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Autotaxin (ATX) is a secreted enzyme with a lysophospholipase D activity, mainly
secreted by adipocytes and widely expressed. Its major function is to convert
lysophosphatidylcholine (LPC) into lysophosphatidic acid (LPA), an essential bioactive
lipid involved in multiple cell processes. The ATX-LPA axis is increasingly studied
because of its involvement in numerous pathological conditions, more specifically in
inflammatory or neoplastic diseases, and in obesity. Circulating ATX levels gradually
increase with the stage of some pathologies, such as liver fibrosis, thus making them
a potentially interesting non-invasive marker for fibrosis estimation. Normal circulating
levels of ATX have been established in healthy adults, but no data exist at the pediatric
age. The aim of our study is to describe the physiological concentrations of
circulating ATX levels in healthy teenagers through a secondary analysis of the
VITADOS cohort. Our study included 38 teenagers of Caucasian origin (12 males, 26
females). Their median age was 13 years for males and 14 years for females, ranging
from Tanner 1 to 5. BMI was at the 25th percentile for males and 54th percentile for
females, and median blood pressure was normal. ATX median levels were 1,049 (450–
2201) ng/ml. There was no difference in ATX levels between sexes in teenagers, which
was in contrast to the male and female differences described in the adult population.
ATX levels significantly decreased with age and pubertal status, reaching adult levels at
the end of puberty. Our study also suggested positive correlations between ATX levels
and blood pressure (BP), lipid metabolism, and bone biomarkers. However, except for
LDL cholesterol, these factors were also significantly correlated with age, which might
be a confounding factor. Still, a correlation between ATX and diastolic BP was
described in obese adult patients. No correlation was found between ATX levels and
inflammatory marker C-reactive protein (CRP), Body Mass Index (BMI), and biomarkers
of phosphate/calcium metabolism. In conclusion, our study is the first to describe the
decline in ATX levels with puberty and the physiological concentrations of ATX levels
in healthy teenagers. It will be of utmost importance when performing clinical studies
in children with chronic diseases to keep these kinetics in mind, as circulating ATX
might become a non-invasive prognostic biomarker in pediatric chronic diseases.
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Introduction

Autotaxin (ATX), also known as ENPP2 (ecto-nucleotide pyrophosphatase phosphodiesterase

family member 2), is a secreted enzyme with a lysophospholipase D activity (1–4). ATX is the only

secreted member of the ENPP family (5), synthesized by different cell types and mainly by

adipocytes (6). ATX is found in numerous biological fluids and tissues (7), including blood,
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with a short circulating half-life due to a quick clearance by the liver

(8). Its pleiotropic expression likely reflects its role in multiple

physiological processes.

ATX converts lysophosphatidylcholine (LPC) into lysophosphatidic

acid (LPA) (1), the smallest bioactive glycerophopholipid (9).

LPA binds to at least six protein G-coupled receptors, LPA 1–6 (10),

that are differentially expressed in tissues with distinct and

overlapping biological responses, thus explaining the large range of

cellular processes involving LPA (6). LPA is one of the smallest

glycerophospholipids of the organism (5) and a structural component

of cellular membranes (11). It is also a major bioactive lipid acting

as a signaling molecule involved in multiple cell processes

including survival, migration, and proliferation, among almost all cell

types (9).

LPA and ATX are crucial in different systems, notably

reproduction (ovarian function, embryo implantation, maintenance

of pregnancy) (10, 12, 13), development of the central nervous

system (14), immunity (15, 16), inflammation (17), and lipid

metabolism (18). A ubiquitous deletion of ATX leads to early

embryonic lethality in mice (19), notably because of defective

vasculogenesis (20, 21) and central nervous system development (14).

With regard to inflammation, ATX transcription is enhanced by pro-

inflammatory cytokines such as tumor necrosis factor alpha (TNFα) in

hepatocytes through the nuclear factor kappa beta (NFkB) signaling

pathway (10, 22) and IL-6 in adipocytes (23). Alternatively, ATX will

induce the production of pro-inflammatory cytokines, thus

maintaining inflammation (17). With regard to lipid metabolism, the

adipose tissue is one of the main sources of ATX (6, 24), and ATX

production by adipocytes is increased in the presence of pro-

inflammatory cytokines (23). ATX increases pre-adipocyte proliferation

(6), but its role in pre-adipocyte differentiation is more controversial,

with a probably inhibitory effect (18). Through this pathway, the ATX–

LPA axis contributes to obesity and insulin resistance (18).

Thus, the ATX–LPA axis is involved in various physiological

processes, but it is also linked to several pathological conditions,

especially inflammatory and neoplastic diseases (17, 25). The

assessment of circulating ATX levels might therefore be interesting

for clinical applications.

Studies have shown that measurement of serumATX antigen level is

a reliable indicator of ATX activity in human serum samples (26, 27) and

thus can be used for clinical investigation. Circulating levels of ATX have

been reported in healthy adults: ATX levels are significantly greater in

women (625–1,323 ng/ml) than in men (438–914 ng/ml) (13, 26, 28).

ATX levels are also negatively correlated with age in adult men, but it is

not correlated with age in women (26). Moreover, the serum

phospholipase D/ATX activity gradually increases during pregnancy (4,

29) and so do ATX levels: serum ATX antigen is correlated to

gestational week (13), increasing from 1,961 ± 450 ng/ml at the first

semester to 5150 ± 2,143 ng/ml at the third trimester of pregnancy,

with a further decrease immediately after delivery. ATX levels have also

been described in pathological conditions such as inflammatory or

hepatic diseases. For example, it gradually increases with fibrosis stage

in chronic hepatitis C, and even correlates in biliary atresia with

histological fibrosis grades, increasing from 1,080 ng/ml at F0 grade to

2,500 ng/ml at F4 grade (27, 28, 30). ATX serum levels are also

influenced by the metabolic status of the individuals and correlate with

insulin resistance in obese patients and with their body mass index
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(BMI) (31). A recent study even revealed a rapid and lasting decrease

in ATX levels after bariatric surgery in obese patients, reinforcing the

connection between ATX and lipid metabolism (32).

