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Abstract

Introduction: Gestational diabetes mellitus may determine pregnancy outcome and impact on offspring health. Knowledge on associated meta-
bolic mechanisms may provide new biomarkers to support diagnosis and treatment protocols. Untargeted metabolomics is effective in biomarker 
search and, thus, of significant value in this context. 
Aims: This work aims to find urinary/salivary metabolic biomarkers of the disease and measure the impact of different treatments on metabolism, 
to unveil biomarkers for personalized treatment monitoring. 
Materials and Methods: Nuclear Magnetic Resonance spectroscopy and multivariate statistical analysis were employed to analyze maternal urine 
and saliva (n=39) and newborn urine (n=76). 
Results: Gestational diabetes impacted significantly on the composition of urine, particularly in the 3rd trimester of pregnancy. Results suggested 
disruptions in energy metabolism, and gut microflora, pyrimidines and hormonal metabolisms. Saliva composition was less sensitive to disease, 
however, both biofluids were responsive to treatment type, indicating that metabolic regulation to approach controls is clearer for diet and for 
insulin/metformin treatments. 
Conclusion: Urine metabolome is sensitive to gestational diabetes mellitus, providing a valuable source of metabolic biomarkers of the disease 
and treatment efficacy. Saliva composition is also responsive to treatment, appearing as a potential contributor biofluid for treatment follow-up 
protocols.

Keywords: gestational diabetes mellitus (GDM); metabolomics; urine; saliva; diagnosis; insulin; metformin

CORRESPONDENCE/CORRESPONDÊNCIA

Ana M. Gil
Department of Chemistry
University of Aveiro
Campus Universitário de Santiago
3810-193 Aveiro
Portugal
Telef./Phone: +351 234370707
E-mail: agil@ua.pt

Recebido/Received: 23/05/2022; Aceite/Accepted: 27/05/2022.

Impact of Gestational Diabetes and 
Treatment on the Metabolome of 
Non-invasive Biofluids: Searching 
for New Biomarkers

Impacto da Diabetes Gestacional e do Tratamento sobre o Metaboloma 
de Biofluidos Não-invasivos: Procurando Novos Biomarcadores

D. Duarte1, C. Pita2, F. Negrão2, I. Carreira3, J. L. Pereira4, A. L. Costa4, M. do Céu Almeida2, A. M. Gil1

1 – CICECO - Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, Portugal.

2 – Maternidade Bissaya Barreto, Centro Hospitalar e Universitário de Coimbra, Coimbra, Portugal.

3 – Cytogenetics and Genomics Laboratory and CIMAGO - Center for Research in Environment, Genetics and Oncobiology, Faculty of Medicine, University of Coimbra, 

Coimbra, Portugal. 

4 – Institute of Paediatric and Preventive Dentistry, Faculty of Medicine, University of Coimbra and CIROS - Center for Innovation and Research in Oral Sciences, Faculty of 

Medicine, University of Coimbra, Coimbra, Portugal.

Revista Portuguesa de Diabetes. 2022; 17 (2): 63-76
ARTIGO ORIGINAL
O R I G I N A L  A R T I C L E

