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Abstract Physiologic concentration in amniotic fluid (AF)
of several metabolites has not been established with certainty.
In this study, we initially assayed purines, pyrimidines, and
amino compounds in 1,257 AF withdrawn between the 15th
and the 20th week of gestation from actually normal pregnancies (normal gestations, normal offspring). Results
allowed to determine physiologic reference intervals for 45
compounds. In these AF, not all purines and pyrimidines were
detectable and uric acid (238.35 ± 76.31 lmol/l) had the
highest concentration. All amino compounds were measurable, with alanine having the highest concentration
(401.10 ± 88.47 lmol/l). In the second part of the study, we
performed a blind metabolic screening of AF to evaluate the
utility of this biochemical analysis as an additional test in
amniocenteses. In 1,295 additional AF from normal pregnancies, all metabolites fell within the confidence intervals
determined in the first part of the study. In 24 additional AF
from women carrying Down’s syndrome-affected fetuses,
glutamate, glutamine, glycine, taurine, valine, isoleucine,
leucine, ornithine, and lysine were different from physiologic
reference values. One AF sample showed phenylalanine level
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of 375.54 lmol/l (mean value in normal AF = 65.07 lmol/l)
and was from a woman with unreported phenylketonuria
with mild hyperphenylalaninemia (serum phenylalanine =
360.88 lmol/l), carrying the IVS 4 ? 5 G-T and D394A
mutations. The fetus was heterozygote for the maternal
D394A mutation. An appropriate diet maintained the mother
phenylalanine in the range of normality during pregnancy,
avoiding serious damage in fetal and neonatal development.
These results suggest that the metabolic screening of AF might
be considered as an additional biochemical test in amniocenteses useful to highlight anomalies potentially related
to IEM.
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metabolism
Abbreviations
Ala
Alanine
AAAA
a-aminoadipic acid
AF
Amniotic fluid
Arg
Arginine
Arg-succ Argininosuccinate
Asn
Asparagine
Asp
Aspartate
Carn
Carnosine
CI
Confidence interval
Cit
Citrulline
CV
Coefficient of variation
Cystat
L-Cystathionine
GABA
c-Aminobutyrate
Gln
Glutamine
Glu
Glutamate
Gly
Glycine
HPLC
High-performance liquid chromatography
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His
IEM
Ile
ISTD
Leu
LOD
LOQ
Lys
MA
Met
MHPA
MMA
MPA
NAA
Norval
OPA
Orn
PAH
Phe
PKU
SAH
SAM
Ser
Tau
Thr
Trp
Tyr
Val

Histidine
Inborn errors of metabolism
Isoleucine
Internal standard
Leucine
Lowest limit of detection
Lowest limit of quantification
Lysine
Malonic acid
Methionine
Mild hyperphenylalaninemia
Methylmalonic acid
3-Mercaptopropionic acid
N-acetylaspartate
Norvaline
Ortophtalaldehyde
Ornithine
Phenylalanine hydroxylase
Phenylalanine
Phenylketonuria
S-adenosylhomocysteine
S-adenosylmethionine
Serine
Taurine
Threonine
Tryptophane
Tyrosine
Valine

Introduction
The analysis of low molecular weight compounds in biological fluids is of high clinical value in the screening/diagnosis of inborn errors of metabolism 1(IEM) [1–3]. For
instance, the determination of circulating and/or excreted
purines, pyrimidines, amino acids, and organic acids is a
crucial analytical tool to diagnose several IEM, some of
which have benign outcome if diagnosed at a very early stage.
For this reason, the number of national programs of neonatal
screenings of IEM is continuously increasing worldwide.
What metabolites have to be determined and, therefore, what
IEM have to be selectively screened are certainly not simple
to decide, and it is mainly dictated by some major factors:
(i) the possibility of reducing/eliminating the damages caused
to the newborn if the IEM is precociously diagnosed; (ii) the
availability of suitable analytical methods allowing the
simultaneous assay of a broad number of compounds related
to the IEM of interest; (iii) when these methods are available,
the cost for the health care system [4].
If the progresses in the metabolic neonatal screenings
have certainly been impressive, the same cannot be affirmed
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in the case of the metabolic prenatal screenings of IEM. At
present, no large-scale studies carried out by measuring
metabolites in amniotic fluid (AF) and applying the same
criteria used in the neonatal screenings (large size of samples
screened, broad number of analytes assayed, population with
unknown risk for IEM included in the screening) have been
performed. Furthermore, actual concentrations of purines,
pyrimidines, and amino acids in AF of normal pregnancies
are still uncertain, mainly because the ranges of variability of
these metabolites have been obtained in a limited number of
samples [5–9]. Even recent studies reporting the analysis of
AF by in vitro magnetic resonance spectroscopy to evaluate
fetal disturbances [10–12], and studies reporting values of
organic acids in AF of normal pregnant women [13], have
been obtained in a restricted number of subjects. In such a
delicate clinical setting, it is mandatory to have reliable
physiologic reference values for each compound under study
that would then allow to individuate samples falling out of
these intervals, thus indicating possible fetal anomalies
including IEM.
In this study, we initially determined reliable confidence
intervals of 45 different metabolites (purines, pyrimidines,
creatinine, N-acetylaspartate, methylmalonic acid, malonic
acid, and amino group-containing compounds) in 1,257 AF
samples from actually normal pregnancies, obtaining convincing reference values also for compounds with still
unknown concentrations in normal AF (several purines,
most of pyrimidines, NAA, several amino group-containing compounds). This result for such a broad spectrum of
analytes might be useful to evidence possible anomalous
metabolic profile of AF samples potentially related to more
than 40 relevant IEM. A group of ten AF from Down’s
syndrome-affected fetuses was also analyzed in this first
part of the study. During the second part of the study, using
these physiologic reference values and applying the criteria
adopted in the neonatal setting (broad spectrum of analytes,
population with unknown risk for IEM), we undertook a
screening in AF from women who underwent amniocentesis at the second trimester of pregnancy, in which the
analysis of these 45 metabolites was performed. After
1,681 additional AF analyzed in this second part, we
recorded one AF with abnormal phenylalanine concentration that was due to a previously undiagnosed case of
maternal mild hyperphenylalaninemia. Results obtained in
this blind metabolic prenatal screening are presented.

