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Abstract
Gestational diabetes mellitus (GDM) is the most common medical complication of pregnancy and a severe threat to pregnant people and off-
spring health. Themolecular origins of GDM, and in particular the placental responses, are not fully known. The present study aimed to perform
a comprehensive characterisation of the lipid species in placentas frompregnancies complicatedwith GDMusing high-resolutionMS lipidomics,
with a particular focus on sphingolipids and acylcarnitines in a semi-targeted approach. The results indicated that despite no major disruption in
lipid metabolism, placentas from GDM pregnancies showed significant alterations in sphingolipids, mostly lower abundance of total ceramides.
Additionally, very long-chain ceramides and sphingomyelins with twenty-four carbons were lower, and glucosylceramides with sixteen carbons
were higher in placentas from GDM pregnancies. Semi-targeted lipidomics revealed the strong impact of GDM on the placental acylcarnitine
profile, particularly lower contents of medium and long-chain fatty-acyl carnitine species. The lower contents of sphingolipids may affect the
secretory function of the placenta, and lower contents of long-chain fatty acylcarnitines is suggestive of mitochondrial dysfunction. These alter-
ations in placental lipid metabolism may have consequences for fetal growth and development.
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With an increasing prevalence of 16 % worldwide and 18 % in
Brazil, gestational diabetes mellitus (GDM) is a complex meta-
bolic disorder whose pathophysiology is not completely under-
stood(1,2). Fetal growth abnormalities are commonly reported,
including large-for-gestational age and growth-restricted babies.
Furthermore, pregnant people who develop GDM have an

increased risk of developing type 2 diabetes mellitus and
cardio-metabolic disorders postpartum(3–5). In addition to alter-
ations in glucose homeostasis and insulin resistance, hypertrigly-
ceridaemia and elevated non-esterified fatty acids are observed
in the circulation of pregnant people with GDM, particularly in
those who are obese(6). These alterations in glucose and lipid
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metabolism usually resolve postpartum but may contribute to
the development of type 2 diabetes.

The placenta appears to play an active role in the pathophysi-
ology of GDM as placental DNA methylation is associated with
insulin sensitivity(7). Additionally, the expression of placental
genes related to fatty acid esterification and lipid droplet accu-
mulation is higher(8), and higher amounts of microRNAs target-
ing insulin resistance pathways and lipid metabolism have been
reported(9). However, how these molecular changes translate
into changes in placental metabolites have not yet been fully
addressed. Therefore, investigation of placental metabolic path-
ways that are altered in GDM is essential to understand the path-
ophysiology of this disease.

Alterations in sphingolipid metabolism have been implicated
in the pathophysiology ofmanymetabolic diseases, including dia-
betes(10,11). In particular, ceramide species with C16:0 and C18:0
participate in liver dysfunction, insulin resistance and glucose
intolerance(12,13) whereas those with very long carbon chains,
such as C24:0 and C24:1, seem to exert opposite effects(14).
Sphingolipid metabolism during pregnancy has not been fully
addressed; however, a recent study with 800 pregnant people
in the UK identified lower plasma concentrations of sphingomye-
lin (SM) species 32:1, 41:2 and 42:3 early in the second trimester to
be related to GDM development later in pregnancy(15). How, and
to what extent, alterations in plasma sphingolipids (SP) are asso-
ciatedwith alterations in sphingolipidmetabolism in the placenta,
particularly in pregnancies complicated with GDM, are not
known. In this respect, alterations in placental ceramide (Cer)
metabolism have been linked to inflammation and mitochondrial
dysfunction in GDM pregnancies, and both an overall higher pla-
cental ceramide content(16) and a decrease in specific ceramide
species have been reported(17). Altogether, these data suggest that
sphingolipids participate in the pathophysiology of GDM and
highlight the need for further investigation of alterations in placen-
tal sphingolipid metabolism.

Acylcarnitines are metabolites linked to insulin resistance,
and distinct acylcarnitine species reflect not only mitochondrial
fatty acid oxidation but also amino acidmetabolism and interme-
diary metabolism(18). There are few reports of alterations in acyl-
carnitine species in pregnancies complicated with GDM.
Medium-chain fatty acylcarnitine (MCFA-carnitine) and short-
chain fatty acylcarnitine (SCFA-carnitine) species were shown
to be higher in the plasma of pregnant people with GDM(19)

and lower amounts of a particular acylcarnitine, hydroxy-isova-
leryl-carnitine, in the first trimester of pregnancy have been
shown to be a predictor of GDM(20). In pre-gestational obesity,
placental lipid accumulation is related to decreased mitochon-
drial β-oxidation and lower contents of total free carnitine and
acylcarnitine(21–23); however, the acylcarnitine species in placen-
tas from pregnancies complicated with GDM are yet to be
determined.

To address these important aspects, the present study aimed
to comprehensively characterise the lipid species in placentas
from pregnancies complicated with GDM by mass spectrometry
lipidomics, with a particular focus on sphingolipids and acylcar-
nitines in a semi-targeted approach.

Experimental methods

Materials

All solvents were Chromasolv LC-MS grade. Methanol, chloro-
form, ultrapure water and analytical standards were purchased
from Sigma Aldrich (Merck KGaA).

