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Background: Acylcarnitines are biomarkers of fatty acid 
metabolism, and examining their patterns in preterm newborn 
may reveal metabolic changes associated with particular con-
ditions related to prematurity. Isomeric acylcarnitines in dried 
blood spots (DBS) and plasma have never been assessed in 
preterm infants.
Methods: We studied 157 newborn divided into four groups 
by weeks of gestational age (GA), as follows: 22–27 wk in group 1; 
28–31 wk in group 2; 32–36 wk in group 3; and 37–42 wk in group 
4. Samples were collected on the third day of life. Acylcarnitines 
were separated and quantified using ultra-performance liquid 
chromatography tandem mass spectrometry.
results: Acylcarnitine concentrations correlated signifi-
cantly with GA and birth weight in both DBS and plasma sam-
ples. Concentrations were lower in preterm newborn, except 
for acylcarnitines derived from branched-chain amino acids, 
which were higher and correlated with enteral feeding. On 
day 3 of life, no correlations emerged with gender, respiratory 
distress syndrome, bronchopulmonary dysplasia, surfactant 
administration, or mechanical ventilation.
conclusion: We established GA-based reference ranges 
for isomeric acylcarnitine concentrations in preterm newborn, 
which could be used to assess nutritional status and the puta-
tive neuroprotective role of acylcarnitines.

Fatty acid metabolism takes place in the mitochondria, and 
β-oxidation is the main process by which fatty acids are 

oxidized by means of a sequential removal of two-carbon 
units from the acyl chain. Fatty acids are activated primarily 
in the cytosol by fatty acyl-CoA synthase to carnitine deriva-
tives, then they are carried by specific acylcarnitine (AC) 
transferases and translocases into the mitochondrial matrix 
where β-oxidation can begin. In successive cycles of reactions, 
this process generates a series of ACs that are one two-carbon 
unit shorter and it continues until only two or three carbons 
are left (forming acetyl-CoA or propionyl-CoA, respectively). 
AC detection is of great interest for the purpose of assessing 
the carnitine pool, which is essential to the diagnosis of sev-
eral metabolic disorders. AC profiling is a powerful tool for 

the neonatal screening and diagnosis of fatty acid oxidation 
and organic acid disorders (1). Alongside the importance of 
AC in tissues such as heart and muscle, recent data indicate 
an involvement of these compounds in neurological protec-
tion and disorders. ACs are believed to have both energy-pro-
viding and neuroprotective roles in the brain (2,3), based on 
the assumption that the fatty acid oxidation pathway is active 
in neurons, given the localization of carnitine palmitoyltrans-
ferase enzyme 1 (CPT1) (2,4). Investigating AC profiles in 
preterm infants may therefore reveal metabolic changes asso-
ciated with perinatal brain injury.

Mass spectrometry (MS) is commonly used to quantify 
ACs. Millington and co-workers pioneered tandem mass 
spectrometry (MS/MS) methods for assaying carnitine and 
ACs in urine and plasma samples (5), and in dried blood spots 
(DBS). The development of electrospray ionization (ESI) has 
enabled the sample to be added to a continuously flowing sol-
vent stream (flow injection analysis, FIA) and offers a more 
robust, more sensitive alternative to fast atom bombardment 
(FAB) MS/MS for AC profiling (6). Each metabolic disorder 
is associated with primary and secondary markers and a cut-
off is defined for each marker. Cut-offs for free carnitine and 
AC esters in DBS have been published and used in newborn 
screening programs (7).

AC concentrations vary with birth weight (BW), gestational 
age (GA), and age at the time of collection (8). As reported 
previously (9), premature infants have different mean values 
from term-born infants due to their lower birth weight and 
to treatments administered at the neonatal intensive care unit 
(NICU), so different cutoffs would need to be defined to reduce 
the risk of false-positive cases.

While many studies have investigated changes in preterm 
infants’ free carnitine levels by measuring the effects of supple-
mentation (10–12), or a breast milk diet (13), little is known 
about the AC profile of preterm infants. Meyburg compared 
AC cord blood levels in preterm and full-term infants, corre-
lating them with BW (14), and investigated AC levels longitu-
dinally in DBS of preterm newborn during the first 4 wk of life 
(15). Another study was recently conducted on amino acids 
and AC profiles in DBS from preterm newborn (16).
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FIA-ESI-MS/MS remains the first choice when screening 

for inborn errors of metabolism (6). The method is useful for 
its high throughput, but is unable to differentiate between iso-
mers. Since numerous AC species are isomeric or isobaric with 
other compounds, chromatographic separation provides more 
detailed diagnostic information (17). The chromatographic 
profile of AC in preterm newborn has never been investigated 
to date.

The aim of our study was thus to assess AC profiles in neo-
nates born at term and with different degrees of immatu-
rity with a view to shedding light on metabolism in preterm 
infants. For the first time, AC measurements were obtained 
using an ultra-performance liquid chromatography (UPLC) 
MS/MS method capable of discriminating between isomeric 
ACs, as previously described by our group (17), to assess the 
contribution of ACs deriving from branched-chain amino acid 
(BCAA) catabolism.

RESULTS
The Shapiro–Wilk test showed that the distributions of AC 
concentrations in DBS and plasma were not normal. Data were 
expressed as µmol/l and means with SDs, medians, and per-
centiles were calculated. Boxplots of the free carnitine and the 
main ACs identified in DBS and plasma are shown in Figures 
1 and 2, respectively. The sample of newborn was divided into 
four groups by GA: group 1 (G1) included those with a GA of 
22–27 wk; group 2 (G2) those with a GA of 28–31 wk; group 
3 (G3) those with a GA of 32–36 wk; and group 4 (G4) those 
with a GA of 37–42 wk.

Acylcarnitine Profiles in DBS
The AC concentrations in DBS are shown in Tables 1 and 2; 
P values were calculated with the Kruskal–Wallis test.

When the data were divided by GA group, most of the ana-
lytes differed significantly (with the exception of C3, C4, C16:1OH, 

Figure 1  Box and whisker plots of characteristic short-, medium-, and long-chain acylcarnitines (ACs) in dried blood spots (DBS): (a) free carnitine, (b) C2, 
(c) 2-methylbutyril, (d) C6, (e) C8, (f) C10, (g) C12, (h) C14, and (i) C16. The values are stratified by gestational age (GA) group, from G1 to G4. The box shows the 
medians (solid bar), interquartile ranges (IQRs) (box), and 90th and 10th percentiles (whiskers).
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C16OH, and C18:1). The Mann–Whitney test results showed sig-
nificant differences when the premature newborn groups G1, 
G2, and G3 were compared with the term-born group G4. 
The results of comparisons between the preterm groups were 
only statistically significant for G1 vs. G2. (Supplementary 
Table S1 online).

All AC concentrations correlated directly with GA, except 
for the ACs derived from BCAAs, which were inversely cor-
related. The amounts of medium-chain (C6, C8, C10), the related 
unsaturated fatty acids and long-chain (C14, C16, C18) ACs 
appeared to be 20–50% lower in the extremely preterm neo-
nates (G1) than in G4. Concentrations of 2-methyl-butyrylcar-
nitine were higher in the preterm groups (0.179 ± 0.057 µmol/l 

in G1, 0.124 ± 0.041 µmol/l in G2, and 0.092 ± 0.026 µmol/l in 
G3) than in G4 (0.069 ± 0.018 µmol/l). Only minor differences 
were seen for isobutyryl carnitine (isoC4) and C5:1.

Acylcarnitine Profiles in Plasma
Plasma AC concentrations are summarized in Tables 3 and 4.

The AC profiles of plasma samples differed slightly from 
those found in DBS, especially as regards the long-chain ACs. 
The levels of C14 and C16 were lower in plasma than in DBS. The 
differences related to the contribution of long-chain ACs of the 
erythrocyte membranes (8).

