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The hypoxia-inducible factor (HIF) family of transcription factors
directs a coordinated cellular response to hypoxia that includes
the transcriptional regulation of a number of metabolic enzymes.
Chuvash polycythemia (CP) is an autosomal recessive human disorder
in which the regulatory degradation of HIF is impaired, resulting in
elevated levels of HIF at normal oxygen tensions. Apart from the
polycythemia, CP patients have marked abnormalities of cardiopulmonary function. No studies of integrated metabolic function have
been reported. Here we describe the response of these patients to
a series of metabolic stresses: exercise of a large muscle mass on
a cycle ergometer, exercise of a small muscle mass (calf muscle) which
allowed noninvasive in vivo assessments of muscle metabolism using
31
P magnetic resonance spectroscopy, and a standard meal tolerance
test. During exercise, CP patients had early and marked phosphocreatine depletion and acidosis in skeletal muscle, greater accumulation
of lactate in blood, and reduced maximum exercise capacities. Muscle
biopsy specimens from CP patients showed elevated levels of transcript for pyruvate dehydrogenase kinase, phosphofructokinase,
and muscle pyruvate kinase. In cell culture, a range of experimental
manipulations have been used to study the effects of HIF on cellular
metabolism. However, these approaches provide no potential to investigate integrated responses at the level of the whole organism.
Although CP is relatively subtle disorder, our study now reveals a striking regulatory role for HIF on metabolism during exercise in humans.
These ﬁndings have signiﬁcant implications for the development of
therapeutic approaches targeting the HIF pathway.
exercise
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T

he hypoxia-inducible factor (HIF) family of transcription
factors plays a key role in orchestrating the cellular response to
varying levels of oxygen. These transcription factors are heterodimeric proteins consisting of two subunits: an oxygen-regulated
HIF-α subunit (HIF-1α, HIF-2α, or HIF-3α) and a constitutive
HIF-β subunit (1). At physiological levels of oxygen, HIF-α subunits undergo rapid degradation, limiting the formation of the
transcription complex (2). Degradation is initiated by hydroxylation of HIF-α protein by speciﬁc prolyl hydroxylases (3–5). This
hydroxylation enables binding of the von Hippel–Lindau (VHL)
protein (6, 7) and the subsequent destruction of HIF-α by the
ubiquitin–proteasome system. At low levels of oxygen, the rate of
hydroxylation of HIF-α is reduced. This reduction impairs the
binding of VHL to HIF-α, enabling accumulation of transcriptionally active HIF complexes within the cell.
Many HIF target genes have been identiﬁed in metabolic and
other cellular functions (for review see refs. 8–10). In metabolism, an early ﬁnding was a role for HIF in the transcriptional
regulation of genes encoding enzymes of the glycolytic pathway
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(11). Subsequent experiments in cell culture also have identiﬁed
a role for HIF in (i) downregulating mitochondrial oxygen
consumption by directly or indirectly inducing pyruvate dehydrogenase kinase (PDK), which inhibits the mitochondrial
pyruvate dehydrogenase complex (PDC) from converting pyruvate into acetyl-CoA (12–14); (ii) regulating the differential expression of cytochrome c oxidase subunit 4 isoforms to optimize
the efﬁciency of respiration at different O2 tensions (15), and
(iii) inducing mitochondrial autophagy as an adaptive response
to hypoxia (16). However, these observations thus far have been
restricted mainly to cell culture, and their signiﬁcance (or lack
thereof) for the intact organism remains largely unexplored.
In humans, an opportunity to understand the effects of altered
HIF physiology on integrated metabolic function is afforded by
the condition of Chuvash polycythemia (CP). CP is an autosomal
recessive disorder that is endemic to the region of Chuvashia
(17) in the central European part of Russia. Individuals affected
with CP have a homozygous germline mutation in exon 3 of the
VHL gene (VHL 598C→T), which impairs the binding of the
gene product VHL to HIF-α subunits. This impairment reduces
the rate of HIF-α degradation and results in the stabilization of
the HIF complex and increased expression of HIF-target genes
under normoxic conditions (18, 19). Studies of patients with CP
have revealed high hematocrit and hemoglobin values, elevated
pulmonary arterial blood pressures, reduced systemic arterial
pressures, and marked increases in the sensitivity of the respiratory system and the pulmonary vasculature to acute exposures to hypoxia (17, 18, 20). However, no metabolic measures
have been reported in any of these studies.
In this study, we set out to determine whether any abnormalities of metabolism in patients with CP could be detected by
exposing patients to the metabolic stress of exercise and of
a standardized meal. In particular, we measured overall exercise
capacity through an incremental exercise test on a cycle ergometer; calf muscle energy metabolites during light exercise by
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Results
The age, sex, height, weight, body mass index, amount of physical
exercise per week, and hematocrit for the CP patients and control participants are given in Table 1. Control participants were
well matched for levels of physical activity in their daily life, body
mass index, and age.
CP Increases Lactate Production During Exercise and Limits Overall
Exercise Capacity. Fig. 1 illustrates mean values for venous blood