> INTRODUCTION

Gestational diabetes mellitus (GDM) is an asymptomatic 
disorder which consists of carbohydrate intolerance wi-
th onset or first recognition during pregnancy. (1) The In-
ternational Diabetes Federation (IDF) estimated that 
GDM affected 13.4% of all live births in 2021, in females 
aged 20-49 years old. (2) Given the risks involved with 
GDM pregnancies and infants (e.g., preeclampsia, ma-
crosomia, neonatal hypoglycaemia and type 2 diabetes 
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been the most extensively studied sample type, followed 
by a consistent interest in urine during pregnancy, for its 
attractive non-invasive characteristics (which may ena-
ble larger, and longitudinal, cohorts to be evaluated). 
Saliva is another interesting non-invasive biofluid, al-
though to our knowledge, no studies have addressed 
this biofluid in the context of GDM. On the other hand, 
much work has been published for urine, although in-
terpretation of complex urine metabolic profiles faces 
important challenges, namely the impact of confoun-
ders (e.g., age, diet, lifestyle, body mass index) and the 
difficult identification of some metabolites. Despite the-
se, metabolite changes have been found in the urine of 
pregnant women prior to GDM diagnosis, (14,15,21,26-28,41-43) 
as well at diagnosis. (29, 33,35,44) Upon diagnosis, reports of 
maternal urine profiling of a large cohort of GDM wo-
men (n=823) (29) suggested increased excretion of glu-
cose and citrate with increasing hyperglycemia, whereas 
other reports unveiled decrease of carnitine in GDM wo-
men, and increases in several amino acids and other 
compounds were also found varying. (29, 33,35,44) The im-
pact of maternal GDM on newborn metabolism through 
urine (45,46) and meconium (45) has indicated disruptions in 
acylcarnitines, amino acids, lipid, polyamine and purine 
metabolisms, partially supported by earlier findings on 
umbilical cord of GDM newborns. (47) This has been 
followed by several reports on umbilical cord blood, re-
porting several metabolic variations in response to 
GDM. (23,48-54) To our knowledge, few studies of the im-
pact of different GDM treatments on maternal biofluids, 
(33,36-40) and particularly on maternal urine, (33) have been 
reported. 
The present paper describes a NMR metabolomics stu-
dy focused on non-invasive biofluids maternal urine 

Resumo

Introdução: A diabetes mellitus gestacional pode determinar o desfecho da gravidez e a saúde dos recém-nascidos, e a procura de novos mar-
cadores metabólicos pode apoiar melhorias no diagnóstico e tratamento desta doença. A metabolómica é uma ferramenta eficaz na procura de 
biomarcadores e, assim, de valor significativo neste contexto. 
Objetivos: Pretende-se encontrar biomarcadores metabólicos urinários e salivares da doença e da eficácia de diferentes tratamentos. 
Materiais e Métodos: Amostras de saliva e urina maternas (n=39) e de urina de recém-nascido (n=76) foram analisadas por espectroscopia de 
Ressonância Magnética Nuclear e análise estatística multivariada. 
Resultados: A diabetes gestacional afetou significativamente a composição da urina, principalmente no 3º trimestre da gravidez, sendo sugeridos 
desvios no metabolismo energético, microflora intestinal, e metabolismos das pirimidinas e hormonal. A saliva é menos sensível à doença, no 
entanto, ambos os biofluidos responderam fortemente ao tipo de tratamento, indicando uma melhor regulação metabólica associada aos trata-
mentos por dieta e com insulina/metformina. 
Conclusão: O metaboloma urinário é sensível à diabetes mellitus gestacional, fornecendo uma valiosa fonte de biomarcadores metabólicos da 
doença e da eficácia do tratamento. A composição da saliva é também responsiva ao tratamento, podendo contribuir com novos marcadores 
associados a protocolos terapêuticos da GDM. 

Palavras-chave: diabetes mellitus gestacional; metabolómica; urina; saliva; diagnóstico; insulina; metformina

later in life), (3) there is still a need for early and efficient 
biomarkers for further refinement of GDM diagnosis 
and treatment protocols. Metabolomics has been used 
to search for metabolic markers of GDM and assess the 
impact of the condition on maternal and fetal metabo-
lisms, using maternal biofluids (blood serum/plasma, 
urine, breast milk, placenta, hair) and fetal/newborn 
samples (amniotic fluid, umbilical cord blood, newborn 
meconium and urine) as reviewed thoroughly in the lite-
rature. (4-11) The typical metabolomics workflow (Figure 1) 
may be applied to biofluids, tissues or cells, subjected to 
a certain perturbation of interest (e.g. disease). This 
omic usually employs Mass spectrometry or Nuclear 
Magnetic Resonance (NMR) spectroscopy as analytical 
platforms, both producing highly complex records and 
requiring multivariate statistical analysis (MVA) for mea-
ningful variations in metabolite levels to be detected. 
Such variations make up a signature that describes the 
response of the living organism to the disease under 
study, helping to generate biochemical hypotheses whi-
ch then require both statistical and biological validation, 
in order to translate into robust biomarkers, with poten-
tial clinical applications. 
In the context of GDM research, metabolomic studies 
have addressed different biofluids, using either NMR or 
MS-based metabolomics (including lipidomics), mainly 
aiming at i) searching for early predictive biomarkers, (12-

