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2002.—The associations of the C34T polymorphism of the
adenosine monophosphate deaminase 1 (AMPD1) gene with
cardiorespiratory phenotypes were tested during cycling ex-
ercise at absolute and relative power outputs progressing to
exhaustion before and after endurance training for 20 wk in
the HERITAGE Family Study cohort (n � 779). Since no
blacks were mutant homozygotes (TT), only whites were
considered for analysis (400 normal homozygotes, CC; 97
heterozygotes, CT; and 6 TT). For sedentary state, cycling at
the absolute power output of 50 W resulted in a higher rating
of perceived exertion in TT (P � 0.0001). At the relative
intensity of 60% of V̇O2 max, stroke volume was lower in TT
(P � 0.05). Maximal values for power output, systolic blood
pressure, heart rate, V̇CO2, and respiratory exchange ratio
were lower in TT (P � 0.05). The cardiorespiratory training
response at 50 W and at 60% of V̇O2 max was similar across
C34T-AMPD1 genotypes. However, the maximal values for
ventilation, V̇O2, and V̇CO2 during exercise increased less in
TT (P � 0.01). The results indicate that subjects with the TT
genotype at the C34T AMPD1 gene have diminished exercise
capacity and cardiorespiratory responses to exercise in the
sedentary state. Furthermore, the training response of ven-
tilatory phenotypes during maximal exercise is more limited
in TT.

adenosine; human muscle; myoadenylate deaminase

DURING INTENSE EXERCISE CAUSING AMP accumulation, the
enzyme adenosine monophosphate deaminase (AMPD;
EC 3.5.4.6) is activated in skeletal muscle. AMP accu-

mulation also activates AMP-activated protein kinase,
which enhances fat oxidation and glucose transport
(35). By converting AMP to IMP, AMPD displaces the
equilibrium of the myokinase reaction toward ATP
production. The AMPD reaction is also the major con-
tributor to the production of ammonia, a biochemical
indicator of the intensity of exercise (12, 19). Moreover,
AMPD is the initial reaction of the purine nucleotide
cycle (PNC), which plays a central role in the salvage of
adenine nucleotides and in determining energy charge
(19). Thus AMPD might be an important regulator of
muscle energy metabolism during exercise.

The skeletal muscle-specific isoform (M) of AMPD is
encoded by the AMPD1 gene, located on the short arm
of chromosome 1 (26). This isoform accounts for more
than 95% of the total AMPD in muscle (13). It is mainly
located in type II muscle fibers particularly at the
neuromuscular junction, but also in capillaries (32).

In addition to highly variable skeletal muscle AMPD
levels in a wide range of neuromuscular disorders,
�2% of human skeletal muscle biopsies are reported to
be AMPD deficient (14, 15). AMPD deficiency has been
attributed to a nonsense mutation (C to T transition in
nucleotide 34) in exon 2 of AMPD1 converting a glu-
tamine codon into a premature stop codon (21). Not
surprisingly, the nonsense mutation has been shown to
dramatically affect the activity of AMPD in skeletal
muscle. Norman et al. (22) showed that homozygotes
for the mutation had less than 1% of the AMPD activity
found in wild-type individuals.

In early studies, Fishbein et al. (11) proposed that a
deficiency of AMPD causes muscular weakness or
cramping after exercise. Since then, several studies
have tried to elucidate the mechanisms by which
AMPD deficiency might regulate muscle metabolism
and cause premature onset of fatigue (27). Sinkeler et
al. (28) showed that AMPD deficiency caused a lower
rate of ATP degradation but similar phosphocreatine
(PCr) hydrolysis and lactate accumulation during is-
chemic isometric exercise. More recently, Norman et

Article published online before print. See web site for date of
publication (http://physiolgenomics.physiology.org).

Address for reprint requests and other correspondence: C. Bouch-
ard, Human Genomics Laboratory, Pennington Biomedical Research
Center, 6400 Perkins Road, Baton Rouge, LA 70808 (E-mail:
bouchac@pbrc.edu).

Physiol Genomics 14: 161–166, 2003.
First published June 3, 2003; 10.1152/physiolgenomics.00165.2002.