Analyses by GA group indicated that free, isoC4, C5:1, C5, and 
C18:1 did not differ significantly, while—as in DBS—the other 

Figure 2 Box and whisker plots of characteristic short-, medium-, and long-chain acylcarnitines (ACs) in plasma: (a) free carnitine, (b) C2, (c) 
2- methylbutyril, (d) C6, (e) C8, (f) C10, (g) C12, (h) C14, and (i) C16. The values are stratified by gestational age (GA) group, from G1 to G4. The box shows the 
medians (solid bar), interquartile ranges (IQRs) (box), and 90th and 10th percentiles (whiskers).
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table 1 Short- and medium-chain acylcarnitine concentrations, expressed as µmol/l, in dried blood spots (DBS) of newborn by gestational age 
(GA) group

DBS Total Group 1 (22–27 wk) Group 2 (28–31 wk) Group 3 (32–36 wk) Group 4 (37–42 wk) P valuea

Free 25.61 ± 9.26 24.46 ± 7.49 31.32 ± 11.03 25.42 ± 7.65 22.24 ± 8.00 0.000

23.73 (14.1–45.1) 22.14 (16.10–36.46) 29.95 (16.29–40.11) 24.95 (11.51–35.79) 21.19 (16.16–25.33)

C2 12.49 ± 7.99 8.95 ± 5.25 13.02 ± 9.29 9.21 ± 5.59 16.18 ± 8.34 0.000

10.94 (3.72–25.44) 8.54 (2.85–14.84) 10.40 (3.45–31.60) 6.74 (2.93–18.72) 14.21 (11.04–25.06)

C4OH 0.092 ± 0.054 0.080 ± 0.032 0.085 ± 0.054 0.067 ± 0.036 0.126 ± 0.062 0.000

0.079 (0.037–0.166) 0.070 (0.041–0.132) 0.072 (0.042–0.158) 0.058 (0.027–0.138) 0.110 (0.062–0.201)

C5OH 0.156 ± 0.151 0.216 ± 0.084 0.105 ± 0.147 0.133 ± 0.201 0.127 ± 0.110 0.000

0.199 (0.053–0.292) 0.226 (0.118–0.315) 0.157 (0.043–0.274) 0.198 (0.053–0.306) 0.154 (0.063–0.286)

C3 1.637 ± 0.828 1.459 ± 0.639 1.894 ± 1.004 1.593 ± 0.910 1.583 ± 0.637 0.390

1.438 (0.645–3.485) 1.371 (0.633–2.217) 1.532 (0.687–3.708) 1.335 (0.572–2.870) 1.469 (0.634–2.701)

ISOC4 0.250 ± 0.135 0.285 ± 0.095 0.334 ± 0.178 0.221 ± 0.124 0.205 ± 0.082 0.000

0.213 (0.112–0.488) 0.264 (0.187–0.475) 0.296 (0.155–0.528) 0.196 (0.091–0.440) 0.186 (0.111–0.346)

C4 0.148 ± 0.113 0.113 ± 0.051 0.177 ± 0.153 0.158 ± 0.126 0.134 ± 0.074 0.457

0.107 (0.058–0.369) 0.100 (0.064–0.210) 0.132 (0.059–0.452) 0.106 (0.053–0.373) 0.113 (0.067–0.293)

C5:1 0.028 ± 0.007 0.034 ± 0.008 0.026 ± 0.009 0.025 ± 0.008 0.027 ± 0.004 0.000

0.028 (0.011–0.037) 0.035 (0.015–0.043) 0.028 (0.010–0.036) 0.029 (0.010–0.033) 0.027 (0.010–0.031)

2-methylbutyryl 0.101 ± 0.048 0.179 ± 0.057 0.124 ± 0.041 0.092 ± 0.026 0.069 ± 0.018 0.000

0.089 (0.052–0.196) 0.171 (0.103–0.270) 0.116 (0.066–0.198) 0.088 (0.063–0.142) 0.065 (0.042–0.098)

C5 0.093 ± 0.050 0.108 ± 0.040 0.124 ± 0.075 0.082 ± 0.035 0.072 ± 0.017 0.000

0.078 (0.049–0.172) 0.098 (0.066–0.173) 0.112 (0.051–0.182) 0.073 (0.047–0.145) 0.070 (0.043–0.105)

C6 0.026 ± 0.012 0.017 ± 0.005 0.025 ± 0.016 0.025 ± 0.010 0.031 ± 0.010 0.000

0.024 (0.012–0.046) 0.016 (0.010–0.026) 0.023 (0.011–0.043) 0.023 (0.011–0.041) 0.027 (0.016–0.048)

C8:1 0.039 ± 0.025 0.030 ± 0.007 0.032 ± 0.020 0.042 ± 0.027 0.044 ± 0.022 0.002

0.033 (0.016–0.082) 0.029 (0.019–0.041) 0.026 (0.015–0.081) 0.035 (0.019–0.081) 0.037 (0.015–0.084)

C8 0.050 ± 0.025 0.032 ± 0.008 0.042 ± 0.025 0.043 ± 0.021 0.069 ± 0.021 0.000

0.044 (0.024–0.096) 0.029 (0.023–0.047) 0.036 (0.023–0.069) 0.036 (0.024–0.084) 0.068 (0.038–0.111)

C3DC 0.008 ± 0.017 0.008 ± 0.002 0.007 ± 0.002 0.007 ± 0.002 0.008 ± 0.002 0.008

0.008 (0.005–0.011) 0.008 (0.006–0.011) 0.007 (0.005–0.011) 0.007 (0.005–0.010) 0.008 (0.006–0.011)

C4DC (succinyl) 0.162 ± 0.116 0.130 ± 0.094 0.140 ± 0.074 0.110 ± 0.052 0.231 ± 0.145 0.000

0.133 (0.045–0.332) 0.100 (0.038–0.277) 0.122 (0.051–0.292) 0.115 (0.036–0.184) 0.1808 (0.096–0.596)

C4DC (methylmalonyl) 0.013 ± 0.005 0.011 ± 0.005 0.012 ± 0.006 0.011 ± 0.006 0.016 ± 0.003 0.000

0.014 (0.004–0.021) 0.010 (0.005–0.019) 0.013 (0.004–0.020) 0.007 (0.004–0.019) 0.016 (0.011–0.021)

C5DC 0.048 ± 0.026 0.050 ± 0.024 0.057 ± 0.022 0.053 ± 0.025 0.038 ± 0.027 0.000

0.045 (0.018–0.098) 0.044 (0.020–0.101) 0.055 (0.023–0.098) 0.053 (0.017–0.092) 0.027 (0.018–0.101)

C6DC 0.244 ± 0.189 0.178 ± 0.176 0.214 ± 0.172 0.150 ± 0.154 0.359 ± 0.162 0.002

0.294 (0.006–0.417) 0.160 (0.006–0.377) 0.313 (0.005–0.404) 0.015 (0.005–0.363) 0.300 (0.256–0.775)

C10OH 0.008 ± 0.048 0.005 ± 0.002 0.006 ± 0.002 0.007 ± 0.004 0.013 ± 0.004 0.000

0.007 (0.004–0.018) 0.005 (0.003–0.008) 0.005 (0.004–0.011) 0.006 (0.004–0.013) 0.012 (0.007–0.022)

C12OH 0.0182 ± 0.005 0.016 ± 0.003 0.015 ± 0.004 0.016 ± 0.005 0.023 ± 0.005 0.000

0.018 (0.008–0.028) 0.017 (0.008–0.019) 0.017 (0.008–0.019) 0.017 (0.008–0.023) 0.022 (0.012–0.031)