Materials and methods
Chemicals
HPLC-grade tetrabutylammonium hydroxide, used as the
pairing reagent in the separation of purines and
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pyrimidines, was supplied from Nova Chimica (Cinisello
Balsamo, Milano, Italy) as a 55% water solution. Ortophtalaldehyde (OPA) and 3-mercaptopropionic acid (MPA),
used as the reagents to obtain fluorescent-derivatized
amino compounds, were purchased from Sigma-Aldrich
(St. Louis, Mo, USA), as well as ultrapure standards of
purines, pyrimidines, standard and non-standard amino
acids, amino compounds, N-acetylaspartate (NAA), malonic acid (MA), and methylmalonic acid (MMA). HPLCgrade acetonitrile, methanol, and tetrahydrofurane were
purchased from J.T Baker (Mallinckrodt Baker, Deventer,
Netherland). All other chemicals (trifluoroacetic acid,
sodium borate, sodium acetate, KH2PO4, Na2HPO4) were
of the highest purity available from commercial sources.
Patient selection and processing of amniotic fluid
and blood samples
In the first part of the study, AF samples were obtained from
1,750 consecutive pregnant women aging 30–44 years
(mean = 38 ± 4 years), who underwent amniocentesis at
the second trimester of pregnancy (15–20 weeks of gestation) for cytogenetic-based diagnosis. Amniocenteses were
carried out at the Department of Prenatal Diagnosis of the
Fetal-Maternal Medical Centre ‘‘ARTEMISIA’’, Rome,
Italy, between September and December 2009. Of these
1,750 AF samples, 210 were not assayed because mothers
did not give consent to perform the biochemical analyses and
68 because mothers were carrying fetuses suffering from
morphological anomalies, growth retardation, and any
cytogenetic disorder different from Down’s syndrome. The
remaining 1,472 samples, after having obtained the fully
informed consent from each pregnant woman, were analyzed
for the HPLC determination of purines, pyrimidines, and
amino group-containing compounds.
In the second part of the study (June 2010–February
2011), in AF samples of all fully consenting women who
underwent amniocentesis at the second trimester of pregnancy (15–20 weeks of gestation) for cytogenetic-based
diagnosis at the same Medical Centre, the analysis of
purines, pyrimidines, and amino group-containing compounds was performed in 1,681 AF samples. The aim was
to test the feasibility of prenatal diagnosis of IEM based on
the clinical-biochemical criteria adopted in the neonatal
setting (analysis of several metabolites in biological fluid,
large number of samples screened, population with
unknown risk for IEM included in the study). The study
was approved by the Ethic Review Board for human
studies of Catania University.
All AF samples were subjected to the same handling and
processing. Briefly, after collection of the standard volume
of AF necessary for the cytogenetic-based analyses
(15–20 ml), samples were centrifuged at 1809g at 22°C