1094-8341/03 $5.00 Copyright © 2003 the American Physiological Society 161



al. (23) proposed that AMPD deficiency causes higher
oxidative metabolism during exercise, as a result of the
increased adenosine levels enhancing blood flow, and
increased ADP levels stimulating oxidative phosphor-
ylation and thereby compensating for the decreased
purine nucleotide cycling. However, similar levels of
aspartate and tricarboxylic acid (TCA) cycle interme-
diates in muscle after exercise among genotypes led
Tarnopolsky et al. (30) to conclude that the C34T mu-
tation might be a harmless genetic variant. Power
output was not significantly different between TT and
the CC homozygotes or CT heterozygotes in both pre-
vious studies (23, 30). More recently, however, force-
generating capacity during repetitive submaximal iso-
metric muscle contractions was shown to be reduced in
subjects with AMPD deficiency compared with seden-
tary controls (8).

The present study investigated the effects of AMPD1
genotypes on cardiorespiratory and performance phe-
notypes during cycling to exhaustion in the sedentary
state and in response to training. It was hypothesized
that subjects with the T allele at C34T in the AMPD1
gene would show a lower performance capacity in the
sedentary state and a reduced ability to adapt to the
exercise-training program.

METHODS

Subjects

The study cohort consisted of 503 white subjects from 99
nuclear families and 276 black subjects from 105 families.
Subjects of both genders were between the ages of 17 and 40
yr for offspring and 65 yr of age or younger for parents. They
were required to have been sedentary for at least 6 mo. The
study protocol was approved by each of the institutional
review boards of the HERITAGE Family Study research
consortium. Subjects gave written consent to participate in
the study. A more detailed description of the HERITAGE
Family Study protocol is provided in Bouchard et al. (3).

Experimental Design and Exercise Test Protocols

Subjects completed a total of three exercise tests, each on
a different day, both before and after a period of exercise
training (see below). These included a maximal test, a sub-
maximal test, and a submaximal-to-maximal test. All exer-
cise tests were conducted on a cycle ergometer (Ergo-Metrics
800S; SensorMedics, Yorba Linda, CA). Subjects completed
the maximal test using a graded exercise test protocol, start-
ing at 50 W for 3 min. The power output was increased by 25
W every 2 min thereafter to the point of exhaustion. On a
different day, subjects exercised for 8–12 min at an absolute
power output of 50 W, rested 4 min, and exercised for 8–12
min at a relative power output equivalent to 60% of maximal
oxygen consumption (V̇O2 max). The submaximal-to-maximal
test was performed on a third day, starting with the submaxi-
mal protocol, i.e., 50 W and 60% of the initial V̇O2 max,
followed by 3 min at 80% of V̇O2 max. The test then progressed
to a maximal level of exertion (34).

Cardiovascular Measurements

Blood pressure was obtained by using Colin STBP-780
automated units. Systolic blood pressure (SBP) and diastolic
blood pressure (DBP) at 50 W and at the power output

eliciting 60% of V̇O2 max were measured twice at each steady-
state power output in the submaximal and submaximal-to-
maximal tests, whereas only one recording was obtained at
maximal exertion. Thus both the pretraining and posttrain-
ing blood pressures are the means of four measurements at
50 W and 60% of V̇O2 max, whereas the value at exertion
represents two measurements. Heart rate (HR) was moni-
tored with an electrocardiogram, and values were recorded
during the last 15 s of each exercise stage of the maximal test
and once steady state was achieved at each of the submaxi-
mal-maximal tests (34). Subjects reported their rating of
perceived exertion (RPE) (2) during the last 5 s of exercise at
each power output.

For the submaximal and submaximal/maximal tests, two
HR and cardiac output values were obtained and averaged
both at 50 W and at 60% of the initial V̇O2 max, pre- and
posttraining. Cardiac output was determined by using the
Collier CO2 rebreathing technique (6), as described by Wil-
more et al. (33). Stroke volume was derived by dividing the
estimated cardiac output by the measured HR at the time of
the cardiac output determination (34). Gas exchange vari-
ables [V̇O2, V̇CO2, ventilation rate (VE), and respiratory ex-
change ratio (RER)] were recorded using a SensorMedics
2900 metabolic measurement cart throughout each exercise
test and reported as the rolling average of the last three 20-s
intervals of each exercise stage. The criteria for V̇O2 max were
RER � 1.1, plateau in V̇O2 (changes of �100 ml/min in the
last three 20-s intervals), and a HR within 10 beats/min of
the maximal HR predicted by age (29).