C10:2 0.014 ± 0.007 0.014 ± 0.006 0.011 ± 0.008 0.014 ± 0.008 0.018 ± 0.005 0.005

0.016 (0.002–0.023) 0.016 (0.002–0.019) 0.015 (0.001–0.022) 0.016 (0.002–0.025) 0.018 (0.004–0.022)

C10:1 0.045 ± 0.024 0.028 ± 0.010 0.033 ± 0.019 0.041 ± 0.022 0.065 ± 0.019 0.000

0.042 (0.015–0.093) 0.029 (0.013–0.041) 0.029 (0.012–0.070) 0.033 (0.018–0.084) 0.060 (0.039–0.104)

C10 0.064 ± 0.044 0.032 ± 0.010 0.040 ± 0.024 0.048 ± 0.035 0.109 ± 0.036 0.000

0.047 (0.020–0.159) 0.030 (0.019–0.047) 0.034 (0.017–0.073) 0.037 (0.021–0.108) 0.104 (0.059–0.179)

For each metabolite values are mean ± SD in the first line, and median (5th–95th percentiles) in the second line. Mean ± SD, and median (5th–95th percentiles) are given for each 
metabolite. C

6
Oh and C

8
Oh were below the limit of quantitation.

aP for multiple comparisons of the four groups using the Kruskal–Wallis test.
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ACs showed significant differences when each preterm group 
was compared with G4. No differences emerged between the 
preterm groups, apart from 2-methylbutyrylcarnitine, which 
was significantly higher in the premature (0.246 ± 0.101, 
0.149 ± 0.057, and 0.090 ± 0.03 µmol/l in G1, G2 and G3 
respectively) than in the term-born (0.049 ± 0.019 µmol/l in 

G4); and it correlated inversely with GA, confirming the find-
ings in DBS (Supplementary Table S1 online).

Correlation of Acylcarnitines With Clinical Data
Differences in analyte concentrations were assessed by gender, 
birth weight, feeding method, calorie intake, total parenteral 

table 2 Long-chain acylcarnitine concentrations, expressed as µmol/l, in dried blood spots (DBS) of newborn by gestational age (GA) group

DBS Total Group 1 (22–27 wk) Group 2 (28–31 wk) Group 3 (32–36 wk) Group 4 (37–42 wk) P valuea

C12:1 0.114 ± 0.065 0.071 ± 0.017 0.084 ± 0.036 0.094 ± 0.048 0.172 ± 0.070 0.000

0.092 (0.056–0.227) 0.063 (0.050–0.099) 0.073 (0.052–0.141) 0.079 (0.057–0.179) 0.164 (0.076–0.284)

C12 0.113 ± 0.045 0.074 ± 0.014 0.093 ± 0.032 0.105 ± 0.036 0.154 ± 0.043 0.000

0.103 (0.062–0.197) 0.070 (0.059–0.097) 0.086 (0.062–0.145) 0.093 (0.070–0.163) 0.146 (0.095–0.210)

C8DC 0.018 ± 0.008 0.015 ± 0.004 0.013 ± 0.006 0.015 ± 0.008 0.025 ± 0.006 0.000

0.017 (0.003–0.030) 0.015 (0.006–0.018) 0.015 (0.003–0.018) 0.015 (0.002–0.028) 0.025 (0.009–0.033)

C10DC 0.014 ± 0.062 0.013 ± 0.004 0.011 ± 0.006 0.013 ± 0.007 0.018 ± 0.004 0.000

0.015 (0.002–0.023) 0.015 (0.003–0.015) 0.014 (0.001–0.016) 0.015 (0.001–0.022) 0.018 (0.005–0.024)

C14:2 0.148 ± 0.038 0.151 ± 0.030 0.133 ± 0.045 0.140 ± 0.043 0.167 ± 0.019 0.000

0.162 (0.064–0.181) 0.160 (0.070–0.168) 0.160 (0.062–0.169) 0.158 (0.064–0.185) 0.170 (0.078–0.183)

C14:1 0.230 ± 0.065 0.201 ± 0.037 0.206 ± 0.048 0.207 ± 0.059 0.280 ± 0.066 0.000

0.224 (0.122–0.335) 0.193 (0.148–0.255) 0.212 (0.107–0.264) 0.201 (0.111–0.302) 0.2664 (0.178–0.390)

C14 0.293 ± 0.063 0.238 ± 0.038 0.280 ± 0.058 0.291 ± 0.062 0.328 ± 0.057 0.000

0.292 (0.189–0.404) 0.231 (0.186–0.297) 0.276 (0.194–0.378) 0.292 (0.184–0.389) 0.316 (0.214–0.421)

C14OH 0.135 ± 0.037 0.139 ± 0.035 0.122 ± 0.045 0.128 ± 0.043 0.149 ± 0.018 0.003

0.153 (0.056–0.155) 0.153 (0.058–0.154) 0.152 (0.055–0.155) 0.153 (0.056–0.154) 0.153 (0.059–0.155)

C16:1 0.319 ± 0.111 0.255 ± 0.130 0.305 ± 0.105 0.332 ± 0.109 0.352 ± 0.100 0.001

0.301 (0.172–0.536) 0.212 (0.125–0.502) 0.281 (0.190–0.496) 0.320 (0.203–0.539) 0.331 (0.198–0.538)

C16 1.823 ± 0.784 0.900 ± 0.271 1.550 ± 0.501 1.738 ± 0.675 2.479 ± 0.684 0.000

1.773 (0.726–3.206) 0.760 (0.640–1.365) 1.516 (0.854–2.344) 1.644 (0.818–2.979) 2.296 (1.325–3.717)

C16:1-OH 0.067 ± 0.024 0.069 ± 0.023 0.063 ± 0.030 0.076 ± 0.001 0.077 ± 0.002 0.848

0.076 (0.000–0.078) 0.075 (0.038–0.080) 0.076 (0.000–0.078) 0.076 (0.074–0.078) 0.076 (0.075–0.078)

C16OH 0.100 ± 0.002 0.101 ± 0.002 0.099 ± 0.003 0.100 ± 0.003 0.101 ± 0.002 0.065

0.100 (0.096–0.103) 0.101 (0.097–0.102) 0.099 (0.094–0.102) 0.101 (0.095–0.105) 0.100 (0.096–0.104)

C18:2 0.146 ± 0.059 0.152 ± 0.067 0.176 ± 0.074 0.137 ± 0.051 0.131 ± 0.043 0.018

0.130 (0.076–0.256) 0.123 (0.072–0.260) 0.156 (0.077–0.328) 0.128 (0.077–0.234) 0.118 (0.064–0.215)

C18:1 0.280 ± 0.104 0.274 ± 0.111 0.310 ± 0.128 0.275 ± 0.108 0.269 ± 0.075 0.423

0.260 (0.159–0.459) 0.225 (0.156–0.458) 0.285 (0.168–0.494) 0.244 (0.155–0.449) 0.257 (0.141–0.405)

C18 0.602 ± 0.183 0.478 ± 0.160 0.643 ± 0.165 0.567 ± 0.188 0.664 ± 0.171 0.000

0.592 (0.349–0.950) 0.450 (0.301–0.818) 0.619 (0.390–0.954) 0.549 (0.349–0.917) 0.663 (0.336–0.982)

C18:2-OH 0.032 ± 0.009 0.034 ± 0.008 0.029 ± 0.011 0.030 ± 0.010 0.036 ± 0.005 0.009

0.037 (0.012–0.037) 0.036 (0.013–0.037) 0.036 (0.012–0.037) 0.036 (0.012–0.037) 0.037 (0.014–0.038)

C18:1-OH 0.031 ± 0.010 0.032 ± 0.008 0.026 ± 0.012 0.028 ± 0.011 0.035 ± 0.005 0.000

0.035 (0.012–0.038) 0.035 (0.012–0.036) 0.034 (0.011–0.036) 0.035 (0.012–0.038) 0.036 (0.012–0.039)