28) ii) defining a GDM metabolic profile which may add 
to traditional GDM diagnosis, (20,29-35) and iii) follow-up 
GDM treatment to find metabolic biomarkers of treat-
ment efficacy and pave the way for precision medicine 
protocols. (33,36-40) In Figure 2 an account of number of 
publications in this area is shown, as a function of year 
and biological matrix. It is clear that maternal blood has 
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and saliva, to 1) provide a dynamic description of GDM 
metabolism over pregnancy, to unveil new biomarkers 
of the disease and 2) measure the impact of different 
GDM treatments on maternal urinary and salivary com-
positions, to search for markers of treatment response. A 
brief note is also added on preliminary results on the 
impact of GDM on the newborn urinary metabolome.

> MATERIALS AND METHODS

Sampling

Maternal urine and saliva (passive drool method) sam-
ples were collected, in the morning at routine medical 
appointments and diabetes counselling appointments 
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Figure 1 - Schematic representation of a typical metabolomics experimental workflow. NMR, Nuclear Mag-
netic Resonance. FPR, false positive rate; ROC, receiver operating characteristic curve (for statistical valida-
tion); TPR, true positive rate. Figure created with elements available from BioRender.com.
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for women in their 1st, 2nd and 3rd trimesters (1st, 2nd and 
3rd T) of pregnancy, at the Maternity Bissaya Barreto 
(Hospital Center of Coimbra (CHUC) under ethical ap-
proval of the CHUC (CHUC-091-17, 25th June 2018) and 
supported by informed consents from each woman. Ta-
ble I lists the number of subjects and samples used in 
this study. GDM diagnosis was based on a first step com-
prising the measurement of fasting plasma glucose 
(FPG) at the first prenatal visit (1st T), followed by a se-

cond step consisting of the oral glucose tolerance test 
(OGTT), performed at 24-28 g.w. The guidelines followed 
for GDM diagnosis may be found elsewhere. (55) Metada-
ta for healthy and treatment type (diet only, insulin, me-
tformin or metformin/insulin combination) for GDM 
women were obtained from medical records and trea-
ted women were followed, with samples collected lon-
gitudinally for each woman when possible (Table I). For 
newborns (46 healthy newborns and 30 babies born 
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Figure 2 - Number of scientific papers published on GDM metabolomics, as a function of year and colored according to biological matrixes studied. 
In “Other maternal samples” the following biological matrixes are included: breast milk, feces, exhaled breath condensate (EBC), placenta (tissue) and 
hair. Newborn samples include umbilical cord blood, urine, meconium and dried blood spots. This information was obtained from consultation of the 
Web of Science (https://www.webofscience.com/) up to December of 2021.

Group
1st T 2nd T 3rd T

Urine Saliva Urine Saliva Urine Saliva

Controls 13(13) 13(13) 9(9) 9(9) 9(10)a/ 12(17)b 6(7)a/ 9(13)b

NT-GDM 3(3) 3(3) 10(10) 8(8) 14(14) 14(14)

D-T - - 2(4) 2(4) 7 (9) 6(7)

I-T - - - - 3(14) 3(14)

M-T - - 1(4) 1(3) 5(18) 5(17)

MI-T - - 2(5) 2(4) 2(5) 2(3)

Table I - List of subjects and samples (urine and saliva) for each group under study. Number of samples are shown in brackets, bearing in mind 
that some women donated more than one sample in some cases. a number of subjects and samples used for the comparison between controls 
and NT-GDM, matching gestational age as far as possible; b number of subjects and samples used for the comparison between controls and each 
GDM treatment. D-T, diet treatment; I-T, insulin treatment; NT-GDM, non-treated GDM; MI-T, metformin/insulin combination treatment; M-T, 
metformin treatment.
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from GDM mothers), urine samples were collected as 
described elsewhere, (56) in the first days of life (days 1-6), 
under ethical approvals of the Hospital Center of Coim-
bra: 18/04 and 29/09, and CHUC-091-17, 25th June 2018. 
Informed consents were obtained from parents/carers 
for each infant. All samples (maternal saliva and urine, 
and newborn urine) were stored for up to 3 weeks at 
-20º C and then transferred to -80 ºC until analysis.