However, no data have been published on the pediatric age. Thus,

the aim of our work is to describe the physiological concentrations of

circulating ATX levels in healthy teenagers through a secondary

analysis of the VITADOS cohort (33) and to screen for potential

correlations with other circulating biomarkers as a basis for further

research on the pathological role of ATX in chronic diseases

affecting teenagers.
Subjects and methods

Population

The initial aim of the Vitados cohort (NCT01832623) was to assess

native vitamin D [25-(OH)-D] status in a general French population of

healthy Caucasian teenagers in association with their bone and

cardiovascular status; it allowed to describe normal values for the

main phosphate/calcium and bone biomarkers in the total cohort of

100 included healthy teenagers depending on sex and puberty (30).

Exclusion criteria were the following: walking disability, past or

ongoing treatment by growth hormone (rhGH) therapy, past intake of

oral corticosteroids (for more than 3 months), ongoing treatment with

corticosteroids or calcineurin inhibitors, chronic disease with a likely

effect on growth (and notably chronic parenteral nutrition, chronic

inflammatory disease, systemic disease, chronic renal insufficiency,

diabetes mellitus), acute ongoing severe disease (and notably infection

or cancer), pregnancy, and an intake of acetylsalicylic acid or anti-

inflammatory drugs within the last 3 weeks. Here, we were able to

work on the remaining sera of 38 subjects from this cohort.

Demographic, physical, and biochemical data were recorded.

Height and weight were presented as the standard deviation score

(SDS) for age and sex, and BMI was presented as the percentile for

age and sex. The Tanner stage was assessed by an experienced

physician. Systolic and diastolic blood pressure (SBP and DBP) were

expressed in terms of percentile according to age, sex, and height (34).
Blood samples

Morning fasting samples were obtained. Because of the peculiar

evolution of phosphate levels across the pediatric age, phosphate

levels were expressed as the standard deviation score (SDS) for age

(35). Renal function was estimated using the 2009 Schwartz

formula to calculate an estimated glomerular filtration rate (eGFR)

(36). All assays used for standard biochemical assessments were

ones that were previously described (33).
ATX measurements with ELISA assays

To measure ATX levels in serum, we used ATX sandwich ELISA

kits manufactured by Echelon Biosciences (K-5600). Samples were

placed on an ATX detection plate (K-5601), and an anti-ATX

antibody (K-5603) was used and revealed by a secondary detector
frontiersin.org

https://doi.org/10.3389/fped.2023.1094705
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


TABLE 1 Demographic and biochemical characteristics of the subjects used
for the secondary analysis of the VITADOS cohort.

Males (n = 12) Females (n = 26)

Age (years) 13.3 (10.2–17.8) 14.2 (10.5–17.8)

Méaux et al. 10.3389/fped.2023.1094705
(K-SEC7). The revelation was made by using absorbance assays. The

normal human serum level of ATX described in this kit is 589–

1,135 ng/ml. A volume of 10 µl was used and every sample was

assessed in duplicate.
Tanner stage

Tanner 1 3 1

Tanner 2 3 4

Tanner 3 2 6

Tanner 4 2 7

Tanner 5 2 8

Height (cm) 161 (136–187) 158 (143–180)
Statistical analysis

The results were presented as median (min−max). Non-

parametric tests were performed: Mann–Whitney tests, Kruskall–

Wallis tests for multiple comparisons followed by Dunn’s tests, and

Spearman tests for correlation. A p-value below 0.05 was

considered statistically significant. Statistical analyses and figures

were performed with Graphpad Prism 8.

Height (SD) 0.9 (−2.4–2.7) 0.7 (−1.0–4.0)

Weight (kg) 55 (26–77) 47 (32–67)

Weight (SD) 0.2 (−1.7–5.4) 0.8 (−1.0–2.4)

BMI (percentile) 25 (3–99) 54 (20–97)

SBP (percentile) 30 (5–88) 29 (0–94)

DBP (percentile) 34 (9–93) 32 (2–92)
Ethical committee

The VITADOS study was approved by the Comité de Protection

des Personnes Lyon Sud Est II; all patients and parents (or legal

guardians) gave their consent after written information.
Creatinine (µmol/L) 55 (43–94) 54 (40–80)

eGFR (ml/min/1.73 m2) 107 (71–129) 107 (74–141)

Calcium (mmol/L) 2.42 (2.24–2.57) 2.37 (2.20–2.53)

Phosphate (mmol/L) 1.40 (1.08–1.60) 1.38 (0.93–1.61)

Phosphate SDS −0.6 (−1.6–0.4) −0.6 (−2.3–0.5)

PTH (ng/L) 17 (10–24) 17 (11–29)

ALP (UI/L) 229 (84–524) 176 (54–305)

25OHD (nmol/L)* 55 (30–66) 65 (48–129)

1,25(OH)2D3 (pmol/L) 123 (98–173) 142 (96–206)

FGF23 (UI/L) 62 (43–98) 74 (58–106)

ALP (UI/L) 229 (84–524) 176 (55–305)
Results

Description of the cohort and results on
ATX levels

The demographic and biological characteristics of the subgroup

of the VITADOS cohort studied here are given in Table 1.

The ATX median levels were 1,049 (450–2,201) ng/ml. There was

no difference in the ATX levels in terms of sex, but these levels

significantly decreased with age and pubertal status, as illustrated

in Figure 1, Table 2. There was no relation either with regard to

normalized height or body weight or with regard to BMI percentile.
BAP (UI/L) 62 (17–194) 57 (11–110)

CTX (µmol/L)* 1,746 (1442–2410) 1,414 (652–2260)

OCN (µg/L) 71 (40–160) 64 (27–238)

Total Ch (mmol/L) 4.2 (3.3–5.1) 4.3 (2.3–5.7)

LDL Ch (mmol/L) 2.4 (1.7–3.2) 2.5 (0.8–4.0)

HDL Ch (mmol/L) 1.2 (0.8–2.1) 1.5 (0.9–2.3)

TG (mmol/L) 0.7 (0.3–1.9) 0.6 (0.3–1.4)
ATX and cardiovascular markers

A positive correlation was found between ATX levels and

diastolic blood pressure (p = 0.003), but later, these also correlated

with age. ATX also positively correlated with circulating total and

LDL cholesterol (r = 0.46, p = 0.005 and r = 0.33, p = 0.043,

respectively). Age was negatively correlated with total cholesterol

but not with LDL cholesterol. These results are shown in Figure 2.