C18OH 0.032 ± 0.010 0.032 ± 0.008 0.027 ± 0.011 0.028 ± 0.011 0.037 ± 0.005 0.000

0.035 (0.012–0.040) 0.035 (0.011–0.035) 0.035 (0.011–0.036) 0.035 (0.012–0.039) 0.037 (0.015–0.041)

C20 0.036 ± 0.012 0.036 ± 0.012 0.031 ± 0.014 0.031 ± 0.013 0.042 ± 0.007 0.000

0.040 (0.011–0.047) 0.038 (0.011–0.047) 0.037 (0.011–0.047) 0.037 (0.011–0.045) 0.0437 (0.011–0.047)

For each metabolite values are mean ± SD in the first line, and median (5th–95th percentiles) in the second line. Mean ± SD, and median (5th–95th percentiles) are given for each 
metabolite.
aP for multiple comparisons of the four groups using the Kruskal–Wallis test.
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table 3 Short- and medium-chain acylcarnitine concentrations, expressed as µmol/l, in plasma of newborn by gestational age (GA) group

Plasma Total Group 1 (22–27 wk) Group 2 (28–31 wk) Group 3 (32–36 wk) Group 4 (37–42 wk) P valuea

Free 15.39 ± 6.30 15.84 ± 5.48 14.98 ± 6.50 15.51 ± 8.52 15.45 ± 4.79 0.565

14.33 (7.83–25.66) 16.86 (6.83–22.98) 12.85 (7.90–25.90) 12.29 (6.71–25.73) 16.60 (8.83–21.36)

C2 8.65 ± 6.22 5.51 ± 1.76 5.69 ± 2.69 6.731 ± 8.224 12.75 ± 5.17 0.000

7.22 (2.51–18.84) 5.96 (2.69–7.41) 4.91 (2.99–10.29) 4.20 (1.64–12.43) 11.84 (1.91–18.87)

C4OH 0.323 ± 0.060 0.273 ± 0.037 0.306 ± 0.048 0.313 ± 0.064 0.355 ± 0.053 0.000

0.322 (0.252–0.424) 0.257 (0.249–0.299) 0.274 (0.252–0.379) 0.283 (0.245–0.406) 0.335 (0.311–0.416)

C5OH 0.049 ± 0.023 0.079 ± 0.041 0.049 ± 0.019 0.047 ± 0.023 0.041 ± 0.007 0.000

0.042 (0.029–0.094) 0.057 (0.033–0.152) 0.046 (0.022–0.076) 0.043 (0.026–0.057) 0.038 (0.034–0.050)

C3 2.127 ± 3.100 0.522 ± 0.133 0.538 ± 0.185 2.231 ± 5.153 3.841 ± 1.823 0.000

0.692 (0.188–6.939) 0.555 (0.323–0.708) 0.601 (0.261–0.795) 0.584 (0.152–1.046) 3.477 (1.140–6.308)

ISOC4 0.350 ± 0.105 0.381 ± 0.092 0.335 ± 0.121 0.300 ± 0.142 0.381 ± 0.038 0.070

0.365 (0.156–0.501) 0.390 (0.257–0.511) 0.273 (0.176–0.505) 0.223 (0.136–0.467) 0.368 (0.322–0.418)

C4 0.345 ± 0.169 0.208 ± 0.099 0.264 ± 0.134 0.305 ± 0.209 0.465 ± 0.086 0.000

0.395 (0.121–0.553) 0.168 (0.133–0.312) 0.205 (0.123–0.481) 0.200 (0.106–0.492) 0.440 (0.331–0.550)

C6OH 0.029 ± 0.012 0.019 ± 0.013 0.019 ± 0.012 0.028 ± 0.008 0.038 ± 0.003 0.000

0.031 (0.004–0.041) 0.005 (0.004–0.030) 0.005 (0.004–0.030) 0.030 (0.004–0.036) 0.037 (0.035–0.041)

C5:1 0.032 ± 0.009 0.033 ± 0.016 0.028 ± 0.012 0.031 ± 0.009 0.035 ± 0.001 0.114

0.034 (0.012–0.048) 0.028 (0.010–0.053) 0.023 (0.010–0.046) 0.033 (0.009–0.038) 0.034 (0.033–0.036)

2-methylbutyryl 0.107 ± 0.081 0.246 ± 0.101 0.149 ± 0.057 0.090 ± 0.037 0.049 ± 0.019 0.000

0.080 (0.034–0.254) 0.249 (0.116–0.409) 0.152 (0.080–0.234) 0.084 (0.037–0.129) 0.042 (0.033–0.067)

C5 0.076 ± 0.048 0.086 ± 0.062 0.090 ± 0.068 0.073 ± 0.047 0.066 ± 0.019 0.293

0.062 (0.038–0.170) 0.067 (0.030–0.181) 0.073 (0.038–0.214) 0.080 (0.032–0.130) 0.063 (0.045–0.081)

C8OH 0.028 ± 0.011 0.019 ± 0.013 0.019 ± 0.012 0.030 ± 0.012 0.035 ± 0.001 0.000

0.031 (0.004–0.036) 0.006 (0.004–0.030) 0.005 (0.004–0.031) 0.030 (0.005–0.035) 0.035 (0.033–0.035)

C6 0.065 ± 0.049 0.023 ± 0.010 0.032 ± 0.020 0.048 ± 0.047 0.110 ± 0.032 0.000

0.052 (0.013–0.145) 0.021 (0.014–0.030) 0.030 (0.011–0.075) 0.030 (0.008–0.113) 0.102 (0.066–0.146)

C8:1 0.068 ± 0.091 0.039 ± 0.019 0.042 ± 0.028 0.065 ± 0.065 0.095 ± 0.130 0.000

0.048 (0.014–0.181) 0.039 (0.018–0.069) 0.051 (0.017–0.071) 0.051 (0.011–0.145) 0.055 (0.017–0.175)

C8 0.064 ± 0.056 0.028 ± 0.009 0.035 ± 0.028 0.047 ± 0.057 0.105 ± 0.053 0.000

0.047 (0.013–0.173) 0.025 (0.018–0.040) 0.036 (0.013–0.082) 0.023 (0.008–0.085) 0.083 (0.041–0.179)

C3DC 0.058 ± 0.046 0.033 ± 0.014 0.030 ± 0.010 0.041 ± 0.024 0.095 ± 0.053 0.000

0.046 (0.018–0.093) 0.027 (0.022–0.053) 0.024 (0.018–0.044) 0.027 (0.011–0.085) 0.084 (0.076–0.097)

C4DC (succinyl) 0.113 ± 0.104 0.162 ± 0.199 0.122 ± 0.112 0.074 ± 0.054 0.115 ± 0.073 0.001

0.095 (0.030–0.302) 0.141 (0.027–0.555) 0.176 (0.034–0.316) 0.066 (0.015–0.146) 0.098 (0.084–0.119)

C4DC (methylmalonyl) 0.044 ± 0.029 0.021 ± 0.011 0.022 ± 0.010 0.029 ± 0.023 0.075 ± 0.014 0.000

0.034 (0.009–0.077) 0.019 (0.008–0.038) 0.019 (0.010–0.036) 0.023 (0.007–0.073) 0.072 (0.068–0.077)

C5DC 0.083 ± 0.070 0.068 ± 0.051 0.056 ± 0.026 0.063 ± 0.061 0.116 ± 0.086 0.000

0.081 (0.021–0.133) 0.058 (0.020–0.171) 0.066 (0.023–0.093) 0.068 (0.013–0.092) 0.100 (0.068–0.122)

C6DC 0.145 ± 0.166 0.195 ± 0.228 0.145 ± 0.174 0.075 ± 0.091 0.175 ± 0.166 0.000

0.114 (0.014–0.441) 0.293 (0.018–0.620) 0.330 (0.013–0.457) 0.095 (0.008–0.151) 0.129 (0.080–0.189)