Training program. The training was conducted on cycle
ergometers (Universal Aerobicycle, Cedar Rapids, IA). Sub-
jects were endurance trained, three times a week, for 20 wk.
The intensity of the exercise progressively increased from a
HR corresponding to 55% of V̇O2 max during the first 4 wk to
75% during the last 8 wk. The duration was also progres-
sively increased from 30 min/day during the first 2 wk to 50
min/day, which was maintained from the 14th week to the
end of the program. A more detailed description of the train-
ing program can be found elsewhere (29). To maintain con-
stant training HR, the ergometers were interfaced with a
computer system (Universal Gym Mednet, Cedar Rapids, IA)
that adjusted automatically the power output to each indi-
vidual’s target HR. All training sessions were supervised on
site.

Genotype Determination

To detect the C3T transition at nucleotide �34 at the
exon 2/intron 2 boundary of the AMPD1 gene, the region
surrounding exon 2 was amplified as described in Norman et
al. (22), creating a NspI site in the presence of the mutant
allele. Normal and mutant alleles were identified following
digestion with NspI and separation on agarose gels, yielding
visible fragments of 214 bp and 191 bp, respectively.

Statistical analysis. Associations between phenotypes and
genotypes were analyzed using the MIXED procedure in the
SAS Version 8.1 software package. Nonindependence among
family members was adjusted for by using a “sandwich esti-
mator,” which asymptotically yields the same parameter
estimates as ordinary least squares or regression methods,
but the standard errors and consequently hypothesis testing
are adjusted for the dependencies. The method is general,
assuming the same degree of dependency among all members
within a family. Adjustments for age, gender, and body mass
index were made for the baseline values, and for age, gender,
body mass index, and baseline value for the response to
training by including these variables as covariates in the
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MIXED model. Cardiac output and stroke volume were sta-
tistically adjusted for size using body surface area as deter-
mined by the equation of DuBois and DuBois (9).

RESULTS

Allelic Distribution and Subjects Characteristics

Table 1 shows the distribution of the alleles among
blacks and whites. The genotype frequencies were in
Hardy-Weinberg equilibrium in whites in whom it
could be tested. The T allele frequency reached 0.5% in
blacks and 11% in whites. The low frequency of the T
allele in the black population precluded any meaning-
ful analysis in this ethnic group. Table 2 shows the
basic characteristics of whites. There were no signifi-
cant differences in age, height, and body weight across
genotypes.

Sedentary state

Absolute power output (50 W). DBP and SBP re-
sponses to 50 W were not affected by genotype (Table
3). The RPE was higher in TT compared with CC and
CT (P � 0.0002). This was likely due to the fact that 50
W represented a 7% higher relative intensity in TT
(37 � 3% of maximal power output, P � 0.05) than in
CC and CT genotypes (30% and 30%, respectively).

Relative submaximal intensity (60% V̇O2 max). At the
power output eliciting 60% of V̇O2 max, SBP was higher
(P � 0.05) in CT compared with TT and CC homozy-
gotes (Table 4). Stroke volume was 13% lower in TT
(P � 0.05). Ventilatory phenotypes and RPEs were
similar across genotypes.

Metabolic responses at maximal intensity. Table 5
shows the values of the cardiorespiratory and perfor-
mance phenotypes at exhaustion. SBP was lower (P �
0.01) in TT compared with CT and CC, whereas DBP
was similar. The ventilation was identical across the
three genotypes. There was a tendency for the V̇O2 max
to be lower in TT (P � 0.10), while the maximal values
for V̇CO2 and RER were significantly lower in TT com-

pared with the other genotypes (P � 0.05 and P � 0.01,
respectively). Moreover, the maximal power output
was �14% lower in TT (P � 0.05).

Response to Training

The changes during exercise at 50 W and 60% of
V̇O2 max in response to the endurance-training program
indicated similar adaptation among the three geno-
types. However, the decrease in RPE at 50 W as a
result of the training program was larger in TT (P �
0.05). Maximal DBP decreased after training in CC
and CT, whereas it remained the same in TT (P �
0.03). Maximal ventilation, V̇O2 max, and V̇CO2max in-
creased less in TT (P � 0.01) (Table 6).

