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important aspect of exercise physiology
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Abstract

It has been proposed that adenosine triphosphate (ATP) released from red blood cells (RBCs) may
contribute to the tight coupling between blood flow and oxygen demand in contracting skeletal muscle.
To determine whether ATP may contribute to the vasodilatory response to exercise in the forearm,
relevant measured arterialised and venous plasma ATP concentration and venous oxygen content in 45
healthy young males at rest, and at 30 and 180 seconds during dynamic handgrip exercise at 45% of
maximum voluntary contraction (MVC) was studied.

Venous plasma ATP concentration was elevated above rest after 30 seconds of exercise (P<0.05), and
remained at this higher level 180 seconds into exercise (P<0.05 versus rest). The increase in ATP was
mirrored by a decrease in venous oxygen content. While there was no significant relationship between
ATP concentration and venous oxygen content at 30 seconds of exercise, they were moderately and
inversely correlated at 180 seconds of exercise (r = -0.651, P = 0.021). Arterial ATP concentration
remained unchanged throughout exercise, resulting in an increase in the arteriovenous ATP difference.
Collectively these results indicate that ATP in the venous plasma originated from the muscle
microcirculation, and are consistent with the notion that deoxygenation of the blood perfusing the
muscle acts as a stimulus for ATP release. That ATP concentration was elevated just 30 seconds after
the onset of exercise also suggests that ATP may be a contributing factor to the blood flow response in
the transition from rest to steady state exercise.

Keywords: Plasma ATP, concentration, handgrip exercise, exercise physiology

Introduction

Since 1929, when it was discovered that ATP is a substrate for muscle contraction, the
knowledge about this purine nucleotide has been greatly expanded. Many aspects of cell
metabolism revolve around ATP production and consumption. It is important to understand
the concepts of glucose and oxygen consumption in aerobic and anaerobic life and to link
bioenergetics with the vast amount of reactions occurring within cells. ATP is universally
seen as the energy exchange factor that connects anabolism and catabolism but also fuels
processes such as motile contraction, phosphorylations, and active transport. It is also a
signalling molecule in the purinergic signalling mechanisms. In this review, we will discuss
all the main mechanisms of ATP production linked to ADP phosphorylation as well the
regulation of these mechanisms during stress conditions and in connection with calcium
signalling events. Recent advances regarding ATP storage and its special significance for
purinergic signalling will also be reviewed.
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Fig 1: Elevated level of ATP in human blood and its corresponding effect (KEGG Database)

Within cells, energy is provided by oxidation of “metabolic
fuels” such as carbohydrates, lipids, and proteins. It is then
used to sustain energy-dependent processes, such as the
synthesis of macromolecules, muscle contraction, active ion
transport, or thermogenesis. The oxidation process results in
free energy production that can be stored in
phosphoanhydride “high-energy bonds” within molecules
such as nucleoside diphosphate and nucleoside triphosphate

(i.e., adenosine 5’ diphosphate and adenosine 5’
trisphosphate, ADP, and ATP, respectively),
phosphoenolpyruvate, carbamoyl phosphate, 2,3-
bisphosphoglycerate, and other phosphagens like

phosphoarginine, or phosphocreatine. Among them, ATP is
the effective central link—the exchange coin—between
energy-producing and the energy-demanding processes that
effectively involve formation, hydrolysis, or transfer of the
terminal phosphate group.
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In general, the main energy source for cellular metabolism is
glucose, which is catabolized in the three subsequent
processes—glycolysis, tricarboxylic acid cycle (TCA or
Krebs cycle), and finally oxidative phosphorylation—to
produce ATP. In the first process, when glucose is
converted into pyruvate, the amount of ATP produced is
low. Subsequently, pyruvate is converted to acetyl
coenzyme A (acetyl-CoA) which enters the TCA cycle,
enabling the production of NADH. Finally, NADH is used
by the respiratory chain complexes to generate a proton
gradient across the inner mitochondrial membrane,
necessary for the production of large amounts of ATP by
mitochondrial ATP synthase. In addition, it should be
mentioned that acetyl-CoA can be generated also by lipid
and protein catabolism.
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Fig 2: Genomic Region, Transcript Products of the relevant Gene (NCBI information)

The aim of this work is to provide an overview of the
principles governing ATP production and describe cellular
mechanisms that sense levels of ATP and regulate its

##Genome-Annotation-Data-START##
Annotation Provider
Annotation Status
Annotation Name

Annotation Version
Annotation Pipeline
Annotation

Annotation Software Version
Annotation Method
RefSeq model
Features Annotated
##Genome-Annotation-Data-END##
Location/Qualifiers
1..7810
/organism="Homo sapiens"
/mol_type="genomic DNA"
/db_xref="taxon:9606"
/chromosome="12"
1..7810
/gene="ATP5F1B"

FEATURES
Source

Gene
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synthesis. Metabolic alterations that promote the sustaining
of cancer progression, as well as methods for monitoring
ATP levels and production are also reviewed here.