for 10 min. One milliliter of the residual cell-free AF was
properly processed and used to determine the purine,
pyrimidine, and amino acid profiles within 24 h from
amniocentesis. Samples of AF were deproteinized as
described in detail elsewhere [14]. Briefly, AF was centrifuged at 20,8179g at 4°C for 20 min in an Eppendorf
5804 R centrifuge (Hamburg, Germany). This clear
supernatant was diluted by adding 0.5 ml of HPLC-grade
water and then transferred to a NanosepÒ centrifugal
device equipped with a filtering membrane of 3-kDa cutoff
(Pall Gelman Laboratory, Ann Harbor, MI, USA) and
centrifuged at 20,8179g at 4°C. The resulting deproteinized AF samples were directly used for the HPLC determinations of the compounds of interest.
Peripheral venous blood samples were collected from
the antecubital vein into a VACUETTEÒ polypropylene
tube, containing serum separator and clot activator (Greiner-Bio One GmbH, Kremsmunster, Austria). After
40 min at room temperature, samples were centrifuged at
18909g for 10 min, and the obtained sera were diluted
with HPLC-grade water (1:3; v:v) and then deproteinized
by ultrafiltration as above described. The protein-free sera
were directly used for the HPLC determinations of the
compounds of interest.
HPLC apparatuses and conditions for the separation
of purines, pyrimidines, and amino acids
Four twin HPLC apparatuses (ThermoFisher Italia, Rodano, Milan, Italy), two dedicated to assay purines and
pyrimidines and two to assay amino acids, were used. They
consisted of a Surveyor quaternary pump system, a Surveyor AS autosampler, and a highly sensitive photodiode
array detector equipped with a 5-cm light path flow cell and
set up between 200 and 400 nm wavelength. Data acquisition and analysis were performed by a PC using the
ChromQuestÒ software package provided by the HPLC
manufacturer.
The synchronous determination of creatinine, purines
(hypoxanthine, xanthine, uric acid, inosine, guanosine),
pyrimidines (uracil, b-pseudouridine, cytidine, thymine,
uridine, thymidine, orotic acid), malonic acid (MA),
methylmalonic acid (MMA), and NAA was carried out
isocratically on 100 ll of deproteinized AF, as described in
detail elsewhere [14]. At the end of the data acquisition of
each sample (28 min total), the HPLC column was automatically washed with HPLC-grade water for 3 min at
1.5 ml/min, then cleaned with a mobile phase B (40%
CH3OH ? 30% CH3CN ? 30% H2O) for 15 min at
1.5 ml/min, then washed again with HPLC-grade water for
3 min at 1.5 ml/min, then re-equilibrated with mobile
phase A for 10 min at 1.5 ml/min, and lastly stabilized at a
flow rate of 1.2 ml/min for 1 min, before a new sample
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injection (total time between 2 consecutive injections = 60 min). Assignment and calculation of the compounds of interest in chromatographic runs of AF extracts
were carried out at 234 (creatinine), 260 nm (purine and
pyrimidine compounds), and 206 nm wavelengths (MA,
MMA and NAA) by comparing retention times, absorption
spectra and areas of peaks with those of peaks of chromatographic runs of freshly prepared ultra-pure standard
mixtures with known concentrations. To perform a systematic check of the efficiency of the HPLC column, a
freshly prepared standard mixture was assayed every ten
AF samples.
The simultaneous determination of 29 primary amino
group-containing compounds, including aspartate (Asp),
glutamate (Glu), argininosuccinate (Arg-succ), asparagine
(Asn), a-aminoadipic acid (AAAA), serine (Ser), glutamine
(Gln), histidine (His), S-adenosylmethionine (SAM), glycine (Gly), threonine (Thr), citrulline (Cit), arginine (Arg),
alanine (Ala), carnosine (Carn), taurine (Tau), c-aminobutyrate (GABA), tyrosine (Tyr), S-adenosylhomocysteine
(SAH), L-cystathionine (Cystat), valine (Val), methionine
(Met), NH3, tryptophane (Trp), phenylalanine (Phe), isoleucine (Ile), leucine (Leu), ornithine (Orn), lysine (Lys),
plus the internal standard norvaline (Norval), was performed
using the precolumn derivatization of the sample with a
mixture of OPA and MPA. Briefly, stock solutions of
625 mmol/l OPA in methanol and of 250 mmol/l sodium
borate, pH 9.8, were prepared. OPA solution was stored at
4°C in the dark and used for a week with no loss of efficiency,
nor development of undesired absorbing products. Ten
milliliters of the derivatization mixture composed of
25 mmol/l OPA (400 ll of the stock solution), 1% MPA,
237.5 mmol/l sodium borate, pH 9.8 (9.5 ml of the sodium
borate stock solution) was prepared daily and placed in the
autosampler. The automated precolumn derivatization of the
samples with OPA-MPA was carried out at 24°C, according
to the injector program illustrated in Table 1. After derivatization, 25 ll was loaded onto the HPLC column (Hypersil
C-18, 250 9 4.6 mm, 5 lm particle size, thermostated at
21°C) for the subsequent chromatographic separation.
Separation was carried out at a flow rate of 1.2 ml/min using
two mobile phases having the following composition:
mobile phase A = 24 mmol/l CH3COONa ? 24 mmol/l
Na2HPO4 ? 1% tetrahydrofurane ? 0.1% trifluoroacetic
acid, pH 6.5; mobile phase B = 40% CH3OH ? 30
CH3CN ? 30% H2O. The form of the step gradient used for
the separation was as follows: 2 min to 100% A; 3 min to
90% A; 10 min to 78% A; 10 min to 55% A; 8 min to 48% A;
5 min to 35% A; 2 min to 20% A; hold 5 min 20% A.
Washing steps to clean the column before a new injection
were as follows: 3 min 100% HPLC-grade H2O (flow rate
1.5 ml/min); 10 min 20% A (flow rate 1.5 ml/min); 3 min
100% HPLC-grade H2O (flow rate 1.5 ml/min); 2 min 100%
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A (flow rate 1.5 ml/min); 1 min 100% A to stabilize the flow
rate at 1.2 ml/min. During the derivatization process of a
new sample (6 min), the column was equilibrated with 100%
A (1.2 ml/min). The total time between two consecutive
injections was of 70 min. Assignment and calculation of the
derivatized amino compounds in chromatographic runs of
AF extracts were carried out at 338 nm wavelengths by
comparing retention times and areas of peaks with those of
peaks of chromatographic runs of freshly prepared ultra-pure
standard mixtures with known concentrations. To perform a
systematic check of the efficiency of the HPLC column, a
freshly prepared standard mixture was assayed every ten AF
samples.
Statistics
All variables were skewed and, therefore, were log-transformed to approach Gaussian distribution before to calculate confidence intervals at a probability level of 95% and
before application of parametric tests. Values recorded in
Down’s syndrome fetuses were compared with those in
controls with a multivariate test using the SAS/STAT
package (SAS Institute Inc., Cary, NC, USA). A cluster
analysis was conducted by the Ward’s minimum variance
criterion. In addition, the mean values of the different
parameters in AF of Down’s syndrome fetuses were compared with those calculated in the AF of actually normal
pregnancies using the z-test. A value of P \ 0.05 was
considered significant.