DISCUSSION

In the present study, we examined the associations
of the C34T AMPD1 genotype with cardiorespiratory,
metabolic, and performance phenotypes during sub-
maximal cycle exercise at an absolute and a relative
intensity and at exhaustion in the sedentary state and
in response to 20 wk of exercise training. In this study,
we found a T allele frequency of 11% in whites but only
of 0.5% in blacks. As there were only three CT and no
TT in blacks, the study focused on the data of whites
alone. One of the limitations of this study is the fact
that the low number of homozygotes for the TT allele
made it impossible to stratify the cohort by age and

Table 1. Distribution of AMPD1 genotypes in the
HERITAGE Family Study cohort

Black White

CC 98.9(273) 79.5(400)
CT 1.1(3) 19.3(97)
TT 0(0) 1.2(6)
T allelic frequency 0.5% 10.8%

Values are in percent; number people is in parentheses. The
mutant allele (T) corresponds to the C34T transition in the gene.

Table 2. Basic characteristics of the white subjects from the HERITAGE Family Study cohort

Genotype n Age, yr Height, cm Weight, kg BMI, kg/m2

CC 187 M, 213 F 35.5�14.4 170.2�9.5 75.2�17.6 25.8�5.1
CT 54 M, 43 F 37.0�15.2 171.6�9.3 77.0�16.7 26.0�4.5
TT 4 M, 2 F 36.7�12.5 177.5�13.3 80.3�9.7 25.7�4.2

P�0.39 P�0.60 P�0.77 P�0.99

Values are means � SD. M, male; F, female; BMI, body mass index.

Table 3. Cardiorespiratory phenotypes during bicycle
exercise at 50 W for the three C34T AMPD1 genotypes

CC CT TT P

50 W, % of
MPO 30�1 30�1 37�4 0.12

DBP, mmHg 71�1 71�1 72�3 0.85
SBP, mmHg 145�2 150�2 146�4 0.05
HR, beats/min 118�2 119�2 128�6 0.34
SV, ml 98�1 98�2 88�7 0.33
Q, l/min 11.4�0.1 11.4�0.2 11.1�0.7 0.92
VE, l/min 30�1 31�1 34�2 0.13
V̇O2, ml/min 1,027�9 1,035�12 1,070�39 0.45
V̇CO2, ml/min 944�12 948�13 997�47 0.54
RER 0.92�0.01 0.91�0.01 0.93�0.01 0.24
RPE 9.9�0.2 10.1�0.2 11.9�0.4 0.0002*

Values are adjusted means � SE. Adjustments were made for age,
gender, and BMI. Body size adjustment for stroke volume (SV) and
cardiac output (Q) was done using body surface area. DBP, diastolic
blood pressure; SBP, systolic blood pressure; HR, heart rate; VE �
ventilation rate; V̇O2, oxygen consumption rate; V̇CO2, carbon dioxide
production rate; RER, respiratory exchange ratio; RPE, rating of
perceived exertion; MPO, maximal power output. *P � 0.0001 vs. CC
and CT.
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gender, and thus the analyses were undertaken on data
statistically adjusted for these potential confounders.

Maximal power output in the sedentary state was
significantly lower in the TT homozygotes compared
with CC and CT genotypes. In contrast, Norman et al.
(23) did not observe lower power output in TT during a
30 s all-out sprint cycling exercise. On the other hand,
De Ruiter et al. (8) found that force-generating capac-
ity, after 5 min of repetitive voluntary isometric con-
tractions at 40% of quadriceps femoris maximal force,
decreased 29.4% in TT, while it decreased significantly
less (12.8%) in controls. Moreover, Tarnopolsky et al.
(30) found 15% and 26% lower peak power and time to
fatigue, respectively, in TT during a progressive inten-
sity exercise protocol. These findings reinforce the idea
that the AMPD deficiency observed in TT individuals
may reduce exercise capacity, as originally suggested
by Fishbein (11). The mechanism by which a lower
muscular performance in the range of 15% to 25%
occurs in AMPD-deficient subjects remains to be de-
fined. Based on results from several studies, TT ho-
mozygotes appear able to maintain muscle ATP levels

and energy charge under a variety of exercise condi-
tions (23, 27, 30). Moreover, it does not seem that the
anaerobic energy delivery pathways are impaired in
TT, since PCr hydrolysis and lactate accumulation are
consistently similar to those of CC under a variety of
exercise protocols (23, 27, 30).