ATX (ng/ml) 1,109 (521–1455) 977 (450–2201)

Results are expressed as median (min–max).

cm,centimeters;kgs,kilograms;SD,standarddeviation;BMI,bodymass index;SBP,systolic

blood pressure; DBP, diastolic bloodpressure; SDS, standard deviation score; ALP, alkaline

phosphatases; 25OHD, 25-hydroxy-vitamin D; 1,25(OH)2D3, 1,25-dihydroxy-vitamin D;

FGF23, fibroblast growth factor 23; ALP, alkaline phosphatases; BAP, bone ALP; CTX,

C-terminal fraction of type 1 collagen; OCN, osteocalcin; Ch, cholesterol; LDL Ch,

low-density lipoprotein cholesterol; HDL Ch, high-density lipoprotein cholesterol; TG,

triglycérides; ATX, autotaxin; eGFR, estimated glomerular filtration rate.

Comparison was made by using the Mann–Whitney test. *p < 0.05.
ATX and phosphate/calcium and bone
biomarker metabolism

Therewas nocorrelationbetweenATXandcalcium,phosphate SDS,

PTH, 25OHD, 1,25(OH)2D3, FGF23, or urinary calcium/creatinine

ratio. However, ATX levels were statistically associated with the

markers of bone turnover: alkaline phosphatase (ALP), bone ALP

(BAP), C-terminal fraction of type 1 collagen (CTX), and osteocalcin

(OCN). However, all these factors were also significantly correlated

with age. These results are shown in Figure 3.
Frontiers in Pediatrics 03
In contrast, no correlation was found between the osteocyte-

synthesized sclerostin and ATX or age (p = 0.13 and 0.07,

respectively).
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FIGURE 1

Autotaxin is negatively associated with age and pubertal status. (A) Correlation tests were conducted between ATX circulating levels (ng/ml) and age Spearman
correlation test: r=−0.47, IC95% =−0.69−(−)0.16, p= 0.0034 **. (B) Correlation tests were performed between ATX circulating levels (ng/ml) and the Tanner
stage. Kruskal–Wallis test: p= 0.0039. p (T2 vs. T5) = 0.025 *, p (T2 vs. T4) = 0.049 *.

Méaux et al. 10.3389/fped.2023.1094705
ATX and inflammation, kidney function

No correlation was found between the inflammatory marker

C-reactive protein (CRP) and with eGFR.
Multivariate analysis

By using a backward multivariate analysis including age, ALP (as a

marker of bone formation), and CTX (as a marker of bone resorption)

in the model, nothing remained significantly associated with ATX.
Discussion

The main objective of this study is to describe normal ATX

values in healthy teenagers aged 10–18 years, since data are lacking

in this age group. This is of utmost importance for future studies

in the field and notably in children with chronic diseases such as

chronic inflammatory states or obesity. Indeed, in adults, the

deregulation of the ATX–LPA axis has been recently shown in

chronic pathological conditions, especially in neoplastic and

inflammatory diseases with increased ATX levels (2, 17, 25, 37).
TABLE 2 Normal values of ATX according to sex and pubertal status.

ATX concentration
(ng/ml)

Tanner stage

1–2
(n = 6M 5F)

3
(n = 2M 6F)

4 −5
(n = 4M 15F)

Male 1,132 1,119 714

Median (min−max) (1,071–1,455) (1,093–1,145) (521–1,259)

Female 1,485 1,010 862*

Median (min−max) (1,058–2,201) (739–1,391) (450–1,327)

Results are expressed as median (minimum – maximum) and as mean (standard

deviation).

ATX, autotaxin; M, male; F = female. For each component, the number of available

data is precised (n).

*Statistical difference compared with Tanner stage 1–2, p=0.0045.
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Indeed, ATX was first described in 1992 as an autocrine motility

factor in human melanoma (38). Since then, ATX was found

overexpressed and implicated in many different cancers such as

hepatocellular carcinoma (22), breast cancer (39), glioblastoma (40,

41), Hodgkin lymphoma (42), and non-small-cell lung cancer (43),

with a growing evidence that it is directly involved in tumor

progression, invasiveness, and dissemination through the

production of LPA (2, 5, 44).

However, ATX is also closely linked to inflammation: its levels

increase in many inflammatory diseases such as pulmonary fibrosis

(45, 46), rheumatoid arthritis (47), or chronic inflammatory bowel

diseases (48). In murine models, conditional genetic deletions of

ATX or of the LPA-receptor LPA-R1, as well as pharmacological

ATX inhibition (45, 47, 49), lead to attenuated inflammation, thus

suggesting the contribution of the ATX–LPA axis in the

pathogenesis of these diseases.

Because of its synthesis by hepatocytes, ATX is also deregulated

in liver diseases: in patients with chronic fibrosis due to hepatitis C,

circulating ATX levels increase gradually with fibrosis stage (27, 28).

In biliary atresia (BA), ATX levels correlate with histological fibrosis

grades (30), increasing from 1,080 ng/ml at F0 grade to 2,500 ng/ml

at F4 grade, thus being a potential interesting non-invasive marker

for liver fibrosis estimation. In that setting, it is interesting to note

that this study was performed in 35 patients at a median age of

10.6 years, and that the results obtained at the F0 stages were

similar to those we report here in healthy subjects at a similar age.

Another pediatric study was performed directly on liver specimens

from infants with BA undergoing Kasai operation (N = 20) and

compared with samples from infants who underwent liver biopsy

for another reason (N = 14); interestingly, this study found that

mRNA and protein expression of ATX were increased in BA livers

(50). High hepatic ATX expression at the time of Kasai operation

was associated with liver fibrosis and outcome in BA, suggesting

that ATX may serve as a prognostic biomarker in this infantile

disease (50). Eventually, ATX levels are associated with cirrhosis

grade whatever its cause may be, along with its complications (e.g.,

hepatic encephalopathy, esophageal varices, and portal hypertensive

gastropathy), and it is an independent predictor of overall survival

in this population, as demonstrated in a longitudinal cohort of 270
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FIGURE 2