NCBI

Updated annotation

Homo sapiens Updated Annotation
Release 109.20190607
109.20190607

NCBI eukaryotic genome

Pipeline

8.2
Best-placed RefSeq; propagated
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/gene_synonym="ATP5B; ATPMB; ATPSB; HEL-S-271"
/note="ATP synthase F1 subunit beta; Derived automated
computational analysis using gene prediction method:
BestRefSeq."
/db_xref="GenelD:506"
/db_xref="HGNC:HGNC:830"
/db_xref="MIM:102910"

mMRNA join(1..148,632..814,1030..1204,2027..2148,2398..2582,
3154..3312,3405..3527,5793..6005,6678..6879,7562..7810)
/gene="ATP5F1B"
/gene_synonym="ATP5B; ATPMB; ATPSB; HEL-S-271"
/product="ATP synthase F1 subunit beta"
/note="Derived by automated computational analysiusing
gene prediction method: BestRefSeq."
[transcript_id="NM_001686.4"
/db_xref="Ensembl:ENST00000262030.8"
/db_xref="GenelD:506"
/db_xref="HGNC:HGNC:830"
/db_xref="MIM:102910"

CDS join(22..148,632..814,1030..1204,2027..2148,2398..2582,
3154..3312,3405..3527,5793..6005,6678..6879,7562..7662)
/gene="ATP5F1B"
/gene_synonym="ATP5B; ATPMB; ATPSB; HEL-S-271"
/note="Derived by automated computational analysiusing
gene prediction method: BestRefSeq."
/codon_start=1
/product="ATP synthase subunit beta, mitochondrial
precursor"
/protein_id="NP_001677.2"
/db_xref="CCDS:CCDS8924.1"
/db_xref="Ensembl:ENSP00000262030.3"
/db_xref="GenelD:506"
/db_xref="HGNC:HGNC:830"

/db_xref="MIM:102910"

ftranslation="MLGFVGRVAAAPASGALRRLTPSASLPPAQLLLRAAPTAVHPVR

DYAAQTSPSPKAGAATGRIVAVIGAVVDVQFDEGLPPILNALEVQGRETRLVLEVAQH
LGESTVRTIAMDGTEGLVRGQKVLDSGAPIKIPVGPETLGRIMNVIGEPIDERGPIKT
KQFAPIHAEAPEFMEMSVEQEILVTGIKVVDLLAPYAKGGKIGLFGGAGVGKTVLIME
LINNVAKAHGGYSVFAGVGERTREGNDLYHEMIESGVINLKDATSKVALVYGQMNEPP
GARARVALTGLTVAEYFRDQEGQDVLLFIDNIFRFTQAGSEVSALLGRIPSAVGYQPT
LATDMGTMQERITTTKKGSITSVQAIYVPADDLTDPAPATTFAHLDATTVLSRAIAEL
GIYPAVDPLDSTSRIMDPNIVGSEHYDVARGVQKILQDYKSLQDIAILGMDELSEED
KLTVSRARKIQRFLSQPFQVAEVFTGHMGKLVPLKETIKGFQQILAGEYDHLPEQAFY

MVGPIEEAVAKADKLAEEHSS"

Fig 3: Protein sequence of the corresponding gene
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Homo sapiens chromosome 12, GRCh38.p13 Primary Assembly
NCBI Reference Sequence: NC_000012.12

LOCUS NC_000012 7810 bp DNA linear CON 14-JUN-2019
DEFINITION Homo sapiens chromosome 12, GRCh38.p13 Primary Assembly.
ACCESSION NC_000012 REGION: complement (56638175..56645984)
VERSION NC_000012.12
DBLINK BioProject: PRINA168
Assembly:  GCF_000001405.39
KEYWORDS RefSeq.
SOURCE Homo sapiens (human)
ORGANISM Homo sapiens

ORIGIN and END of the GENE

1 agtctccacc cggactacgc catgttgggg tttgtgggtc gggtggecge tgetccggece
61 tccggggcct tgcggagact caccecttca gegtegetge ccecagctcea getcttactg
121 cgggccgcte cgacggeggt ccatcetggt aagtgcetttt ctctaggage taacgttcca
181 ttttgccgcec ccatgacctt gagccgggga acgatggtag ctcgggcecta agggatcegt
241 ggtgttaaaa ggatgcctgg agecgcegtct tgctetctaa tggctggaga acaagaatgg
301 gacacccata ggaggtttct tcgacccagc tctgtcccat tttgtataaa gtcctttgtg

361 tgacggaaaa ggtgcgggca ggtgcgttga ccttccggtt gaataggggt actgaactct
421 cgaaaaatgg ggtcttgtgc atgcggatgg gaaggctgtg caggcegcttt atcgatcget
481 gcgceggcctt ccctettgga cacgcegttee gtacaagcgg aaagaggcect gacttcggct
541 gagttttcct ctecttgtgt gttaagtcct ggcttccgat gacctttaac tggectgacc

601 ccagctcctt ccaatatctt ttgtctgtta gtcagggact atgcggegcea aacatctect
661 tcgccaaaag caggegecgce caccgggege atcgtggegg tecattggege agtggtggac
721 gtccagtttg atgagggact accaccaatt ctaaatgccc tggaagtgca aggcagggag
781 accagactgg ttttggaggt ggcccagcat ttgggtaagt agagtttgtt aggaatagta
841 aagaccttgt gtagcccaaa tatccccaaa accaagctgt ctgecttcta tgatgatttt
901 atcaaaatga ctttcgttct tctgagtttg ctgaagccac atttaggtac tgagaaggag
961 tcttggtcga tttaggtctt gataccaatt tatccttatg tataaccctg cgatgectgt