Study design and participants

This current study was part of a prospective cohort at the
Maternidade Escola of the Universidade Federal do Rio de
Janeiro (UFRJ). This cohort took place from July 2017 to
March 2019 and the recruitment period lasted until December
2018. The term women was used to accurately reference the
study’s findings, as only cisgender women participated in the
present study. Women who were up to 28 weeks of pregnancy,
between 18 and 45 years old, intended to deliver at the
Maternidade Escola, were non-smokers, had a singleton preg-
nancy, were free of infectious and chronic diseases (except
obesity) and had a BMI> 18·5 kg·m-2 were included. Sixty-four
women who met the eligibility criteria agreed to participate in
the study and a total of forty-three women completed the fol-
low-up until delivery. For this study, we prioritised the homo-
geneity of placental samples and those with detected fetal and
newborn complications were not included, resulting in a final
sample size of thirteen placentas. A flow diagram of participants’
recruitment for the cohort and final sample size is shown in
Supplementary Fig. 1.

GDM diagnosis followed the criteria proposed by the
American Diabetes Association(1) and was performed between
the 24th and 28th weeks of gestation. Clinical and socio-demo-
graphic characteristics and neonatal and obstetric outcomes of
subjects were collected from medical records. Dietary intake
was obtained during consultations in the second and third tri-
mesters by trained professionals (see Supplementary method
S1 for a detailed description of the dietary intake assessment).
GDM management included nutritional counselling for all and
insulin therapy for the majority of women participating in the
study (see the ‘Results’ section).

Ethical approval

This study was conducted according to the guidelines laid down
in the Declaration of Helsinki, and all procedures involving
human subjects/patients were approved by the Research
Ethics Committee (CEP) of theMaternidade Escola-UFRJ and reg-
istered at the Research Ethics National Council (CONEP), under
nº. 66949217.0.0000.5275 (Certificate of presentation for ethic
appreciation- CAAE). The study was registered at The
Brazilian Clinical Trials Registry (REBEC; RBR-3xbpwqy) and
clinicaltrials.org (NCT 05174728). Written consent was obtained
from all subjects.

Biological samples

Placental samples were collected at delivery from thirteen
women according to a standardised protocol(24). Briefly, villous
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samples (1–2 cm3) were taken at four random sites, representa-
tive of the whole tissue, from the maternal surface after the
removal of the basal plate and decidua. Villi were washed twice
in ice-cold phosphate-buffered saline at 4°C, cut into smaller
pieces (50–100 mg), placed into cryovials (all four sites com-
bined) and immediately frozen in liquid nitrogen. All samples
were stored at −80°C until analysis.

In this study, placental samples from healthy (nGDM; n 7)
and GDM pregnancies (GDM; n 6) were used. Placental samples
fromwomenwho developed pre-eclampsia or hypertensive dis-
orders, hyper/hypothyroidism or other pregnancy complica-
tions (e.g. cholestasis, chorioamnionitis, fetal and newborn
abnormalities) and clinical dyslipidemia were not included.

Placental open profile and semi-targeted lipidomics

Internal standards for open profile lipidomics. A mixture of
twenty-four deuterated lipids (online Supplementary Table S1)
representative of the following lipid categories and classes
was used as internal standards (I.S.) for placental lipid profile
analysis: (1) glycerophospholipids category: phosphatidic acid
(PA), phosphatidylcholine (PC), phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine (PS); (2) sphingolipids
category: sphingomyelins, ceramides and (3) glycerolipids cat-
egory: triacylglycerols (TAG) and fatty acids. Stock solutions
were prepared as follows: 10 mg of each standard was dissolved
in 1·0 ml of methanol, apart from TAG (45:0) and TAG (48:0),
which were dissolved in 1·0 ml of chloroform:methanol
(1:1, v/v) and TAG (54:0), that was solubilised in chloroform:
methanol (2:1, v/v). Subsequently, all stock I.S. solutions were
mixed and diluted (100 ×) with isopropanol:acetonitrile:water
(IPA:ACN:H2O, 2:1:1, v/v/v) to prepare an I.S. mixed working
solution that was used as a reconstituting solution for the
extracted and dried-down samples.

Internal standards used for acylcarnitine analysis. A stock
solution containing eight deuterium-labelled acylcarnitines
(200 μmol/l each) was used for acylcarnitine analysis
(Cambridge Isotope Laboratories, Inc.): d9-carnitine, d3-acetyl-
carnitine, d3-propyonilcarnitine, d3-butyrylcarnitine, d9-isovaler-
ylcarnitine, d3-octanoylcarnitine, d9-myristoylcarnitine and d3-
palmitoylcarnitine. This stock solution was diluted 20 × with a
methanol:water solution (4:1 v/v) to prepare a working solution
that was added to the samples.

Placental lipid profile by high-resolution ion-mobility
lipidomics. Lipids were extracted using a modified Folch
method(25) and one technical replicate was performed for
each sample. The non-polar extract in chloroform was dried
under nitrogen and suspended with the I.S. working solution
in IPA:ACN:H2O (2:1:1, v/v/v) (I.S. mix composition in
Supplementary Table S1). Quality control samples consisted of
a pooled sample containing 10 μl aliquots of each sample.
Quality control samples were analysed in three technical
replicates.