Sample Preparation and NMR Spectroscopy

Maternal and newborn urine samples were thawed at 
room temperature (RT) and 800 μL (maternal urine) or 
600 μL (newborn urine) were centrifuged (4500 g, 25 ºC, 
5 min, Sigma 2-16P centrifuge). Sample preparation has 
been described elsewhere. (33,56) For each urine sample, a 
standard 1H (proton) NMR spectrum was recorded on a 
Bruker Avance III HD spectrometer, operating at 500.13 
MHz for proton, at 300 K, using acquisition conditions 
described previously. (33,56) Urine peak identification was 
carried out with basis on literature, (33,56-58) the Human 
Metabolome Database (HMDB), (59) and bidimensional 
(2D) NMR experiments.
Regarding maternal saliva samples, after thawing at RT, 
each sample was centrifuged (9184 g, 4º C, 1 h). Then, 
sample preparation and spectra acquisition followed 
protocol reported previously. (60,61) Saliva peak identifica-
tion was carried out based on specific literature reports 
(62-65) and as for urine.

Data Preprocessing and Statistical Analysis

After manual phase and baseline correction, the NMR 
spectra of urine and saliva were converted into a matrix 
of rows and columns, corresponding to samples and va-
riables, respectively (Amix 3.9.5, Bruker BioSpin, Rheins-
tetten, Germany). For urine, spectral regions of water δ 
4.50-5.05) and urea (δ 5.60-6.20) were excluded whe-
reas for saliva only that of water was excluded. Spectra 
alignment was performed to reduce chemical shift va-
riations due to different sample pH, as described el-
sewhere (66) (Matlab 8.3.0, The MathWorks Inc., Natick, 
Massachusetts, USA). Spectra were normalized to total 
spectral area to account for differences in sample con-
centrations.
Multivariate analysis (MVA) was carried out using SIM-
CA-P software, version 11.5 (Umetrics, Umeå, Sweden), 
applying Principal Component Analysis (PCA) and Par-
tial Least Squares – Discriminant Analysis (PLS-DA) to 
unit variance scaled data. PLS-DA model robustness was 
evaluated by Q2 (predictive power) and Monte Carlo 

cross-validation (MCCV). Classification rates (CR), speci-
ficity and sensitivity were calculated and model predicti-
ve power was assessed using a ROC curve mapping. 
PLS-DA models were considered robust when having a 
predictive power Q2 > 0.50. (67,68) All peaks with no or mi-
nimal overlap were integrated in the original spectra 
(Amix 3.9.5) and normalized to total spectral area. The 
individual statistical significance of each peak integral 
was computed by the Wilcoxon rank sum test (based on 
the assumption that data are non-normally distributed) 
(R-statistical software). Metabolite variations were ex-
pressed as effect size (ES) which accounts for group dis-
persion. (69)