1021 atctaacagg tgagagcaca gtaaggacta ttgctatgga tggtacagaa ggcttggtta
1081 gaggccagaa agtactggat tctggtgcac caatcaaaat tcctgttggt cctgagactt
1141 tgggcagaat catgaatgtc attggagaac ctattgatga aagaggtccc atcaaaacca
1201 aacagtaagt tgctcttatt gcatctatgc acaaaggaac ttctgttatt tgcagtttta
1261 cacattaagg tgacatgttc tcctaaagca gaatttttct tctgatacgt tcgattatta
1321 aaatcacaca gtgcagtttc acctgaagaa attaggatgc agaatttctg attgacaaaa
1381 gcctactact tgaggttttt ttttttgaga gggagtttcg ctctcgactc actgcaacct
1441 ccacctcctg ggttcaagtg attctcctgt ctcagcectec tgagtagctg ggattacagg
1501 tgcatgccat catgeecggc taatttttgt atttttagta cagatggggt ttcaccatgt
1561 tggccaggct ggtctcgaac tectgatttt gggtgattce cceeecacct cggececcca
1621 aagtgctggg ataacaggca tgagccactg cgectggcta gttgagtatt tttaagactce
1681 ggtcttatgg cttaggttta ggagtctcca aaacttgtag gtttttgtat ttgctattge
1741 tatgtgaggg aatgctgtta ggttaaggct cagtaaaatg aaaaatttat gacagttaaa
1801 gtcagggaat gggattattg tttcctaaga taataatttt ctttattgca gaaagttggg
1861 ttagatccta gatgatagtt tatctgattt atgtaagaaa ggggaggtaa gactgtggtt
1921 cctcaggtaa agggatggac ttgagagttg atagggaggg atatataaga ttatcatttg
1981 ctttcaacaa ggtgaataga tactatcctc tcttctacct ttacagattt gctcccattc
2041 atgctgaggc tccagagttc atggaaatga gtgttgagca ggaaattctg gtgactggta
2101 tcaaggttgt cgatctgcta gctccctatg ccaagggtgg caaaattggt atgttattaa
2161 ggggtacata ttttccaaac ctaatatggg aggaaaaact catacaatgt tatgagtgga
2221 tattgacatc tattcctcac tgatgagtac gttctgactt tcgttcttct gagtttgctg

2281 aagccagatg caatttctga gaaggaatag gatggaagga agcaattact ttttttgaag
2341 tttgcttatt taggaaagca gaactcttaa atattctttc ttttcaacct cttatagggc

2401 tttttggtgg tgctggagtt ggcaagactg tactgatcat ggagttaatc aacaatgtcg
2461 ccaaagccca tggtggttac tetgtgttty ctggtgttgg tgagaggacc cgtgaaggea
2521 atgatttata ccatgaaatg attgaatctg gtgttatcaa cttaaaagat gccacctcta
2581 aggtaagcat tgagctaatt gatgtccacg tggtagttac gccaggaaac tattgccaac
2641 tgaagccatg ttctatattt tctatttaat ttttttttct ttttaagaaa atgttaatat

2701 tttcattttc gtgtcccagg gectacaaag gaaacctgtt agtgttttce cccecaactt
2761 ccaatacaca aatggacatt ttctttcctc tttgatactg acattaaata acatttccag
2821 gttttctttt tggtagatag tcccatcatt tgaaagctaa ttttgggagg getggattgg
2881 acgtggtaca tatgtttcag ttaagcctat tttgtacttt tcacttaact tgaataggtt
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2941 tttatttcct ttctactata gttttgectt actaatataa gaagctgtct tttttttttg

3001 aactgcatct ctaataggga aaagaaactt gcacacaaaa acgctgacac cttctgagaa
3061 aggatctgtg gtcgtttctc cgatttggga accttcagta tgtggcttct ctactccttt

3121 gtcaggtttt acgattatgt atgattactg caggtagcgc tggtatatgg tcaaatgaat
3181 gaaccacctg gtgctcgtge ccgggtagcet ctgactgggce tgactgtgge tgaatacttc
3241 agagaccaag aaggtcaaga tgtactgcta tttattgata acatctttcg cttcacccag
3301 gctggttcag aggtaagagg gaaggcttga gaggacctgg ttcatctggce ctttcttcgg
3361 atgaggctaa ggatgtagac acctaagacc tttttttctt ttaggtgtct gcattattgg

3421 gccgaatecc ttctgetgtg ggctatcage ctaccctgge cactgacatg ggtactatge
3481 aggaaagaat taccactacc aagaagggat ctatcacctc tgtacaggta agaaaaatta
3541 catagatgaa gatctgattt gtataaaggc agggtgcagt ggtgcatctc agctactgag
3601 gaggctgagg caggaagatt gecttgagecc aagagatcag cctggggaac aaagctgtat
3661 gtatgtagag agatgtataa aactgactgg gccaggcgtg gtggttcatg cctgtaatac
3721 caacactttg ggaggctgag gtacgcggat catgaggtca ggagttaaga caccaccctg
3781 gccaacgtgg tgaaatcccg tetctactaa agatacaaaa aattagetgg gegttgtgge
3841 aggcgcctgt aatcccaact actcagaggc tgaggcagga gaatcgcttg aatccgggag
3901 gcagaggttg caatgagcca agattggggc actgcactcc agcctgggtg acagagtcag
3961 actctgectc aaaaaattaa aaaaaaataa atgaaggtat acatttaaat gtagatcaca
4021 aagcaatggt ttctagtctg aggggagtcc ggcegctatat ggaaactgag cattaaatat
4081 ttactgtatt agggctgagt gcagtggctc acacttgtaa ttccagcact ttggggecgg
4141 gcacggtggc tcacgcctgt aatcccagca ctttgggagg ccaaggcagg cggatcatga
4201 ggtcaggaga tcaagaccat cctgacttaa cacagtgaaa ccccatctct actaaaaata
4261 caaaaaatta gctgggcegtg gtggeacctg tctgtagttc cagctactcg ggaggcetgag
4321 gcaggagaat tgcttgaacc tgggaggcegg aggttgcagg aggttgtggt gagctgagat
4381 tgggccactc actccagect gggeggeaga gtgataatce gtctacaaaa aaaaaaaatt
4441 tactgcatta atgtactata cattttcaaa tatatataga tgggatatat agtaaaatta

4501 cataaatttt acatatagta aaaatgtggc taaactgtag gaacttttca tgattcagtg
4561 taatgaacta ttgtgcaaga agttttttgt tcttgttttt aattcttttt tttttttttt