lactate concentration, end-tidal partial pressure of carbon dioxide, and ventilation as a function of work rate during the incremental exercise test. Venous blood lactate concentration
increased early in the CP patients, becoming signiﬁcantly higher
than in the control group at ∼4 min into the exercise test at
a work rate of 80 W. CP patients stopped exercising at lower
work rates than controls. The maximum work rates achieved per
kg of body mass (reported in Table 1) were signiﬁcantly lower for
the CP patients, around 70% of those achieved by the control
participants. There was no correlation between maximum work
rate and hematocrit in the CP group. The end-tidal partial
pressure of carbon dioxide was signiﬁcantly lower in the CP
group at rest and remained so throughout the exercise protocol.
Furthermore, ventilation rose more rapidly during exercise in the
CP patients than in the control participants.
CP Causes Marked Phosphocreatine Depletion, Inorganic Phosphate
Elevation, and Fall in pH During Calf Muscle Exercise. Fig. 2 illus-

trates 31P MR spectra for a representative control participant
and a representative CP patient at rest and during calf exercise.
At rest, the spectra from the two individuals appeared similar.
However, during exercise, the phosphocreatine (PCr) peak almost disappeared, and the inorganic phosphate (Pi) peak was
markedly higher in the CP patient than in the control participant.
Similar results were obtained in all subjects within each group.

Mean values for PCr, Pi, and pH for the CP and for the control
groups during the three periods of calf exercise and intervening
periods of rest are shown in Fig. 3. In the CP group, marked
depletion of muscle PCr and elevation of Pi was evident even
at the lowest level of exercise. These effects were signiﬁcant at
all work rates, and even the lightest work rate (3 W) caused
a greater depletion of PCr and elevation of Pi in the CP group
than did the heaviest work rate (5 W) in the control group.
Similarly, at all three levels of exercise, the fall in muscle pH in
the CP group far exceeded the fall in muscle pH in the control
participants. Again, this effect was such that the fall in pH at the
lowest level of exercise in the CP group greatly exceeded the fall
in pH at even the heaviest level of exercise in the control group.
Muscle ATP concentration decreased in both groups in response
to exercise, but its concentration did not differ signiﬁcantly between the two groups at any level of exercise.
CP Is Associated with Elevated mRNA Levels of Muscle Phosphofructokinase, Muscle Pyruvate Kinase, and PDK in Skeletal Muscle.