> RESULTS AND DISCUSSION 

Figure 3 shows typical 1H (proton) NMR spectra of ma-
ternal urine and saliva (collected in the 1st trimester of 
pregnancy). In this type of record (or spectra), each me-
tabolite present in the sample contributes with a specific 
set of peaks depending on its chemical structure. Some 
examples of metabolites thus detected in urine are 
shown in Figure 3a, becoming clear that citrate, creatini-
ne, glycine and hippurate predominate in urine sam-
ples. The result is a complex record, which reflects tens 
or hundreds of different metabolites which, together, 
potentially provide a large wealth of compositional in-
formation. Detecting changes in these profiles due to 
the presence of a disease, such as GDM, compared to 
controls, is the basis of metabolomic strategies. In addi-
tion, a typical spectrum of saliva (Figure 3b) exhibits bo-
th narrow and broad peaks, arising from small metabo-
lites and macromolecules (mainly proteins), respectively. 
The profile of the saliva spectrum is clearly distinct from 
that of urine, showing lower peak intensity in the higher 
chemical shift region, and peaks arising mainly from 
acetate, ethanol, glycine, methanol and propionate.
The use of multivariate analysis methods (both unsuper-
vised methods such as PCA which assess group separa-
tion in an unbiased way, and supervised methods such as 
PLS-DA which maximize group separation and aid inter-
pretation) produces scores scatter plots such as shown 
for PLS-DA of urine in the three pregnancy trimesters 
(Figure 4). In this type of plots, each symbol represents 
one sample (or spectrum) and the statistical robustness 
of group separation is measured by the value of the Q2 
parameter (predictive power) which, if > 0.5, identifies 
robust group separation. Inspection of Figure 4 indicates 
that the graphical separation between urine samples 
from the diagnosed but non-treated GDM group (NT-
-GDM, open squares) seems statistically stronger in the 
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1st trimester (Figure 4, left; Q2 0.5, even though with only 
3 samples) and 3rd trimester (Figure 4, right; Q2 0.64). 
The next step of the analysis is to identify which meta-
bolites explain the group separation viewed through 
the scores plots. This is carried out by analysis of the loa-
ding plots (not shown) associated to each scores scatter 
plot and, subsequently by peak integration to quantify 
metabolite variations. Based on such analysis, the ove-
rall metabolite changes and putative biochemical expla-
nations (Figure 5) indicate, firstly, that in the 1st trimester 
(black symbol following metabolite names) no meanin-
gful changes could be confirmed, most probably due to 
the low number of samples (n = 3) in the NT-GDM 
group. In addition, the GDM signature in the 2nd trimes-
ter (red symbols after metabolite names, Figure 5) indi-

cate excretion of i) lower levels of galactose, and histidi-
ne (changes in glycolysis and tricarboxylic acid (TCA) 
cycle activities), hippurate (changes in the gut microflo-
ra); and ii) higher levels of 5β-pregnane-3α, 20α-diol-
3α-glucuronide (P3G, deviations in hormone metabo-
lism), N-acetylneuraminic acid (Neu5Ac) and 
2-hydroxyisobutyrate (2-HIBA) (possibly related to gut 
microflora). It is important to note that these changes 
occur compared to healthy control women in the same 
trimester of pregnancy, so that they may be interpreted 
as arising in connection with GDM and not due to preg-
nancy progression. In the 3rd trimester (green symbols 
after metabolite names, Figure 5), GDM induces more 
changes compared to earlier stages. Namely, important 
changes are noted for metabolites directly or indirectly 
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Figure 3 - Examples of 1H NMR spectra of a) urine and b) saliva collected for a pregnant woman in her 1st trimester of pregnancy. *, spectral regions 
excluded for urine (water and urea) and saliva (water), due to their random contributions. Abbreviations: 3-letter code used for amino acids; BCAAs, 
branched chain amino acids; TMAO, trimethylamine-N-oxide. Please note that chemical shift scales are distinct between the two spectra.
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related to energy metabolism, in particular glycolysis 
and TCA cycle: lower levels of galactose, lactose, 4-deo-
xythreonic acid (4-DTA), isoleucine, valine (probably re-
quired to keep a high energetic metabolism activity), 
and higher citrate levels, which also may reflect high 
glycolytic activity (accommodating higher contribu-
tions from galactose and lactose). Also in the 3rd trimes-
ter, GDM pregnant women excrete lower levels of: i) 
pseudouridine (change in pyrimidines degradation); ii) 
hippurate, phenylacetylglutamine (PAG), indoxyl sul-
phate and scyllo-inositol (all four probably reflecting 
changes in gut microflora); and iii) P3G and progestero-
ne metabolite Pn3G, 3-hydroxyisovalerate (3-HIVA), 
malonate and estrogens in general, in part confirming 
the hormonal deviant behavior already suggested in the 
2nd trimester of GDM women. These results show, for the 
first time to our knowledge, that GDM has distinct me-
tabolic signatures depending on the trimester when it 
affects the pregnancy, with 3rd trimester GDM affecting 
metabolism more strongly, as viewed by the changes in 
the excreted metabolome. Interestingly, the NMR meta-
bolomic analysis of urine of babies born from GDM mo-
thers (data not shown), compared to controls offspring, 
suggested disruptions in gut microflora (observed 
through changes in hippurate and dimethylamine) and 
some aspects of energetic metabolism (reflected on dis-
tinct levels of alanine and acetone). The impact of GDM 
on newborn health may shed light into prediction and 
understanding of GDM long-term effects on children’s 
health, an aspect which justifies further investigation.