4621 tgagacggag tttcactctt attgcccagg ctggagtgca atgggtgcga tctgggcetca
4681 ctgcaacctc ctcetgggtt caggtgattc ctttgtctca gectectgag tagetgggat
4741 tataggtgcc cgacaccagg cccggttaat ttttgtattt ttagtagaga cggggtttca
4801 ccatgttagt caggctggtc ttgaactcct gacctcaggt gatctgectg actcagcectc
4861 ccaaagtgtt gggattatag gcttgagcca ctgtgcccag cctctttttt atttttttat

4921 tttttttaat ttttattttt ttgagacgga gtctgttgcce taggctacag tgtggtagca

4981 cagtcttggc tcactataac ctccacctce tgggttcaag cgattcacct gettcagect
5041 cctgcatagc tgggattaca ggcatgcatc accatgcctg gctaattttt gtttcegttt
5101 tttttttttt ttttagtaga gacccecgte tctactggtg tcgaactect gacctcgtga

5161 tctgceectec ttggectece aaagtgetgg gattatagge atgagecace gtgectggec
5221 cccagcctct tgtttttaat tctaaaagtg ggcattaaaa tagttaaaat aaaagatgaa
5281 gaacaaaaag aatgatacta aaaattcttc catcatggct gagagaccag ataatctgtc
5341 agcttattca gcaggtatta ggggtggtaa gaagggtctt ttgagtgcta agaatatgga
5401 gtgagatgat aaagataggt cagaaagggg gatggcttaa gtaaaattac tttggttcge
5461 tgggcgtggt ggctcacgcce tataatccea acactttggg aggccaaggce gggtggatca
5521 cgaggtcagg agttcaagac cagcctggec aagatagtga aaccccgtct ctactaaaaa
5581 tacaaaaaaa ttagccgggt gtggtgatgg geacctgtag tcctagecac tcgggaaget
5641 gagacagaga attgcttgaa tccaggaggc agaggttgca gtgagccgag attgcaccac
5701 tgcactccag cctgggegac agagcgagac cctctcaaaa aaaaaaaaaa aaatttactt
5761 tggttcctgt tcttcatggg atctcacttt aggctatcta tgtgectget gatgacttga

5821 ctgaccctgc ccctgctact acgtttgecc atttggatgce taccactgta ctgtcgegtg
5881 ccattgctga getgggcatc tatccagetg tggatectct agactceacc tetegtatca
5941 tggatcccaa cattgttggc agtgagcatt acgatgttgc ccgtggggtg caaaagatcc
6001 tgcaggtgag tatattacta tgtgggatca gtgtccggaa agtcaaaaag agggcctgtg
6061 gggactatat gaggactgga tctttcttag tgatttgttt tggagcaagg aaagttgagg
6121 ctggcaattg ctagtgagag ctaatgaggt ctcttgagtt tccaggtact taacgctttg
6181 gaatgcaata tttttctttc tttttttttt tttttgagat gagtctcact gtgtctccca

6241 agctggagtg cagtggtgcec atctcggete actgcaacct cecgectceca ggttcaageg
6301 attctcctgc ctcagcectcc tgagtaccty ggattacagg tgcgegecac catgectgge
6361 tactttttgt atttttagta gagaccaggt ttcatcagtt ggtcaggctg gtctcgatct

6421 cctgacctca tgatccaccc accgtggcct cccaaagtgg tgggattaca gacgtgagec
6481 actgcgcecg gecggaatgca atatttttct aacagcacca aactaggact atggagaaca
6541 agacactgat ctttcttggc tgagggccct cataacacca ccaccttctc tgccecctag
6601 catgtaactt tccctttgtt agcttgtcca aattaaagga atgagaatac ttaactcagt
6661 cttctttttt ctcataggac tacaaatccc tccaggatat cattgccatc ctgggtatgg
6721 atgaactttc tgaggaagac aagttgaccg tgtcccgtge acggaaaata cagegtttct
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6781 tgtctcagcc attccaggtt gctgaggtct tcacaggtca tatggggaag ctggtacccc
6841 tgaaggagac catcaaagga ttccagcaga ttttggcagg tgagattttg agtacaaatc
6901 ttgaatgttt actgtgctgt ggtcccattc caacaaccgt caagcaatat atgtaatata
6961 ctatgcttaa ttatattttt taatttaaaa aacaaactta cccattgatt ttgtttgaaa

7021 atactctaca tttaatttga gtgtgatttg ttacttgatt ctctagctcc cttttatttt

7081 atatgtattt tttgagactg agtctctgtc gcccaggetg gagtacactg gtgcaatctt
7141 ggctcactgc aacctccacc tgecgggttc aagtgattct ccagectcaa ccatccaagt
7201 agctgggatt acaggcacac gecaccacgc ctggctaatt tttgtatttt tagtagccat
7261 ggggtttcac catgttggct gggcttgtct cgaactcctg accttaggtg atccgectge
7321 cttggcctce caaagtgctg ggattacagg tgtaagccac cgtgectgge ccatgtgtte
7381 ttaattcata ctgtatcata tcttgtaaat ttgatttgtg agggaaattt aagctttcta

7441 agatgacatg aattcatcac attctaactg atggcctgaa gtggtgagga atgttacatg
7501 atgcagaaag ttgatatccc tccgcttctt actctttttt tttttctccce ccatcataca

7561 ggtgaatatg accatctccc agaacaggcc ttctatatgg tgggacccat tgaagaagct
7621 gtggcaaaag ctgataagct ggctgaagag cattcatcgt gaggggtcett tgtcctctgt