Protein expression levels for the isoforms of myosin heavy chain,
indicative of muscle ﬁber composition, are shown in Fig. S1. No
signiﬁcant differences were found between the CP group and
the control group for the proportions of type I, IIA, IIX, and
IIB ﬁbers.
No signiﬁcant differences were detected in muscle glycogen
concentration, PDC total activity (PDCt), glutamate dehydrogenase
(GluDH), citrate synthase (CS), 3-hydroxyacyl-CoA dehydrogenase
(HAD), glyceraldehyde 3 phosphate dehydrogenase (GlyPDH),
myosin heavy chains, and myosin light chains in control participants
and CP patients (Table 2).
At the mRNA level, a signiﬁcant increase in CP patients’
transcript levels was observed for muscle phosphofructokinase
(PFKM), muscle pyruvate kinase (PKM) isoforms M1 (M1-PKM)
and M2 (M2-PKM), and PDK isoforms 1 (PDK1), 2 (PDK2), and
4 (PDK4) (Table 3). Transcript levels did not differ signiﬁcantly
for hexokinase isoforms 1 (HK1) and 2 (HK2), pyruvate dehydrogenase phosphatase isoforms 1 (PDP1) and 2 (PDP2), pyruvate dehydrogenase kinase isoform 3 (PDK3), and lactate
dehydrogenase A (LDHA).
CP Alters Pyruvate and Lactate Concentrations in Blood During the
Digestion of a Standard Meal. Fig. S2 illustrates the changes in

mean arterial concentrations for plasma glucose, plasma insulin,
plasma pyruvate, and blood lactate following the standard meal
tolerance test. The changes in glucose and insulin did not differ

Table 1. Individual and group characteristics of Chuvash polycythemia patients and control participants
Participant
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Control #1
Chuvash #1
Control #2
Chuvash #2
Control #3
Chuvash #3
Control #4
Chuvash #4
Control #5
Chuvash #5
Mean control
SD Control
Mean Chuvash
SD Chuvash

Age (y)

Sex

22
21
22
22
24
25
44
34
46
38
32
12
28
8

M
M
M
M
M
M
F
F
F
F

Height
(m)

Weight
(kg)

Body mass
index (kg m−2)

Exercise per
week (h)

Maximum work
rate (W/kg)

Hematocrit
(%)

1.80
1.77
1.83
1.71
1.77
1.72
1.71
1.52
1.61
1.63
1.74
0.09
1.67
0.10

79
58
72
65
75
61
67
69
65
52
72
6
61
6

24
19
21
22
24
21
23
30
25
20
23
2
22
4

<3
<3
<3
<3
<3
<3
<3
<3
<3
<3
<3

3.5
3.1
4.2
2.5
3.7
3.3
3.3
1.4
2.2
1.5
3.4
0.8
2.4*
0.9

42
62
45
64
45
41
36
48
39
41
42
4
51
11

<3

Age, sex, height, weight, body mass index, amount of physical exercise per week, maximum work rate achieved during the incremental test on the cycle
ergometer, and hematocrit.
*The results for the CP group are signiﬁcantly different (P < 0.05) from those for the control group.
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means of 31P magnetic resonance spectroscopy (MRS); the
metabolic response (arterial and venous blood metabolites) to
the consumption of a standardized meal; and in vitro skeletal
muscle ﬁber composition, enzyme activities, and mRNA expression levels from biopsy samples obtained at rest. The results
demonstrate that, under conditions of enhanced metabolic activity, CP patients generate substantially more lactate than control participants. Some, but not all, of the effects predicted from
studies of the HIF system in cell culture were observed in vivo in
humans who had CP.
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Fig. 1. Responses of CP patients and control participants to incremental
exercise on a cycle ergometer. (A) Venous blood lactate concentration, (B)
end-tidal partial pressure of carbon dioxide (PCO2), and (C) ventilation
expressed as a function of work rate. Empty circles show results from the
control group; ﬁlled circles show results from CP group. Data are mean ± SD.
Number of individual values averaged per data point varies depending on
number of participants who achieved the work rate; individuals’ maximum
work rates are reported in Table 1. Horizontal lines indicate that each underlying average value for the CP patients differs signiﬁcantly from the
corresponding value for the control participants. *P < 0.05; **P < 0.01.
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signiﬁcantly between the CP group and the control group.
However, the increases in plasma pyruvate and blood lactate
60 min after ingestion of the standardized meal were signiﬁcantly
greater in the CP group than in the control group. At 60 min, the
plasma pyruvate concentration was 251 ± 64 μM (mean ± SD) in
the CP group compared with 122 ± 51 μM in the control group,
and the blood lactate was 1.74 ± 0.27 mM in the CP group
compared with 0.87 ± 0.37 mM in the control group.
Fig. S2 illustrates forearm blood ﬂow during the standard meal
tolerance test. No signiﬁcant effects of the meal were detected,
nor were there any signiﬁcant differences between the CP group
and the control group. Also illustrated in Fig. S2 are the uptakes
of glucose and lactate by skeletal muscle. These uptakes increased after the meal. With the exception of one data point, no
signiﬁcant differences were detected between the CP group and
the control group.
Discussion
This study demonstrates that a functional mutation within the
HIF–VHL pathway can have a signiﬁcant effect on human energy metabolism at the level of the organism as a whole. In
particular, the study demonstrates that exercise, whether involving a large or a small muscle mass, is a substantial metabolic
stress for patients with CP, who exhibit signiﬁcantly greater lactate
accumulation than normal controls. Compared with normal controls, CP patients had low maximum exercise capacities and demonstrated early and greater PCr depletion and acidosis during
a light ankle plantar-ﬂexion exercise. In patients with CP, skel12724 | www.pnas.org/cgi/doi/10.1073/pnas.1002339107
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Fig. 2. Examples of spectra obtained from calf muscle during 31P MRS.
(A and B) Spectra for a representative control participant. (C and D) Spectra for
a representative CP patient. (A and C) Spectra recorded at rest. (B and D)
Spectra recorded in the last minute of the 5-W exercise period. The depletion
of PCr and increase in Pi with exercise was much more marked in the Chuvash
patient than in the control participant.