All samples were analysed in positive and negative ionisation
modes. An Agilent 6560 Ion Mobility Quadrupole Time-of-Flight
mass spectrometer coupled with an Agilent 1290 ultra-HPLC

system was used to combine the separation power and selectiv-
ity of LC, ion mobility and MS techniques. The Dual Agilent Jet
Stream Electrospray Ionisation Source was operated separately
in positive and negative ion modes. A detailed description of
the LC-MS analyses is provided in Supplementary method S2.
Data pre-processing, including mass and collisional cross
section re-calibration and feature finding, was carried out using
the packages ion mobility-MS Reprocessor, ion mobility-MS
Browser and Mass Profiler from the MassHunter suite vB.08.00
(Agilent Technologies). The resulting data matrices were
processed using a KNIME pipeline comprising both KNIME
native nodes and integrated R scripts(26). Feature annotation
was performed based on the AccurateMassSearch node of the
OpenMS library.

All intensities were normalised to the wet weight of each pla-
cental sample. Annotated lipid species were classified into lipid
categories, according to the International Committee for the
Classification and Nomenclature of Lipids: fatty acyls, glyceroli-
pids, glycerophospholipids, SP and sterol lipids. Each lipid cat-
egory was subdivided into classes and subclasses(27). Data from
the quality control samples were used to calculate the CV % of
annotated lipid species.

Analysis of acylcarnitines in placenta by Ultra-HPLC/MS/
MS. A Thermo Scientific UHPLCþ Vanquish series coupled
with a TSQ Quantiva mass spectrometer (Thermo Fisher
ScientificUSA) was used with an electrospray ion source, oper-
ated simultaneously in positive and negative ion modes. The
organic phase was dried and reconstituted in 50 μl of the I.S.
working solution in a methanol:water solution (4:1 v/v). The
electrospray voltages were set to 3500 V (positive ion mode)
and 2500 V (negative ion mode). Nitrogen at 48 mTorr and
420°C was used as the drying gas for the solvent evaporation.
The organic phases were analysed with an ACE Excel 2 C18
PFP column (100 A°, 150 × 2·1 mm, 5 μm) conditioned at 40°
C. The mobile phase consisted of (A) 0·1 % formic acid in water
and (B) 0·1 % formic acid in methanol. The mobile phase was
pumped at a flow rate of 500 μl/min programmed as follows: ini-
tially at 99·5 % of A for 1 min, then subjected to a linear decrease
from 99·5 % to 0 % of A in 9 min maintained 100 % of B for 2 min,
then brought back to the initial composition after 0·1 min.
Xcalibur software (Thermo Fisher Scientific) was used for data
acquisition and processing. Metabolite’s annotation was per-
formed using targeted MS/MS analysis.

Prior to the statistical analysis, all intensities were normalised
to the wet weight of each placental sample. Acylcarnitines were
classified according to their carbon-chain length into short
(≤ C6), medium (C8–C12) and long-chain (> C14).

Statistical analyses

Data distribution was analysed using the Shapiro–Wilk test and
median and interquartile intervals, and the Mann–Whitney test
was used for data with asymmetrical distribution or mean and
standard deviation and Student’s t-test for data with normal dis-
tribution. Categorical variables were compared using the Fisher’s
exact test with absolute (n) and relative (%) frequencies. Partial
least-squares discriminant analysis (PLS-DA) was performed
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using MetaboAnalyst 5.0 software (https://www.metaboanalyst.
ca/) after data transformation using log10. The variable impor-
tance in the projection (VIP) score was used to identify the lipid
features with the greatest discriminatory effect between groups.
Univariate analyses were performed using unpaired Student’s
t-test with the log-transformed dataset. Multiple regression analy-
ses were used to investigate the combined effect of GDM, pre-
gestational BMI and maternal age on placental tissue content of
sphingolipids and residual plots were further assessed to deter-
mine if they were randomly distributed using GraphPad Prism
v9.0 (GraphPad Software).

Sample size was determined by the feasibility of recruitment
and eligibility criteria and minimum detectable effect size under
student’s t test is 1·63. In this context, we define effect size as the
difference between the means divided by the pooled standard
deviation (Cohen’s d), number of observations per sample n
7, significance level (Type I error probability= 0·05), power of
test (1 minus Type II error probability= 0·8) for a two-sided type
of test. Minimum detectable effect size under Mann–Whitney’s
non-parametric test is 2·02 for the same conditions as previously,
except for the number of observations per sample which has
been assigned to n 5 to account for the decreased power of
the non-parametric test (15 % penalisation).

Results

General characteristics of the women and the newborns

Table 1 shows the characteristics of the women and newborns
participating in the study. Pregnant women who developed
GDM were significantly older (P= 0·047), while the median

gestational age at birth was similar between the groups – 40
weeks in the nGDM and 38·6 weeks in the GDM group
(P= 0·09). Women who developed GDM entered pregnancy
with a significantly higher BMI than those in the nGDM group.
According to BMI classification, in the nGDM group ∼ 70 % of
women were lean (18< BMI< 25) and ∼ 30 % presented with
overweight/obesity (25< BMI< 40), whereas in the GDM group
100 % of women presented with overweight/obesity. Women in
theGDMgroup showed a tendency (P= 0·05) to gain lessweight
during pregnancy than those in the nGDM group.