Results
Of the 1,472 AF donors, enrolled in the first part of the
study between September and December 2009, 205 could
not be contacted to effect the follow-up about pregnancies,
labors, deliveries, and offspring, necessary to include each
sample in the group of actually normal pregnancies. Ten of
these 1,472 AF samples were from fetuses affected by
Down’s syndrome and were treated as a separate group of
data. Therefore, means, standard deviations, and confidence intervals of the metabolites of interest in actually
normal pregnancies were obtained from 1,257 AF samples.
Table 2 reports the specific indications for amniocentesis
in these 1,257 women.
Concentrations of purines, pyrimidines, creatinine,
MA, MMA, NAA, and amino group-containing
compounds in normal AF
Figure 1 reports mean values ± standard deviations of the
different compounds detected in 1,257 AF from normal
pregnancies between the 15th and the 20th week of
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Table 1 Autosampler program
for the automated sample
derivatization and injection

Line

Function

Amount

Reagent

1

Wash needle

500 ll

Diluted mobile phase B (1:4; v:v)

2

Flush to waste

5000 ll

Diluted mobile phase B (1:4; v:v)

500 ll/s speed
3

Draw

130 ll
8 ll/s speed

OPA-MPA in 237.5 mM sodium
borate, pH 9.8

3 ll bubble vol.
120 ll in sample vial

4

Deposit

5

Wash needle

1000 ll

6

Mix

100 ll in sample vial

30 ll/s speed
Diluted mobile phase B (1:4; v:v)

50 and 120 ll/s speed
2 times
7

Wash needle

1000 ll

8

Wait

0.3 min

9

Draw

80 ll
20 ll/s speed

10

Deposit

11

Wash needle

1000 ll

12

Mix

160 ll in sample vial

Diluted mobile phase B (1:4; v:v)
Diluted mobile phase A (1:20; v:v)
containing 40 lM Norv (ISTD)

3 ll bubble vol.
60 ll in sample vial
30 ll/s speed
Diluted mobile phase B (1:4; v:v)

80 ll/s speed
10 times
13

Wait

1 min

14

Wash needle

1000 ll

15

Inject

25 ll

Table 2 Specific indications for the amniocentesis of the cohort of
1,257 women with actually normal pregnancies (normal gestations,
normal offspring)
Variables

Number of subjects (%
of total)

Indications for procedure
Age C 35

641 (51.0%)

Anxiety

616 (49.0%)

Positive screening for fetal chromosomal
abnormalities
Family history of genetic disorder
Personal history of riska

77 (6.1%)
12 (0.1%)
190 (15.1%)

The metabolic profile recorded in their AF samples was used to
calculate the normal reference values for the metabolites of interest
a

Ultrasound markers, infection, previous chromosomal abnormalities, previous genetic disorders, assisted reproductive technologies,
previous exposure to teratogens

gestation. To run all these AF samples, six HPLC columns
(three dedicated to purines and pyrimidines and three to
amino compounds) and eight guard-columns were used,
indicating that the sample preparation and the washing

Diluted mobile phase B (1:4; v:v)

programs at the end of each sample run greatly increased
the column life span, thereby reducing the overall analytical costs. In all our AF samples, cytidine, thymine, inosine, guanosine, MA, MMA, and NAA were undetectable
with the present method. For the aforementioned compounds, lowest limit of quantifications (LOQ) were 0.08,
0.15, 0.04, 0.08, 0.08, 0.4, 3, and 3 lmol/l, respectively,
confirming the values reported originally [14]. In Table 3,
the confidence intervals at the 95% level, approximated to
obtain easy-to-read values of practical utility, are reported.
Mean values of uracil, b-pseudouridine, cytidine, hypoxanthine, xanthine, uridine, inosine, thymidine, and orotic
acid (Fig. 1, panel A) ranged between 0.11 lmol/l AF
(thymidine) and 1.89 lmol/l AF (uridine), being much
lower in AF than in plasma of adults. Differently, creatinine (54.69 ± 13.86 lmol/l AF) and uric acid
(238.35 ± 76.31 lmol/l AF) had the highest mean values
in AF (Fig. 1, panel B) and were similar to values found in
plasma of adults [14–16]. No similarities were observed
when comparing the concentrations of purines, pyrimidines, creatinine, MA, MMA, and NAA recorded in AF
with those measured in urine [14–16]. To evaluate whether
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Table 3 Physiologic reference values of purines, pyrimidines, and
creatinine in AF of normal pregnancies
Compound

Reference values (lmol/l AF)

Creatinine

25–100

Uracil

0.1–3.0

b-pseudouridine
Hypoxanthine

0.1–4.0
0.01–1.5

Xanthine

0.1–4.0

Uridine

0.1–4.0

Uric acid
Thymidine

80–480
0.01–1.0

Orotic acid

0.01–2.0

Cytosine, thymine, adenine, inosine, guanosine, malonic acid, methylmalonic acid, and N-acetylaspartate were not detectable in any
normal AF sample analyzed
Reference values are the confidence intervals calculated at the 95%
level of significance and approximated for the sake of clarity and
practical utility

Fig. 1 Concentrations of purines, pyrimidines and creatinine in AF
of actually normal pregnancies. Each histogram is the mean value of
1,257 AF samples. Standard deviations are represented by vertical
bars. For the sake of clarity, different compounds were divided in the
two Panels on the basis of their concentrations in AF (panel A,
compounds with low concentration; panel B, compounds with high
concentration)

