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Association of leisure time 
physical activity and NMR-
detected circulating amino acids 
in peripubertal girls: A 7.5-year 
longitudinal study
Xiaobo Zhang1, Petri Wiklund2,3,4, Na Wu1, Yifan Yang1, Haihui Zhuang1 & Sulin Cheng1,4

This study investigated the longitudinal associations of physical activity and circulating amino 
acids concentration in peripubertal girls. Three hundred ninety-six Finnish girls participated in the 
longitudinal study from childhood (mean age 11.2 years) to early adulthood (mean age 18.2 years). 
Circulating amino acids were assessed by nuclear magnetic resonance spectroscopy. LTPA was 
assessed by self-administered questionnaire. We found that isoleucine, leucine and tyrosine levels 
were significantly higher in individuals with lower LTPA than their peers at age 11 (p < 0.05 for all), 
independent of BMI. In addition, isoleucine and leucine levels increased significantly (~15%) from 
childhood to early adulthood among the individuals with consistently low LTPA (p < 0.05 for both), 
while among the individuals with consistently high LTPA the level of these amino acids remained 
virtually unchanged. In conclusion, high level of physical activity is associated lower serum isoleucine 
and leucine in peripubertal girls, independent of BMI, which may serve as a mechanistic link between 
high level of physical activity in childhood and its health benefits later in life. Further studies in 
peripubertal boys are needed to assess whether associations between physical activity and circulating 
amino acids in children adolescents are sex-specific.

An active lifestyle elicits many health benefits. Studies have shown that high level of habitual physical activ-
ity is associated with reduced risk of cardio-metabolic disease, type 2 diabetes and all-cause mortality1. These 
effects are partly mediated by a variety of metabolic adaptations to physical activity; it is well-known that exercise 
increases mobilization of lipids from adipose tissue towards skeletal muscle for fatty acid oxidation2, which is 
why exercise has the capacity to induce loss of fat mass and therefore weight loss3. In addition to the ability to 
increase fatty acid oxidation, exercise appears to also promote oxidation of amino acids. Studies have shown that 
long-term leisure-time physical activity is associated with increased branched-chain amino acid catabolism in the 
skeletal muscle and adipose tissue4, and low circulating branched-chain amino acid concentrations5. It is believed 
that branched-chain amino acids contribute to energy metabolism during exercise as energy sources and sub-
strates to expand the pool of citric acid–cycle intermediates, thus allowing more efficient mitochondrial energy 
production from lipids and hereby better metabolic health6. These findings are intriguing, given that elevated 
levels of branched-chain amino acids have long been associated with obesity, insulin resistance and cardiovascu-
lar disease7–10. More studies are therefore needed for better understanding how habitual physical activity affects 
amino acid metabolism.

One gap in the literature is the lack of data on the relationship between physical activity and circulating amino 
acid profiles in peripubertal girls in whom somatic growth during puberty and adolescence, as well as changes 
in proteolysis and protein oxidation is expected to affect circulating amino acid levels11. In the present study, we 
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investigated the longitudinal associations of leisure-time physical activity (LTPA) and circulating amino acids 
concentrations in peripubertal girls transiting from pre-puberty to early adulthood.

Results
Changes in patterns of amino acids, physical activity during pubertal growth.  Changes of amino 
acid levels during the 7.5-year follow-up are presented in Table 1. All amino acids, except alanine were higher 
at the age of 11 than at the age 18. LTPA increased gradually through puberty, peaked around 60 months after 
menarche and then decreased into early adulthood (Fig. 1). Body height, weight and BMI increased significantly 
over time (p < 0.05 for all).

Longitudinal associations between LTPA and amino acids.  Using hierarchical model, we found that 
LTPA correlated positively with leucine (r2 = 0.150, p < 0.01), isoleucine (r2 = 0.151, p < 0.01), valine (r2 = 0.082, 
p < 0.01), phenylalanine (r2 = 0.036, p < 0.05), tyrosine (r2 = 0.168, p < 0.05), glutamine (r2 = 0.203, p < 0.05), 
but not with alanine, glycine and histidine (Fig. 2). After adjusting for BMI, the association between LTPA and 
leucine, valine, phenylalanine, tyrosine, and glutamine remained significant.