7681 actgtctctc tccttgeeee taacccaaaa agcetteattt ttctgtgtag getgcacaag
7741 agccttgatt gaagatatat tctttctgaa cagtatttaa ggtttccaat aaaatgtaca

7801 cccctcagaa
I

Fig 4: Gene and corresponding Annotation details of relevant ATP Synthase

Despite over a century of inquiry, understanding of the
mechanisms that achieve the close matching of oxygen
supply to demand during exercise remains elusive. One
mechanism that has strong logical appeal proposes a role for
the red blood cell (RBC) in the regulation of vascular tone
[ According to this hypothesis, the RBC releases
adenosine triphosphate (ATP) in proportion to the number
of unoccupied binding sites on the haemoglobin molecule in
response to both low oxygen and mechanical deformation,
which are characteristic of the microvasculature in vivo. The
ATP then binds with purinergic receptors and effects a
conducted vasodilation via an endothelium-dependent
mechanism [, It has been shown using an isolated cell
model that RBCs release ATP upon exposure to hypoxia E!
and mechanical deformation [ 51 Furthermore, the
intraluminal application of ATP in arterioles ! and venules
[ results in local and conducted vasodilation. Despite some
evidence to the contrary [, findings in intact mammals
during exercise also tend to support a role for RBC-released
ATP in the regulation of vascular tone -1,

Fate of ATP Level

ATP concentration has been shown to increase in response
to incremental exercise in the coronary circulation of dogs
exercising on a treadmill 'Y and in the femoral vein in
humans during knee extensor exercise [ 1%, Consistent with
studies using isolated RBC Bl the increase in ATP
concentration was also strongly correlated with a decrease in
venous oxygen (and carbon monoxide) fraction in humans
(r?> = 0.93-0.96) ' and coronary venous oxygen saturation
(r = 0.93) and coronary blood flow (r = 0.99) in dogs (.
Furthermore, intra-arterial infusion of ATP results in a dose-
dependent increase in vascular conductance in the forearm
and leg [0 12 181" mimicking the response seen during
exercise [19,

Currently the available data suggest a role for ATP in the
"steady state" phase of exercise. The few studies that have
measured ATP during exercise have done so at least 60
seconds into an exercise bout [& 1% 11, Whether ATP is also
elevated earlier during exercise, prior to 60 seconds, is
currently unknown. Given that the stimulus for ATP release,
deoxygenation, is present as early as 10-12 seconds after the
onset of contractions [**%71, it is reasonable to hypothesise
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that ATP may also be important early in exercise, as blood
flow adapts to meet the demand of skeletal muscle during
the rest to exercise transition. This would also be consistent
with the recent description of the dynamic response
characteristics of blood flow at the onset of forearm exercise
being at least biphasic ['¢l. The first phase, beginning just 2
seconds after the onset of contractions, is most likely
attributable to mechanical factors whereas the delayed onset
(approximately 21 seconds) of the second phase is
suggestive of negative feedback control as per the classical
metabolic hypothesis 1,

The appearance and accumulation of possible vasodilatory
substances should precede the onset of the vasodilation by
substances proposed to stimulate 9. Accumulation of
proposed vasodilators such as ATP released from RBCs
would therefore be expected to precede the onset of second
phase; that is, they should be present within approximately
30 seconds of the onset of contractions. As such, the present
study was designed to test the following hypotheses: 1) ATP
concentration will increase in the venous blood during
dynamic handgrip exercise, 2) ATP concentration will be
elevated just 30 seconds after the onset of exercise, and 3)
the increase in ATP will correspond with a decrease in the
oxygen content of the venous blood.

Experimental design

After extensive study of related matters, an overview of the
experimental design has been found/discussed in cascade of
different phenomena. Participants were asked to refrain
from consuming caffeine, nicotine, and alcohol in the 12
hours prior to testing. Upon arrival at the laboratory,
participants assumed a seated position and had venous
catheters inserted in a retrograde direction into the median
cubital vein of the exercising arm and in an antegrade
direction into a superficial hand vein in the non-exercising
arm. Following insertion of the catheters, participants rested
in a seated position for 15 minutes with the exercising arm
supported in a comfortable position on foam blocks and the
hand of the non-exercising arm placed in a warm water bath
to arterialise the venous blood [, Participants then
completed two bouts of dynamic handgrip exercise at 45%
MVC; the first was one minute in duration and the second
was four minutes in duration. Twenty minutes of recovery
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was allowed between exercise bouts. Blood samples were
drawn simultaneously from both arms at rest, and during
each exercise bout for the determination of ATP

concentration, and arterialised and venous oxygen
saturation.
The firefly luciferin—luciferase assay was used for

determination of plasma ATP concentration. The current
assay has been described earlier in detail. Supernatant
aliquots (300 pL) from the 2nd centrifugation were added to
each of 4 test tubes containing 100 puL. ATP standard

solution. The ATP standard solutions contained 0, 10, 20, or
30 pmol ATP per 100 pL. The ATP standard solutions were
prepared in stabilizing solution but with the pH previously
adjusted to 8.75, so that after addition of all reagents
including luciferase the sample pH was ~7.9, the optimal
pH for the luciferase reaction (Fig. 1U). For EDTA-only
samples the ATP standard solutions were prepared in
EDTA/saline without prior pH adjustment.
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Study design. ATP v - venous blood sample for ATP assay,
ATP a - arterialised blood sample for ATP assay, O2 v -
venous blood sample for measurement of blood variables,
02 . - arterialised blood sample for measurement of blood
variables. Heart rate was measured continuously throughout
the session.

Maximum voluntary contraction (MVC)

Participants completed a maximum voluntary contraction
(MVC) test for the determination of peak handgrip force.
Each participant completed three, three-second trials, each
separated by one minute of rest. MVVC for each trial was
taken as the peak force exerted during the three seconds.
The MVC recorded for each participant was the average of
three trials.