etal muscle mRNA expression levels at rest were elevated for
enzymes of glycolysis and PDC inhibition.
In normal healthy volunteers, maximal oxygen uptake capacity
is a signiﬁcant determinant of both the maximum exercise capacity
and the work rate at which blood lactate begins to rise (21). In
patients with CP a degree of pulmonary hypertension (20) could
limit the rise in cardiac output with exercise and so cause low
maximum exercise capacity and early lactate production from
muscle. We did not record pulmonary arterial blood pressure in
this study and so do not know how much it may have risen during
the incremental exercise test. However, we studied energy metabolism in a small muscle mass during light exercise, in which CP
patients demonstrated a striking depletion of PCr in muscle, accumulation of Pi, and marked muscle acidosis compared with the
normal controls. Because these ﬁndings were associated with light
exercise of a small muscle mass, they suggest that cardiopulmonary
limitations to the delivery of oxygen are an unlikely explanation for
the abnormal metabolism. The light level of exercise also makes it
unlikely that the results are caused by diffusional limitations for
oxygen within the muscle. Finally, three of the ﬁve patients were
not noticeably polycythemic (because of clinical management via
venesection), and therefore viscosity changes in blood are not
likely to have limited the supply of oxygen. This last point is supported by the absence of any correlation between hematocrit and
maximum work rate in the CP group.
Skeletal muscle that contains a high proportion of fast-twitch
(type II) white muscle ﬁbers is more likely to metabolize anaerobically during exercise and so produce more lactate and have
greater PCr depletion at the onset of contraction. Thus a further
possibility is that the skeletal muscle of CP patients may contain
Formenti et al.

Table 2. Results from the skeletal muscle biopsy for Chuvash
polycythemia patients and control participants

35
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Participant Glycogen* PDCt† GluDH†

20
15

Control #1
Chuvash #1
Control #2
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Chuvash #4
Control #5‡
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Control
Mean
SD
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Mean
SD
P value

10
5
Control

0
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5
0
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0.08

4.9
2.1
0.07

CS†
39.0
48.5
36.2
46.3
37.2
65.7
118.1
36.1
32.4
27.9

HAD† GlyPDH† MHC MLC
20.2
17.5
16.3
16.0
7.4
27.8
36.0
27.8
10.4
9.8

4917
6147
6421
6246
3597
6297
5868
4773
6072
4968

0.42
0.40
2.00
0.55
0.63
0.17
0.15
0.36

0.17
0.10
0.90
0.18
0.13
0.33
0.08
0.05

0.50 0.10

8.3
3.9

52.6 18.1
36.7 11.2

5375
1140

0.80 0.32
0.82 0.39

7.0
1.7
0.58

44.9 19.8
14.3 7.9
0.73 0.85

5686
750
0.69

0.40 0.15
0.15 0.11
0.33 0.50

6.8
6.7

3W

6.6
0

5

4W
10

15

5W
20

25

30

35

40

Time (min)