C10OH 0.014 ± 0.012 0.011 ± 0.010 0.015 ± 0.012 0.013 ± 0.013 0.013 ± 0.012 0.504

0.008 (0.004–0.034) 0.008 (0.005–0.019) 0.010 (0.005–0.034) 0.011 (0.004–0.032) 0.012 (0.005–0.029)

C12OH 0.006 ± 0.005 0.005 ± 0.004 0.005 ± 0.003 0.005 ± 0.005 0.008 ± 0.007 0.001

0.006 (0.001–0.012) 0.008 (0.001–0.010) 0.008 (0.001–0.010) 0.009 (0.001–0.010) 0.007 (0.004–0.011)

C10:2 0.012 ± 0.006 0.009 ± 0.006 0.008 ± 0.004 0.009 ± 0.007 0.017 ± 0.004 0.000

0.012 (0.004–0.023) 0.008 (0.004–0.019) 0.010 (0.004–0.016) 0.009 (0.003–0.020) 0.016 (0.013–0.022)

C10:1 0.061 ± 0.041 0.039 ± 0.015 0.047 ± 0.039 0.056 ± 0.047 0.081 ± 0.038 0.000

0.051 (0.015–0.144) 0.034 (0.020–0.068) 0.045 (0.016–0.092) 0.067 (0.008–0.124) 0.065 (0.036–0.128)

C10 0.120 ± 0.127 0.037 ± 0.020 0.047 ± 0.036 0.065 ± 0.085 0.225 ± 0.132 0.000

0.069 (0.014–0.381) 0.032 (0.017–0.066) 0.040 (0.013–0.118) 0.029 (0.010–0.138) 0.200 (0.088–0.400)

For each metabolite values are mean ± SD in the first line, and median (5th–95th percentiles) in the second line. Mean ± SD and median (5th–95th percentiles) are given for each 
metabolite.
aP for multiple comparisons of the four groups using the Kruskal–Wallis test.
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nutrition, and use of antenatal steroids. For patients admitted 
to the NICU, some variables—i.e., respiratory distress syn-
drome (RDS), bronchopulmonary dysplasia (BPD), sepsis, 
exogenous surfactant administration, mechanical ventilation 
and transfusions—correlated with AC concentrations.

Gender, birth weight, and AC profile. No differences in AC lev-
els were found between males and females.

In DBS, significant positive correlations emerged between 
AC levels and BW, with the exception of free, C5OH, isoC4, 
C5:1, 2-methyl-butyryl and C5, which were inversely correlated. 

table 4 Long-chain acylcarnitine concentrations, expressed as µmol/l, in plasma of newborn by gestational age (GA) groups

Plasma Total Group 1 (22–27 wk) Group 2 (28–31 wk) Group 3 (32–36 wk) Group 4 (37–42 wk) P valuea

C12:1 0.014 ± 0.012 0.066 ± 0.028 0.063 ± 0.041 0.090 ± 0.118 0.359 ± 0.560 0.000

0.088 (0.020–0.517) 0.062 (0.024–0.107) 0.074 (0.016–0.141) 0.082 (0.013–0.183) 0.294 (0.075–0.546)

C12 0.006 ± 0.005 0.045 ± 0.014 0.048 ± 0.021 0.075 ± 0.074 0.176 ± 0.088 0.000

0.068 (0.019–0.267) 0.045 (0.026–0.065) 0.053 (0.018–0.090) 0.067 (0.012–0.147) 0.163 (0.080–0.290)

C8DC 0.012 ± 0.007 0.010 ± 0.003 0.010 ± 0.006 0.018 ± 0.020 0.033 ± 0.011 0.000

0.013 (0.005–0.047) 0.009 (0.005–0.015) 0.011 (0.005–0.018) 0.009 (0.003–0.038) 0.031 (0.015–0.047)

C10DC 0.061 ± 0.041 0.007 ± 0.003 0.006 ± 0.004 0.010 ± 0.011 0.021 ± 0.007 0.000

0.010 (0.004–0.028) 0.008 (0.004–0.011) 0.009 (0.003–0.010) 0.011 (0.003–0.025) 0.020 (0.014–0.029)

C14:2 0.119 ± 0.126 0.035 ± 0.028 0.052 ± 0.041 0.056 ± 0.042 0.058 ± 0.026 0.002

0.039 (0.017–0.116) 0.022 (0.017–0.056) 0.025 (0.013–0.117) 0.028 (0.016–0.112) 0.052 (0.026–0.095)

C14:1 0.197 ± 0.182 0.080 ± 0.043 0.101 ± 0.058 0.137 ± 0.143 0.332 ± 0.200 0.000

0.138 (0.032–0.564) 0.059 (0.033–0.123) 0.068 (0.025–0.199) 0.092 (0.027–0.272) 0.284 (0.096–0.575)

C14 0.120 ± 0.092 0.050 ± 0.036 0.078 ± 0.051 0.096 ± 0.061 0.183 ± 0.104 0.000

0.105 (0.028–0.277) 0.035 (0.026–0.088) 0.048 (0.027–0.169) 0.080 (0.029–0.161) 0.162 (0.036–0.310)

C14OH 0.022 ± 0.026 0.018 ± 0.021 0.032 ± 0.034 0.031 ± 0.033 0.012 ± 0.005 0.003

0.013 (0.007–0.091) 0.012 (0.009–0.044) 0.012 (0.009–0.094) 0.013 (0.008–0.090) 0.011 (0.006–0.017)

C16:1 0.170 ± 0.097 0.119 ± 0.051 0.154 ± 0.077 0.143 ± 0.072 0.213 ± 0.116 0.001

0.149 (0.063–0.319) 0.122 (0.063–0.173) 0.137 (0.058–0.280) 0.124 (0.055–0.223) 0.189 (0.056–0.319)

C16 0.399 ± 0.268 0.195 ± 0.078 0.265 ± 0.212 0.312 ± 0.168 0.603 ± 0.258 0.000

0.335 (0.118–0.856) 0.161 (0.112–0.296) 0.214 (0.123–0.481) 0.271 (0.099–0.512) 0.585 (0.144–0.881)

C16:1-OH 0.052 ± 0.029 0.072 ± 0.036 0.073 ± 0.037 0.050 ± 0.028 0.038 ± 0.004 0.000

0.040 (0.035–0.096) 0.094 (0.040–0.096) 0.094 (0.039–0.156) 0.041 (0.037–0.084) 0.037 (0.034–0.042)

C16 OH 0.064 ± 0.043 0.077 ± 0.042 0.085 ± 0.046 0.076 ± 0.054 0.037 ± 0.004 0.000

0.039 (0.035–0.159) 0.094 (0.039–0.117) 0.094 (0.039–0.159) 0.040 (0.039–0.160) 0.037 (0.033–0.040)

C18:2 0.149 ± 0.067 0.203 ± 0.016 0.209 ± 0.025 0.182 ± 0.044 0.073 ± 0.019 0.000

0.189 (0.055–0.220) 0.197 (0.189–0.228) 0.206 (0.189–0.230) 0.193 (0.068–0.213) 0.069 (0.040–0.099)

C18:1 0.278 ± 0.081 0.269 ± 0.036 0.288 ± 0.066 0.251 ± 0.052 0.291 ± 0.107 0.095

0.264 (0.193–0.412) 0.259 (0.231–0.334) 0.296 (0.214–0.420) 0.245 (0.179–0.319) 0.275 (0.144–0.393)

C18 0.187 ± 0.072 0.231 ± 0.024 0.239 ± 0.066 0.215 ± 0.056 0.123 ± 0.036 0.000

0.209 (0.088–0.267) 0.225 (0.206–0.280) 0.230 (0.205–0.266) 0.227 (0.094–0.252) 0.117 (0.072–0.162)