We then assessed whether consistently different physical activity levels during the follow-up period associated 
with different amino acids concentrations. We found that isoleucine, leucine and tyrosine levels were significantly 
higher in individuals with lower LTPA than their peers at age 11 (p < 0.05 for all, Fig. 3). During the follow-up 
period, all amino acids changed significantly in both groups with directionally concordant effects (p < 0.01 for 
all). The only exceptions were isoleucine and leucine, which increased significantly (17.3% and 15.3%, respec-
tively) among the individuals with consistently low LTPA, while among the individuals with consistently high 
LTPA the level of these amino acids remained virtually unchanged. Adjusting for baseline and follow-up BMI did 
not materially affect the results.

Baseline 7.5-year follow-up

Mean 95%CI Mean 95%CI

Age(year) 11.2a 11.1–11.3 18.3 18.1–18.4

Height(cm) 145.6a 144.7–146.6 165.8 165.1–166.6

BMI 18.3a 18.0–18.7 21.9 21.5–22.3

Leucine (mmol/l) 0.076a 0.074–0.078 0.068 0.066–0.069

Isoleucine (mmol/l) 0.055a 0.053–0.056 0.044 0.043–0.045

Valine (mmol/l) 0.198a 0.193–0.203 0.169 0.165–0.173

Tyrosine (mmol/l) 0.061a 0.059–0.062 0.045 0.043–0.046

Phenylalanine (mmol/l) 0.071a 0.070–0.072 0.063 0.062–0.064

Glycine (mmol/l) 0.307a 0.301–0.314 0.251 0.244–0.257

Glutamine (mmol/l) 0.568a 0.558–0.578 0.520 0.512–0.529

Alanine (mmol/l) 0.342a 0.334–0.350 0.387 0.379–0.396

Histidine (mmol/l) 0.776a 0.752–0.780 0.553 0.538–0.567

LTPA (h/wk) 51.2 44.3–58.2 73.5 62.1–84.9

Table 1.  Physical characteristics and amino acids during growth. BMI = body mass index, LTPA = leisure time 
physical activity. Analysis of variance with repeated measurement was used to compare the differences between 
baseline and follow-up. a: compare with follow-up p < 0.05.

Figure 1.  Longitudinal change pattern of LTPA. Data for LTPA are plotted against time relative to menarche 
(TRM). Gray lines represent longitudinal change of each individual’s value and the black line is the best fitting 
lines derived from hierarchical model.
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Discussion
This longitudinal study from pre-puberty to early adulthood demonstrates that circulating amino acids are asso-
ciated with LTPA during growth. Notably, we found that girls with consistently higher LTPA than their peers 
had significantly lower isoleucine, leucine and tyrosine levels at the age of 11. During the follow-up of 7.5 years, 
isoleucine and leucine levels increased significantly in girls with consistently low LTPA, while in girls with con-
sistently high LTPA the level of these amino acids remained virtually unchanged.

Physical activity confers many health benefits, with higher physical activity levels associated with reduced 
risk of metabolic disorders such as obesity, insulin resistance and dyslipidemia. Physical inactivity and sedentary 
behaviors in turn are associated with metabolic inflexibility – an inability to switch between the oxidation of lipids 
and carbohydrates, which appears to be an important feature of cardio-metabolic disorders12. Recent studies sug-
gest that increased branched-chain amino acid catabolism is intrinsically linked to increased fatty acid oxidation 
and better metabolic health in physically active individuals6, while decreased catabolism and increased circulating 
branched-chain amino acids are potential biomarkers for health and disease13, associated with impaired glucose 
and lipid metabolism in adolescents and young adults14–16. In the present study, we found that many amino acids 
were associated with LTPA during pubertal growth. Notably, girls with consistently high LTPA from age 11 to 
age 18 than their peers had significantly lower serum isoleucine and leucine levels. Furthermore, we found that 
in peripubertal girls with consistently low LTPA, isoleucine and leucine levels increased significantly (~ 15%), 
whereas no significant changes in these amino acids was found in girls with consistently high LTPA. This may 
reflect increased amino acid catabolism induced by higher level of physical activity. Interestingly, valine showed 
opposite tendency, though the differences were not statistically significant. The fact that valine decreased from 
baseline to follow-up in both consistently high and consistently low physical activity groups in a similar manner 
suggests that circulating valine concentrations are not largely affected by physical activity during pubertal growth. 
The reason for this is not clear, but it might be related to growth and sexual maturation as studies have demon-
strated that adequate plasma valine levels is essential for sexual maturation in females17,18. Thus, it possible that 
circulating concentrations of valine maybe tightly defended during pubertal growth. These results suggest that 
that high level of habitual physical activity has the potential to favorably alter isoleucine and leucine levels during 
pubertal growth, while sedentary behavior appears to have opposite effects.