Diabetes management was achieved by diet alone (17 % of
women, n 1) and diet þ insulin (83 % of women, n 5).
Metformin and other glucose-lowering drugs were not used
for GDM management. This corresponded to a well-controlled
cohort as fasting and post-prandial glucose levels of womenwith
GDM, measured during the last 2–3 months of pregnancy, were
within the normal range(28). Indeed, similar birth weight and
length were observed between the nGDM and GDM groups
and these parameters were also within the appropriate range(29).
Lastly, no differences were observed in the mode of delivery
between the nGDM and GDM groups, despite the fact that
83 % of women in the GDM group had an elective caesarean sec-
tion compared with 43 % in the nGDM group (P= 0·27). Taken
together, the similarities between the groups concerning gesta-
tional age at birth andmode of delivery are an important strength
of the present study, since they indicate that the placental
samples were subjected to the same conditions, except for
differences in maternal age, pre-gestational BMI and the devel-
opment of GDM.

Dietary records showed similar intakes of energy, carbohy-
drates, protein and lipids between the groups (online

Table 1. Women and newborn characteristics

Variables

nGDM (n 7) GDM (n 6)

P valueMedian p25–p75* Median p25–p75*

Women
Age (years)* 27 24–30 36 31–42 0·047
Pre-gestational BMI (kg/m²)* 22·5 21·4–25·3 29·8 27·7–33·7

% n† % n†
Lean (18< BMI< 25)† 71·4 5 0
Overweight/obesity (25< BMI< 40)† 28·6 2 100 6 0·035

Median p25–p75* Median p25–p75*
Total weight gain (kg)* 17·1 11·1–23·6 8·4 5·3–13·0 0·051
Gestational age at birth (weeks)* 40 38·8–41·1 38·6 37·7–39·1 0·094
Blood glucose (mg/dl)*,‡
Fasting N.A 86 75·5–99·8
Postprandial N.A. 112·5 86·5–131·8

% n† % n†
GDM management†
Diet N.A. 17·0 1
Diet þ insulin N.A. 83·0 5

Delivery mode† 0·266
Vaginal 57·1 4 16·7 1
C-section 42·9 3 83·3 5

Newborns
Sex† 0·592
Female 42·9 3 66·7 4
Male 57·1 4 33·3 2

Median p25–p75* Median p25–p75*
Birth weight (g)* 3670 3170–3770 3198 2706–3350 0·137
Birth length (cm)* 50·3 48·3–51·4 47·5 45·5–49·5 0·192

nGDM, healthy pregnancies (see ‘Methods’ section for eligibility criteria); GDM, gestational diabetes mellitus.
* Mann–Whitney test was used for comparing median values.
† Fisher exact test for comparing frequencies.
‡ Fasting and post-prandial glucose levels were calculated using the average results from at least two tests, measured during the last 2–3 months prior to delivery.
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Supplementary Table S2). Therefore, the lower gestational
weight gain observed in women with GDM may be explained,
in part, as a consequence of nutritional counselling, which pos-
sibly improved dietary intake compared with the pre-pregnancy
period.

Placental open profile lipidomics reveals similar relative
amounts of lipid categories in nGDM and gestational
diabetes mellitus pregnancies

Open-profile high-resolution lipidomics of the seven placental
samples from the nGDM and six from the GDM group resulted
in 1227 features, of which 68·5 % (840 features) were annotated
(online Supplementary Table S3). Among the annotated fea-
tures, 77 % were categorised into five lipid categories. All anno-
tated species were found in both nGDM and GDM groups. The
average CV% in the quality control samples of all annotated lipid
species was 13·84 (þ 4·60, SD). This analytical variation was
considered as acceptable for an open profile non-targeted
high-resolution lipidomic method.

The annotated species were separated into the lipid catego-
ries glycerophospholipids, sphingolipids, non-sterified fatty
acids, glycerolipids and sterols(30). Acylcarnitine species were
also detected in the open profile analysis.
Glycerophospholipids were the most abundant category corre-
sponding to 65·6 % and 65·1 % in nGDM and GDM, respectively,
followed by sphingolipids (9·9 % nGDM and 9·8 % GDM), non-
sterified fatty acids (8·0 % nGDM and 7·9 % GDM), glycerolipids
(6·4 % nGDM and 6·3 % GDM), sterols (1·6 % nGDM and 1·2 %
GDM) and acylcarnitines (0·2 % nGDM and 0·3 %GDM). All lipid
categories showed similar relative abundance between theGDM
and control groups (online Supplementary Fig. 1).

We also addressed the effect of labour on the composition of
placental lipids by comparing placentas from vaginal and caesar-
ean section deliveries in the control group. The results indicate
similar contents of all the aforementioned lipid categories, irre-
spective of the mode of delivery (online Supplementary Fig. 3).

Gestational diabetes mellitus pregnancies promoted
alterations in placental sphingolipids

To assess the overall possible changes in placental lipid profile
associated with GDM, we performed the supervised multivariate
statistical method PLS-DA using all annotated features from the
high-resolution ion-mobility lipidomics. We observed a clear
separation between groups, as shown in the PLS-DA scores plot,
where the first two principal components accounted for 53·3 %
of the differences in placental lipid metabolites between nGDM
and GDM (Fig. 1(a)). Cross-validation showed robustness, as
indicated by the high R2 (0·8534) in principal component 2.

VIP scores≥ 0·95 indicate that glycerophospholipids (61 fea-
tures) and sphingolipids (38 features) contributed most to the
discriminatory lipid profile (online Supplementary Table S4).

