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Abstract 

Background: The placenta plays a central role in the metabolic adaptations required for a healthy 
pregnancy and its dysfunction contributes to Gestational Diabetes Mellitus (GDM) development. We 
explored the placental metabolic profile, particularly metabolites of one-carbon metabolism, in GDM 
pregnancies and its association with maternal dietary methyl donor intake and neonatal outcomes. 
Methods: Dietary records were obtained from a prospective cohort with pregnant women. Groups 
were divided into control (n=13) and GDM (n=11). A subset of placental samples collected at delivery 
(control n=6; GDM n=5) was used for MS and NMR-based metabolomics. Results: Dietary intake was 
similar between the groups considering the sum of dietary methyl donors (choline, betaine and 
methionine). Importantly, 100% of women presented with inadequate dietary choline. Placentas from 
pregnancies affected by GDM presented lower levels of choline, serine, glycine and SAM, despite 
good glycemic control and the absence of adverse neonatal outcomes. Conclusion: While the placenta 
demonstrated adaptive mechanisms that possibly mitigated placental stress, the long-term 
implications of these adaptations on offspring health remain uncertain. Given the critical role of 
methyl donors in epigenetic regulation and fetal programming, further research is needed to refine 
dietary guidelines, potentially guiding more tailored nutritional interventions focusing on choline 
supplementation during pregnancy. 

Keywords: gestational diabetes mellitus; metabolomics; one-carbon metabolism; placental 
metabolism 
 

1. Introduction 

Pregnancy is a pro-diabetogenic state characterized by maternal insulin resistance, which raises 
blood glucose levels and ensures an adequate supply of nutrients and energy for the fetus. The 
placenta plays a central role in the metabolic adaptations required for a healthy pregnancy and its 
dysfunction may contribute to the development of Gestational Diabetes Mellitus (GDM). Also, GDM 
itself can further disrupt placental function, creating a cycle of metabolic dysregulation [1,2]. 
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GDM is characterized by the inability to compensate for the physiological insulin resistance, 
leading to a glucose intolerance of varying severity first detected during gestation [3,4]. GDM results 
in adverse outcomes not only for the mother and child but also for future generations, particularly 
an increased risk of obesity and metabolic disorders [5–7]. In Brazil and globally the prevalence of 
GDM is 18%, depending on the diagnostic criteria used [8]. Obesity and being overweight are well 
established risk factors for GDM and their increasing prevalence worldwide represents a significant 
public health concern [9]. 

GDM affects the expression of placental genes associated with signaling pathways involved in 
energy metabolism, oxidative stress and inflammation [10–13]. These alterations can compromise 
both the structure and function of the placenta [14]. Our group has shown that placental metabolism 
is altered in GDM pregnancies, including lipid metabolism, and is associated with mitochondrial and 
endoplasmic reticulum stress [15–17]. 

One-carbon metabolism is a complex network of interlinked pathways in which single-carbon 
units are transferred between intermediates. It plays a crucial role in placental development and 
regulates the resources available for fetal growth [1]. In addition to generating S-adenosyl methionine 
(SAM), the universal methyl donor, this metabolic network integrates lipid and glucose metabolism 
and supports essential physiological functions such as cell proliferation, nucleic acid synthesis, redox 
balance and the establishment of epigenetic marks making it particularly critical during pregnancy 
[18,19]. The pathway integrates the folate and methionine cycles, as well as the homocysteine 
transsulfuration pathway. These processes depend on key metabolites mostly supplied by the diet 
that serve as methyl donors and cofactors, such as folate, vitamins B6 and B12, choline, betaine, and 
methionine (20; Figure 1). 

 

Figure 1. Schematic representation of the 1C metabolism pathway which integrates folate and methionine 
metabolism. This pathway regulates the production of metabolites involved in purine and pyrimidine synthesis, 
methylation reactions and glutathione synthesis in which cytosolic and mitochondrial enzymes. 5,10-methylene-
tethrahydrofolate (5,10-meTHF), 10 formyl-tetrahydrofolate (10-formylTHF), dimethylglycine (DMG); 
tetrahydrofolate (THF); dihydrofolate (DHF) S-adenosylmethionine (SAM); S- adenosylhomocysteine (SAH). 
Dietary compounds are shown in red. To include the enzymes. 