Figure 2.  Longitudinal correlations between LTPA and amino acids. Data for amino acids (Y-axis) are plotted 
against LTPA (X-axis). Gray lines represent longitudinal change of each individual’s and the black lines are 
the best fitting lines derived from hierarchical models. The concentrations of amino acids and LTPA are back-
transformed from natural log values, respectively.
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Direct comparison of our results with earlier studies is difficult because to our knowledge this is the first study 
investigating the longitudinal relationship between LTPA and circulating amino acids in children and adoles-
cents. Overall, data on circulating amino acids levels in relation to habitual physical activity is limited, but there 
are few studies conducted in adults, which support our findings. Kujala et al. explored metabolomic signatures of 
habitual physical activity using twin pairs including males and females discordant for their leisure time physical 
activity for 30 years. Their results showed lower concentrations of serum isoleucine in the active versus inactive 
twin, and this finding was confirmed in three different population-based cohorts with age- and sex-matched pairs 
of unrelated adults identified as persistently active or persistently inactive5. These findings are supported by their 
earlier study, which showed that among the physically active members of twin pairs, compared with their inactive 
co-twins, genes related to branched-chain amino acid catabolism in muscle and adipose tissue were increased, 
together with increased expression of genes related to oxidative phosphorylation4. Recently Xiao et al. found 
lower levels of branched-chain amino acids among study participants with higher physical activity19. Similar 
findings were reported in in a population-based study of Japanese adults20.

The mechanism by which increased physical activity alters amino acid metabolism is not entirely clear, but it 
is likely to occur through increased amino acid oxidation during exercise. This seems plausible because amino 
acids, such as isoleucine and leucine, are oxidized largely in skeletal muscle, and exercise may activate enzymes 
responsible for the catabolism of these amino acids21. Animal studies support this hypothesis by showing that 
the prevention of branched-chain amino acid catabolism in mice by deleting the BCAT2 gene, which encodes 
the enzyme branched-chain aminotransferase that catalyzes the first reaction in the catabolic pathway causes 
exercise intolerance in mice, indicating that branched-chain amino acid catabolism is necessary for exercise per-
formance22. Taken together, our results support the hypothesis that exercise and physical activity up-regulates the 
catabolic pathway of branched-chain amino acids21, which may serve as a mechanistic link between high level of 
physical activity and metabolic health in children and adolescents23–25.

Our study has some limitations that deserve mention. We used self-administered questionnaires to assess 
LTPA. While questionnaires have been reported to be the most feasible methods to estimate PA in large popula-
tions, they may not reflect the true level of PA because of possible over or under reporting26. Objective PA assess-
ment with accelerometers or heart rate monitors may have provided more accurate estimates of PA, but given the 
relatively long follow-up period these methods were not feasible in our study. In addition, the study participants 
were all girls, and because there are distinct biological differences related to amino acid and protein metabo-
lism between girls and boys during puberty, caution is advised if seeking to generalize from our results to boys. 
However, our study used unique longitudinal study design that spans from childhood across puberty to early 
adulthood in a representative sample of Finnish girls, thus we believe that this cohort is appropriate for studying 

Figure 3.  The change of amino acids between different consistently low active and consistently high active 
groups. The error bars represent the standard deviations. Analysis of variance with repeated measurement was 
used to compare the differences within and between groups.
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the relationships between circulating amino acids and LTPA during growth from childhood to early adulthood. 
The strength of this study is also the rigor exhibited in collecting blood samples in a strictly defined period of the 
menstrual cycle in girls with regular menses.

In conclusion, high level of physical activity is associated lower serum isoleucine and leucine in peripuber-
tal girls, independent of BMI, which may serve as a mechanistic link between high level of physical activity in 
childhood and its health benefits later in life. Further studies in peripubertal boys are needed to assess whether 
associations between physical activity and circulating amino acids in children adolescents are sex-specific.