Submaximal exercise bouts
All handgrip exercise was performed in the seated position,
with the forearm slightly below the level of the heart to

facilitate blood sampling. The handgrip dynamometer was
supported on high density foam in a comfortable position
below the level of the heart for each participant. Handgrip
exercise involved squeezing a handgrip dynamometer in
time with a metronome with a contraction frequency of 20
contraction cycles per minute. Each cycle consisted of a
one-second contraction followed by two seconds of rest, a
duty cycle that has been used previously ?2-4, The force
production for each contraction was displayed in front of the
participant on a visual scale. A target zone (£ 5% of the
target force) was marked in green on the scale and
participants were asked to aim for this region with each
contraction. Exerting a force on the handgrip dynamometer
moved a vertical bar which turned from red to green when it
was within the target zone. Participants were able to
reproduce the required force with each contraction with a
mean coefficient of variation of 6 + 2% calculated from
individual data. Peak force for each contraction was
determined using custom-designed peak detection software.



International Journal of Applied Research

Peaks were then averaged to give the mean force for the
duration of the exercise bout.

Corresponding Blood sampling and analysis

Annotation and Cannulation

Upon arrival at the laboratory, participants had venous
catheters (BD Insyte, 20 gauge, 30 mm, Becton Dickinson)
inserted into a hand vein in the non-exercising arm and a
forearm vein in the exercising arm. Catheters were
connected to extension tubing (25 cm, 0.25 mL capacity,
Terumo) and a three-way tap (BD Connecta, Becton
Dickinson). In the exercising arm, the catheter was inserted
into the median cubital vein and the entire length (30 mm)
was advanced in a retrograde direction to enable sampling
of deep venous blood. Blood samples drawn from catheters
inserted in a retrograde direction into the median cubital
vein have been shown to have oxygen saturations of <60%
(25271 reflective of blood from the skeletal muscle bed with
little contribution from superficial veins [?8. The other
catheter was inserted in an antegrade fashion into a
superficial vein in the hand of the non-exercising arm.

Arterialisation

Venous blood from a hand vein in the non-exercising arm
was arterialised, to provide a surrogate measure of arterial
blood gases [ and ATP concentration. Following
cannulation, the hand of the non-exercising arm was placed
in a warm water bath which was maintained at 45°C. The
participant wore a waterproof glove to protect the skin and
catheter from the water.

Blood sampling protocol

Blood samples were drawn simultaneously from the
exercising and non-exercising arms at rest, 30 seconds into
the one-minute exercise bout, and 180 seconds into the four-
minute bout. At each time point, a cuff was inflated at the
wrist of the exercising forearm to minimise the contribution
of the cutaneous circulation to the sample . For each
blood sampling time point, 3 mL of blood was first drawn
into a syringe and discarded to ensure blood samples were
not contaminated by residual blood or saline present in the
catheter and extension tubing. Blood sampling for the assay
of ATP, blood gases, and haemoglobin and haematocrit was
performed according to the following procedure: 7 mL
blood samples were drawn simultaneously from both arms
and syringed into tubes precoated with EDTA (BD
Vacutainer, K2E 10.8 mg Plus, Becton Dickinson), ~1 mL
blood was drawn directly into a syringe from the exercising
arm for the immediate measurement of blood gases, and a
further 7 mL was drawn simultaneously from both arms and
syringed into tubes precoated with EDTA for the later
measurement of haemoglobin and haematocrit. Blood
samples for the determination of arterialised blood gases
from the non-exercising arm were drawn 120 seconds after
those drawn from the exercising arm at rest, and 60 seconds
into the four-minute exercise bout. Only one exercising
arterialised sample was drawn considering arterial blood
gases were not expected to change with small muscle mass
exercise.

Luciferin-luciferase assay

The samples of whole blood for the determination of ATP
were transferred into micro centrifuge tubes and centrifuged
immediately at 18 000 g for 60 seconds at 4°C to separate
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the plasma. Because ATP degrades rapidly in whole blood
[30], care was taken to limit the time from drawing blood
samples to centrifugation to approximately 150 seconds.
Plasma was diluted 1 part in 100 in sterile, doubly distilled
water. Pilot work in our laboratory showed that ATP in
plasma is stable for at least 90 minutes when plasma is
diluted in this manner. Diluted plasma was then assayed
immediately using a commercially available firefly
luminescent assay kit (FL-AA, Sigma, St Louis, Missouri)
using an internal standard procedure, as recommended by
Lundin B9, All samples were assayed in duplicate. The
coefficient of variation of nine duplicate resting plasma
samples was 7%. Because ATP is released from the formed
elements of the blood, plasma from each blood sample was
assayed using the methods of Cripps [2 for plasma
haemoglobin concentration.

Analysis of blood gases

Arterialised and venous blood samples were analysed with a
clinical blood gas analyser (i-STAT Portable Clinical
Analyzer, Abbott Laboratories, Illinois, USA) using EG6+
cartridges for PO,, PCO,, SO, pH, sodium, potassium,
haemoglobin, and haematocrit. Arterial and venous oxygen
content was calculated as: (O, saturation x [Hb] x 1.39) +
(0.003 x POy). The i-STAT has been shown to measure
P20z, P.CO,, and pH with variability of 1.7, 1.2, and 0.6%
on duplicate measurements, and measurements from the i-
STAT agree well with those from the laboratory-based
Radiometer ABL520 [*],

Analysis and statistics

In order to detect a change in ATP concentration from ~600
to 1000 uM/L (~67% increase) with a power of 80% and p =
0.05, it was estimated that six participants would be
required. All analyses were performed using SPSS 14. Data
are mean £ SD unless otherwise indicated. Differences were
considered significant if P<0.05. Repeated measures
ANOVA with Bonferroni correction for multiple
comparisons with time (Rest, 30 seconds, and 180 seconds)
as the within-subjects factor was used to determine whether
ATP concentration and venous oxygen content changed in
response to exercise. Relationships between ATP
concentration and venous oxygen content at 30 seconds and
at 180 seconds of exercise, and between the change in ATP
concentration and change in venous oxygen content at 30
seconds and at 180 seconds of exercise were computed
using Pearson product moment correlation coefficient. A 2 x
2 repeated measures ANOVA with time (Rest and 30
seconds of exercise) and position (arterial and venous) as
within-subjects factors was used to test for differences in
haemoglobin, haematocrit, PO,, PCO,, pH, sodium, and
potassium.