Evidence from both mouse and human studies highlights a connection between the intake of 
methyl donors during pregnancy, glucose homeostasis and fetal and neonatal outcomes. 
Supplementation of folic acid to pregnant mice resulted in improved glucose homeostasis in the 
offspring when exposed to LPS [21]. This effect may be related to the upregulation of genes such as 
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PPARy and IGF2, which play key roles in insulin sensitivity and fetal growth. Conversely, excessive 
maternal folic acid intake has been shown to disrupt one-carbon metabolism and lipid metabolism in 
both mother and fetus, contributing to glucose intolerance in mouse models [22,23]. Additionally, 
supplementation of choline to pregnant mice appears to regulate placental nutrient transport, 
contributing to adequate fetal growth in both diet-induced obese [24] and lean models [25,26]. 

Dysregulation of one-carbon metabolism during human pregnancy has been associated with 
higher maternal BMI and dyslipidemia [27], and with fetal growth restriction [28,29]. Similarly, 
higher maternal betaine supplementation and serum folate levels were associated with lower IGF2 
DNA methylation in cord blood and the placenta, and increased betaine intake was inversely 
correlated with birthweight [31]. Higher maternal intake of folate and choline has also been linked 
with lower infant bodyweight at two years [30]. 

Although the importance of one-carbon metabolism-related nutrients during pregnancy to 
adequate maternal and neonatal health seems to be well documented, the specific impact of their 
dietary insufficiency on placental metabolism and function in GDM remains unclear [32]. Therefore, 
this study aims to explore the placental metabolic profile, with particular emphasis on metabolites of 
one-carbon metabolism, in GDM pregnancies and its association with maternal dietary methyl donor 
intake and neonatal outcomes. 

2. Results 

2.1. Mothers Characteristics 

In this study, 13 women with no pregnancy complications (control group) and 11 diagnosed 
with GDM (GDM group) were enrolled. Maternal age, pre-gestational body mass index (BMI) and 
total gestational weight gain were all similar between the groups (Table 1). In total, 62 % and 82 % of 
women were overweight or obese in the control and GDM group, respectively (Table 1). In the GDM 
group, blood glucose levels were within the normal range (33) and diabetes management was 
achieved by diet alone (27% of women, n=3) and diet + insulin (73% of women, n=8). This 
corresponded to a clinically-controlled cohort as fasting and post-prandial glucose levels, measured 
during the last 2-3 months of pregnancy, were within the normal range [33] (Table 1). According to 
the charts for weight gain during pregnancy for Brazilian women (34), 46% and 64% of women from 
control and GDM groups, respectively, had adequate weight gain, with no significant differences 
between groups, while 31% had excessive weight gain in the control group as opposed to 9% in the 
GDM group. 

Table 1. Characteristics of the women participating in the study. 

   

Variables 
Median (p25-p75) a or % frequency (n)b  
Control (n=13) Gestational diabetes 

mellitus (n=11) 
p value 

Age (years) a 28 (23.5-32.5) 31 (27-37) 0.26 

Pre-gestational BMI (kg/m²) a 
Normal weight b 
Overweight b 

Obesity b 

25.7 (22.5-29.7) 
38 (5) 
38 (5) 
24 (3)  

28.3 (25.1-34.7) 
18 (2) 
36 (4) 
46 (5)  

0.15 

Total weight gain (kg) a 

Adequate b 

Insufficient b 

Excessive b 

14.2 (6.9-18.8) 
46 (6) 
23 (3) 
31 (4)  

8.8 (6.6-12.9) 
64 (7) 
27 (3) 
9 (1)  

0.13 

Insulin therapy b 

Blood glucose (mg/dL) a 
n/a 

- 
73 (8) 

 
n/a 
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a Mann–Whitney test; b Fisher exact test. N.A.= not applicable. BMI: Body Mass Index. Classification of weight 
gain according to Kac et al., 2021. 

2.2. Dietary Data 

There were no significant differences between the control and GDM groups regarding the intake 
of energy, total sugar and ultra-processed food. By contrast, carbohydrate, lipid and fiber intakes 
were higher in the GDM group (Supplementary Material, Table S1). The average intake of energy 
and proteins was adequate in both groups according to reference values [35]. However, carbohydrate 
and lipid intake was inadequate in 46 % and 23% of the control group respectively. Concerning fiber, 
inadequate intake was observed in all women from the control group and in 82% of the GDM group. 

Table 2. Dietary methyl donors and B vitamins that are related to one-carbon metabolism pathway. 