Materials and Methods
Study Design and Subjects.  The study cohort consisted of 396 girls who participated in a longitudinal 
study for, on average, 7.5 years with repeated measurements (Calex-study: determinants of body composition 
during growth). Detailed information regarding the participants has been reported previously27. Briefly, the sub-
jects were first contacted via class teachers teaching grades 4 to 6 (age 10 to 12 year) in 61 schools in the city of 
Jyväskylä and its surroundings in Central Finland (96% of all the schools in these areas). 396 girls participated 
in the laboratory tests one to eight times over a maximum period of 8 years (mean duration of total follow-up 
was 7.5 years and mean age at last follow-up was 18.3 years). At the baseline, all girls were in Tanner stage I and 
II without menstruation. At the follow-up assessment, information regarding menstruation was collected by a 
questionnaire and phone calls. The age at menarche was defined as the first onset of menstrual bleeding. There 
were 13 girls who reported using oral contraceptives at the age of 18 years; these girls were excluded from the final 
analysis. Finally, for the purpose of this report, only girls with physical activity and serum amino acid measures 
were included (n = 221).

All information was collected and laboratory tests were performed within a two-week period during the same 
month throughout the 7.5-year follow-up to avoid seasonal effects. The study protocol was approved by the eth-
ical committee of the Central Finland Health Care District. Written informed consent was obtained from all 
participants prior to the study. If the participant was underage, a written informed consent was obtained from 
parents or a legal guardian on behalf of their child. The study was conducted in accordance with the declaration 
of Helsinki.

Anthropometry assessments.  Body weight and height were measured with subjects wearing light clothes 
and without shoes. Weight was determined within 0.1 kg for each subject using an electronic scale and was cali-
brated before each measurement session. Height was determined using a fixed wall-scale measuring device to the 
nearest 0.1 cm. BMI was calculated use BMI = Weight (kg)/Height (m) 2.

Physical activity assessment.  LTPA level was evaluated using a self-administrated physical activity ques-
tionnaire described in our previous study28 and was a modified version of a validated questionnaire used in a 
previous WHO study29. Briefly, the questionnaire included questions about frequency and duration of physical 
activity, and what were the first, second, and third favorite physical activities subjects participated in outside of 
school. A LTPA score was calculated as: LTPA Score = frequency *∑1–3. Where frequency = times per week, 
1–3 = the three physical activities, intensity index = MET value according to body mass, duration = hours per 
session, loading: non-weight bearing = 1 and weight bearing = 2. The LTPA scores for the girls were validated 
against activity energy expenditure estimated from doubly-labeled water and indirect calorimetry when girls were 
at the age of 18(n = 17, r = 0.651) and was reported in our previous paper28.

Blood sample analysis.  Blood samples were collected in the morning between 7:00 and 9:00 a.m. after 
overnight fasting at each time point. The blood samples were collected 2 to 5 days after menstruation among 
those girls with regular menses. Serum was extracted by centrifugation and stored immediately at −80 °C until 
analyzed.

Serum amino acids assessments.  Serum amino acids were analysed using a high-throughput serum 
NMR metabolomics platform; the experimental protocols including sample preparation and NMR spectroscopy 
have been described in detail elsewhere30–32. The metabolomics platform that was used to assess circulating amino 
acids only provides data on 9 amino acids. Nine amino acids (alanine, glutamine, glycine, histidine, isoleucine, 
leucine, phenylalanine, tyrosine and valine) were quantified in millimoles per liter. CV% for alanine, glutamine, 
glycine, histidine, valine, leucine, isoleucine, phenylalanine, and tyrosine were 2.6%, 3.2%, 3.5%, 4.15, 2.7%, 3.6%, 
4.8%, 3.9%, and 5.3%, respectively. To address how well leucine was resolved from its isomer isoleucine, leucine 
signal was located at 0.974 ppm (i.e. 487.3 Hz at 500 MHz NMR spectrometer). The isoleucine signal was located 
at 1.022 ppm (i.e. 511.3 Hz). The typical line width at half height for leucine and isoleucine signals is circa 1.5 Hz. 
Thus, isoleucine and leucine signals were clearly resolved.

We focused mainly on branched-chain amino acids their association with health and disease which is widely 
acknowledged, and because they were the only amino acids in our study that showed conspicuously different 
patterns in relation to consistently high and consistently low physical activity.

Statistical analysis.  All data were checked for normality using the Shapiro-Wilk’s W-test in IBM SPSS 
Statistics 22.0 for Windows. If data were not normally distributed, their natural logarithms were used. Descriptive 
statistics were presented as means and 95% confidence interval (CI) for the mean at the three follow-ups. Data of 
the different time points were compared each other using the general linear model.