Results

Force

Participants achieved a mean MVC of 448 + 84 N and thus
were required to work at 202 + 38 N to achieve 45% MVC.
The actual force produced was 212 = 38 N, which
corresponded to 48% of MVC.

Systemic response

Mean heart rate was 74 £ 10 bpm at rest and remained
unchanged at 30 and 180 seconds of exercise (76 £ 8 and 75
+ 8 bpm, respectively; P>0.05 for the main effect of time).
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ATP response

Detailed study shows the mean and individual ATP
responses to exercise. Plasma ATP concentration was higher
after 30 seconds of exercise compared to rest (1.04 + 0.33
versus 0.60 + 0.17 uM/L; P<0.05) and remained elevated
after 180 seconds of exercise (0.92 + 0.26 uM/L; P<0.05).
ATP did not differ between the 30 and 180 second samples

(P>0.05). Arterialised ATP concentration was 0.79 + 0.30 at
rest, and remained unchanged with exercise (P>0.05). These
responses resulted in a tendency for a larger venous-
arterialised ATP difference during exercise compared with
rest, although this did not reach significance (P = 0.076).
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Fig 5: ATP concentration (Panel A) and venous oxygen content (Ctv O 2; Panel B) at rest, and 30 and 180 seconds into dynamic handgrip
exercise at 45% MVC.

Dashed lines are the individual responses; n = 9 for ATP
concentration and n = 10 for venous oxygen content; bolded
solid line is the mean response (n = 9 for ATP concentration
and n = 10 for Ct,0y).

Blood oxygen content

There was a decrease in P,O,, S0, and Ct,O, (P<0.05 in
all cases) from rest to 30 seconds of exercise, but no
difference in the oxygenation of the blood between the 30
and 180 second time points during exercise (P>0.05). It
shows the mean and individual venous oxygen content
responses to exercise. Venous oxygen content decreased
from 102.8 + 22.5 mL/L at rest to 68.3 + 16.0 mL/L after 30
seconds of exercise (P<0.05), and remained lower than rest
after 180 seconds of exercise (75.8 + 14.8; P<0.05). P,0,,
Sa02, and Ct,O, were unchanged in response to exercise.

Relationship between ATP concentration and blood
oxygen content

Neither the correlation between ATP concentration and
venous oxygen content nor the correlation between the
change in ATP concentration and the change in venous
oxygen content at 30 seconds of exercise was significant. At
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180 seconds of exercise, there was a significant correlation
between ATP concentration and venous oxygen content (r =
-0.651, P = 0.021) and the change in ATP concentration was
moderately correlated with change in venous oxygen
content, although this relationship did not reach significance
(r=0.472, P =0.084).

Other blood variables

Extensive study contains the arterialised and venous
haemoglobin concentration, haematocrit, oxygen saturation,
oxygen tension, and oxygen content, pH, sodium, and
potassium concentrations. During handgrip exercise, venous
haematocrit and haemoglobin increased from rest, and this
was significant by 180 seconds into exercise (P<0.05). The
pH of the venous blood was lower at both times points
compared with rest (P<0.05 in each case) and was also
lower at 180 seconds compared with 30 seconds (P<0.05).
Arterialised pH did not change with exercise. Arterialised
and venous sodium concentration, and arterialised
potassium concentration remained unchanged in response to
exercise. However, venous potassium concentration was
higher than rest at 30 seconds of exercise (P<0.05).
Although the venous potassium concentration then



International Journal of Applied Research

decreased from 30 to 180 seconds (P<0.05), it was still
greater than rest at 180 seconds (P<0.05).

Discussion

The increase in ATP concentration during dynamic handgrip
exercise is in agreement with early work in humans using
mild static forearm contractions [+ 31, and with more recent
studies during knee extensor exercise in humans % and in
dogs exercising on a treadmill M, A novel finding of the
present study was that ATP concentration increased in the
venous effluent of the forearm after just 30 seconds of
dynamic handgrip exercise, and then remained at this higher
level 180 seconds into exercise. Previous studies have only
measured ATP at least 60 seconds after the onset of
contractions >4 and, as such, this is the first study to report
an increase in ATP during the transition from rest to
exercise. This finding is particularly interesting when
considered in the context of the recently reported dynamic
characteristics of the forearm blood flow response to
exercise [18],

While blood flow has been measured for almost a century,
the temporal aspects of the response have only recently been
described (8 3. 371 The dynamic characteristics of blood
flow at the onset of exercise are very similar in the arm and
leg [8-36.381 ‘and can be described as a second or third order
response, depending on exercise intensity. The initial, rapid
increase in blood flow starting approximately 2 seconds
after the onset of contractions can be attributed to
mechanical factors, such as the skeletal muscle pump B9
and contraction-induced vasodilation (exercise hyperaemia)
which occurs following a single muscle contraction 1%, The
second phase begins at least 20 seconds after contractions
start and continues until steady state is reached at lower
intensities, or until the onset of a third phase at heavy
intensities. The temporal characteristics of the second phase
suggest that it may be under the control of negative
feedback mechanisms, as per the classical concept of the
metabolic hypothesis ¥l RBC-released ATP may have a
role in this phase.