Downloaded by guest on September 26, 2021

Fig. 3. Results from CP group and control group for 31P MRS on calf muscle:
(A) PCr concentration, (B) Pi concentration, and (C) pH as a function of time.
The vertical broken lines indicate the onset and offset of the 5-min plantarﬂexion exercise sessions, and the associated black bars indicate the power
outputs (3, 4, and 5 W). Empty circles show results from the control group
(n = 5); ﬁlled circles show results from the CP group (n = 5). Values are minute
averages ± SD. Hatched horizontal bars indicate periods of signiﬁcant difference ( P < 0.05) between groups.

a high proportion of such ﬁbers. However, this hypothesis was
not supported by the biopsy results, which demonstrated almost
identical proportions of ﬁber types in the CP patients and the
normal controls.
A further possibility is that CP patients are limited in their
exercise capacity not by the availability of oxygen but rather by
their capacity to use oxygen. This diminished capacity could arise
through limitations in substrate supply to the tricarboxylic acid
cycle in a manner similar to that of the acetyl group deﬁcit in
normal humans at the start of exercise (22, 23). In particular,
production of acetyl-CoA requires the activation of PDC, which
is tightly regulated through an inactivation/activation cycle controlled by kinases (PDK1-4) and phosphatases (PDP1-2), respectively. In the skeletal muscle biopsies from CP patients, we
detected signiﬁcant elevations in transcript for PDK1, PDK2,
and PDK4 (the last two being the predominant isoforms of the
kinase in skeletal muscle) (24, 25). This ability of HIF to suppress oxidative metabolism is consistent with observations made
in mice lacking HIF-1α in skeletal muscle; these mice had an
increased level of exercise endurance associated with a lower
level of lactate and a lower level of mRNA for PDK1 (26). Although there is a mouse model of CP (27, 28), no metabolic
phenotype has been reported. Apart from PDK, we also observed elevated levels of transcript for two other known HIFregulated genes (PFKM and PKM) (29, 30), but transcripts for
other HIF-target genes were not signiﬁcantly altered in CP
patients. This result may have arisen simply as a type II error
because of our limited number of patients. Overall, although
PDCt activity did not differ signiﬁcantly between the two groups,
alterations in the expression of its regulatory kinase or phosFormenti et al.

CS, citrate synthase activity; GluDH, glutamate dehydrogenase activity;
GlyPDH, glyceraldehyde-3-phosphate dehydrogenase activity; HAD, 3-hydroxyacyl-coA dehydrogenase activity; MHC, myosin heavy chain; MLC, myosin light
chain; PDCt, pyruvate dehydrogenase complex total activity.
*mmol glucosyl units kg−1 dry muscle.
†
nmol acetyl-CoA min−1 mg−1 protein.
‡
Insufﬁcient material for MHC and MLC determination.

phatase enzymes nevertheless might explain the observed abnormalities in skeletal muscle energy metabolism.
In cell culture, an increased level of HIF-1 has been associated
with mitochondrial autophagy (16). Because there is a strong
relationship between total mitochondrial volume and maximal
oxygen uptake capacity (31), a further possible explanation of the
reduced exercise capacity and enhanced lactate production of
the CP patients is a reduction in mitochondrial volume. However, the lack of any difference between groups in the markers of
mitochondrial volume (GluDH and CS activities) provides no
evidence to support a reduced mitochondrial volume in the CP
patients. In skeletal muscle of HIF-1α–null mice, the number of
mitochondria also was not altered (32).
Table 3. Changes in mRNA expression levels in Chuvash
polycythemia patients relative to control participants
Gene name
HK1
HK2
PFKM
M1-PKM
M2-PKM
PDP1
PDP2
PDK1
PDK2
PDK3
PDK4
LDHA