Among the thirty-eight sphingolipid species with the highest
VIP scores, twenty-five ceramides, three sphingomyelins and
four glucosylceramides were further analysed. All ceramide spe-
cies had negative loading factors, two sphingomyelins presented
negative loadings and one positive loading factor and one

glucosylceramide presented a positive loading factor comparing
theGDMand nGDMgroups. All loading factors were in principal
component 1 (online Supplementary Table S4). The lower abun-
dance of eight ceramide species and one sphingomyelin, and the
higher abundance of one glucosylceramide specie in placentas
from pregnancies complicatedwith GDM comparedwith nGDM
were confirmed by univariate statistics (Fig. 1(b)).

To further investigate the alterations in placental sphingolipid
metabolism, we compared the sum of all ceramides, sphingo-
myelins and glucosylceramides and observed a significantly
lower abundance of total placental ceramide content in GDM
pregnancies than in nGDM pregnancies (Fig. 1(c)).
Additionally, the sphingomyelin-to-ceramide ratio was signifi-
cantly higher in GDM pregnancies (Fig. 1(c), inset). Next, we
evaluated the sum of ceramides, sphingomyelin and glucosyl-
ceramides, according to the composition of their acyl chains.
The overall abundance of different ceramide species was lower
in placentas from GDM pregnancies compared with controls
(Fig. 1(d)). In particular, significantly lower contents of ceram-
ides C14:0, C17:0 and C18:0 species were observed.
Additionally, the long-chain fatty-acyls species C24:0
(P= 0·07) and C24:1 (P= 0·05) tended to be lower in GDM.
Regarding sphingomyelin, a statistical trend was observed only
for the C24:0 species (P= 0·06; Fig. 1(e)), which was reduced in
GDM. Interestingly, the comparison of glucosylceramides
showed a significantly higher amount of C16:0 species in
GDM than in controls (Fig. 1(f)). Taken together, these results
suggest that placentas fromGDMpregnancies present an overall
lower abundance of ceramides, which could be related to an
increased conversion of ceramides to sphingomyelins.

The relative contents of ceramides, sphingomyelins, and glu-
cosylceramides to the total sphingolipids were also analysed
(Fig. 2). The relative abundance of the C17:0 ceramide species
was lower in the GDM group, and the C24:1 ceramide species
were the most abundant in both groups (median 10·53 %
nGDM and 11·09 % GDM) (Fig. 2(a)). As for the relative abun-
dance of sphingomyelin species, the C22:0 was the most abun-
dant in both groups (27·86 % nGDM and 32·35 % GDM).
The relative contents of C16:0 and C22:0 sphingomyelin species
were significantly higher in the GDM group than in nGDM group
(Fig. 2(b)). Glucosylceramides were the least abundant class and
were mostly composed of C16:0 and C26:0 species. The C23:0
species were higher in the GDM group (Fig. 2(c)).

Because both pregnant people pre-gestational BMI andGDM
can regulate placental sphingolipids, and that all women in the
GDM group had pre-gestational overweight/obesity, we used
multiple linear regression analyses to investigate this association
(Table 2). An additional variable included in this analysis was
maternal age, as women who developed GDM were older than
controls. GDM was associated with a decrease in total ceramide
content and of ceramides C14:0, C16:0, C17:0, C24:0 and C24:1
(negative β-coefficients; Table 2), irrespective of maternal pre-
gestational BMI or maternal age. Significant models were
observed only for ceramides and not for sphingomyelin and glu-
cosylceramides (Table 2). Considering that pre-gestational BMI
affects the development of GDM, the fact that GDMwas the sole
determinant of placental ceramide content in the regression
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models reinforces that pre-gestational obesity and GDM impose
different placental responses when it comes to lipid metabolism,
particularly sphingolipids.

PLS-DA indicated a substantial contribution of glycerophos-
pholipids to the discriminatory lipid profile between placentas
from nGDM and GDM pregnancies (online Supplementary
Table S4). However, only minimal differences were observed
in the univariate comparisons (online Supplementary Fig. 2).
Phospholipids composed by odd-chain fatty acids, namely
37:1 species of PA, PS and PC, were among the metabolites with
the highest VIP scores (online Supplementary Table S4). We
then analysed the contents of PA 37:1, PS 37:1 and PC 37:1
(online Supplementary Fig. 2(a)), the sum of 37:1
PAþ PSþ PC species (online Supplementary Fig. 2(b)) and
the ratios 37:1 PC:PA, 37:1 PS:PA, and 37:1 PC:PS (online
Supplementary Fig. 2(c)) and no differences were found
between the GDM and nGDM groups.

Acylcarnitines

Semi-targeted UHPLC/MS/MS was used for the analysis of pla-
cental fatty acylcarnitines, and thirty-six species were identified:
eleven SCFA-acylcarnitines, eight MCFA-carnitines and seven-
teen long-chain fatty acylcarnitines (LCFA-carnitines). For brev-
ity, a subset of acylcarnitines is shown and discussed, and a

complete list of placental acylcarnitines is presented in
Supplementary Table S6 (analytical information) and Table S7
(group comparison). Total acylcarnitine and free carnitine con-
tents did not differ between groups (Fig. 3(a) and (b)). However,
important differences in acylcarnitine composition were
detected in placentas from GDM pregnancies compared with
controls. The sum of SCFA-carnitines was similar, whereas
MCFA- and LCFA-carnitines were significantly lower in GDM
(Fig. 3(c), (e) and (g)). Propionyl-carnitine (C3) tended to be
higher in placentas from GDM pregnancies (P= 0·05; Fig. 3(c)
and (d)). And except for C8, C8:1, C10:2, C16:2 and C20:4,
MCFA- and LCFA-carnitines were lower in the GDM group
(Fig. 3(d), (f) and (h), online Supplementary Table S5).