A similar study was carried out with saliva samples col-
lected from pregnant controls and GDM women, having 
shown only a decrease in acetoin in the first trimester 
and, thus, indicating that the salivary metabolome is 
significantly less sensitive to the disease than that of uri-
ne. We propose that the urinary metabolic changes ex-
pressed in Figure 5 may become easily measurable in 
the urine of pregnant women so that additional infor-
mation on a potential GDM diagnosis is provided. In 
addition, if some of these changes are detectable in the 
urine of control pregnant women, they may be predicti-
ve of GDM later in pregnancy. 
In relation to the effects of GDM treatment on the excre-
ted metabolome, the PLS-DA scores scatter plot of all 
groups – controls, diet-treated (D-T), insulin-treated (I-
T) and metformin-treated (M-T) (Figure 6a) - indicates 
that insulin and metformin treatment have different 
effects on urine composition, whereas the D-T group is 
positioned close to controls. The treated group posi-
tions relatively to the control group (and underlying 
metabolite differences) may reflect both the severity of 
the disease (with diet-treated subjects, less severely 
affected by GDM, approaching controls) and the speci-
fic mechanisms of action of the treatment agents. The 
heatmap in Figure 6b represents the metabolite varia-
tions (increases and decreases in red and blue, respecti-
vely) of each treated group, compared to healthy preg-
nancies, with the addition of the insulin/metformin 
combination treatment (MI-T, right column in Figure 
6b). Considering only the identified metabolites (i.e. not 

1st Trimester 2nd Trimester 3rd Trimester

Figure 4 - PLS-DA scores scatter plots obtained for the 1H NMR spectra of maternal urine samples of women with diagnosed and untreated GDM (NT-
GDM), compared to healthy pregnant subjects, as a function of pregnancy trimester. LV, latent variable; Q2, predictive power. 
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the still unassigned resonances shown in the bottom 
section of the heatmap, which nevertheless are part of 
the metabolic signatures), the effect of diet treatment 
regulates most metabolites effectively, as shown by the 
large number of blank boxes (levels matching those of 
controls) and the generally weak changes in 2-ketoglu-
tarate (2-KG, a tricarboxylic acid cycle intermediate, re-
flecting alterations in energy metabolism), malonate 
(altered fatty acid biosynthesis); and dimethylglycine 
(DMG) and methylguanidine (amino acid and protein 
adaptations). It is expected that the return of these four 

metabolites to control levels would indicate a successful 
outcome of the treatment. On the other hand, the num-
ber of changing metabolites under I-T and M-T is much 
larger, compared to D-T, with both treatments resulting 
in significantly distinct signatures. The detailed analysis 
of these effects is the subject of ongoing work and 
should provide information on i) the mechanism of ac-
tion of insulin and metformin, and ii) the extent to which 
each treatment, and each individual, approach control 
(healthy) conditions during treatment. This knowledge 
will enable the personalized follow-up of pregnant wo-
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Figure 5 - Putative urine metabolic adaptations detected at the time of GDM diagnosis and before treatment (non-treated GDM: NT-GDM). Altered 
levels in urinary metabolites are color-coded in black, red and green, for the 1st, 2nd and 3rd trimester, respectively. Metabolites in bold are those 
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phenylacetylglutamine; Pn3G, a progesterone metabolite (likely allopregnanolone or corresponding isomers).
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Figure 6 - a) PLS-DA scores scatter plot representing the 1H NMR spectra of urine collected from 3rd T controls (grey squares, n=12, 17 samples), diet-
treated subjects (light green squares, n=7, 9 samples), insulin-treated subjects (red squares, n=4, 14 samples) and metformin-treated subjects (green 
square, n=5, 18 samples; b) heatmap representing metabolite variations in maternal urine (expressed as effect size) and shown to increase (red tones) or 
decrease (blue tones), with statistical relevance (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001). Abbreviations: 2-HIBA, 2-hydroxyisobutyrate; 
2-KG, 2-ketoglutarate; 2-py, N-methyl-2-pyridone-5-carboxamide; 3-HIVA, 3-hydroxyisovalerate; 4-DEA, 4-deoxyerythronic acid; 4-HPA, 4-hydroxy-
phenylacetate; 4-OH-hippurate, 4-hydroxyhippurate; DMG, dimethylglycine; D-T, diet-treatment; IS, indoxyl sulphate; I-T, insulin-treatment; MI-T, 
combination metformin/insulin-treatment; M-T, metformin-treatment; P3G, 5β-pregnane-3α,20α-diol-3α-glucuronide; PAG, phenylacetylglutamine; 
Ui, unassigned resonances ordered by increasing chemical shift (br, broad; d, doublet; s, singlet) .