C18:2-OH 0.126 ± 0.088 0.190 ± 0.010 0.198 ± 0.020 0.179 ± 0.077 0.028 ± 0.004 0.000

0.183 (0.025–0.238) 0.185 (0.182–0.204) 0.187 (0.184–0.231) 0.184 (0.027–0.253) 0.027 (0.024–0.032)

C18:1-OH 0.110 ± 0.079 0.181 ± 0.002 0.182 ± 0.003 0.150 ± 0.065 0.025 ± 0.001 0.000

0.180 (0.024–0.186) 0.180 (0.180–0.184) 0.180 (0.180–0.187) 0.180 (0.024–0.186) 0.024 (0.024–0.026)

C18 OH 0.100 ± 0.079 0.181 ± 0.002 0.183 ± 0.004 0.146 ± 0.069 0.025 ± 0.002 0.000

0.027 (0.024–0.188) 0.180 (0.180–0.181) 0.180 (0.180–0.188) 0.180 (0.025–0.188) 0.025 (0.024–0.027)

C20 0.116 ± 0.079 0.186 ± 0.009 0.187 ± 0.005 0.158 ± 0.061 0.028 ± 0.003 0.000

0.180 (0.026–0.193) 0.183 (0.180–0.201) 0.186 (0.181–0.194) 0.181 (0.024–0.189) 0.027 (0.023–0.032)

For each metabolite values are mean ± SD in the first line, and median (5th–95th percentiles) in the second line. Mean ± SD, and median (5th–95th percentiles) are given for each 
metabolite.
aP for multiple comparisons of the four groups using the Kruskal–Wallis test.
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In plasma, ACs correlated significantly with BW as in DBS, 
except for free, isoC4 and C5:1, which were not correlated. 
A negative correlation with BW and GA was also found in 
plasma for C14OH, C16:1OH, C16OH, C18:2, C18:1, C18, C18:2OH, 
C18:1OH, C18OH, and C20 (Supplementary Table S2 online).

Mode of delivery and AC profile. The Kruskal–Wallis test 
revealed significant differences emerged for some ACs in rela-
tion to whether the mode of delivery was vaginal (VD) or cesar-
ean section (CS). The differences were not confirmed, however, 
when the comparison was drawn by GA group using the Mann–
Whitney test (no such comparison could be drawn for G1 
because they were all cases of CS). The results obtained with the 
Kruskal–Wallis test referred to all the newborn and were biased 
by the large number of vaginally delivered term-born infants.

Respiratory diseases and AC profile. No associations were 
found between RDS or BPD and AC concentrations, not even 
when intra-group differences were considered. Similarly, no 
significant differences emerged in the AC profiles of newborn 
who were or were not administered exogenous surfactants, or 
who required mechanical ventilation in the first 3 d of life.

Nutrition and AC profile. No correlations came to light bet-
ween ACs and fat intake, intravenous fluids or calorie intake.

C5:1, 2-methyl-butyryl, C5, C4DC, and C6DC correlated 
inversely with the amounts of enteral feeding administered on 
the first, second, and third days of life (Spearman −0.28 < R < 
−0.59, P < 0.01) (Supplementary Table S2 online).

To assess AC levels by type of feeding, term-born neonates 
were grouped as: breastfed (BF, n = 27; 53%), mixed fed (MF, 
n = 21; 41%), and formula fed (FF, n = 3; 6%). The BF and MF 
infants had lower free carnitine levels than the FF (21.94 ± 8.04; 
22.17 ± 7.96 and 30.56 ± 7.96 µmol/l, P < 0.01). C5:1 and C5 were 
similarly reduced: C5:1 was 0.028 ± 0.003 in BF, 0.028 ± 0.002 in 
MF, and 0.010 ± 0.002 µmol/l in FF (P < 0.001); and C5 was 
0.072 ± 0.017, 0.076 ± 0.017, and 0.047 ± 0.010 µmol/l in BF, 
MF and FF respectively (P < 0.05, only for MF vs. FF). A higher 
level of isoC4 was also seen in FF (0.375 ± 0.203 µmol/l, P < 
0.01) by comparison with BF (0.192 ± 0.066 µmol/l) and MF 
(0.208 ± 0.078 µmol/l).

Treatments and AC profile. There were no significant differ-
ences in AC profile between the newborn who did and those 
who did not receive blood transfusions, nor were there any 
changes in the AC concentrations under antenatal steroids. 
The newborn of mothers treated with antenatal corticosteroid 
therapy did show significant differences in several acylcarni-
tines, however, in DBS and plasma, when the whole sample of 
newborn was considered. When the whole sample was strati-
fied by GA, the newborn’s distribution was too heterogeneous, 
since G1 consisted entirely of cases treated with antenatal ste-
roids while G4 had none. No changes were seen under antena-
tal steroids in G2. In G3, C4, C12:1, and C12 were lower in both 
DBS and plasma: in DBS, C4 was 0.12 ± 0.10 and 0.21 ± 0.09 
µmol/l (P < 0.001), C12:1 was 0.08 ± 0.02 vs. 0.10 ± 0.04 µmol/l 

(P = 0.003), and C12 was 0.09 ± 0.02 vs. 0.12 ± 0.03 µmol/l  
(P = 0.050) in the treated vs. untreated newborn, respectively; 
in plasma, C4 was 0.19 ± 0.13 vs. 0.33 ± 0.16 µmol/l (P = 0.008), 
C12:1 was 0.03 ± 0.01 vs. 0.05 ± 0.03 µmol/l (P = 0.028), and C12 
was 0.03 ± 0.01 vs. 0.05 ± 0.03 µmol/l (P = 0.095) in the treated 
and untreated cases, respectively.

DISCUSSION
This study provides a GA-based quantification of AC levels in 
preterm newborn and shows that premature are metabolically 
dissimilar from term-born infants, with significant differences 
across GA groups. The UPLC-MS/MS method used in this 
study enabled isomeric ACs to be detected for the first time in 
DBS and plasma samples from premature neonates.

Acylcarnitine profiles did not correlate with gender, RDS, 
BPD, or the use of surfactants or mechanical ventilation. 
Preterm infants showed no signs of carnitine deficiency, but 
significantly lower amounts of ACs derived from fatty acid 
metabolism, whereas the BCAA-derived ACs were signifi-
cantly higher and correlated with enteral feeding.

Free Carnitine Status
Carnitine, or β-hydroxy-γ-trimethylaminobutyric acid, car-
ries long-chain fatty acids across the mitochondrial membrane 
where they undergo β-oxidation. While it is not considered an 
essential nutrient in adults, it may be conditionally essential in 
the newborn. In the immediate postnatal period, the metabo-
lism needs to undergo postnatal adaptation because neonates 
have to be able to switch their energy production from glu-
cose to fatty acid metabolism. Endogenous carnitine synthesis 
is limited in the neonate due to low levels of γ-butyrobetaine 
hydroxylase, the enzyme that catalyzes the final step in 
 carnitine synthesis, from γ-butyrobetaine to  carnitine (18). In 
addition, due to a decreased tissue storage and the placental 
transfer of carnitine occurring during the third trimester, pre-
term newborn are particularly at risk of carnitine deficiency 
(19–21). Previous investigations have shown that neonates 
receiving parenteral nutrition devoid of carnitine are unable 
to synthesize sufficient carnitine to maintain normal plasma 
concentrations (19,20,22,23), and Bonner suggested parenteral 
carnitine supplementation to increase the reserves in preterm 
newborns (22). Many authors have studied free carnitine lev-
els in preterm infants using various methods and obtained dif-
ferent results. Seliger, Meyburg, Giannacopoulou, and Shenai 
found higher free carnitine levels in preterm than in full-
term infants (12,15,24,25), whereas newborn screening data 
(26) and a study on Japanese preterm infants (27) identified 
GA-related carnitine deficiencies.