In the GDM group, the ratio of LCFA-carnitines-to-total acyl-
carnitines was lower (Table 3), whereas the ratio of C3-to-
(C15þ C17) was higher (Table 3) than in the controls. These
results clearly show that placental acylcarnitine metabolism is
altered in GDM pregnancies in particular, LCFA-carnitines were
substantially reduced compared with the nGDM group.

Lastly, we also addressed the effect of labour on the compo-
sition of placental acylcarnitines by comparing placentas from
vaginal and caesarean section deliveries in the control group.
As for the lipid species, there were no differences in placental
acylcarnitines attributable to the mode of delivery (online
Supplementary Fig. 5).
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Fig. 1. Discriminant lipid profile by high-resolution ion-mobility lipidomics highlights alterations in sphingolipids in placentas fromGDMpregnancies. (a) 2D scores plot of
PLS-DA for principal components 1 and 2 shows discriminant placental lipid profile between nGDM (□) and GDM (þ) groups. PLS-DA was performed in the
Metaboanalyst platform, using data from open-profile high-resolution ion-mobility lipidomics. R2 measures how good the fit is, where the value 1 would reflect perfect
fitting. (b) Sphingolipids with significant discriminant power according to VIP scores (≥0·95) of PLS-DA. Univariate statistics showed a significant lower content of eight
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controls. Sphingolipids species are represented by total number of carbons:number of double bonds. (c) Sum of total ceramides, sphingomyelins and glucosylceramides
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þ standard deviation. *Significant difference between groups by unpaired Student’s t test (P< 0·05). PLS-DA, partial least-squares discriminant analysis; VIP, variable
importance in the projection.
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Discussion

In this study, open profile lipidomics enabled comprehensive
characterisation of placental lipid profiles in pregnancies compli-
cated with GDM. The results indicated no major disruption in
lipid metabolism, although placentas from women with GDM

showed alterations in sphingolipids, mostly lower ceramide con-
tent and singular alterations in sphingomyelin and glucosylcer-
amide species. Additionally, semi-targeted lipidomics revealed a
strong effect of GDM on the placental acylcarnitine profile, par-
ticularly lower contents of MCFA- and LCFA-carnitines species.
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Previous reports have shown accumulation of triacylglycerols
in placentas from GDM pregnancies(31,32). This was not con-
firmed by our data, despite the fact that all women in the
GDM group were overweight/obese. This observation was con-
sistent with findings from our previous study, which showed that
placentas from pregnant people with pre-gestational obesity did
not present signs of lipid accumulation(33). Therefore, our data
indicate that obesity, whether aggravated or not by GDM, is
not associated with increased placental lipid accumulation in
well-controlled cohorts of women receiving nutritional counsel-
ling and insulin therapy.

Sphingolipids are composed of a sphingoid backbone that in
mammalian cells is generally 18:0, 18:1 or 18:2, attached to a
fatty-acyl chain(34). The biological function of sphingolipids
depends on the composition of their fatty-acyl chains(27,35,36).
Interestingly, downregulation of the pathways related to sphin-
golipid metabolism in the postpartum period of healthy people
was associated with the development of type 2 diabetes

mellitus(37). It remains to be determined whether the alterations
in placental sphingolipids observed in our study are associated
with an increased risk for future development of type 2 diabetes.

Multivariate analysis showed that sphingolipids significantly
contributed to the discriminatory lipid profile of placentas from
GDM pregnancies compared with controls. Multiple regression
analysis also confirmed a strong negative association between
GDM and placental ceramide levels, irrespective of maternal
age and pre-gestational BMI. In agreement with our study, pla-
centas from pregnant people with GDM show lower amounts of
total ceramides and of C16:0, C18:0 and C24:0 ceramide species,
possibly due to a decreased content of ASHA1, the enzyme
responsible for ceramide catabolism into sphingosine and fatty
acids(17). The lower ceramide content could be regarded as a
protective mechanism against their harmful cytotoxic effects,
particularly C16:0 and C18:0 species, implicated in insulin resis-
tance(12,13). Therefore, we hypothesised a protective mechanism
for the C16:0 ceramides, which possibly responded positively to

Table 2. Multiple linear regression models for the assessment of predictors of placental sphingolipids and ceramide species

Dependent variables* Independent variables†

β Coefficients‡

R2 Regression P-valueValue SE P-value

Total sphingolipids Intercept 6·05 × 105 1·25 × 105 0·0009 0·3865 0·2017
Maternal age 5·31 × 103 4·01 × 103 n.s
Pre-gestational BMI -2·68 × 103 4·97 × 103 n.s
GDM -1·10 × 105 5·23 × 104 0·0644

Sphingolipids classes
Ceramides Intercept 1·56 × 105 4·96 × 104 0·0120

Maternal age 2·7 × 103 1·59 × 103 n.s 0·6215 0·0271
Pre-gestational BMI 8·52 × 102 1·97 × 103 n.s
GDM (yes) -7·89 × 104 2·07 × 104 0·0042