A hierarchical nonlinear model with random effects was employed to assess the associations between the 
changes in LTPA and metabolite concentrations from pre-puberty to early adulthood (MLwiN 2.20 software, 
Multiple Project, Institute of Education, University of London, UK). The hierarchical model allows inclusion of 
the data from every subject despite irregularity of temporally spaced follow-up or missing data33. Furthermore, to 
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test if consistency of physical activity level during adolescence had significant effects on serum amino acid levels 
girls divided into two groups according their LTPA scores by median values then four groups were formed as 
described previously34. For this report, only consistently high active (5.5 → 5.1 hours/week, 5.5 → 4.2 times/week 
n = 50) and consistently low active (2.2 → 2.2 hours/week, 2.3 → 1.6 times/week n = 53) groups were included.

Analysis of variance with repeated measurement was used to compare the differences between the baseline 
and follow-up in Table 1 and the differences within and between groups in Fig. 3.

References
	 1.	 Ding, D. et al. The economic burden of physical inactivity: a global analysis of major non-communicable diseases. Lancet 388, 

1311–1324, https://doi.org/10.1016/S0140-6736(16)30383-X (2016).
	 2.	 Melanson, E. L., MacLean, P. S. & Hill, J. O. Exercise improves fat metabolism in muscle but does not increase 24-h fat oxidation. 

Exercise and sport sciences reviews 37, 93–101, https://doi.org/10.1097/JES.0b013e31819c2f0b (2009).
	 3.	 Dandanell, S. et al. Influence of maximal fat oxidation on long-term weight loss maintenance in humans. Journal of applied 

physiology, jap 00270, 02017, https://doi.org/10.1152/japplphysiol.00270.2017 (2017).
	 4.	 Leskinen, T. et al. Differences in muscle and adipose tissue gene expression and cardio-metabolic risk factors in the members of 

physical activity discordant twin pairs. PLoS One 5, doi:https://doi.org/10.1371/journal.pone.0012609 (2010).
	 5.	 Kujala, U. M. et al. Long-term leisure-time physical activity and serum metabolome. Circulation 127, 340–348, https://doi.

org/10.1161/CIRCULATIONAHA.112.105551 (2013).
	 6.	 Kainulainen, H., Hulmi, J. J. & Kujala, U. M. Potential role of branched-chain amino acid catabolism in regulating fat oxidation. 

Exercise and sport sciences reviews 41, 194–200, https://doi.org/10.1097/JES.0b013e3182a4e6b6 (2013).
	 7.	 Magnusson, M. et al. A diabetes-predictive amino acid score and future cardiovascular disease. European heart journal 34, 

1982–1989, https://doi.org/10.1093/eurheartj/ehs424 (2013).
	 8.	 Shah, S. H. et al. Association of a peripheral blood metabolic profile with coronary artery disease and risk of subsequent 

cardiovascular events. Circulation. Cardiovascular genetics 3, 207–214, https://doi.org/10.1161/CIRCGENETICS.109.852814 (2010).
	 9.	 Felig, P., Marliss, E. & Cahill, G. F. Jr. Plasma amino acid levels and insulin secretion in obesity. N Engl J Med 281, 811–816, https://

doi.org/10.1056/NEJM196910092811503 (1969).
	10.	 Newgard, C. B. et al. A branched-chain amino acid-related metabolic signature that differentiates obese and lean humans and 

contributes to insulin resistance. Cell metabolism 9, 311–326, https://doi.org/10.1016/j.cmet.2009.02.002 (2009).
	11.	 Arslanian, S. A. & Kalhan, S. C. Protein turnover during puberty in normal children. The American journal of physiology 270, 

E79–84 (1996).
	12.	 Rynders, C. A., Blanc, S., DeJong, N., Bessesen, D. H. & Bergouignan, A. Sedentary behaviour is a key determinant of metabolic 

inflexibility. The Journal of physiology. https://doi.org/10.1113/JP273282 (2017).
	13.	 Batch, B. C., Hyland, K. & Svetkey, L. P. Branch chain amino acids: biomarkers of health and disease. Current opinion in clinical 

nutrition and metabolic care 17, 86–89, https://doi.org/10.1097/MCO.0000000000000010 (2014).
	14.	 Wiklund, P. et al. Serum Amino Acid Profiles in Childhood Predict Triglyceride Level in Adulthood: A 7-Year Longitudinal Study 

in Girls. J Clin Endocrinol Metab 101, 2047–2055, https://doi.org/10.1210/jc.2016-1053 (2016).
	15.	 Wurtz, P. et al. Branched-chain and aromatic amino acids are predictors of insulin resistance in young adults. Diabetes Care 36, 