Autotaxin and age are positively correlated with cardiovascular risk and fat metabolism markers. (A) Correlation tests were conducted between ATX circulating
levels (ng/ml) and systolic blood pressure (SBP, percentile). Spearman correlation test: r= 0.34, IC95% = 0.01–0.61, p= 0.04. (B) Correlation tests were
performed between ATX circulating levels (ng/ml) and diastolic blood pressure (DBP, percentile). Spearman correlation test: r= 0.34, IC95% = 0.01–0.61,
p= 0.04. (C) Correlation tests were done between ATX circulating levels (ng/ml) and body mass index (percentile). Spearman correlation test: non-
significant. (D) Correlation tests were carried out between ATX circulating levels (ng/ml) and total cholesterol (Total Ch) (mmol/L). Spearman correlation
test: r= 0.46, IC95% = 0.14–0.68, p= 0.0046**. (E) Correlation tests were done between ATX circulating levels (ng/ml) and LDL cholesterol (LDL Ch)
(mmol/L). Spearman correlation test: r= 0.33, IC95% = 0.01–0.59, p= 0.0433*. (F) Correlation tests were performed between ATX circulating levels (ng/ml)
and HDL cholesterol (HDL Ch) (mmol/L). Spearman correlation test: non-significant. (G) Correlation tests were done between ATX circulating levels (ng/
ml) and triglyceride levels (TG) (mmol/L). Spearman correlation test: non-significant. Age is correlated with these for blood factors and the Spearman
correlation tests: Age and SBP: non-significant. Age and DBP: r=−0.4369, IC95% = −0.67 – (−)0.13, p= 0.0061. Age and per BMI: r= 0.0168, IC95% =
−0.31–0.34, p= 0.9204 non-significant. Age and total Ch: r=−0.3670, IC95% =−0.62 – (−)0.04, p= 0.0234. Age and LDL Ch: r=−0.2200, IC95% =
−0.61–0.12, p= 0.1845 non-significant. Age and HDL Ch: r=−0.3649, IC95%=−0.62 – (−)0.014, p= 0.0243. Age and TG: r = 0.2168, IC95% =−0.12–0.51,
p= 0.1911 non-significant.

Méaux et al. 10.3389/fped.2023.1094705
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FIGURE 3

Autotaxin is positively correlated with bone turnover markers. (A) Correlation tests were done between ATX circulating levels (ng/ml) and ALP (UI/L, alkaline
phosphatases). Spearman correlation test: r = 0.051, IC95% = 0.22–0.72, p= 0.0011**. (B) Correlation tests were performed between ATX circulating levels
(ng/ml) and bone ALP (UI/L, bone alkaline phosphatases). Spearman correlation test: r= 0.47, IC95% = 0.17–0.69, p= 0.0029**. (C) Correlation tests were
done between ATX circulating levels (ng/ml) and CTX (µmol/L, C terminal fraction of type 1 collagen). Spearman correlation test: r= 0.42, IC95%= 0.11–
0.66, p= 0.0086**. (D) Correlation tests were done between ATX circulating levels (ng/ml) and OCN (µg/L, osteocalcine). Spearman correlation test: r=
0.45, IC95% = 0.15–0.68, p= 0.0043**. Age was also correlated with these biomarkers and the Spearman correlation tests: Age and ALP: r =−0.7944,
IC95% =−0.89 – (−)0.63, p < 0.0001. Age and BAP: r=−0.8111, IC95% = −0.90 – (−)0.66, p < 0.0001. Age and CTX: r=−0.4945, IC95% = −0.71 – (−)0.20,
p= 0.0016. Age and OCN: r= −0.7694, IC95% = −0.88 – (−)0.59, p < 0.0001.

Méaux et al. 10.3389/fped.2023.1094705
adult patients with liver cirrhosis followed until death, liver

transplantation, or last contact (51). Reference values in healthy

adult controls were 258 ± 40 ng/ml in this study (51).

The ATX–LPA axis is also linked to lipid metabolism, as previously

described, including stimulation of pre-adipocytes proliferation. In

mice, adipocyte ATX expression is increased in genetically obese

mice in correlation with their insulin resistance state (52). The

heterozygous model or adipose-specific knockdown of ATX is

associated with attenuated diet-induced obesity and decreased insulin

resistance (53), likely through LPAR1 (54). In humans, adipocyte

ATX expression is enhanced in subjects with insulin resistance (52),

and serum ATX levels correlate with insulin resistance in obese

patients (31). Thus, ATX closely links with obesity and insulin

resistance both in humans and in mice, with growing evidence of its

involvement in the impaired glucose homeostasis of diet-induced

obesity. This suggests a potential future therapeutic target of ATX

and LPAR1 for the treatment of overweight or diabetes-related

metabolic diseases. Interestingly, visceral fat ATX expression was

found to be increased in obese female patients (N = 27) compared

with non-obese patients (N = 10) in a previous study (55), which also

describes a correlation between ATX and diastolic arterial BP in

obese patients, similarly to our present study finding a correlation of

ATX levels and diastolic BP in teenagers. However, in our study, this

correlation is also found between ATX levels and age, which could

then be a confounding factor.
Frontiers in Pediatrics 06
Lastly, the ATX–LPA axis is involved in various other

pathological conditions, especially cardiovascular diseases, such as

the development of atherosclerosis through the accumulation of

LPA in atherosclerotic plaques (56) and the LPA-mediated

adventitial mast cell activation leading to vascular inflammation

and plaque instability (57).

Its involvement in various pathological processes suggests that

ATX might be an interesting prognostic biomarker and also a

potential target for the treatment of numerous diseases. Indeed, the

inhibition of ATX or LPAR1 is a potential therapeutic strategy in

cancer and inflammatory diseases, with promising preclinical

results with a good safety profile to date (10, 58).

Here, we found no differences in ATX levels between sexes,

contrary to what is observed in adults where ATX levels are

significantly higher in women. ATX levels significantly decrease

with age and pubertal status, reaching 714 (521–1,259) ng/ml in

males and 862 (450–1,327) ng/ml in females at the Tanner stage

4–5, which is consistent with the adult values in the literature

previously described. Moreover, as mentioned earlier, a previous

study also described decreased ATX levels with age among male

adults (26) but not among women. Thus, we can hypothesize a

potential interaction between sexual hormones and ATX levels

because of the sex difference in adults on the one hand and

because of the modification of ATX levels during pregnancy on the

other hand. Here, we show that, similarly to other biomarkers [and
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notably phosphate levels (59)], ATX levels decrease along puberty in

healthy teenagers. To our knowledge, this is the first description of a

modification of ATX levels with puberty in humans. The fact that

ATX is deregulated in some gynecological conditions reinforces the

hypothesis of an association between sexual hormones and ATX:

indeed, in endometrial carcinomas, ATX mRNA expression is

higher in neoplastic cells that are positive for estrogen receptor

(ER) than in ER-negative neoplastic cells (60). Moreover, in

endometrial cancer, estrogens stimulate ATX expression, and the

ATX-LPA axis is involved in estrogen cell proliferation through the

MAPK-ERK signaling pathway (60).