Fold change

95% CI

P value

1.4
0.76
1.4
1.8
1.8
0.55
0.67
2.0
1.9
1.2
5.5
1.5

0.8–2.1
0.27–2.18
1.1–2.0
1.2–2.8
1.1–3.0
0.27–1.11
0.30–1.48
1.1–3.5
1.3–2.7
0.6–2.1
1.7–18.4
0.8–2.7

0.06
0.57
0.04
0.01
0.04
0.09
0.28
0.03
0.004
0.53
0.01
0.17

Expression data at the mRNA level for hexokinase 1 isoforms 1 (HK1) and
2 (HK2), muscle phosphofructokinase (PFKM), M1 isoform of muscle pyruvate kinase (M1-PKM), M2 isoform of muscle pyruvate kinase (M2-PKM),
pyruvate dehydrogenase phosphatase isoforms 1 (PDP1) and 2 (PDP2), pyruvate dehydrogenase kinase isoforms 1 (PDK1), 2 (PDK2), 3 (PDK3), and 4
(PDK4), and lactate dehydrogenase A (LDHA). The 95% conﬁdence interval
(95% CI) is reported for each fold change.
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A further ﬁnding in cell culture is that HIF-1 may regulate the
expression of cytochrome oxidase subunit 4 isoforms (15). It thus
is possible that their expression differs in the CP patients and
controls, and this difference could affect the efﬁciency with
which they are able to consume oxygen within the muscle. Our
muscle biopsy analyses were limited by the amount of tissue
available, and we were unable to assess this possibility.
Given the magnitude of the effects of CP on skeletal muscle
metabolism during exercise, there were remarkably few aberrations in glucose, lactate, and pyruvate metabolism after meal intake in CP patients. Glucose homeostasis after meal intake was
normal. Notably, lactate uptake in the forearm in CP patients was
no different from that in control participants in both the resting
pre- and postprandial states. Arterial blood lactate concentration
increased more in CP patients after meal intake, but the origin of
this lactate is not known. Tissues with a net production of lactate
are brain, intestine, blood cells, skin, and adipose tissue (33–35),
whereas kidney (renal cortex) and liver remove lactate (36).
Skeletal muscle will extract or produce lactate depending on
metabolic state and muscular workload. There was no association
between the rise in plasma lactate and hematocrit (higher in some
CP patients than in controls), suggesting that generation of lactate
from blood does not contribute to the difference between the
groups. The production of lactate from skin also probably can be
assumed to be constant. The contribution of lactate production
from adipose tissue was not likely to have been very signiﬁcant in
a whole-body perspective, at least not in these groups of moderately lean people. Therefore the postprandial rise in lactate would
seem more likely to depend on a CP-speciﬁc effect on intestinal
lactate production, on a reduction in postprandial hepatic lactate
clearance, or a combination of both. Changes in pyruvate concentration mirrored those of lactate, and there were no differences between groups in the lactate/pyruvate ratios in blood; these
ﬁndings are consistent with there being no major disturbance of
the cellular cytosolic redox state.
The meal intake gave us the opportunity to examine the
postprandial rise in plasma insulin to search for an insulinsecretion defect. Such defects have been reported recently in
mice with a conditional deletion of VHL within pancreatic β cells
(37–39). Because the rise of meal-stimulated insulin appeared
normal and also appeared to control postprandial plasma glucose concentrations within a normal range, we conclude that the
subtle systemic VHL deﬁcit present in CP patients causes no
gross abnormality in insulin secretion.
With respect to their cardiopulmonary phenotype, CP patients
generally appear to phenocopy sea-level natives who have been
acclimatized to the hypoxia of high altitude (20). In relation to
exercise, however, the predominant view has been that both
acclimatized sea-level natives and high-altitude natives accumulate less lactate in the blood during exercise and have lower
peak values for lactate after exhaustive exercise than do unacclimatized individuals (40, 41). This situation has been termed
the “lactate paradox” (41–43). In contrast, our CP patients exhibit the opposite effect. However, not all studies have detected
the reduction in lactate accumulation during exercise following
acclimatization (44, 45), and the existence of the lactate paradox
is a matter of debate (43, 46–50). In a similar manner, there is
a debate as to whether there are any beneﬁts associated with
a “live high, train low” regimen for endurance athletes other
than those that may arise from the associated erythrocytosis (51).
Our results suggest that sustained activation of the HIF pathway
in humans is more likely to be deleterious to such performance.
Finally, the comparison between CP and reduced oxygen avail1. Wang GL, Semenza GL (1995) Puriﬁcation and characterization of hypoxia-inducible
factor 1. J Biol Chem 270:1230–1237.
2. Salceda S, Caro J (1997) Hypoxia-inducible factor 1alpha (HIF-1alpha) protein is rapidly
degraded by the ubiquitin-proteasome system under normoxic conditions. Its