the age of the donors might influence the concentrations in
AF of the compounds under evaluation, we divided pregnant women into three different subgroups (30–34, 35–39,
40–44 years). Comparison of these three subgroups
(ANOVA) did not reveal significant differences in any of
the aforementioned compounds (data not shown).
Preliminarily to start the assay of amino group-containing compounds in AF samples, we have performed a
validation of the HPLC method used to separate and
quantify standard and non-standard amino acids and other
NH2-containing compounds, by determining lowest limit
of detection (LOD), LOQ, linearity, reproducibility, and
recovery. Table 4 summarizes the values of LOD (evaluated with a signal to noise ratio [3), LOQ (calculated with
a signal to noise ratio [5), and linearity of the various
compounds considered. Values of LOQ were comprised
between 0.01 and 0.08 lmol/l, i.e., between 0.25 and
2 nmol/25 ll injected, indicating a good sensitivity of the
method for any of the 29 amino compounds considered.
Linearity was performed by injecting standard mixtures
with the following concentrations: LOQ, 1009 LOQ, 5009
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LOQ, 10009 LOQ, and 50009 LOQ. Results showed that
the correlation coefficients of the various compounds ranged between 1 and 0.995, indicating a high linearity of the
method in the concentration interval tested. Reproducibility of the method was verified by calculating the coefficients of variation (CV) for both retention times and peak
areas of the same standard mixture injected consecutively
for five times (intra-assay CVs), as well as of five different
standard mixtures injected in five consecutive days (interassay CVs). Results (data not shown) indicated minimal
intra-assay variations of both peak areas and retention
times (CVs ranged between 0.03 and 0.4% for retention
times and between 0.2 and 0.6% for peak areas), as well as
minimal inter-assay variations of both peak areas and
retention times (CVs ranged between 0.06 and 0.8% for
retention times and between 0.4 and 1.2% for peak areas).
Recovery of the various compounds of interest was carried
out by spiking five different AF samples with a standard
mixture with known concentration. These spiked samples
were processed for protein removal and then assayed by
HPLC. Recovery of the amino compounds (data not
shown) ranged between 95% (NH3) and 103% (SAM).
After having evaluated its suitability, the method to
assay amino compounds was successfully applied to
determine their concentrations in the same AF samples
previously assayed for purines, pyrimidines, creatinine,
MA, MMA, and NAA. Figure 2 reports mean values ± S.D. of 29 amino group-containing compounds
measured in 1,257 normal AF. Confidence intervals at the
95% level, approximated for the sake of readability and
practical utility, are summarized in Table 5. In our normal
AF, Asp, Arg-succ, AAAA, Ser, SAM, Citr, Arg, Carn,
GABA, SAH, Cystat, Met, NH3, Trp, Ile, and Orn had
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Table 4 Lowest limit of detection, lowest limit of quantification,
highest limit of quantification, and linearity of the HPLC method used
to detect amino compounds in AF
Compound

LOD
(lmol/l)

LOQ
(lmol/l)

5000 9 LOQ
(lmol/l)

Correlation
coefficients

Asp

0.03

0.05

150

0.999

Glu

0.01

0.02

50

0.999

Arg-succ

0.03

0.05

150

Asn

0.01

0.03

50

1

AAAA

0.01

0.03

50

1

Ser

0.01

0.03

50

0.997

Gln

0.006

0.01

30

0.999

His

0.02

0.04

100

0.998

SAM

0.05

0.08

250

0.998

Gly

0.02

0.03

100

0.999

Thr

0.01

0.02

50

0.997

Citr

0.01

0.02

50

0.997

Arg

0.02

0.03

100

0.999

Ala
Carn

0.02
0.02

0.03
0.03

100
100

0.996
1

Tau

0.03

0.05

150

0.998

GABA

0.01

0.02

50

0.999

Tyr

0.02

0.03

100

0.998

SAH

0.02

0.03

100

0.999

Cystat

0.006

0.01

30

0.998

Val

0.01

0.02

50

0.999

Met

0.01

0.02

50

0.997

NH3

0.006

0.01

30

0.995

Trp

0.03

0.05

150

Phe

0.03

0.05

150

Ile

0.006

0.01

30

0.999

Leu

0.02

0.03

100

0.998

Orn

0.006

0.01

30

0.999

Lys

0.006

0.01

30

1

0.998

1
1

Compounds are tabulated according to the elution order
LOD lowest limit of detection; LOQ lowest limit of quantification
Abbreviations of compounds different from standard amino acids are:
Arg-succ agininosuccinate, AAAA a-aminoadipic acid, SAM S-adenosylmethionine, Citr citrulline, Carn carnosine, Tau taurine, GABA
c-aminobutyrate, SAH S-adenosylhomocysteine, Cystat L-cystathionine,
NH3 ammonia, Orn ornithine

values below 40 lmol/l AF (minimal and maximal mean
values for these compounds = 0.78 lmol/l AF for AAAA
and 36.29 lmol/l AF for Arg) (Fig. 2, panel A). Differently, Glu, Asn, Gln, His, Gly, Thr, Ala, Tau, Tyr, Val,
Phe, Leu, and Lys had values higher than 50 lmol/l AF
(minimal and maximal mean values for these compounds = 51.78 lmol/l AF for Asn and 401.10 lmol/l AF
for Ala) (Fig. 2, panel B). These 29 amino compounds
were detectable in all AF samples analyzed. The comparison of values we found in AF with those recorded in