In our sample, the free carnitine levels in the preterm groups 
were the same as in the full-term group (they were only found 
significantly higher in G4 than in G2, in DBS). On intra-group 
comparisons, free carnitine did not change on the first or sec-
ond days of life in enterally fed newborn, while a small increase 
was apparent on the third day. The preterm infants enrolled in 
this study were not given L-carnitine supplementation, and any 
exogenous intake consisted only of the amount contained in 
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the formula used (0.12–0.15 mg/l of carnitine according to the 
product label). This is comparable with the carnitine content 
of expressed human milk, which is estimated to be 0.105 mg/l 
(28). The main nutrients given to our infants were amino acids 
and glucose, and enteral feeding with preterm formula con-
tributed up to 10% of their total feeding. Under these nutri-
tional conditions, the preterm infants reached carnitine levels 
comparable with those of term-born infants as a consequence 
of the administration of lysine and methionine—the precur-
sors of carnitine. This suggests that newborn infants are able 
to synthesize carnitine in the same way, whether they are born 
prematurely or at term. It has already been demonstrated (29) 
that human infants are capable of converting exogenous tri-
methyllysine into carnitine and carnitine esters at a low rate. In 
this study, the total contribution of carnitine from blood trans-
fusions (the use of which was similar in the various groups) 
was negligible, as confirmed by the lack of correlation between 
transfusions and AC concentrations in our statistical results.

Fatty Acid–Derived Acylcarnitines
Unlike Meyburg and Mandour (15,16), we found lower con-
centrations of almost all ACs in preterm than in term-born 
infants, except for the isomeric form deriving from BCAA 
catabolism. This finding could relate to low lipid levels at birth, 
and particularly to limited amounts of lipids in preterm new-
born, as suggested by previous studies (19,20). The amount of 
palmitoylcarnitine in our groups G1, G2, and G3 was respec-
tively 60, 37, and 30% lower than in G4. Similar observations 
have been reported by Zytkovicz (9), and more recently by 
Ryckman (30). It was demonstrated that hepatic fatty acid oxi-
dation was the same in preterm and term-born pigs (31), but 
available data on preterm infants are still limited. We might 
speculate that the production of palmitoylcarnitine from 
palmitoyl-CoA and carnitine induced by CPT enzyme activ-
ity occurs at the same rate in all infants, whatever their GA at 
birth, but a proper experimental design should lead to a better 
understanding of this issue.

To assess the contribution of nutrition, the type of feeding 
was considered in our G4 group of term-born infants (the only 
group to have been fed in different ways). They were fed breast 
milk alone (BF), breast milk supplemented with formula (MF), 
or formula alone (FF). The formula contained a large amount 
of fatty acids derived from triglycerides, which accounted for 
35–50% of the total energy supply for newborn. The AC con-
centrations did not change with the three types of feed. FF 
infants showed only a slight increase in free carnitine, C5 and 
C5:1 levels by comparison with the BF and MF newborn, prob-
ably due to the free carnitine in the formula and to the contri-
bution of absorbed amino acids. This result might indicate that 
type of feeding has no influence on AC profile, but our FF sub-
group included only three infants, so further evidence from a 
randomized clinical trial is needed to confirm this impression.

BCAA-Derived Acylcarnitines
BCAA-derived AC levels were significantly higher in prema-
ture infants. The effect of nutrition might explain the increase 

in isoC4, C5:1, and C5 isomers in preterm neonates, and the 
strong inverse correlation with GA and BW. IsoC4 is an inter-
mediate of valine catabolism, while 2-methylbutyrylcarnitine 
and isovalerylcarnitine (C5) balance the intermediates of iso-
leucine and leucine BCAA catabolism, respectively. Coupled 
with the known BCAA catabolic pathways, these findings 
suggest that these ACs—which are direct products of BCAA 
catabolism—could accumulate with mild amino acid over-
feeding, as previously reported (32). These changes may reflect 
an increased BCAA turnover by specific translocases (33). 
The effects appeared more evident for leucine and isoleucine 
metabolites, than for valine.

The concentrations of C3 acylcarnitine (which represents 
propionyl-CoA, an intermediate of isoleucine and valine 
catabolism) did not differ significantly between the groups, 
and the amounts found in plasma suggested a different trend 
from that of the previously mentioned BCAA metabolites.

Consistently with this hypothesis, we found higher levels of 
leucine/isoleucine (measured by newborn screening in DBS) 
in preterm infants given intravenous amino acid supplemen-
tation (126.9 ± 39.6 vs. 117.0 ± 24.9 µmol/l in those not given 
supplements). The mean concentration of leucine/isoleucine 
in the G3 group was very similar to that of the infants given 
no supplementation, while in G1 and G2 the values were 23 
and 21% higher, respectively, than in G3. No significant dif-
ferences were found in valine concentrations when intrave-
nous amino acid supplementation was (91.8 ± 34.5 µmol/l) or 
was not administered (90.2 ± 21.7 µmol/l). A reduction in the 
β-oxidative cascade in preterm infants is therefore likely.

Consistently with our data, an increase in the levels of short- 
and medium-chain AC esters (C4, C5, C6, and C8) has been 
reported in both venous and arterial umbilical blood in very 
low birth weight (VLBW) newborn, but not in their mother’s 
blood (34), suggesting an increased transplacental transfer 
of short- and medium-chain AC esters towards the fetus in 
extreme prematurity. The data obtained will need to be con-
firmed by further studies focusing on establishing whether 
these higher levels are a consequence of NICU treatments or 
transplacental transfer.

Conclusions
It is well known that AC profiling is done in the biochemical 
screening of fatty acid oxidation and organic acid metabolic 
disorders. Defining cutoffs and ranges for these analytes, and 
ratios between them, for the purpose of newborn screening is 
challenging, but has recently been validated thanks to interna-
tional cooperation (7). As reported by Zytkovicz and Ryckman 
(9,35), preterm infants represent a population that contributes 
significantly to the false positive rate. There are many reasons 
for this, including endogenous and metabolic differences due 
to their lower BW and immaturity, or the effects of treatments 
administered at the NICU. Our study showed that AC levels are 
lower in the preterm than in term-born infants and, in contrast 
with previously reported data (15,16), we found higher levels 
of BCAA-related metabolites in the former than the latter. This 
goes to show the importance of defining cutoffs: it is essential 
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for each laboratory to establish its own concentrations and cut-
offs for NICU patients and preterm infants in order to assess 
AC profiles accurately and avoid false negative or false positive 
results in the MS/MS screening of preterm infants.

Amino acids, and especially essential BCAAs, have a crucial 
role in premature infant nutrition. Several studies have been 
conducted with a view to optimizing parenteral amino acid 
supplementation and meeting nutritional needs without induc-
ing any toxicity or metabolic acidosis. The results of our study 
suggest that BCAA-related AC levels rise with mild overfeed-
ing, so the ACs could serve as useful biomarkers for identifying 
safe intake with a view to avoiding any harmful accumulation 
of BCAA catabolic products. In addition to the well-established 
roles of ACs in metabolism, recent data (34) have demonstrated 
their role in the brain, and identified carnitine/acylcarnitine 
carriers in the central and peripheral nervous system, and par-
ticularly its mitochondrial localization in the sensory neurons. 

Almost all nutrients affect the major brain processes, and espe-
cially neurogenesis, neural differentiation, myelination, and 
synaptogenesis, which all proceed at a rapid rate between 22 
and 42 wk of age after conception. Nutritional strategies to 
optimize brain growth and development thus include assess-
ing nutritional status at birth, providing nutrients in abun-
dance, and immediately making good any nutritional deficits 
in both preterm and term-born neonates. The GA-based ranges 
reported here could be used to assess nutritional status and the 
reported neuroprotective role of ACs in future studies.