648–655, https://doi.org/10.2337/dc12-0895 (2013).
	16.	 Wurtz, P. et al. Circulating metabolite predictors of glycemia in middle-aged men and women. Diabetes Care 35, 1749–1756, https://

doi.org/10.2337/dc11-1838 (2012).
	17.	 Glass, A. R., Harrison, R. & Swerdloff, R. S. Effect of undernutrition and amino acid deficiency on the timing of puberty in rats. 

Pediatr Res 10, 951–955, https://doi.org/10.1203/00006450-197611000-00009 (1976).
	18.	 Glass, A. R. & Swerdloff, R. S. Serum gonadotropins in rats fed a low-valine diet. Endocrinology 101, 702–707, https://doi.

org/10.1210/endo-101-3-702 (1977).
	19.	 Xiao, Q. et al. Objectively measured physical activity and plasma metabolomics in the Shanghai Physical Activity Study. Int J 

Epidemiol 45, 1433–1444, https://doi.org/10.1093/ije/dyw033 (2016).
	20.	 Fukai, K. et al. Metabolic Profiling of Total Physical Activity and Sedentary Behavior in Community-Dwelling Men. PLoS One 11, 

e0164877, https://doi.org/10.1371/journal.pone.0164877 (2016).
	21.	 Harris, R. A., Joshi, M., Jeoung, N. H. & Obayashi, M. Overview of the molecular and biochemical basis of branched-chain amino 

acid catabolism. The Journal of nutrition 135, 1527S–1530S (2005).
	22.	 She, P. et al. Disruption of BCAA metabolism in mice impairs exercise metabolism and endurance. Journal of applied physiology 108, 

941–949, https://doi.org/10.1152/japplphysiol.01248.2009 (2010).
	23.	 Andersen, L. B., Riddoch, C., Kriemler, S. & Hills, A. P. Physical activity and cardiovascular risk factors in children. British journal 

of sports medicine 45, 871–876, https://doi.org/10.1136/bjsports-2011-090333 (2011).
	24.	 Cordova, A., Villa, G., Sureda, A., Rodriguez-Marroyo, J. A. & Sanchez-Collado, M. P. Physical activity and cardiovascular risk 

factors in Spanish children aged 11-13 years. Rev Esp Cardiol (Engl Ed) 65, 620-626, https://doi.org/10.1016/j.recesp.2012.01.026 
(2012).

	25.	 Vaisto, J. et al. Physical activity and sedentary behaviour in relation to cardiometabolic risk in children: cross-sectional findings from 
the Physical Activity and Nutrition in Children (PANIC) Study. Int J Behav Nutr Phys Act 11, 55, https://doi.org/10.1186/1479-5868-
11-55 (2014).

	26.	 Shephard, R. J. Limits to the measurement of habitual physical activity by questionnaires. British journal of sports medicine 37, 197-
206; discussion 206 (2003).

	27.	 Cheng, S. et al. Trait-specific tracking and determinants of body composition: a 7-year follow-up study of pubertal growth in girls. 
BMC Med 7, 5, https://doi.org/10.1186/1741-7015-7-5 (2009).

	28.	 Volgyi, E. et al. Effect of long-term leisure time physical activity on lean mass and fat mass in girls during adolescence. Journal of 
applied physiology 110, 1211–1218, https://doi.org/10.1152/japplphysiol.00996.2010 (2011).

	29.	 Prochaska, J. J., Sallis, J. F. & Long, B. A physical activity screening measure for use with adolescents in primary care. Arch Pediatr 
Adolesc Med 155, 554–559 (2001).

	30.	 Inouye, M. et al. Metabonomic, transcriptomic, and genomic variation of a population cohort. Mol Syst Biol 6, 441, https://doi.
org/10.1038/msb.2010.93 (2010).

	31.	 Soininen, P. et al. High-throughput serum NMR metabonomics for cost-effective holistic studies on systemic metabolism. The 
Analyst 134, 1781–1785, https://doi.org/10.1039/b910205a (2009).