plasma/serum of adults [17] showed that several standard
amino acids and amino compounds (Asp, Asn, Gln, His,
Gly, Ala, Tau, Tyr, Val, Met, Phe, Leu, Lys) have similar
mean values and range intervals in these two body fluids.
Viceversa, comparison in the amino acidic and amino
compound compositions of AF and urine [17] did not
evidence particular correspondences. To evaluate whether
the age of the donors might influence the concentrations in
AF of the compounds under evaluation, we divided pregnant women into three different subgroups (30–34, 35–39,
40–44 years). Comparison of these three subgroups
(ANOVA) did not reveal significant differences in any of
the aforementioned compounds (data not shown).
Results of the metabolic prenatal screening
with the description of an occasional case report
In the second part of the study (started in June 2010), thanks
to the reference values of the metabolites of interest determined in 1,257 AF of actually normal pregnancies, we
started a large-scale screening in all consenting women who
carried out amniocentesis for cytogenetic-based diagnosis
(i.e., including in the study a sample population with
unknown risk for IEM). The aim was to evidence eventual
anomalous metabolic profiles in AF samples possibly related to IEM, using the same criteria adopted in the neonatal
screenings. During the period between June 2010 and February 2011, 1,681 additional AF samples were analyzed to
determine their concentrations in purines, pyrimidines,
creatinine, MA, MMA, NAA, and amino group-containing
compounds. For 313 of these AF, the follow-up to have
information about pregnancies, labors, deliveries, and offspring could not be effected. Fifty-nine samples were not
assayed because mothers were carrying fetuses suffering
from morphological anomalies, growth retardation, and any
cytogenetic disorder different from Down’s syndrome.
Fourteen AF were from donors carrying fetuses affected by
Down’s syndrome and were treated as a separate group of
data, in combination with the ten AF samples with the same
genetic pathology found in the first part of the study. The
remaining 1,295 AF samples were again from actually
normal pregnancies. According to the data reported in
Tables 6 and 7, the metabolic profiles detected in these
additional 1,295 normal AF clearly reflected those found in
the first part of the study, in the first set of 1,257 normal AF.
It is worth stressing that no one of these additional 1,295
samples from actually normal pregnancies had any value of
the 45 compounds under evaluation falling outside its
respective confidence interval calculated in the first part of
the study and reported in Tables 3 and 5. Therefore, also in
these AF, cytidine, thymine, inosine, guanosine, MA,
MMA, and NAA were undetectable with the present
method, and the 29 amino compounds were detectable in all
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Fig. 2 Concentrations of amino
group-containing compounds
(including standard and nonstandard amino acids) in AF of
actually normal pregnancies.
Each histogram is the mean
value of 1,257 AF samples.
Standard deviations are
represented by vertical bars. For
the sake of clarity, different
compounds were divided in the
two Panels on the basis of their
concentrations in AF (panel A,
compounds with low
concentration; panel B,
compounds with high
concentration)

samples analyzed. Statistical comparison between the metabolic profiles of the two sets of 1,257 and 1,295 AF samples
did not reveal any significant difference in any of the
metabolites under evaluation.
As previously indicated, among the 1,472 AF samples
analyzed in the first part of the study, ten were obtained
from donors carrying Down’s syndrome-affected fetuses.
Results of these ten samples were combined with those
obtained in the 14 AF samples from donors carrying
fetuses affected by the same genetic disorder and found in
the second part of the study. Multivariate analysis indicated
that purines and pyrimidines in these 24 AF samples had
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values comparable to those recorded in AF from normal
fetuses. This suggests that no appreciable alteration in
energy metabolism, nucleic acid turnover, or rate of protein
biosynthesis, capable to cause modifications of purines,
pyrimidines, creatinine, MA, MMA and NAA in AF,
occurs during the development of fetuses affected by this
pathological condition. Differently, multivariate analysis
indicated that the profile in amino group-containing compounds of AF from Down’s syndrome-affected fetuses was
different from that of AF from actually normal pregnancies. In particular, mean values of Glu, Gln, Gly, Tau, Val,
Ile, Leu, Orn, and Lys were significantly different from

Mol Cell Biochem
Table 5 Physiologic reference
intervals of 29 amino
compounds detected by HPLC
in AF samples from normal
pregnancies

Compound

Asp

Confidence
interval
(lmol/l AF)
1–12

Glu

40–300

Arg-succ

0.1–5

Table 6 Values of purines, pyrimidines, and creatinine detected by
HPLC in 1,295 AF samples analyzed during the second part of the
study
Compound
Creatinine

Concentration
(lmol/l AF)
68.96 ± 12.54

Reference values
(lmol/l AF)
25–100

Asn

30–100

Uracil

0.79 ± 0.36

0.1–3.0

AAAA

0.1–4

b-pseudouridine

0.93 ± 0.38

0.1–4.0
0.01–1.5

Ser
Gln
His

5–50
60–350
40–170

Hypoxanthine

0.21 ± 0.11

Xanthine

0.67 ± 0.23

0.1–4.0

Uridine

0.89 ± 0.28

0.1–4.0

SAM

0.1–5

Uric acid

Gly

100–350

Thymidine

0.19 ± 0.04

0.01–1.0

Thr

80–350

Orotic acid

0.36 ± 0.15

0.01–2.0

Citr

3–20

Arg

15–80

Ala

250–750

Reference values are the
confidence intervals calculated
at the 95% level of significance
and approximated for the sake
of clarity and practical utility.
Compounds are tabulated
according to their respective
retention times

Carn

2–12

Tau

40–200

GABA

0.1–4

Abbreviations of compounds
different from standard amino
acids are: Arg-succ
agininosuccinate, AAAA aaminoadipic acid, SAM
S-adenosylmethionine, Citr
citrulline, Carn carnosine, Tau
taurine, GABA c-aminobutyrate,
SAH S-adenosylhomocysteine,
Cystat L-cystathionine, NH3
ammonia, Orn ornithine