METHODS
Patients
This study was performed at the nursery and NICU of the Women’s 
and Children’s Health Department at the University of Padova, Italy. 
The study was approved by the Padova University Hospital Ethical 
Committee. Written informed consent was obtained from parents 
prior to participation.

table 5 Patients’ characteristics and clinical data

Characteristics Total (n = 157) Group 1 (n = 18) Group 2 (n = 41) Group 3 (n = 47) Group 4 (n = 51)a

Gestational age (wk)b 32.8 ± 8 26.1 ± 1 30.4 ± 1 34.2 ± 2 39.6 ± 1

Birth weight (g)b 2,174 ± 1,028 780 ± 132 1,250 ± 345 2,100 ± 444 3,348 ± 429

Males/femalesc 77/80 10/8 20/21 26/21 21/30

Cesarean sectionc 97 18 34 27 17

Multiple birthc 38 6 18 11 3

Antenatal steroid usec 63 18 29 16 –

Heel prick bilirubin (mg/dl)b 8.3 ± 3.1 5.5 ± 1.5 8.3 ± 2.2 10.8 ± 3.6 7.8 ± 3.8

i.v. fluids day 1 (ml/kg/d)b 72.6 ± 14.3 76.6 ± 30.7 71.3 ± 7.9 71.9 ± 7.0 80.0 ± 28.2

i.v. fluids day 2 (ml/kg/d)b 84.7 ± 13.1 79.6 ± 13.7 83.8 ± 10.8 87.5 ± 15.1 90.0 ± 14.1

i.v. fluids day 3 (ml/kg/d)b 100.3 ± 16.3 98.7 ± 15.6 100.0 ± 13.4 102.1 ± 20.0 90.0 ± 14.2

i.v. lipids day 1 (g/kg)b 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

i.v. lipids day 2 (g/kg)b 0.13 ± 0.34 0.30 ± 0.48 0.20 ± 0.40 0 ± 0 0 ± 0

i.v. lipids day 3 (g/kg)b 0.25 ± 0.46 0.40 ± 0.51 0.48 ± 0.57 0 ± 0 0 ± 0

i.v. energy day 1 (kcal/kg/d)b 25.8 ± 6.3 24.4 ± 2.0 26.7 ± 6.7 25.3 ± 7.2 23.0 ± 6.6

i.v. energy day 2 (kcal/kg/d)b 28.5 ± 8.2 26.2 ± 8.4 31.2 ± 9.8 26.1 ± 4.4 26.9 ± 1.1

i.v. energy day 3 (kcal/kg/d)b 36.5 ± 23.2 32.5 ± 27.9 44.1 ± 27.8 29.0 ± 6.6 26.9 ± 1.1

Enteral feeding day 1 (ml/kg)b 5.7 ± 15.7 0 ± 0 0.5 ± 1.9 9.5 ± 14.1 80.0 ± 28.3

Enteral feeding day 2 (ml/kg)b 11.0 ± 18.0 0 ± 0 4.6 ± 6.3 18.2 ± 15.3 90.0 ± 14.1

Enteral feeding day 3 (ml/kg)b 16.2 ± 23.2 3.4 ± 5.3 7.1 ± 9.5 27.8 ± 25.8 90.0 ± 14.1

Breast milk alonec – – – – 27

Mixed breast milk and formulac – – – 4 21

Formula alonec – – – 1 3

RDSc 78 16 35 27 –

BPD, O2 dependence at 36 wkc 13 8 5 – –

Sepsis (positive blood culture)c 27 6 10 10 1

Surfactant therapyc 42 - 19 21 2

Mechanical ventilationc 53 5 23 23 2

Chorioamnionitisc 4 2 2 – –

Transfusionsc 46 13 23 10 –

BPD, bronchopulmonary dysplasia;  i.v., intravenous; RDS, respiratory distress syndrome.
aIntravenous lipids, fluid, energy, and milk volumes were assessed for term newborns admitted to the neonatal intensive care unit. bMean ± SD. cNumber.
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Over a period of 15 mo, neonates admitted to the nursery and 
NICU within 24 h of birth were screened for enrolment in the study. 
Exclusion criteria included refusal of parental consent, suspected 
inherited disorders of metabolism, or evidence a major congenital 
anomaly. We enrolled 163 newborn, but 6 were excluded because 
their data in the clinical database were incomplete. The 157 patients 
forming the study sample were divided into four groups (G1 to G4) 
by GA, as explained previously. The newborn’s demographic, clinical, 
and nutritional data were obtained from their medical records and are 
summarized in Table 5.

Details of any transfusions of plasma, red blood cells (RBCs), 
whole blood, packed RBCs or extracorporeal membrane oxygen-
ation (ECMO) were recorded. Based on the NICU protocol, enteral 
nutrition was begun on the first day of life, clinical conditions per-
mitting. A minimum of 10 ml/kg/d was generally used initially, then 
the volume was increased as tolerated. Intravenous fluids were given 
to ensure an overall hydration of 60–70 ml/kg/d on the first day, 
increasing to around 20 ml/kg/d thereafter. Lipid intake was started 
with 0.5 g/kg/d and increased by 1 g/kg/d up to a maximum of 3 g/
kg/d. Glucose administration started at a rate of 6–10 g/kg/d and was 
increased by 2 g/kg/d to maintain glycemia between 80–100 mg/dl. 
Amino acid intake was started at 1.0 g/kg/d and raised by 0.5–1 g/
kg/d up to a maximum of 3.5 g/kg/d on day 3. For healthy term-born 
neonates, breast milk alone was given ad libitum.

Sample Collection
Plasma and DBS specimens were obtained simultaneously from each 
neonate on the third day of life. Whole blood was drawn by heel prick 
and spotted on S&S Grade 903 filter paper (Whatman, International, 
Maidstone, UK), during routine neonatal metabolic screening; it was 
dried at room temperature and stored at −20 °C until analysis. Neonatal 
plasma was collected (about 10 µl) using heparinized capillary tubes to 
harvest blood from the heel. The tubes were centrifuged for 5 min at 
13,000g. Plasma aliquots were stored at −20 °C until analysis.

Sample Analysis
Acylcarnitines in DBS and plasma were measured using an UPLC-
ESI-MS/MS method described elsewhere (17). Briefly, ACs from a 
3.2 mm DBS and 6 µl of plasma were extracted with 100 µl of labeled 
internal standard methanol solution, evaporated under a nitrogen 
flow at 60 °C and converted into their butyl esters by adding 100 µl 
of freshly prepared butanol solution containing 5% v/v of acetyl chlo-
ride and heating to 60 °C for 20 min. Chromatographic separation 
was done using an UPLC system equipped with a BEH C18 column. 
A Waters Micromass Quattro Ultima (Waters, Milford, MA) tandem 
quadrupole MS/MS system equipped with an electrospray ion source 
(ESI) operating in positive mode was used for the analysis. The mul-
tiple reaction monitoring (MRM) mode was used to scan for specific 
mass ion intensities. Ions at m/z 85 produced by fragmentation were 
monitored. Concentrations of ACs were measured by integrating the 
peak area and fitting with calibration curves using QuanLynx soft-
ware (Waters, Version 4.1)

Statistics
Statistical analysis was performed with the STATISTICA 6.0 (Stat 
Soft, Tulsa, OK) and SPSS for Windows (version 21, SPSS IBM, New 
York, NY) software packages. The Shapiro–Wilk test was used to see 
whether the distributions of AC esters were normal. The Kruskal–
Wallis rank test and the Mann–Whitney U-test signed rank test 
were used to investigate significant differences between the analytes 
in DBS and plasma. Associations between clinical variables and AC 
concentrations were examined using Spearman’s rank correlation test 
and expressed as Spearman correlation coefficients. Significance was 
assumed for P < 0.05.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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