This pilot study also suggested positive correlations between ATX

levels and blood pressure, lipid metabolism, and bone biomarkers but

not between biomarkers of phosphate/calcium metabolism. These

results should be confirmed in larger studies, especially because age

could be a confounding factor in these bivariate analyses. Still, a

correlation between ATX and diastolic BP has been described in obese

adult patients (55). Alternatively, the positive correlation between ATX

and LDL cholesterol, which seems independent of age, is consistent

with the implication of the ATX-LPA axis in lipid metabolism.

This study has several strengths, including a well-phenotyped

prospective transversal cohort of healthy pediatric subjects. We

measured the biomarkers of bone and phosphate/calcium

metabolism using the most recent available assays and were,

therefore, able to provide data depending on sex and pubertal

status. According to the guidelines from the Clinical and

Laboratory Standards Institute (CLSI), 120 healthy subjects per

group are required to establish pediatric reference values, with a

minimum of 20 subjects per group to validate existing data. As

such, we cannot consider that here we provide reference values,

especially because we had serum sufficient for only a subset of the

VITADOS subjects. Thus, we may have lacked the power to

demonstrate differences according to sex.

In conclusion, we are the first to describe the decline in ATX

levels with puberty. It will be of utmost importance to keep these

kinetics in mind when performing clinical studies in children with

chronic diseases, as circulating ATX might become a non-invasive

prognostic biomarker in pediatric chronic diseases.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors without undue reservation.
Ethics statement

The studies involving human participants were reviewed and

approved by Hospices Civils de Lyon. Written informed consent to
Frontiers in Pediatrics 07
participate in this study was provided by the participants’ legal

guardian/next of kin.
Author contributions

M-NM and MR performed experiments, analyzed data, prepared

the figures, and wrote the paper; AP, OB, and ML performed

experiments and analyzed data; OP and JB provided funding,

conceptual advice, coordinated the study, and edited the

manuscript. All authors have read and agreed to the published

version of the manuscript. All authors contributed to the article

and approved the submitted version.
Funding

This work was supported by grants from the INSERM, the

Université Claude Bernard Lyon 1, and the ANR grant BoneTAX

(Grant No. ANR-20-CE14-0036-01, O Peyruchaud). An institutional

funding for the VITADOS cohort was provided by the Programme

Hospitalier de Recherche Clinique Inter-régional (PHRCi 2011,

J Bacchetta). The funders had no role in the design of the study; in

the collection, analyses, or interpretation of data; in the writing of

the manuscript, or in the decision to publish the results.
Acknowledgments

The authors would like to acknowledge all healthy volunteers and
families who accepted to participate in the VITADOS study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Perrakis A, Moolenaar WH. Autotaxin: structure–function and signaling. J Lipid
Res. (2014) 55(6):1010–8. doi: 10.1194/jlr.R046391
2. Umezu-Goto M, Kishi Y, Taira A, Hama K, Dohmae N, Takio K, et al. Autotaxin
has lysophospholipase D activity leading to tumor cell growth and motility by
frontiersin.org

https://doi.org/10.1194/jlr.R046391
https://doi.org/10.3389/fped.2023.1094705
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Méaux et al. 10.3389/fped.2023.1094705
lysophosphatidic acid production. J Cell Biol. (2002) 158(2):227–33. doi: 10.1083/jcb.
200204026

3. Clair T, Lee HY, Liotta LA, Stracke ML. Autotaxin is an exoenzyme possessing 5′-
nucleotide phosphodiesterase/ATP pyrophosphatase and ATPase activities. J Biol Chem.
(1997) 272(2):996–1001. doi: 10.1074/jbc.272.2.996

4. Tokumura A, Majima E, Kariya Y, Tominaga K, Kogure K, Yasuda K, et al.
Identification of human plasma lysophospholipase D, a lysophosphatidic acid-
producing enzyme, as autotaxin, a multifunctional phosphodiesterase. J Biol Chem.
(2002) 277(42):39436–42. doi: 10.1074/jbc.M205623200

5. Nakanaga K, Hama K, Aoki J. Autotaxin—an LPA producing enzyme with diverse
functions. J Biochem (Tokyo). (2010) 148(1):13–24. doi: 10.1093/jb/mvq052

6. Ferry G, Tellier E, Try A, Grés S, Naime I, Simon MF, et al. Autotaxin is released
from adipocytes, catalyzes lysophosphatidic acid synthesis, and activates preadipocyte
proliferation. J Biol Chem. (2003) 278(20):18162–9. doi: 10.1074/jbc.M301158200

7. Giganti A, Rodriguez M, Fould B, Moulharat N, Cogé F, Chomarat P, et al. Murine
and human autotaxin α, β, and γ isoforms. J Biol Chem. (2008) 283(12):7776–89. doi: 10.
1074/jbc.M708705200

8. Jansen S, Andries M, Vekemans K, Vanbilloen H, Verbruggen A, Bollen M. Rapid
clearance of the circulating metastatic factor autotaxin by the scavenger receptors of liver
sinusoidal endothelial cells. Cancer Lett. (2009) 284(2):216–21. doi: 10.1016/j.canlet.
2009.04.029

9. van Meeteren LA, Moolenaar WH. Regulation and biological activities of the
autotaxin–LPA axis. Prog Lipid Res. (2007) 46(2):145–60. doi: 10.1016/j.plipres.2007.
02.001

10. Zhang X, Li M, Yin N, Zhang J. The expression regulation and biological function
of autotaxin. Cells. (2021) 10(4):939. doi: 10.3390/cells10040939

11. Kooijman EE, Chupin V, de Kruijff B, Burger KNJ. Modulation of membrane
curvature by phosphatidic acid and lysophosphatidic acid: biophysical properties of
phosphatidic acid and lysophosphatidic acid. Traffic. (2003) 4(3):162–74. doi: 10.1034/
j.1600-0854.2003.00086.x

12. Ye X. Lysophospholipid signaling in the function and pathology of the reproductive
system. Hum Reprod Update. (2008) 14(5):519–36. doi: 10.1093/humupd/dmn023