 

 

Dietary intake1 Prevalence of Inadequacy 

% (n) 

Reference 

value2 

 

p value* 

 Control (n=13) GDM 

(n=11) 

Control 

(n=13) 

GDM 

(n=11) 

  

 

Vitamins 

Folic Acid (μg) 

 

 

200.2 ± 74.2 

 

 

257.4 ± 81.7 

 

 

100 (13) 

 

 

100 (11) 

 

 

520 µg 

 

 

0.08 

   Vitamin B12 

(μg) 

Vitamin B6 (mg) 

 

Methyl Donors 

Choline (mg) 

Betaine (mg) 

Methionine (mg) 

Cystine (mg) 

 Methyl donors 

(mg) 

4.6 ± 1.6 

1.5 ± 0.4 

 

 

281.8 ± 0.4 

69.9 ± 0.2 

1.7 ± 0.1 

0.8 ± 0.1 

353.5 ± 0.4 

4.9 ± 1.2 

1.6 ± 0.2 

 

 

281.6 ± 0.5 

69.8 ± 0.4 

1.7 ± 0.2 

0.8 ± 0.1 

353.0 ±1.0 

8 (1) 

46 (6) 

 

 

100 (13) 

n/a 

n/a 

n/a 

n/a 

9 (1) 

45 (5) 

 

 

100 (11) 

n/a 

n/a 

n/a 

n/a 

2.2 µg  

1.6 mg 

 

 

450 mg 

- 

- 

- 

- 

0.67 

0.55 

 

 

0.15 

0.52 

0.38 

0.33 

0.16 

1Intake (average ± SD) was calculated by at least three 24h dietary recalls between 13th and 34-36th gestational 
weeks, estimated by the Multiple Source Method (36); 2 estimated average requirement was used for folic acid, 
vitamin B12 and B6 values and adequate intake for choline [37] reference values; n/a: not applicable since no 
reference value is established. *Student’s t-test. 

Regarding the intake of dietary sources of methyl groups related to one-carbon metabolism we 
evaluated folic acid, vitamin B12, vitamin B6, choline, betaine, methionine and cystine (Table 2). 
Similar intake was observed between the groups and the sum of dietary methyl donors (choline, 
betaine and methionine) was also similar between the groups. While inadequacy of vitamin B12 intake 
was relatively low, vitamin B6 had a prevalence of inadequacy of approximately 45 % in both groups. 
Importantly, 100% of women participating in this study presented with inadequate dietary intake of 
folic acid and choline. Of note, all women received folic acid supplementation during gestation as 
part of the pre-natal care at the Maternidade Escola/UFRJ. No other nutrient/food supplementation 
was prescribed or used by the participants. 

2.3. Labor and Newborn Characteristics 

Fasting 
Post-prandial  

- 89 (87.5-97.0) 
112 (94.5-123.1) 

n/a 
n/a 
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Considering that all women participating in this study had insufficient choline intake we 
analyzed placental metabolites that are directly or indirectly involved in one-carbon metabolism. For 
this purpose, a subset of 11 placentas from the larger study were analyzed (control n=6; GDM=5), in 
which gestational age at birth, delivery mode (vaginal or C-section), fetal sex, newborn birth weight 
and length were similar between the groups (Table 3). Birth weight and length were within the 
normal range [38]. The prevalence of C-section appeared higher in the GDM group (80%), although 
the difference did not reach statistical significance (Table 3). Taken together, the similarities between 
the groups in gestational age at birth and mode 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 the development of GDM. 

Table 3. Labor and newborn characteristics. 

Labor 
Median (p25-p75) a or % frequency (n) b  

Control (n=6) Gestational diabetes 
mellitus (n=5) 

p value 

Gestational age at birth (weeks) a 39.8 (38.6-41.2) 38.7 (38.4- 39.5) 0.23 

Delivery mode b 
Vaginal 
C-section 

 
50 (3) 
50 (3) 

 
20 (1) 
80 (4) 

0.10 

Newborn     
   Sex b 
Female 
Male 

 
50 (3) 
50 (3) 

 
80(4) 
20 (1) 

0.55 

   Birth weight (g) a 3433 (3139-3955) 3240 (2970-3275)   0.43 
   Birth length (cm) a 50.3 (48.3-51.0) 47.5 (45.5-49.5)    0.24 

a Mann–Whitney test; b Fisher exact test. 