Sabina et al. (27) proposed that disruption of the
PNC accounted for the 72% lower total work performed
during muscle contraction in patients with AMPD de-
ficiency. Tarnopolsky et al. (30) disputed this, as they
found similar TCA cycle intermediates in mutant ho-
mozygotes as in controls. However, glutamine levels
were higher in AMPD-deficient patients and seemed to
have decreased during exercise. Since glutamine has
been shown to increase TCA intermediates during ex-
ercise (4), it might partly compensate for the absent or
reduced flux of TCA intermediates generated through
the PNC in mutant homozygotes. During intense exer-
cise, muscle adenylosuccinate content decreases and
does not recover under ischemic conditions, suggesting
that only the deaminating limb of the PNC operates
during intense muscle contraction and reamination is
dependent on aerobic metabolism (31). Norman et al.
(23) suggested that the TT homozygotes compensate
their lack of PNC cycling by increasing oxidation of
substrates due to ADP and adenosine effects on oxida-
tive metabolism. Furthermore, the higher AMP accu-
mulation in TT can activate AMP-activated protein
kinase, which seems to enhance fatty acid oxidation
and glucose transport in muscle (35).

Elevated levels of AMP can also lead to adenosine
accumulation. Adenosine increases in the interstitium
of human muscle with increasing exercise intensity (7,
16, 20), and it increases more in AMPD-deficient com-
pared with normal muscle (23, 27). During exercise at
62% of peak power, infusion of adenosine increased
femoral artery blood flow in a dose-dependent manner
(25). As the exercise becomes more severe, HR attains
a maximal level and stroke volume reaches its maxi-
mum and often decreases, resulting in a fall in blood
pressure (5). The results reported herein showed that
stroke volume was lower in TT at the power output

Table 5. Cardiorespiratory and performance
phenotypes at exhaustion for the three C34T
AMPD1 genotypes

CC CT TT P

DBP, mmHg 83�1 80�1 81�3 0.12
SBP, mmHg 195�2 196�2 185�4 0.003a

PP, mmHg 112�2 117�3 104�4 �0.001b

HR, beats/min 186�1 184�1 181�3 0.03c

VE, l/min 106�1 104�2 100�6 0.59
V̇O2, ml/min 2,519�41 2,502�49 2,362�62 0.10d

V̇CO2, ml/min 2,977�48 2,923�55 2,721�89 0.04d

RER 1.18�0.01 1.17�0.01 1.14�0.01 0.007e

RPE 19.2�0.1 19.2�0.1 18.6�0.5 0.49
MPO, W 189�4 187�4 162�8 0.03f

Values are adjusted means � SE. Adjustments were made for age,
gender, and BMI. SV and Q were not determined at exhaustion. PP,
pulse pressure. aP � 0.01 vs. CC and CT. bP � 0.05 vs. CC, and P �
0.001 vs. CT. cP � 0.10 vs. CT, and P � 0.05 CC vs. CT. dP � 0.05 vs.
CC, and P � 0.05 vs. CT. eP � 0.01 vs. CC, and P � 0.05 vs. CT. fP �
0.01 vs. CC and CT.

Table 6. Training response of cardiorespiratory and
performance phenotypes during bicycle exercise at
exhaustion of progressive intensity bicycle exercise
for the three C34T AMPD1 genotypes

CC CT TT P

DBP, mmHg �5�1 �4�1 0�2 0.03a

SBP, mmHg 17�1 10�2 10�3 0.41
HR, beats/min 0�0 0�1 �2�1 0.39
VE, l/min 11.6�0.9 13.9�1.4 3.8�3.7 0.006b

V̇O2, ml/min 406�25 422�32 294�39 0.006c

V̇CO2, ml/min 471�27 505�35 328�29 �0.0001d

RER 0.00�0.00 0.00�0.01 �0.01�0.01 0.23
RPE 0.3�0.1 0.0�0.2 0.9�0.5 0.07
MPO, W 56�2 52�3 66�4 0.06e

Values are adjusted means � SE. Adjustments were made for age,
gender, and BMI. aP � 0.01 vs. CC. bP � 0.05 vs. CC, and P � 0.01
vs. CT. cP � 0.01 vs. CC and CT. dP � 0.0001 vs. CC and CT. eP �
0.05 vs. CC and CT.