13. Masuda A, Fujii T, Iwasawa Y, Nakamura K, Ohkawa R, Igarashi K, et al. Serum
autotaxin measurements in pregnant women: application for the differentiation of
normal pregnancy and pregnancy-induced hypertension. Clin Chim Acta. (2011) 412
(21-22):1944–50. doi: 10.1016/j.cca.2011.06.039

14. Fotopoulou S, Oikonomou N, Grigorieva E, Nikitopoulou I, Paparountas T,
Thanassopoulou A, et al. ATX Expression and LPA signalling are vital for the
development of the nervous system. Dev Biol. (2010) 339(2):451–64. doi: 10.1016/j.
ydbio.2010.01.007

15. Kanda H, Newton R, Klein R, Morita Y, Gunn MD, Rosen SD. Autotaxin, an
ectoenzyme that produces lysophosphatidic acid, promotes the entry of lymphocytes
into secondary lymphoid organs. Nat Immunol. (2008) 9(4):415–23. doi: 10.1038/ni1573

16. Knowlden S, Georas SN. The autotaxin–LPA axis emerges as a novel regulator of
lymphocyte homing and inflammation. J Immunol. (2014) 192(3):851–7. doi: 10.4049/
jimmunol.1302831

17. Barbayianni E, Kaffe E, Aidinis V, Kokotos G. Autotaxin, a secreted
lysophospholipase D, as a promising therapeutic target in chronic inflammation and
cancer. Prog Lipid Res. (2015) 58:76–96. doi: 10.1016/j.plipres.2015.02.001

18. D’Souza K, Paramel G, Kienesberger P. Lysophosphatidic acid signaling in obesity
and insulin resistance. Nutrients. (2018) 10(4):399. doi: 10.3390/nu10040399

19. Ferry G, Giganti A, Cogé F, Bertaux F, Thiam K, Boutin JA. Functional invalidation
of the autotaxin gene by a single amino acid mutation in mouse is lethal. FEBS Lett.
(2007) 581(18):3572–8. doi: 10.1016/j.febslet.2007.06.064

20. van Meeteren LA, Ruurs P, Stortelers C, Bouwman P, van Rooijen MA, Pradère JP,
et al. Autotaxin, a secreted lysophospholipase D, is essential for blood vessel formation
during development. Mol Cell Biol. (2006) 26(13):5015–22. doi: 10.1128/MCB.02419-05

21. Tanaka M, Okudaira S, Kishi Y, Ohkawa R, Iseki S, Ota M, et al. Autotaxin stabilizes
blood vessels and is required for embryonic vasculature by producing lysophosphatidic
acid. J Biol Chem. (2006) 281(35):25822–30. doi: 10.1074/jbc.M605142200

22. Wu JM, Xu Y, Skill NJ, Sheng H, Zhao Z, Yu M, et al. Autotaxin expression and its
connection with the TNF-alpha-NF-κB axis in human hepatocellular carcinoma. Mol
Cancer. (2010) 9(1):71. doi: 10.1186/1476-4598-9-71

23. Sun S, Wang R, Song J, Guan M, Li N, Zhang X, et al. Blocking gp130 signaling
suppresses autotaxin expression in adipocytes and improves insulin sensitivity in diet-
induced obesity. J Lipid Res. (2017) 58(11):2102–13. doi: 10.1194/jlr.M075655

24. Dusaulcy R, Rancoule C, Grès S, Wanecq E, Colom A, Guigné C, et al. Adipose-
specific disruption of autotaxin enhances nutritional fattening and reduces plasma
lysophosphatidic acid. J Lipid Res. (2011) 52(6):1247–55. doi: 10.1194/jlr.M014985

25. Houben AJS, Moolenaar WH. Autotaxin and LPA receptor signaling in cancer.
Cancer Metastasis Rev. (2011) 30(3–4):557–65. doi: 10.1007/s10555-011-9319-7

26. Nakamura K, Igarashi K, Ide K, Ohkawa R, Okubo S, Yokota H, et al. Validation of
an autotaxin enzyme immunoassay in human serum samples and its application to
hypoalbuminemia differentiation. Clin Chim Acta. (2008) 388(1–2):51–8. doi: 10.1016/
j.cca.2007.10.005
Frontiers in Pediatrics 08
27. Nakagawa H, Ikeda H, Nakamura K, Ohkawa R, Masuzaki R, Tateishi R, et al.
Autotaxin as a novel serum marker of liver fibrosis. Clin Chim Acta. (2011) 412(13–
14):1201–6. doi: 10.1016/j.cca.2011.03.014

28. Yamazaki T, Joshita S, Umemura T, Usami Y, Sugiura A, Fujimori N, et al.
Association of serum autotaxin levels with liver fibrosis in patients with chronic
hepatitis C. Sci Rep. (2017) 7(1):46705. doi: 10.1038/srep46705

29. Tokumura A, Kanaya Y, Miyake M, Yamano S, Irahara M, Fukuzawa K. Increased
production of bioactive lysophosphatidic acid by serum lysophospholipase D in human
Pregnancy1. Biol Reprod. (2002) 67(5):1386–92. doi: 10.1095/biolreprod.102.004051

30. Ueno T, Toyama C, Yoneyama T, Deguchi K, Nomura M, Saka R, et al. Impact of
serum autotaxin level correlating with histological findings in biliary atresia. J Pediatr
Surg. (2021) 56(7):1174–8. doi: 10.1016/j.jpedsurg.2021.03.034

31. Reeves VL, Trybula JS, Wills RC, Goodpaster BH, Dubé JJ, Kienesberger PC, et al.
Serum autotaxin/ENPP2 correlates with insulin resistance in older humans with obesity:
serum autotaxin and insulin resistance. Obesity. (2015) 23(12):2371–6. doi: 10.1002/oby.
21232

32. Bourgeois R, Piché M, Auclair A, Grenier-Larouche T, Mitchell PL, Poirier P, et al.
Acute and chronic effect of bariatric surgery on circulating autotaxin levels. Physiol Rep.
(2019) 7(5):e14004. doi: 10.14814/phy2.14004

33. Bacchetta J, Ginhoux T, Bernoux D, Dubourg L, Ranchin B, Roger C. Assessment
of mineral and bone biomarkers highlights a high frequency of hypercalciuria in
asymptomatic healthy teenagers. Acta Paediatr. (2019) 108(12):2253–60. doi: 10.1111/
apa.14907