Tyr

30–130

SAH

0.1–4

Cystat

10–40

Val

70–350

Met
NH3

15–45
1.5–9

Trp

3–20

Phe

40–120

Ile

10–50

Leu

50–180

Orn

10–50

Lys

100–400

corresponding mean values recorded in control AF samples
(z-test, P \ 0.05), as illustrated in Fig. 3. It is worth
underlining that the value of Glu in all these pathological
AF samples was outside the lower limit of its CI (Table 5),
while the value of Gln was outside the upper limit of its CI
(Table 5).
In an apparently clinically healthy woman of 33 years of
age, withdrawal of AF was performed at the 16th week of
gestation. Results of all morphological, echographic, and
cytogenetic analyses were negative, strongly indicating a
normal pregnancy. As a standardized procedure, once
received the informed consent of the woman, an aliquot of
AF was processed and assayed to determine the concentrations of the compounds of interest. All metabolites were in
the normal range with the exception of Phe, the concentration
of which was 375.54 lmol/l, i.e., 5.77 times higher than the
mean value (65.04 lmol/l) detected in our 1,257 normal AF
(see Table 5). Before undertaking further analysis on the

253.89 ± 56.77

80–480

According to the follow-up, all these samples were from actually
normal pregnancies
Values are the mean ± S.D. of 1,295 AF samples. Compounds are
tabulated according to their respective retention times. Reference
values are the confidence intervals calculated in the first set of 1,257
normal pregnancies and reported in Table 3. All samples had values
of each of the above reported compounds falling within the confidence interval of its respective reference values

fetus, we determined Phe concentration in maternal serum. A
value of 360.88 lmol/l serum (equaling Phe found in AF)
induced us to hypothesize a case of maternal mild hyperphenylalaninemia (MHPA). Results of the subsequent
molecular analyses of the coding and splicing regions of the
phenylalanine hydroxylase (PAH) gene carried out on the
cDNA extracted from peripheral blood of both parents, as
well as on the fetal cDNA extracted from amniocytes, indicated that: (i) the father was carrying in heterozygosis the
missense mutation V230I; (ii) the mother was affected by
phenylketonuria (PKU) (OMIM 261600) with mild hyperphenylalaninemia (MHPA), carrying in heterozygosis the
two mutations IVS 4 ? 5 G–T and D394A; (iii) the fetus was
carrying in heterozygosis the maternal D394A mutation.
During the remaining period of the pregnancy, a low-Phe diet
normalized maternal serum Phe (below 120 lmol/l), therefore avoiding any fetal developmental anomaly. The neonate
was born healthy.

Discussion
The fundamental importance of metabolic neonatal
screenings for an early diagnosis of IEM, particularly when
the IEM-associated symptoms can be nutritionally and/or
pharmacologically ameliorated or even abolished, is nowadays a well-acquired concept. Differently, its relevance in
the prenatal setting has still to be established. Studies
performed with this aim have been conducted either in
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Table 7 Concentration of 29 amino compounds detected by HPLC in
1,295 AF samples analyzed during the second part of the study
Compound

Concentration
(lmol/l AF)

Reference values
(lmol/l AF)

Asp

7.47 ± 1.35

Glu

119.70 ± 36.88

40–300

1.25 ± 0.43
46.83 ± 7.75

0.1–6
30–100

Arg-succ
Asn
AAAA
Ser

1–12

0.56 ± 0.13

0.1–4

26.43 ± 5.41

5–50

Gln

155.93 ± 61.41

60–350

His

107.95 ± 26.29

40–170

SAM

0.93 ± 0.54

0.1–5

Gly

176.19 ± 53.97

100–350

Thr

177.54 ± 35.87

80–350

Citr

10.63 ± 3.50

3–20

Arg

40.28 ± 9.85

15–80

Ala

387.10 ± 50.47

Carn

6.87 ± 1.01

Tau

85.06 ± 14.37

GABA
Tyr
SAH
Cystat

0.75 ± 0.26
84.45 ± 21.47
1.01 ± 0.29

250–750
2–12
40–200
0.1–4
30–130
0.1–4

13.42 ± 2.04

10–40

Val

135.66 ± 38.70

70–350
15–45

Met

20.74 ± 2.36

NH3

3.42 ± 0.98

1.5–9

Trp

13.46 ± 2.36

3–18

Phe

58.07 ± 18.32

40–120

Ile

19.95 ± 4.53

10–50

Leu

112.46 ± 27.43

50–180

Orn

17.62 ± 8.44

Lys

251.86 ± 66.17

10–50
100–400

According to the follow-up, all these samples were from actually
normal pregnancies
Values are the mean ± S.D. of 1,295 AF samples. Compounds are
tabulated according to their respective retention times. Reference
values are the confidence intervals calculated in the first set of 1,257
normal pregnancies and reported in Table 5. All samples had values
of each of the above reported compounds falling within the confidence interval of its respective reference values
Abbreviations of compounds different from standard amino acids are
as in Table 5