2.4. Semi-Targeted Metabolomics in Placental Tissue 

We first evaluated metabolites directly involved in one-carbon metabolism and also pathways 
that depend upon its intermediates (Figure 2). Using semi-targeted nuclear magnetic resonance 
(NMR) and mass spectrometry (MS) metabolomics, we detected serine, glycine, formate, methionine, 
S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), homocysteine, betaine, and choline 
(Figure 2A). A significantly lower content of serine, glycine, SAM and a marginally lower content of 
choline (p=0.05) were observed in the GDM group (Figure 2A). In agreement, the sum of placental 
methyl donors (choline, methionine, betaine, SAM) was significantly lower in GDM (Figure 2B). The 
levels of taurine and glutathione, antioxidant molecules that are synthesized from intermediates 
derived from one-carbon metabolism, did not differ between the groups (Figures 2C,D, respectively). 

Since one-carbon metabolism functions as a hub for several other pathways essential for tissue 
function, including biosynthetic pathways and proliferation, we next evaluated metabolites related 
to nucleic acids and nucleotide metabolism. Aspartate and glutamate are essential for nucleotide 
metabolism as they donate carbon and nitrogen for purine and pyrimidine synthesis. Levels were 
similar between the groups (Figure 2E). The aspartate-to-glutamate ratio provides a proxy measure 
of glutamate-oxaloacetate transaminase activity that synthesizes aspartate from glutamate in the 
mitochondria. The value was equivalent between the groups (Figure 2F). Metabolites related to 
purine synthesis, adenine, hypoxanthine and guanine, and their corresponding nucleosides, 
adenosine, guanosine and inosine, were also similar between the groups, as were the pyrimidine 
metabolite uracil and the nucleosides cytidine and uridine (Figures 2G,H,I). The alterations in one-
carbon metabolism suggest that placental methyl-donors supply might be compromised, despite the 
fact that purine and pyrimidine synthesis seemed not to be affected. 
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Correlation analyses were performed to investigate associations between dietary intake to 
placental methyl donors and birth weight and length. A positive correlation between choline intake 
and the sum of placental methyl donors metabolites (choline, betaine, methionine, serine and SAM) 
was observed (Figure 2J). Also, choline intake correlated positively with birth weight, but not with 
birth length (Figures 2K,L, respectively). 

 

Figure 2. Placental semi-targeted metabolomics show alterations in 1C metabolism pathway in gestational 
diabetes mellitus pregnancies. Control, n=6 (black circles) and GDM, n=5 (red circles). (A) 1C metabolism 
intermediates: serine, glycine, formate, methionine, S-adenosylmethionine (SAM), S- adenosylhomocysteine 
(SAH), homocysteine, betaine and choline; (B): Sum of serine, methionine, SAM, betaine and choline; (C) 
Taurine; (D) Glutathione; (E) Aspartate and glutamate; (F) Aspartate-to-glutamate ratio; (G) Purine and 
pyrimidine metabolites: adenine, hypoxanthine, guanine and uracil; (H) Purine nucleosides: adenosine, inosine 
and guanosine; (I) Pyrimidine nucleosides: uridine and cytidine (J) Pearson’s correlation between choline intake 
and methyl donors sum (choline, betaine, methionine, serine and SAM); (K) Pearson’s correlation between 
choline intake and neonate birth weight; (L) Pearson’s correlation between choline intake and neonate birth 
length. *Significant differences compared to the control group, Mann-Whitney test. 

To gain insight into the alterations in one-carbon metabolism, we next investigated placental 
metabolites related to glucose metabolism (glycolytic pathway and glycogen synthesis) and placental 
energetics (Figure 3). Glycolytic intermediates detected in placental tissue were glucose-6-phosphate 
(G6P), fructose 1,6 biphosphate (F1,6BP), 1,3 biphosphoglycerate (1,3BPG), 2-phosphoglycerate and 
3-phosphoglycerate (which could not be separated in the chromatographic analysis of MS 
metabolomics) and were analyzed in combination (2PG+3PG), phosphoenolpyruvate (PEP) and 
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lactate. Detected metabolites related to glycogen metabolism were glucose-1P (G1P) and UDP-
glucose. 