34. Sempé M. Auxologie, méthode et séquences. Laboratoire Théraplix (1979). 205.

35. Ardeshirpour L, Ardeshirpour L, Cole DEC, Carpenter TO. Evaluation of bone and
mineral disorders. Pediatr Endocrinol Rev PER. (2007) 5(Suppl 1):584–98. PMID:
18167468

36. Schwartz GJ, Work DF. Measurement and estimation of GFR in children and
adolescents. Clin J Am Soc Nephrol. (2009) 4(11):1832–43. doi: 10.2215/CJN.01640309

37. Liu S, Murph M, Panupinthu N, Mills GB. ATX-LPA receptor axis in inflammation
and cancer. Cell Cycle. (2009) 8(22):3695–701. doi: 10.4161/cc.8.22.9937

38. Stracke ML, Krutzsch HC, Unsworth EJ, Arestad A, Cioce V, Schiffmann E, et al.
Identification, purification, and partial sequence analysis of autotaxin, a novel motility-
stimulating protein. J Biol Chem. (1992) 267(4):2524–9. doi: 10.1016/S0021-9258(18)
45911-X

39. Shao Y, Yu Y, He Y, Chen Q, Liu H. Serum ATX as a novel biomarker for breast
cancer. Medicine (Baltimore). (2019) 98(13):e14973. doi: 10.1097/MD.0000000000014973

40. Hoelzinger DB, Mariani L, Weis J, Woyke T, Berens TJ, McDonough Wendy S,
et al. Gene expression profile of glioblastoma multiforme invasive phenotype points to
new therapeutic targets. Neoplasia. (2005) 7(1):7–16. doi: 10.1593/neo.04535

41. Tabuchi S. The autotaxin–lysophosphatidic acid–lysophosphatidic acid receptor
cascade: proposal of a novel potential therapeutic target for treating glioblastoma
multiforme. Lipids Health Dis. (2015) 14(1):56. doi: 10.1186/s12944-015-0059-5

42. Baumforth KRN, Flavell JR, Reynolds GM, Davies G, Pettit TR, Wei W, et al.
Induction of autotaxin by the Epstein-Barr virus promotes the growth and survival of
Hodgkin lymphoma cells. Blood. (2005) 106(6):2138–46. doi: 10.1182/blood-2005-02-
0471

43. Yang Y, Mou LJ, Liu N, Tsao MS. Autotaxin expression in non–small-cell lung
cancer. Am J Respir Cell Mol Biol. (1999) 21(2):216–22. doi: 10.1165/ajrcmb.21.2.3667

44. Hama K, Aoki J, Fukaya M, Kishi Y, Sakai T, Suzuki R, et al. Lysophosphatidic acid
and autotaxin stimulate cell motility of neoplastic and non-neoplastic cells through
LPA1. J Biol Chem. (2004) 279(17):17634–9. doi: 10.1074/jbc.M313927200

45. Oikonomou N, Mouratis MA, Tzouvelekis A, Kaffe E, Valavanis C, Vilaras G, et al.
Pulmonary autotaxin expression contributes to the pathogenesis of pulmonary fibrosis.
Am J Respir Cell Mol Biol. (2012) 47(5):566–74. doi: 10.1165/rcmb.2012-0004OC

46. Ninou I, Magkrioti C, Aidinis V. Autotaxin in pathophysiology and pulmonary
fibrosis. Front Med. (2018) 5:180. doi: 10.3389/fmed.2018.00180

47. Nikitopoulou I, Oikonomou N, Karouzakis E, Sevastou I, Nikolaidou-Katsaridou
N, Zhao Z, et al. Autotaxin expression from synovial fibroblasts is essential for the
pathogenesis of modeled arthritis. J Exp Med. (2012) 209(5):925–33. doi: 10.1084/jem.
20112012

48. Hozumi H, Hokari R, Kurihara C, Narimatsu K, Sato H, Sato S, et al. Involvement
of autotaxin/lysophospholipase D expression in intestinal vessels in aggravation of
intestinal damage through lymphocyte migration. Lab Invest. (2013) 93(5):508–19.
doi: 10.1038/labinvest.2013.45

49. Flammier S, Peyruchaud O, Bourguillault F, Duboeuf F, Davignon J, Norman DD,
et al. Osteoclast-derived autotaxin, a distinguishing factor for inflammatory bone loss.
Arthritis Rheumatol. (2019) 71(11):1801–11. doi: 10.1002/art.41005

50. Udomsinprasert W, Vejchapipat P, Klaikeaw N, Chongsrisawat V, Poovorawan Y,
Honsawek S. Hepatic autotaxin overexpression in infants with biliary atresia. PeerJ.
(2018) 6:e5224. doi: 10.7717/peerj.5224

51. Pleli T, Martin D, Kronenberger B, Brunner F, Köberle V, Grammatikos G, et al.
Serum autotaxin is a parameter for the severity of liver cirrhosis and overall survival in
patients with liver cirrhosis – A prospective cohort study. Mandell MS, éditeur. PLoS
One. (2014) 9(7):e103532. doi: 10.1371/journal.pone.0103532
frontiersin.org

