and
invasiveness of tumors 77 v7vo and in culture [87]. The far
greater expression of CA IX and CA XII in tumors and
virtual lack of expression in normal tissues has generated
a synthetic effort to target these membrane-bound CAs
selectively. Because of their extracellular orientation, a
specific hydrophilic CA IX sulfonamide inhibitor, SL.C-
0111, is now in phase II clinical trials in glioblastoma
[88,89°]. Small interfering mRNA against CA IX reduced
growth of a CA-IX bearing human cancer cells [90].
Inhibition of other membrane proteins contributing to
pHi defense in malignant cells, such as NHE, bicarbonate
transporters, H*-ATPases, and MCT (Figure 4), give
encouraging results in tumor models [82].

Summary

In conclusion, I have attempted to show the complex and
inextricable links between hypoxia and acid-base altera-
tions and how a fuller understanding of hypoxia in various
circumstances can only be achieved by appreciating the
myriad of effects of acid—base changes on hypoxic and
ischemic responses as well as on other cellular functions.
This is as relevant to high altitude adaptation and in
exercise as it is to patients with critical illnesses and
cancer. More investigation of the role that pH and acid-
—base status have in altering HIF metabolism in normoxia
and hypoxia is needed. Although alkalosis helps to blunt
some deleterious effects of hypoxia, it is becoming less
clear that acidosis, both lactic acidosis and hypercapnic
acidosis in critically ill patients, should be aggressively
reversed owing to their cytoprotective effects. Lastly,
insights into intracellular pH defense may lead to thera-
pies that control cancer by impairing the impressive acid—
base regulating abilities of malignant cells.
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