A significant 50% higher content of placental G6P and a 1.7-fold lower content of lactate were 
found in the GDM group compared to controls (Figure 3A). In addition, the sum of the glycolytic 
intermediates (Figure 3B) and the lactate-to-G6P ratio were lower in the GDM group (Figure 3C). To 
investigate the potential fate of glucose carbons in placental metabolism, we analyzed glucose-1P 
(G1P) and uridine diphosphate glucose (UDP-glucose) (Figure 3D). Our results showed a 
significantly lower UDP-glucose content in GDM placentas compared to controls, while G1P levels 
remained similar between both groups (Figure 3D). Additionally, the UDP-glucose-to-G1P, UDP-
glucose-to-G6P and G1P-to-G6P ratios were similar between groups (Figures 3E–G). 

In view of the observed alterations in the glycolytic pathway and the high energy demand of the 
placenta, we also evaluated placental energy efficiency by analyzing AMP, ADP and ATP contents 
(Figure 3I), the ATP-to-ADP ratio (Figure 3J) and the energy charge 
(ATP+0.5*ADP/(AMP+ADP+ATP); Figure 3K). These parameters were similar between the groups. 
The NADH:NAD+ ratio (Figure 3M) was significantly reduced in placentas from GDM pregnancies 
compared to controls, while oxidized NAD+ content remained similar between the groups (Figure 
3L). 

The lower contents of lactate and UDP-glucose, and the lower lactate-to-G6P ratio, indicate 
decreased utilization of glucose carbons and prompted us to calculate the serine-to-glucose-6P ratio, 
which was significantly lower in placentas from GDM pregnancies compared to controls (Figure 3H). 
An overview of the interactions between the glycolytic pathway, glycogen and the de novo serine 
synthesis is shown in Figure 3N. 

We identified 19 amino acids and derived metabolites in placental tissue, including 9 essential 
(lysine, histidine, threonine, valine, methionine, isoleucine, leucine, phenylalanine and tryptophan) 
and 10 nonessentials (arginine, methylhistidine, taurine, alanine, citrulline, methylarginine, proline, 
tyrosine, asparagine and glutamine) (Supplementary Figure S1). With the exception of tryptophan 
and methylarginine, there was a general trend towards a lower amino acid content in the GDM 
group, corresponding to approximately 40% reduction. 
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Figure 3. Placental semi-targeted metabolomics shows alterations in the glycolytic pathway in gestational 
diabetes mellitus pregnancies. Control, n=6 (black circles) and GDM, n=5 (red circles). (A) Glycolytic 
intermediates: glucose-6-phosphate (G6P), fructose 1,6 biphosphate (F1,6BP), 1,3 biphosphogliceric acid 
(1,3BPG), 2-Phosphoglyceric and + 3- Phosphoglyceric acid (analyzed in combination (2PG+3PG), 
phosphoenolpyruvate (PEP) and lactate; (B) Sum of the glycolytic intermediates; (C) lactate-to-glucose-6-
phosphate ratio, as a proxy of the glycolytic flux; (D) glucose-1P and UDP glucose; (E) UDP-glucose-to-G1P 
ratio; (F) UDP-glucose-to-G1P ratio; (G) glucose-1P-to-glucose-6P ratio; (H) serine-to-glucose6P ratio; (I) 
adenosine monophosphate (AMP), adenosine diphosphate (ADP) and adenosine triphosphate (ATP); (J) ATP-
to-ADP ratio; (K) energy charge calculated as: ATP+0.5*ADP/(AMP+ADP+ATP); (L) NAD+; (M) NADH-to-
NAD+ ratio; (N) Schematic representation of the glycolytic pathway, indicating the deviation of glucose-6P to 
glycogen synthesis and 3-phosphoglycerate to the de novo serine synthesis. Metabolites in green presented lower 
contents and in red higher content in the GDM group compared to the control group. *Significant differences 
compared to the control group, Mann-Whitney test. 

3. Discussion 

This is the first study to provide an overview of the placental metabolic profile in GDM 
pregnancies in relation to dietary intake of methyl donors. We observed important metabolic 
disruptions in GDM related to one-carbon metabolism, despite the fact there were no clinical 
complications during gestation and delivery apart from GDM development. In addition, birth weight 
and length were within the normal range. 

The clinical characteristics of the participants confirmed that this was a clinically well-controlled 
cohort, and blood glucose levels remained within the normal range among all women diagnosed 
with GDM [33]. However, the majority of participants, particularly in the GDM group, were classified 
as overweight or obese, which was expected as pre-gestational obesity is an important risk factor for 
the development of GDM [39]. Interestingly, we found a higher frequency of excessive gestational 
weight gain among women from the control group. This may be explained, in part, as a consequence 
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of the individualized nutritional counselling provided to women with GDM, which possibly 
improved their dietary intake compared with the pre-pregnancy period. 