https://doi.org/10.1083/jcb.200204026
https://doi.org/10.1083/jcb.200204026
https://doi.org/10.1074/jbc.272.2.996
https://doi.org/10.1074/jbc.M205623200
https://doi.org/10.1093/jb/mvq052
https://doi.org/10.1074/jbc.M301158200
https://doi.org/10.1074/jbc.M708705200
https://doi.org/10.1074/jbc.M708705200
https://doi.org/10.1016/j.canlet.2009.04.029
https://doi.org/10.1016/j.canlet.2009.04.029
https://doi.org/10.1016/j.plipres.2007.02.001
https://doi.org/10.1016/j.plipres.2007.02.001
https://doi.org/10.3390/cells10040939
https://doi.org/10.1034/j.1600-0854.2003.00086.x
https://doi.org/10.1034/j.1600-0854.2003.00086.x
https://doi.org/10.1093/humupd/dmn023
https://doi.org/10.1016/j.cca.2011.06.039
https://doi.org/10.1016/j.ydbio.2010.01.007
https://doi.org/10.1016/j.ydbio.2010.01.007
https://doi.org/10.1038/ni1573
https://doi.org/10.4049/jimmunol.1302831
https://doi.org/10.4049/jimmunol.1302831
https://doi.org/10.1016/j.plipres.2015.02.001
https://doi.org/10.3390/nu10040399
https://doi.org/10.1016/j.febslet.2007.06.064
https://doi.org/10.1128/MCB.02419-05
https://doi.org/10.1074/jbc.M605142200
https://doi.org/10.1186/1476-4598-9-71
https://doi.org/10.1194/jlr.M075655
https://doi.org/10.1194/jlr.M014985
https://doi.org/10.1007/s10555-011-9319-7
https://doi.org/10.1016/j.cca.2007.10.005
https://doi.org/10.1016/j.cca.2007.10.005
https://doi.org/10.1016/j.cca.2011.03.014
https://doi.org/10.1038/srep46705
https://doi.org/10.1095/biolreprod.102.004051
https://doi.org/10.1016/j.jpedsurg.2021.03.034
https://doi.org/10.1002/oby.21232
https://doi.org/10.1002/oby.21232
https://doi.org/10.14814/phy2.14004
https://doi.org/10.1111/apa.14907
https://doi.org/10.1111/apa.14907
https://pubmed.ncbi.nlm.nih.gov/18167468
https://doi.org/10.2215/CJN.01640309
https://doi.org/10.4161/cc.8.22.9937
https://doi.org/10.1016/S0021-9258(18)45911-X
https://doi.org/10.1016/S0021-9258(18)45911-X
https://doi.org/10.1097/MD.0000000000014973
https://doi.org/10.1593/neo.04535
https://doi.org/10.1186/s12944-015-0059-5
https://doi.org/10.1182/blood-2005-02-0471
https://doi.org/10.1182/blood-2005-02-0471
https://doi.org/10.1165/ajrcmb.21.2.3667
https://doi.org/10.1074/jbc.M313927200
https://doi.org/10.1165/rcmb.2012-0004OC
https://doi.org/10.3389/fmed.2018.00180
https://doi.org/10.1084/jem.20112012
https://doi.org/10.1084/jem.20112012
https://doi.org/10.1038/labinvest.2013.45
https://doi.org/10.1002/art.41005
https://doi.org/10.7717/peerj.5224
https://doi.org/10.1371/journal.pone.0103532
https://doi.org/10.3389/fped.2023.1094705
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Méaux et al. 10.3389/fped.2023.1094705
52. Boucher J, Quilliot D, Praderes JP, Simon MF, Grès S, Guigné C, et al. Potential
involvement of adipocyte insulin resistance in obesity-associated up-regulation of
adipocyte lysophospholipase D/autotaxin expression. Diabetologia. (2005) 48
(3):569–77. doi: 10.1007/s00125-004-1660-8

53. Nishimura S, Nagasaki M, Okudaira S, Aoki J, Ohmori T, Ohkawa R, et al. ENPP2
contributes to adipose tissue expansion and insulin resistance in diet-induced obesity.
Diabetes. (2014) 63(12):4154–64. doi: 10.2337/db13-1694

54. Rancoule C, Dusaulcy R, Tréguer K, Grès S, Attané C, Saulnier-Blache JS.
Involvement of autotaxin/lysophosphatidic acid signaling in obesity and impaired
glucose homeostasis. Biochimie. (2014) 96:140–3. doi: 10.1016/j.biochi.2013.04.010

55. Rancoule C, Dusaulcy R, Tréguer K, Grès S, Guigné C, Quilliot D, et al. Depot-
specific regulation of autotaxin with obesity in human adipose tissue. J Physiol
Biochem. (2012) 68(4):635–44. doi: 10.1007/s13105-012-0181-z

56. Smyth SS, Mueller P, Yang F, Brandon JA, Morris AJ. Arguing the case for the
autotaxin–lysophosphatidic acid–lipid phosphate phosphatase 3-signaling nexus in the
Frontiers in Pediatrics 09
development and complications of atherosclerosis. Arterioscler Thromb Vasc Biol.
(2014) 34(3):479–86. doi: 10.1161/ATVBAHA.113.302737

57. Bot M, de Jager SCA, MacAleese L, Lagraauw HM, van Berkel TJC, Quax PHA,
et al. Lysophosphatidic acid triggers mast cell-driven atherosclerotic plaque
destabilization by increasing vascular inflammation. J Lipid Res. (2013) 54(5):1265–74.
doi: 10.1194/jlr.M032862

58. Katsifa A, Kaffe E, Nikolaidou-Katsaridou N, Economides AN, Newbigging S,
McKerlie C, et al. The bulk of autotaxin activity is dispensable for adult mouse life.
Yue J, éditeur. PloS One. (2015) 10(11):e0143083. doi: 10.1371/journal.pone.0143083

59. Dubourg L D, Aurelle M, Chardon L, Flammier S, Lemoine S, Bacchetta J. Tubular
phosphate handling: references from child to adulthood in the era of standardized serum
creatinine. Nephrol Dial Transplant. (2022) 37(11):2150–6. doi: 10.1093/ndt/gfab331

60. Zhang G, Cheng Y, Zhang Q, Li X, Zhou J, Wang J, et al. ATX-LPA axis facilitates
estrogen-induced endometrial cancer cell proliferation via MAPK/ERK signaling
pathway. Mol Med Rep. 17:4245–52. doi: 10.3892/mmr.2018.8392
frontiersin.org

https://doi.org/10.1007/s00125-004-1660-8
https://doi.org/10.2337/db13-1694
https://doi.org/10.1016/j.biochi.2013.04.010
https://doi.org/10.1007/s13105-012-0181-z
https://doi.org/10.1161/ATVBAHA.113.302737
https://doi.org/10.1194/jlr.M032862
https://doi.org/10.1371/journal.pone.0143083
https://doi.org/10.1093/ndt/gfab331
https://doi.org/10.3892/mmr.2018.8392
https://doi.org/10.3389/fped.2023.1094705
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Circulating autotaxin levels in healthy teenagers: Data from the Vitados cohort
	Introduction
	Subjects and methods
	Population
	Blood samples
	ATX measurements with ELISA assays
	Statistical analysis
	Ethical committee

	Results
	Description of the cohort and results on ATX levels
	ATX and cardiovascular markers
	ATX and phosphate/calcium and bone biomarker metabolism
	ATX and inflammation, kidney function
	Multivariate analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