Table 4. Cardiorespiratory phenotypes during bicycle
exercise at 60% of maximal oxygen uptake for the
three C34T AMPD1 genotypes

CC CT TT P

DBP, mmHg 73�1 72�1 74�3 0.49
SBP, mmHg 165�1 168�2 162�1 0.03*
HR, beats/min 141�1 142�2 145�2 0.46
SV, ml 104�2 104�2 92�5 0.03†
Q, L/min 14.5�0.3 14.5�0.3 13.2�0.7 0.11
VE, l/min 45�1 45�1 43�3 0.61
V̇O2, ml/min 1,529�26 1,545�31 1,428�59 0.17
V̇CO2, ml/min 1,488�29 1,492�32 1,370�76 0.30
RER 0.97�0.00 0.96�0.01 0.96�0.02 0.31
RPE 13.0�0.2 13.3�0.3 13.4�0.8 0.37

Values are adjusted means � SE. Adjustments were made for age,
gender, and BMI. Body size adjustment for SV and Q was done using
body surface area. RPE, rate of perceived exertion. *P � 0.05 vs. CT.
†P � 0.01 vs. CC, and P � 0.05 vs. CT.
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eliciting 60% of V̇O2 max. In addition, SBP was lower in
TT at exhaustion. As the DBP did not change, the pulse
pressure was lower in TT at max exercise (Table 5).
Since pulse pressure is an indicator of the ejection
volume by the heart, these results are consistent with
the lower stroke volume observed at 60% of V̇O2 max
in TT.

Although the V̇O2 at exhaustion was not statistically
different among the genotypes, the �5% lower rate of
V̇O2 in TT cases could be physiologically relevant at
high power outputs. The lower V̇O2 at exhaustion was
not due to lack of motivation on the part of the TT
subjects, since they fulfilled the criteria for V̇O2 max (see
METHODS). Moreover, the same maximal RPE occurred
at a lower power output in TT subjects.

To our knowledge, no study has evaluated the re-
sponse of AMPD1 genotypes to exercise training. The
TT exhibited cardiorespiratory and metabolic re-
sponses to training similar to those of the CC and CT at
the submaximal exercise intensities. These are gener-
ally characterized by decreased blood pressure, RER,
and HR and increased stroke volume and oxygen up-
take at a fixed percentage of maximal power output
and at exhaustion. As sprint, high-intensity, and en-
durance training have been shown to decrease the
activity of AMPD (10, 17, 24), normal muscle appears
to depend less on AMPD. However, the lower increase
in the maximal ventilatory response after training in
TT is suggestive of reduced ability to perform aerobic
exercise at higher intensities. These results on the
response to training at maximal power output rein-
force the view that TT have a slight impairment poten-
tially caused by increased adenosine levels. On the
other hand, the T allele carrier status has been asso-
ciated with improved survival in patients with coro-
nary artery disease (CAD; Ref. 1) and congestive heart
failure (18), effects thought to be mediated by a protec-
tive effect of increased myocardial adenosine. In the
present study, AMPD1 TT individuals also benefited
significantly from exercise training, as their V̇O2 max
and maximal power output increased significantly. The
reasons for this apparent discrepancy between CAD
patients and asymptomatic adults remain unclear at
this time.

In conclusion, the present results suggest that sub-
jects with the TT genotype of the AMPD1 gene have
reduced exercise capacity. Their ventilatory adapta-
tions to exercise training appear to be limited at higher
intensities. They nonetheless exhibited significant car-
diorespiratory and performance improvements. De-
spite the internal consistency of the findings, caution is
warranted as there were only six mutant homozygotes
available for the association studies.

DISCLOSURES

The HERITAGE Family Study is supported by National Heart,
Lung, and Blood Institute Grants HL-45670 (to C. Bouchard.), HL-
47323 (to A. S. Leon), HL-47317 (to D. C. Rao), HL-47327 (to J. S.
Skinner), and HL-47321 (to J. H. Wilmore). A. S. Leon is partially
supported by the Henry L. Taylor endowed Professorship in Exercise
Science and Health Enhancement. C. Bouchard is partially sup-
ported by the George A. Bray Chair in Nutrition.