A primary stimulus for release of ATP from RBCs is the
offloading of oxygen from the haemoglobin molecule & 3 4~
431, There is an immediate increase in oxygen demand at the
onset of muscle contractions that must initially be met by
increasing oxygen extraction because blood flow has a mean
response time of at least 40 seconds in the forearm when
relatively heavy exercise is initiated from rest (¢l Thus
there is a considerable lag from the onset of exercise until
blood flow reaches levels commensurate to the new higher
level of demand. The large increase in extraction of
available oxygen is evidenced by a fall in venous oxygen
content just 10-20 seconds after the start of exercise in a
deep forearm vein 4 41 and an increase in the
deoxygenation signal from near-infrared spectroscopy ~12
seconds after exercise onset in the leg > 16 45 461 Oxygen
extraction, at least in the exercising forearm below the level
of the heart, also appears to reach its peak after just 60
seconds of exercise 4. RBC-released ATP is believed to
signal the mismatch between oxygen demand (metabolic
rate of the muscle) and oxygen delivery (blood flow). Since
blood flow takes at least 60 seconds to reach steady state (€],
the stimulus for ATP release is potentially very large during
the first 30 to 60 seconds of exercise. It is plausible that
ATP plays a key role in the blood flow response at the onset
of exercise. Previous suggestions that ATP is of primary
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importance in sustaining blood flow during steady state
exercise may have come about because, until now, plasma
ATP concentration had only been reported during the steady
state [>-11],

Relationship between ATP concentration and venous
oxygen content

Although this study was not designed to verify the source of
the ATP, the data are consistent with the release of ATP
from the RBC. If, as the hypothesis suggests, ATP is
released into the microcirculation in regions of high oxygen
demand, ATP would be expected to increase to a greater
extent in the local venous circulation than in the arterial
circulation during exercise. This has been shown to be the
case in the leg during knee extensor exercise [ and was
also the case in the present study in which the unchanged
ATP concentration in the arterialised blood, and increased
ATP in the venous blood, supports a net release of ATP
from the microvascular bed in the forearm skeletal muscle.
ATP concentration has previously been shown to exhibit a
strong inverse relationship with venous oxygen content
during incremental exercise 1% . Since only a single
intensity was used in this study, we cannot establish whether
such a relationship exists in the forearm. However, at the
intensity used in the present study (45% MVC), the increase
in ATP in the exercising forearm corresponded with a
decrease in deep venous oxygen content on a group level.
This also appears to be the case when the individual
responses are considered.

Venous oxygen content followed the same pattern in each of
the ten participants, and seven of the ten participants
exhibited a similar pattern of change in ATP concentration,
indicating a consistency in the response. However, ATP
concentration was not related to venous oxygen content at
30 seconds of exercise, nor was there a relationship between
the change in venous oxygen content and the change in ATP
concentration from rest to 30 seconds of exercise. The
relationship between ATP concentration and venous oxygen
content was stronger 180 seconds into exercise, where
venous oxygen content could explain 42% of the variance in
ATP concentration. Although it did not reach statistical
significance, the moderate correlation between the change in
venous oxygen content and the change in ATP concentration
at 180 seconds of exercise also suggests that the two are
related; that is those participants with the greatest change in
venous oxygen content also had the greatest change in ATP
concentration. While this alone does not confirm that the
RBC is the source of the ATP, nor that ATP is involved in
the regulation of blood flow, it is a critical test of the
hypothesis considering offloading of oxygen from
haemoglobin is a primary stimulus for the release of ATP
from RBCs.

That the relationship between ATP concentration and
venous oxygen content was weaker at 30 seconds than at
180 seconds of exercise is not surprising. The later sampling
time (180 seconds) represents a relatively stable
haemodynamic period in which blood flow is proportional
to the demand of skeletal muscle metabolism. In contrast,
blood flow is in a transition phase at 30 seconds of exercise
(181, Furthermore, there are inter-individual differences in the
kinetics of the blood flow response to exercise even within a
relatively homogeneous group [8l. If the time course of
blood flow adaptation differs between individuals, then it
follows that the time course of factors that regulate blood
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flow probably also differ. In addition it is also possible that
ATP release from RBCs contributes to blood flow
regulation to varying degrees in different individuals. As
highlighted in several recent reviews [> 47 481 the regulation
of blood flow is determined by the interplay between
multiple factors that may be more or less important at
varying times from the onset of exercise to steady state. To
compound this issue further, there appears to be
considerable redundancy in the regulation of blood flow to
the extent that the simultaneous inhibition of multiple
known vasodilatory pathways has been shown to affect
blood flow only minimally. The poor relationship at 30
seconds of exercise is therefore likely to be reflective of
inter-individual variability in the timing and contribution of
ATP to the blood flow response, rather than indicating that
ATP release is not related to venous oxygen content during
the rest to exercise transition.

Conclusions

This study highlights the evidence that venous ATP
concentration increases in the forearm during dynamic
handgrip exercise, that this increase is mirrored by a
decrease in venous oxygen content, and importantly that
there is a moderate but significant relationship between ATP
concentration and venous oxygen content 180 seconds into
exercise. In addition a novel, and especially interesting
finding, is that plasma ATP concentration had increased as
early as 30 seconds after the onset of muscle contractions
and then remained elevated at 180 seconds into exercise.
This pattern of response is consistent with ATP contributing
to the second phase of the blood flow response at the onset
of exercise, in addition to its role in sustaining blood flow
during steady state.
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