Regarding maternal diet, the intake of fiber, total sugar and ultra-processed products were 
comparable between the control and GDM groups. However, it is important to highlight that fiber 
intake was insufficient in both groups. It is known that fiber intake modulates the microbiota which 
interferes directly with many metabolic pathways, including glycemic control. Therefore, it could 
negatively interfere with many aspects of the pathophysiology of GDM, such as increased insulin 
resistance [40]. 

Inadequate intake of nutrients involved in one-carbon metabolism, including folic acid, 
cobalamin, choline and other methyl donors, has been associated with elevated levels of 
homocysteine as well as adverse maternal and neonatal outcomes [41–43]. Indeed, in this study, 100% 
of women presented inadequate choline intake. Also, our results showed that placentas from GDM 
pregnancies contained significantly lower amounts of serine, glycine, SAM and a trend to a lower 
amount of choline (p=0.05) if compared to controls. 

Choline plays a multifaceted role in maternal and fetal health. Choline is required for liver and 
brain function, lipid metabolism, and cell membrane synthesis, and is an important methyl donor for 
methylation reactions [44]. Also, it has been demonstrated that maternal intake of methyl donors is 
associated with improved neurocognitive development in children and a lower risk of neural tube 
defects [43,45]. Van Lee et al. found a correlation between maternal choline status, neonatal BMI z-
score and total body fat, suggesting increased adiposity at birth and reinforcing the role of choline in 
early growth [46]. Animal studies suggest that choline intake may support key placental functions, 
including angiogenesis [47,48], inflammation [49] and nutrient transport [50]. Moreover, a connection 
between choline and nutrient metabolism associated with rapamycin (mTOR) signaling pathway in 
the placenta [24] and downregulation of lipogenic gene expression in GDM mouse embryos [50] have 
been described. Indeed, in the present study, we observed a significant positive correlation between 
maternal choline intake and birth weight, and also between placental methyl donors metabolites 
(choline, betaine, methionine, serine and SAM). 

Choline in the maternal circulation is likely the primary source for the fetus given the low level of 
expression in both the fetal liver and placenta of phosphatidylethanolamine N-methyltransferase 
(PEMT), a key regulatory enzyme in the choline synthesis pathway [51]. The placenta expresses 
specific choline transporters, and in term pregnancies fetal plasma choline concentrations are 
typically higher than those in maternal plasma [52], suggesting that placental choline transport and 
metabolism are essential for the fetal supply. Therefore, the inadequacy in choline intake, particularly 
in women that developed GDM might have contributed to these alterations in metabolites from the 
one-carbon metabolism, decreasing the availability of methyl donors for both placental and fetal 
requirements. 

Deficiency in dietary choline induces hepatic steatosis in rat models and was associated with 
increased oxidative stress [53]. Related, low-grade placental endoplasmic reticulum stress in GDM 
pregnancies, characterized by dilation of endoplasmic reticulum cisternae and increased 
phosphorylation of eukaryotic initiation factor 2 subunit alpha, has been reported by our group [15]. 
It was also observed in the trophoblast-like cell line BeWo when exposed to a high-glucose insult, 
and could be prevented by addition of antioxidants vitamin C and E to the culture medium. Despite 
placental homocysteine content being similar between the groups, the dysregulation in placental one-
carbon metabolism and also the inadequate intake of choline might have contributed to the increased 
placental oxidative stress in GDM pregnancies. 

Like choline, glycine is a conditionally essential amino acid during pregnancy required for 
adequate maternal protein synthesis [54]. Also, the fetus requires large amounts of glycine to meet 
structural and metabolic demands. Placental supply of glycine may be limited both via its direct 
transfer [55] and also through serine conversion due to the low activity of the enzyme serine 
hydroxymethyltransferase [56]. Although not conclusively shown in humans, it seems that fetal 
glycine demand may be met by the fetal conversion of serine. Therefore, the lower content of serine 
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in placentas from GDM pregnancies may compromise the fetal supply of glycine. Placental release of 
glycine to the maternal circulation also seems important for placental uptake of essential amino acids 
via L-system transporters [57]. Therefore, the lower content of glycine in placentas from GDM 
pregnancies may compromise placental protein synthesis and other functions. Indeed, the lower 
overall amino acid content in GDM placentas corroborates with this aspect and with low-grade ER 
stress [15]. 