12726 | www.pnas.org/cgi/doi/10.1073/pnas.1002339107

ability should not be drawn too closely, because oxygen not only
affects the levels of HIF but is itself a key substrate in metabolism. Metabolic changes also could affect 2-oxoglutarate concentrations, and these concentrations in turn affect the level of
HIF (52, 53).
In summary, CP is a subtle genetic abnormality that results in
a modest increase in expression of HIF-regulated gene products in
the absence of hypoxia. In this study, with our limited number of
patients, we were unable to detect some of the effects that might
be predicted from the much more powerful manipulations of the
HIF system that can be undertaken in cell culture. Nevertheless,
despite the subtle nature of the CP defect, major effects on overall
metabolism could be detected as soon as metabolism was sufﬁciently stressed. These ﬁndings emphasize that HIF plays an important role in the overall regulation of metabolic function and
that other mechanisms within the intact organism do not compensate fully for the metabolic effects of the CP modiﬁcation.
Materials and Methods
Participants. Five CP patients and ﬁve healthy control participants took part in
the study. Table 1 shows the characteristics of individual participants. CP
patients were identiﬁed from previous studies (20, 54). Control participants
were recruited by advertisement. Each CP patient was homozygous for the
classic Chuvash mutation (19) and had been treated with long-term venesection to maintain a hematocrit near normal. Nonetheless, two patients
presented with high hematocrits (62% and 64%) on the ﬁrst day of the
experiments. No patient had undergone venesection within several weeks of
the experiment. The patients had no other medical disorders, had no history
of complications, and were asymptomatic except for occasional headaches
and tiredness. The number of CP patients included in the study was limited
by the rarity of this condition in the United Kingdom. Control participants
were chosen to match CP patients for gender and, as far as possible, for
a combination of age, physical ﬁtness (based on the amount of exercise
taken each week), and body build. Each participant was informed about the
aims, procedure, and details of the study and signed a written informed
consent form before taking part in the experiments. The study conformed to
the Declaration of Helsinki and was approved by the Oxfordshire Research
Ethics Committee.
Experimental Procedure. The experiments were performed over 2 consecutive days and included an incremental bicycle exercise test to exhaustion,
a small muscle mass exercise test, a standard meal tolerance test, and
a muscle biopsy. These tests were ordered chronologically to minimize the
effects of each test on the others as follows. On the morning of the
ﬁrst day, participants undertook the small muscle mass (calf) light exercise
tests for biochemical investigation using 31P MRS. In the afternoon muscle
biopsies were taken from the nonexercised vastus lateralis after inﬁltration of the biopsy area with 1% lidocaine. In the evening participants
were given a low-fat meal. On the second day, the standardized meal
tolerance test was administered; arteriovenous differences in metabolites
concentrations were measured before and for 5 h after the consumption
of the meal. The second day ended with the incremental exercise test to
exhaustion on the cycle ergometer. Participants fasted overnight from
8:00 PM before each experimental day. They also were asked to avoid
vigorous exercise and alcohol and caffeine consumption for 48 h before
the experiments.
The methods for each test followed standard procedures. Detailed
methodology for the incremental exercise test to exhaustion, small muscle
mass exercise for investigation with MRS, the standard meal tolerance test,
muscle biopsy analyses, and statistical analysis are described in SI Materials
and Methods.
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