REFERENCES

1. Anderson JL, Habashi J, Carlquist JF, Muhlestein JB,
Horne BD, Bair TL, Pearson RR, and Hart N. A common
variant of the AMPD1 gene predicts improved cardiovascular
survival in patients with coronary artery disease. J Am Coll
Cardiol 36: 1248–1252, 2000.

2. Borg GA. Psychophysical bases of perceived exertion. Med Sci
Sports Exerc 14: 377–381, 1982.

3. Bouchard C, Leon AS, Rao DC, Skinner JS, Wilmore JH,
and Gagnon J. The HERITAGE Family study. Aims, design,
and measurement protocol. Med Sci Sports Exerc 27: 721–729,
1995.

4. Bowtell JL and Bruce M. Glutamine: an anaplerotic precur-
sor. Nutrition 18: 222–224, 2002.

5. Carlsten A and Grimby G. The Circulatory Response to Mus-
cular Exercise in Man. Springfield, IL: Thomas, 2002.

6. Collier CR. Determination of mixed venous CO2 tensions by
rebreathing. J Appl Physiol 9: 25–29, 1956.

7. Costa F, Heusinkveld J, Ballog R, Davis S, and Biaggioni I.
Estimation of skeletal muscle interstitial adenosine during fore-
arm dynamic exercise in humans. Hypertension 35: 1124–1128,
2000.

8. De Ruiter CJ, May AM, van Engelen BG, Wevers RA,
Steenbergen-Spanjers GC, and de Haan A. Muscle function
during repetitive moderate-intensity muscle contractions in
myoadenylate deaminase-deficient Dutch subjects. Clin Sci
(Lond) 102: 531–539, 2002.

9. DuBois D and DuBois EF. A formula to estimate the approx-
imate surface area of the body if height and weight be known.
Arch Intern Med 17: 863–871, 1916.

10. Esbjornsson M, Hellsten-Westing Y, Balsom PD, Sjodin B,
and Jansson E. Muscle fibre type changes with sprint training:
effect of training pattern. Acta Physiol Scand 149: 245–246,
1993.

11. Fishbein WN, Armbrustmacher VW, and Griffin JL.
Myoadenylate deaminase deficiency: a new disease of muscle.
Science 200: 545–548, 1978.

12. Fishbein WN, Foellmer JW, and Davis JI. Medical implica-
tions of the lactate and ammonia relationship in anaerobic ex-
ercise. Int J Sports Med 11, Suppl 2: S91–S100, 1990.

13. Fishbein WN, Sabina RL, Ogasawara N, and Holmes EW.
Immunologic evidence for three isoforms of AMP deaminase
(AMPD) in mature skeletal muscle. Biochim Biophys Acta 1163:
97–104, 1993.

14. Gross M. Molecular biology of AMP deaminase deficiency.
Pharm World Sci 16: 55–61, 1994.

15. Gross M. Clinical heterogeneity and molecular mechanisms in
inborn muscle AMP deaminase deficiency. J Inherit Metab Dis
20: 186–192, 1997.

16. Hellsten Y, Maclean D, Radegran G, Saltin B, and Bangsbo
J. Adenosine concentrations in the interstitium of resting and
contracting human skeletal muscle. Circulation 98: 6–8, 1998.

17. Hellsten-Westing Y, Balsom PD, Norman B, and Sjodin B.
The effect of high-intensity training on purine metabolism in
man. Acta Physiol Scand 149: 405–412, 1993.

18. Loh E, Rebbeck TR, Mahoney PD, DeNofrio D, Swain JL,
and Holmes EW. Common variant in AMPD1 gene predicts
improved clinical outcome in patients with heart failure. Circu-
lation 99: 1422–1425, 1999.

19. Lowenstein JM. Ammonia production in muscle and other
tissues: the purine nucleotide cycle. Physiol Rev 52: 382–414,
1972.

20. MacLean DA, Sinoway LI, and Leuenberger U. Systemic
hypoxia elevates skeletal muscle interstitial adenosine levels in
humans. Circulation 98: 1990–1992, 1998.