Sphingomyelins Intercept 3·12 × 105 4·67 × 104 <0·001
Maternal age 5·90 × 102 1·50 × 103 n.s 0·07075 0·8743
Pre-gestational BMI -6·29 × 102 1·85 × 103 n.s
GDM (yes) -1·22 × 104 1·95 × 104 n.s

Glucosylceramides Intercept 7·55 × 104 3·20 × 104 0·0428
Maternal age 1·10 × 103 1·03 × 103 n.s 0·2217 0·4988
Pre-gestational BMI -1·36 × 103 1·27 × 103 n.s
GDM -1·18 × 104 1·34 × 104 n.s

Ceramide species
Cer 14:0 Intercept 2·65 × 102 7·15 × 102 n.s

Maternal age 5·280 2·29 × 101 n.s 0·8150 0·0012
Pre-gestational BMI 9·97 × 101 2·84 × 101 0·0066
GDM (yes) -1·74 × 103 2·99 × 102 0·0003

Cer 16:0 Intercept 1·86 × 104 1·07 × 104 n.s
Maternal age 5·08 × 102 3·43 × 102 n.s 0·5010 0·0870
Pre-gestational BMI 80·00 × 101 4·25 × 102 n.s
GDM (yes) -1·32 × 104 4·48 × 103 0·01622

Cer 24:0 Intercept 1·89 × 103 7·48 × 102 0·0325
Maternal age 3·06 × 101 2·40 × 101 n.s 0·4267 0·1537
Pre-gestational BMI 8·500 2·97 × 101 n.s
GDM (yes) -8·01 × 102 3·13 × 102 0·0307

Cer 24:1 Intercept 4·75 × 104 1·51 × 104 0·016
Maternal age 6·66 × 102 4·83 × 102 n.s 0·5278 0·0691
Pre-gestational BMI 5·4 × 102 5·98 × 102 n.s
GDM (yes) -1·98 × 104 6·29 × 103 0·0117

GDM, gestational diabetes mellitus.
* Dependent variables. Total sphingolipids, ceramides, sphingomyelins, glucosylceramides and ceramides species (C14:0,C16:0,C24:0 and C24:1) are expressed in relative
abundance.

† Independent variables. Pre-gestational BMI is a continuous variable measured in kg/cm2; Maternal age is a continuous variable expressed in years; GDM is a categorical predictor
variable with no units. This variable was coded using the absence of GDMas the reference level when performing the dummy coding. β coefficient represents the average difference
of specific sphingolipids, ceramides, sphingomyelins, glucosylceramides and ceramides species betweenwomenwith andwithoutGDM, after taking into account differences in pre-
gestational BMI and maternal age.

‡Model significance. For total ceramides and ceramide species models, there was a significant negative association with GDM, denoted as negative β coefficients independent of
maternal age and pre-gestational BMI, denoted as non-significant (ns) P-values.
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insulin and dietary treatment in regulating glucose homeostasis.
Indeed, in placentas from pre-eclampsia, higher contents of
ceramide species C16:0 and C18:0 have been implicated in oxi-
dative stress and cellular death(36,38). These results agree with the
detrimental effects of C16:0 and C18:0 ceramide species and
highlight that GDM and pre-eclampsia might be associated with
distinct alterations in placental lipid/sphingolipid metabolism, at
least in insulin- and diet-treated GDM patients.

Phospholipids and sphingolipids are the major lipid compo-
nents of cell membranes(39). Lipids in cell membranes can form

micro- and nano-domains with protein aggregates, building
functional platforms such as lipid rafts enriched with cholesterol
and sphingolipis(40). Such rafts, have been observed in the
human placenta(41), are important sites for ligand–receptor inter-
actions and are involved in cell signalling and secretory activ-
ities(42). Their functional properties are modulated by the
composition of the fatty-acyl chain (both the length and degree
of unsaturation) attached to the lipid species(43,44). Particularly, it
has been demonstrated that sphingomyelin and ceramide spe-
cies with C24:0 and C24:1 strongly affect the physical properties
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of membranes, increasing their binding capacity(45) and also par-
ticipate in microdomains and signalling properties(46). The func-
tional significance of the decrease in total sphingomyelin species
containing C24:0, and C24:0 and C24:1 ceramide species we
observed in GDM placentas needs to be addressed; however,
one might speculate that it indicates placental dysfunction and
altered signalling properties of rafts enriched with very-long-
chain sphingomyelins and ceramides. These changes may be
linked to the altered placental responses to insulin and glucose
homeostasis. In this context, it has been shown that very-long-
chain ceramides have protective effects on the liver in diet-
induced steatohepatitis mouse models(47) and have anti-obeso-
genic effects by modulating PPARα and PGC1α expression,
increasing fatty acid oxidation, and improving the acylcarnitine
profile(14).

Glucosylceramides have also been implicated in insulin resis-
tance and pharmacological inhibition of glucosylceramide syn-
thase enhances insulin sensitivity in adipocytes in culture and
rodent models(48). Indeed, our results showed that glucosylcer-
amide species 34:1 and C16:0 were significantly higher in pla-
centas from GDM pregnancies.