Alterations in glucose metabolism, evidenced by the higher G6P content, the lower sum of 
glycolytic intermediates and the lower lactate-to-G6P ratio might have compromised the de novo 
synthesis of serine, contributing to the observed alterations in the one-carbon metabolism. Indeed, 
the lower serine-to-G6P ratio confirmed the decreased flow of glucose carbons towards serine 
synthesis. The lower NADH-to-NAD+ ratio in placentas from GDM pregnancies further supports the 
decreased glycolytic flux. Decreased glycolysis has been reported in trophoblasts from GDM 
pregnancies [4] as well as increased content of placental G6P [58]. The molecular aspects involved in 
alterations in glycolysis in placentas from GDM pregnancies might be related to miR-143 [59], and 
miR-9 and miR-12 [60]. Although altered glycolysis certainly contributed to the lower content of one-
carbon metabolites and possibly to their fetal supply, placental energetics seemed not to be affected. 
Also, the lower lactate content in placentas from GDM pregnancies might suggest adequate glycemic 
[61] and ketogenesis [62] control possibly associated with the use of insulin, which was administered 
to the majority of women with GDM. Decreased content of placental UDP-glucose in GDM suggests 
decreased glycogen synthesis, which may also be associated with adequate glycemic control and 
overall decreased placental stress [63], as already proposed in our previous study considering the 
lower content of F2-Isoprostanes in placentas from GDM pregnancies [17]. Altogether, these 
alterations suggest, to some extent, placental compensatory responses that maintained birthweight 
and length. 

Limitations and Future Recommendations 

A major limitation of this study is the small sample size which impacts on the statistical power. 
We could not address placental sex dimorphism, as groups were unbalanced in sex and sample size 
was limited. This would be an important aspect to address as placental metabolism seems to differ 
according to fetal sex in gestational diabetes [64]. In addition, these data would benefit from 
mechanistic studies, which would allow specific metabolic steps involved in the overall alterations 
in placental one-carbon metabolism to be investigated. 

4. Materials and Methods 

4.1. Study Design and Participants 

Our study comprises data from a prospective cohort of pregnant women that was conducted 
between July 2017 to March 2019, at the Maternidade Escola, Federal University of Rio de Janeiro, a 
referral hospital in pre-natal and delivery care in Rio de Janeiro. “Women” is used to describe the 
participants as only cisgender women participated in this study. The cohort was composed of four 
follow-up waves: at recruitment up to 24 weeks, between 24-28 weeks (2nd trimester), between 34-35 
weeks (3rd trimester) and at delivery. Socio-demographic data were collected at recruitment using a 
structured questionnaire and labor and neonatal outcomes from the medical charts. All women were 
followed up by the research group through telephone contact and in person during the routine 
prenatal care visits. 

Inclusion criteria were: age between 18 and 45 years; beginning of follow-up at ME-UFRJ with 
up to 24 weeks of gestation; BMI > 18.5 kg/m2; free of infectious and non-transmissible chronic 
diseases (except obesity); singleton pregnancy; intention to deliver at the referral maternity hospital. 

GDM diagnosis was performed between 24th and 28th weeks of gestation according to the 
American Diabetes Association criteria: plasma glucose values >92 mg/dL (fasting) or after 75-g oral 
glucose tolerance test >180 mg/dL (1 h) or >153 mg/dL (2h). GDM management included nutritional 
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counselling for all, plus insulin therapy if needed. Gestational weight gain was classified accordingly 
[34] and birthweight and length were classified according to the INTERGROWTH-21st Project 
Curves [38]. Pregnant women as well as placental samples were grouped according to GDM. 

For this study, maternal pre-gestational overweight and obesity and GDM were the only 
associated pregnancy complications. We prioritized the homogeneity of placental samples and 
pregnancies with complications were not included, resulting in a final sample size of 24 women for 
the dietary data. Placental sample size was n=11: n=6 for women that did not develop GDM (control 
group) and n=5 for women who developed GDM (GDM group). 

4.2. Ethical Approval 

This study was conducted according to the guidelines laid down in the Declaration of Helsinki. 
All procedures involving human subjects/patients were approved by the Research Ethics Committee 
of the Maternidade Escola-UFRJ and registered at the Research Ethics National Council Certificate of 
presentation for ethic appreciation 66949217.0.0000.5257 and registered at clinicaltrials.org 
NCT05174728 and at the Brazilian Registry of Clinical Trials - REBEC (RBR-3xbpwqy). All 
participants who agreed to take part in the study signed a two-copy form of a free and informed 
consent. 