selected populations of pregnant women at risk for some
specific IEM [7, 13] or in a relatively limited number of
samples [11, 12, 18], or by measuring a restricted number
of analytes [19]. To the best of our knowledge, no results
have been reported to date in which metabolic prenatal
screenings have been carried out with the same criteria
used in the metabolic neonatal screenings: (i) simultaneous
determination of several metabolites to obtain a broad
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spectrum of potentially diagnosable IEM; (ii) high number
of samples screened in a population with unknown risk for
IEM.
To carry out screening using the aforementioned criteria, reliable reference values of the metabolites under
evaluation in AF from actually normal pregnancies must be
available. Thanks to the largest sample size of AF from
actually normal pregnancies reported to date (n = 1,257),
the present study produced suitable reference values for a
relatively high number of compounds (n = 45) of different
chemical classes (purines, pyrimidines, creatinine, MA,
MMA, NAA, standard and non-standard amino acids, and
additional amino compounds). In the first part of the study,
this allowed to calculate 95% confidence intervals also for
those compounds related to several relevant IEM (purines
and pyrimidines) for which valid ranges of variability were
still unavailable (Tables 3, 5). According to the data
obtained during the second part of this study, additional
1,295 AF from actually normal pregnancies gave results for
the various metabolites always falling within the reference
values illustrated in Tables 3 and 5. This striking result
strongly reinforces the validity of our reference values that
can reliably be used to monitor the metabolic profile of
unknown samples, at least for the 45 compounds considered in this study. Altogether, this set of 2,552 AF assayed
represents the largest sample size ever reported in literature
in which the metabolic profile, including 45 compounds of
different chemical classes, was characterized.
The metabonomic approach to characterize AF composition indicated that fetal anomalies may be accompanied
by alterations in the AF metabolic profile [11, 12]. During
the first and second part of our study, we had the opportunity to analyze also 24 AF from Down’s syndromeaffected fetuses. Our results (Fig. 3) evidenced that all
these specific pathological AF had concentrations of Glu
and Gln falling outside the lowest and the highest value,
respectively, of their corresponding confidence intervals
determined in normal AF. Consequently, a ninefold
decrease in the Glu/Gln ratio (0.083) with respect to the
value determined in AF from normal fetuses (0.76) was
observed (P \ 0.001). Since excreted glutamate is also
derived by the renal deamination of glutamine, it may be
hypothesized that Down’s syndrome-affected fetuses suffer
from delayed renal development that ultimately causes
decrease in the Glu/Gln ratio in AF. It might also be supposed that if the decrease in the fetal availability of glutamate is persistent throughout the whole period of fetal
development, it is responsible for some of the neuronal
disturbances characteristics of this pathological state. Furthermore, the analysis of the full amino acid profile
revealed significant decrease in the values of several
essential amino acids (Val, Ile, Leu, and Lys), as well as in
the concentrations of Gly, Tau, and Orn (Fig. 3). The
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Fig. 3 Concentrations of Glu,
Gln, Gly, Tau, Val Ile, Leu,
Orn, and Lys in AF of actually
normal pregnancies (controls)
and in AF from Down’s
syndrome-affected fetuses. Each
histogram is the mean value of
1,257 (controls) or 24 (Down’s
syndrome-affected fetuses) AF
samples. Standard deviations
are represented by vertical bars.
In comparison with controls, all
these amino acids had
significantly different values in
AF from Down’s syndromeaffected fetuses (P \ 0.05)

concomitant reduction in the AF levels of Gly and Glu,
both involved in the neurotransmission processes, might
have cumulative negative effects on the fetal neuronal
functions. According to our knowledge, we here reported
the largest sample size of AF from Down’s syndromeaffected fetuses ever described, in which the metabolic
profile was characterized.
Although it was certainly not in the scope of the screening
to diagnose for maternal diseases, the case report of the
woman unaware to be affected by PKU with MHPA
described in this study, certainly rare and incidentally found,
was evidenced just thanks to this metabolic prenatal
screening. In fact, the analysis of her AF sample allowed to
show abnormally elevated Phe (375.54 lmol/l AF, about six
times higher than the value in controls), thus inducing us to
carry out the determination of Phe in maternal serum.
According to the data in literature, the level of Phe we found
in this AF sample, which was equal to that in the maternal
blood, was sufficient to cause abnormal fetal development
and irreversible damage to newborns [20–22]. Thanks to the
anomalous result in the AF metabolic profile, the mother was
biochemically and genetically diagnosed. A low-Phe diet
allowed her serum Phe to remain within non pathologic
limits, i.e. below 120 lmol/l during pregnancy [23–25]
ensuring normal fetal development and no postnatal deficit.
The heterozygoticity of the fetus could also be evidenced.
In conclusion, this study reports reliable reference values for a relevant number of compounds of various
chemical classes. Although limited to fetuses suffering

from the Downs’ syndrome, our results strongly corroborate the correlation between anomalies in the metabolic
profile of AF and the fetal development [11, 12, 26]. Furthermore, our data suggest that the metabolic profile of AF
and the approach adopted in the metabolic neonatal
screenings (broad spectrum of metabolites analyzed, large
size of samples screened in a sample population with
unknown risk for IEM) may be adopted as additional
biochemical test in amniocenteses, useful to highlight
anomalies potentially related to IEM. To this purpose, our
physiologic reference values obtained in AF from actually
normal pregnancies appear to be valuable to evidence
anomalous AF biochemical profiles potentially caused by
an IEM. The occasional case report here described would
seem to indicate that the analysis of the metabolic profile of
AF may provide additional information otherwise not
detectable with different laboratory and clinical tests. It
should also be recalled that the HPLC methods and the
sample preparation adopted can successfully be applied to
large-scale screenings, since they are characterized by
relative analytical rapidity, ease of sample preparation and
methods of analyses and, additionally, by low analytical
costs, thereby presenting unquestionable advantages with
respect to other analytical approaches [11, 12, 26].
Limitations of the study
It is worth underlining that the case report here illustrated
was not a case of fetal IEM. In addition, data presented
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does not support indications on the diagnostic performance
of the prenatal screening (percent of false positives and
false negatives). Even though a much larger sample size is
required before these information are available, we would
like to remind that to date neither false positive nor false
negative were recorded in these 1,681 AF samples
screened. It should also be recalled that other classes of
compounds, such as organic acids and acyl-carnitines,
might be assayed in AF to have a broader spectrum of IEM
potentially diagnosable. To fulfill these shortages, the
prenatal screening through the metabolic analysis of AF is
still in progress.
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