This is the first study to perform a thorough characterisation of
acylcarnitines in human placentas in GDM, and the results are
consistent with previous reports on placentas from pregnancies
complicated by obesity alone(21,23). Alterations in acylcarnitine
species have been implicated in insulin resistance, obesity and
diabetes in humans and animal models, where a higher amount
of MCFA- and LCFA-carnitines are indicative of incomplete and
defective mitochondrial fatty acid oxidation(18,49). Our results
showed that placental MCFA- and LCFA-carnitines were signifi-
cantly lower in GDM. It should be noted that all women in our
GDM group presented with overweight or obesity, reinforcing
the notion that placental responses to GDM and obesity share
many common pathways(50).

A recent report showed that carnitine palmitoyltransferase-
1α, an enzyme that shuttles long-chain fatty-acyls into the mito-
chondria for β-oxidation, was decreased at both the mRNA and
protein levels in cytotrophoblast cells isolated from placentas
from GDM pregnancies compared with controls(51). Therefore,
the decreased acylcarnitines we observed might indicate a limi-
tation in β-oxidation flux associated with the carnitine palmitoyl-
transferase-1α step. Indeed, the higher free carnitine-to-C16 ratio

in GDM corroborates a limitation of the carnitine palmitoyltrans-
ferase-1α shuttle. The lower LCFA-carnitine-to-total acylcarnitine
ratio possibly reflects the lower availability of LCFA-carnitines
and indicates that there is no accumulation of acylcarnitine spe-
cies. Additionally, the significantly lower contents of C16-OH
and C14:1 acylcarnitines and the lower C16-OH-to-C16 ratio in
GDM suggest a limitation in the first steps of mitochondrial oxi-
dation of very long-chain acyl fatty acids in placentas from GDM
pregnancies.

There is evidence that the synthesis of very-long-chain C24
sphingolipids, mediated by ceramidase isoform 2, is regulated
by the availability of long-chain fatty acids,mediated by fatty acid
elongase 1(52). Therefore, it is possible that the overall decrease
in LCFA-carnitines and long-chain sphingolipids share common
dysregulated pathways linked to endoplasmic reticulum stress,
which was previously shown to be present in GDM placentas
by our group(53).

The main limitation of the present study is the sample size,
which impacts on the statistical power. Thus, results should be
interpretedwith caution, particularly themultivariate and regres-
sion analyses should be considered as an approach to screen for
potential biomarkers and predictors of altered placental lipid
metabolism. Due to the limited sample size, we were not able
to address sex-linked differences in placental lipid metabolism
in pregnancies complicated with GDM, as the frequency of
female andmale foetuses did not allow robust statistical analysis.
Sexual dimorphism has been shown to play an important role in
placental acylcarnitine metabolism in obesity(22,23) and deserves
further investigation. Nonetheless, this is a well-controlled
cohort as volunteers with GDM presented fasting and post-pran-
dial glucose levels within the normal range and placental sam-
ples were subjected to the same conditions, and the only
differences were maternal age, pre-gestational BMI and having
GDM. Therefore, our data are biochemically sound and highlight
the need for mechanistic studies into the role of altered placental
sphingolipids and acylcarnitines handling in the molecular path-
ophysiology of GDM-induced complications of pregnancy.
Considering the heterogeneity of the placenta in terms of cell
types, an interesting approach would be the investigation of
the distribution of lipid species taking into account this aspect.
Additionally, the role of cellular organelles in placental lipid han-
dling should be addressed, as it has been shown that decreased

Table 3. Acylcarnitine ratios

Ratios

nGDM GDM

P valueMedian p25–p75 Median p25–p75

Free/C16* 1·22 1·14–3·39 4·10 2·56–12·77 0·008
C16-OH/C16 0·09 0·09–0·11 0·04 0·03–0·05 0·001
C8/C16 0·06 0·05–0·08 0·12 0·06–0·20 0·295
C14:1/C16 0·13 0·11–0·17 0·12 0·09–0·18 0·945
C4/C3 1·14 1·01–1·41 0·20 0·16–0·38 0·001
Total acylcarnitine/Free*† 6·05 5·60–6·61 3·55 2·8–7·71 0·445
LCFA/Total acylcarnitine 0·42 0·32–0·58 0·08 0·04–0·16 0·0082
C3/(C15þC17) 9·61 7·01–15·33 54·09 36·34–137·5 0·0023

nGDM, healthy pregnancies (see ‘Methods’ section for eligibility criteria); GDM, gestational diabetes mellitus; LCFA-carnitine, long-chain fatty acylcarnitine.
* Free: free carnitine.
† Total acylcarnitine: sum of acylcarnitine species.
Data are expressed as median (p25–p75); Comparative analysis between groups by Mann–Whitney test.
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ceramide content in mitochondria is associated with altered
mitochondrial dynamics in GDM pregnancies(16).

Conclusion

The reduced contents of sphingolipids and acylcarnitines in pla-
centas from women with GDM indicates important alterations in
placental lipid metabolism. Considering the role of mitochondria
and the endoplasmic reticulum in handling acylcarnitines and
sphingolipids, as well as the role of sphingolipids in membrane
function, these results are indicative of multi-compartment dys-
regulation in placentas from GDM. The lipidomic results high-
light the need for mechanistic studies on the role of altered
fatty acid metabolism and lipid handling in the molecular path-
ophysiology of pregnancy complications induced by GDM, as
they may affect fetal growth and development.
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