21. Morisaki T, Gross M, Morisaki H, Pongratz D, Zollner N,
and Holmes EW. Molecular basis of AMP deaminase deficiency
in skeletal muscle. Proc Natl Acad Sci USA 89: 6457–6461,
1992.

22. Norman B, Mahnke-Zizelman DK, Vallis A, and Sabina RL.
Genetic and other determinants of AMP deaminase activity in
healthy adult skeletal muscle. J Appl Physiol 85: 1273–1278,
1998.

165AMPD1 GENOTYPE AND PHYSIOLOGICAL RESPONSE TO EXERCISE

Physiol Genomics • VOL 14 • www.physiolgenomics.org



23. Norman B, Sabina RL, and Jansson E. Regulation of skeletal
muscle ATP catabolism by AMPD1 genotype during sprint exer-
cise in asymptomatic subjects. J Appl Physiol 91: 258–264, 2001.

24. Norman B, Sundberg CJ, Viru M, and Jansson E. Effect of
endurance training on AMP deaminase activity in human skel-
etal muscle (Abstract). Med Sci Sports Exerc Dev Suppl 27:
A245, 1995.

25. Radegran G and Calbet JA. Role of adenosine in exercise-
induced human skeletal muscle vasodilatation. Acta Physiol
Scand 171: 177–185, 2001.

26. Sabina RL, Morisaki T, Clarke P, Eddy R, Shows TB,
Morton CC, and Holmes EW. Characterization of the human
and rat myoadenylate deaminase genes. J Biol Chem 265: 9423–
9433, 1990.

27. Sabina RL, Swain JL, Olanow CW, Bradley WG, Fishbein
WN, DiMauro S, and Holmes EW. Myoadenylate deaminase
deficiency. Functional and metabolic abnormalities associated
with disruption of the purine nucleotide cycle. J Clin Invest 73:
720–730, 1984.

28. Sinkeler SP, Binkhorst RA, Joosten EM, Wevers RA, Co-
erwinkei MM, and Oei TL. AMP deaminase deficiency: study
of the human skeletal muscle purine metabolism during isch-
aemic isometric exercise. Clin Sci (Lond) 72: 475–482, 1987.

29. Skinner JS, Wilmore KM, Krasnoff JB, Jaskolski A, Jas-
kolska A, Gagnon J, Province MA, Leon AS, Rao DC,
Wilmore JH, and Bouchard C. Adaptation to a standardized

training program and changes in fitness in a large, heteroge-
neous population: the HERITAGE Family Study. Med Sci Sports
Exerc 32: 157–161, 2000.

30. Tarnopolsky MA, Parise G, Gibala MJ, Graham TE, and
Rush JW. Myoadenylate deaminase deficiency does not affect
muscle anaplerosis during exhaustive exercise in humans.
J Physiol 533: 881–889, 2001.

31. Tullson PC, Bangsbo J, Hellsten Y, and Richter EA. IMP
metabolism in human skeletal muscle after exhaustive exercise.
J Appl Physiol 78: 146–152, 1995.

32. van Kuppevelt TH, Veerkamp JH, Fishbein WN, Oga-
sawara N, and Sabina RL. Immunolocalization of AMP-
deaminase isozymes in human skeletal muscle and cultured
muscle cells: concentration of isoform M at the neuromuscular
junction. J Histochem Cytochem 42: 861–868, 1994.

33. Wilmore JH, Farrell PA, Norton AC, Cote RW III, Coyle
EF, Ewy GA, Temkin LP, and Billing JE. An automated,
indirect assessment of cardiac output during rest and exercise.
J Appl Physiol 52: 1493–1497, 1982.

34. Wilmore JH, Stanforth PR, Gagnon J, Rice T, Mandel S,
Leon AS, Rao DC, Skinner JS, Bouchard C. Heart rate and
blood pressure changes with endurance training: the HERI-
TAGE Family Study. Med Sci Sports Exerc 33: 107–116, 2001.

35. Winder WW. Energy-sensing and signaling by AMP-activated
protein kinase in skeletal muscle. J Appl Physiol 91: 1017–1028,
2001.

166 AMPD1 GENOTYPE AND PHYSIOLOGICAL RESPONSE TO EXERCISE

Physiol Genomics • VOL 14 • www.physiolgenomics.org