men treated for GDM, through their urinary metabolo-
me, aiding the clinician in the timely definition of indivi-
dual treatment protocols. Interestingly, when insulin 
and metformin are combined, the resulting excreted 
metabolic profile almost completely matches that of 

controls (except for persisting higher levels of cis-aconi-
tate, 4-deoxyerythronic acid (4-DEA), 3-HIVA, gut mi-
croflora metabolite 2-HIBA, and amino acid derivatives 
DMG and creatinine. This suggests that, in this particular 
cohort, the combined treatment is relatively more suc-
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Figure 7 - Heatmap representations of the effects of different treatments in maternal saliva, namely diet (D-T), Insulin (I-T), metformin (M-T) and 
combination of metformin/insulin (MI-T) on saliva compositions in the a) 2nd trimester and in the b) 3rd trimester of pregnancy. Metabolite variations 
are expressed as effect size and shown to increase (red tones) or decrease (blue tones), with statistical relevance (* p-value < 0.05, ** p-value < 0.01, 
*** p-value < 0.001. Abbreviations: 3-letter code used for amino acids; 4-HPLA, 4-hydroxyphenyllactate; 5-APO, 5-aminopentanoate; DMA, dimeth-
ylamine; NAG, N-acetyl group of glycoproteins; TMA, trimethylamine; Ui, unassigned resonances ordered by increasing chemical Shift (br, broad; m, 
multiplet; s, singlet).

cessful in approaching the metabolic status of controls, 
and that the persisting changed metabolites may beco-
me valuable indicators of treatment success, in a perso-
nalized manner. 
In addition, treatment was shown to impact importantly 

on salivary metabolome too, both in the 2nd and 3rd tri-
mesters of pregnancy (Figure 7 a) and b), respectively). 
Results shown for a small 2nd trimester cohort, treated 
either with diet, metformin or insulin/metformin (Figure 
7a), again show that diet and the combined treatment 
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seem more effective to approach healthy conditions 
(larger number of blank boxes), compared to metformin 
alone, which seems to disrupt the salivary metabolome 
to a larger extent. In the 3rd trimester (Figure 7b), the ex-
tent of salivary metabolism disruption is significantly 
more enhanced (larger number of metabolites with al-
tered levels compared to controls), although again diet 
and the insulin/metformin combined treatment seem to 
regulate the salivary metabolome more effectively into 
approaching controls. The above results indicate that, 
despite the disease not affecting saliva composition, as 
viewed by NMR metabolomics, different treatments in-
duce distinct salivary metabolic signatures, paving the 
way to identify, validate and translate to the clinic, both 
urinary and salivary markers of treatment efficacy (with 
potential personalized use).

> CONCLUSION

This paper presents a Nuclear Magnetic Resonance me-
tabolomics study of non-invasive maternal biofluids, uri-
ne and saliva, with the aims of finding new biomarkers of 
GDM and of treatment efficacy. As the study considers 
the disease and treatment effects in different trimesters, 
one limitation that arises in some cases is the number of 
available samples, particularly for saliva the collection of 
which is more lengthy, compared to urine. Despite this, 
results have clearly shown that the metabolome of urine 
is sensitive to gestational diabetes mellitus, this biofluid 
providing a valuable source of metabolic biomarkers of 
the disease and of treatment efficacy. On the other hand, 
saliva metabolite composition seems to be insensitive to 
GDM, although it is responsive to treatment. This bio-
fluid appears, therefore, as a potential contributor bio-
fluid for treatment follow-up protocols. <
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