	32.	 Tukiainen, T. et al. Detailed metabolic and genetic characterization reveals new associations for 30 known lipid loci. Hum Mol Genet, 
doi:10.1093/hmg/ddr581 (2012).

	33.	 Goldstein, H. Efficient statistical modelling of longitudinal data. Ann Hum Biol 13, 129–141 (1986).
	34.	 Volgyi, E. et al. Long-term leisure-time physical activity has a positive effect on bone mass gain in girls. J Bone Miner Res 25, 

1034–1041, https://doi.org/10.1359/jbmr.091115 (2010).

http://dx.doi.org/10.1016/S0140-6736(16)30383-X
http://dx.doi.org/10.1097/JES.0b013e31819c2f0b
http://dx.doi.org/10.1152/japplphysiol.00270.2017
http://dx.doi.org/10.1371/journal.pone.0012609
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.105551
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.105551
http://dx.doi.org/10.1097/JES.0b013e3182a4e6b6
http://dx.doi.org/10.1093/eurheartj/ehs424
http://dx.doi.org/10.1161/CIRCGENETICS.109.852814
http://dx.doi.org/10.1056/NEJM196910092811503
http://dx.doi.org/10.1056/NEJM196910092811503
http://dx.doi.org/10.1016/j.cmet.2009.02.002
http://dx.doi.org/10.1113/JP273282
http://dx.doi.org/10.1097/MCO.0000000000000010
http://dx.doi.org/10.1210/jc.2016-1053
http://dx.doi.org/10.2337/dc12-0895
http://dx.doi.org/10.2337/dc11-1838
http://dx.doi.org/10.2337/dc11-1838
http://dx.doi.org/10.1203/00006450-197611000-00009
http://dx.doi.org/10.1210/endo-101-3-702
http://dx.doi.org/10.1210/endo-101-3-702
http://dx.doi.org/10.1093/ije/dyw033
http://dx.doi.org/10.1371/journal.pone.0164877
http://dx.doi.org/10.1152/japplphysiol.01248.2009
http://dx.doi.org/10.1136/bjsports-2011-090333
http://dx.doi.org/10.1016/j.recesp.2012.01.026
http://dx.doi.org/10.1186/1479-5868-11-55
http://dx.doi.org/10.1186/1479-5868-11-55
http://dx.doi.org/10.1186/1741-7015-7-5
http://dx.doi.org/10.1152/japplphysiol.00996.2010
http://dx.doi.org/10.1038/msb.2010.93
http://dx.doi.org/10.1038/msb.2010.93
http://dx.doi.org/10.1039/b910205a
http://dx.doi.org/10.1359/jbmr.091115


www.nature.com/scientificreports/

7SCIEnTIFIC REPOrTS | 7: 14026  | DOI:10.1038/s41598-017-14116-2

Acknowledgements
We thank Ms. Shu Mei Cheng and other Calex-study researchers for their valuable work and technical assistance 
on this project. This work was supported financially by the Academy of Finland (Grant 24302031), the Ministry 
of Education of Finland, the University of Jyväskylä; the China State Sport General Administration (Grant 
2015B039), and the National Nature Science Foundation of China (Grant 31571219), the Shanghai Jiao Tong 
University Zhiyuan Foundation (Grant CP2014013), and EVO research grants 2012/2013 from Oulu University 
Hospital.

Author Contributions
The authors’ contributions are as follows: X.Z. and P.W. participated in the data collection, analyses and 
interpretation, and drafted the manuscript. N.W., Y.Y. and H.Z. participated in the data collection, analyses and 
interpretation. S.C. was the principal investigator (P.I.). She designed the study and oversaw the implementation 
of the project, trained the researchers, supervised the doctoral students, and participated in the data collection, 
analyses and interpretation, and editing of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Association of leisure time physical activity and NMR-detected circulating amino acids in peripubertal girls: A 7.5-year lo ...
	Results

	Changes in patterns of amino acids, physical activity during pubertal growth. 
	Longitudinal associations between LTPA and amino acids. 

	Discussion

	Materials and Methods

	Study Design and Subjects. 
	Anthropometry assessments. 
	Physical activity assessment. 
	Blood sample analysis. 
	Serum amino acids assessments. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Longitudinal change pattern of LTPA.
	Figure 2 Longitudinal correlations between LTPA and amino acids.
	Figure 3 The change of amino acids between different consistently low active and consistently high active groups.
	Table 1 Physical characteristics and amino acids during growth.