4.3. Assessment of Dietary Data 

Dietary data was obtained by trained dietitians. Two 24-h recall (24hR) were collected in the 2nd 
and 3rd trimesters of pregnancy using the multiple-pass method [65]: one face-to-face and another 
up to 2 days later by a phone interview [66]. This method was validated for obtaining dietary recalls 
of pregnant women in Brazil [67]. Trained dietitians systematized the portions and home measures, 
as well as the insertion of dietary data into the database. Nutrient intake was analyzed with the 
Dietbox® v.4.0 software Rio de Janeiro, Brazil, using the United States department of Agriculture 
(USDA), Brazilian institute of geography and statistics (IBGE) and the Brazilian table of food 
composition (TACO) database. Ultra-processed food was identified using the NOVA Classification 
[68]. The consumption of ultra-processed food was assessed in relation to daily energy intake. Dietary 
intake was analyzed by the Multiple Source Method (MSM) which is a statistical method for 
estimating usual dietary intake that considers intra- and inter-individual variation over the same 
period using at least two repeated measurements per participant (e.g., dietary recalls and/or food 
frequency questionnaire) [36]. MSM ability to estimate usual nutrient or food intake for occasional 
consumers is one of the strengths of this method, which may reduce the need for large number of 
subjects to assess dietary intake. The MSM has been shown to accurately estimate usual nutrient 
intake during pregnancy [67]. 

4.4. Placental Sampling and Tissue Extraction for Metabolomics 

Placental samples were collected at delivery from 13 women according to a standardized 
protocol [69]. Briefly, villous samples (1-2 cm³) were taken at four random sites, representative 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 mg), placed 
into cryovials (all four sites combined) and immediately frozen in liquid nitrogen. All samples were 
stored at −80 °C until analysis. 

We used a modified Folch protocol for placental metabolites’ extraction. Briefly, 0.35 mL of cold 
methanol and 0.35 mL of chloroform were added to plastic tubes containing 45±5 mg of frozen 
placental fragments and one metallic bead. Placental tissue was disrupted in a tissue lyser (Tissue 
Lyser-II, Qiagen) under a 2 × 2.5 min, 17 s−1. Subsequently, 0.35 ml of chloroform and 0.15 mL of 
ultrapure water were added and samples were thoroughly vortexed for 30 seconds and centrifugated 
(17,000 × g, 10 min). This optimized extraction protocol ensures consistency and reproducibility in 
NMR metabolite profiling. 
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The upper hydrophilic phase was aliquoted (~700 μl) into a glass vial, dried under a gentle 
stream of nitrogen and stored at −80 °C until further analysis. 

4.4.1. Semi-Targeted Mass Spectrometry Metabolomics 

Dried placental samples were subjected to two solvent reconstitutions due to two different 
methods with UHPLC+series/MS-TSQ Quantiva/ESI (+3500V and – 2500V mode at the same time): (a) 
normal phase column (BEH Amide (150 X 2,1 mm 1,7 µm) and (b) reversed phase column ACE Excel 
2 C18 PFP (100A. 150 x 2.1mm 5µ) both at 30o C. Samples were reconstituted in (a) 0.1 mL of 
acetonitrile:ammonium carbonate water solution (10 mM) (7:3, v/v) containing a mixture of 10 
internal standards (representative of all assigned metabolites) at the concentration of 10 µM (proline-
d3, valine-d8, leucine-d10, U-13C-lysine, U-13C glutamic acid, phenilanine-d5, succinic acid-d3, 
serotonine-d4, adenosine- 13C10, 15N5 5′-monophosphate and adenosine- 15N5 5′-triphosphate and (b) 
0.1 mL of an aqueous solution containing ammonium acetate (10 mM). The Xcalibur software was 
used for data acquisition. Putative recognition of all detected metabolites was performed using a 
targeted MS/MS analysis and intensities were normalized by their respective homologous compound 
or to their closest class. Prior to statistical analyses all intensities were normalized for wet weight of 
each placenta sample [70]. Molecular mass and mass fragments of the assigned metabolites are 
reported in Supplementary Table 2. 

4.4.2. 1H-Nuclear Magnetic Resonance-Based Metabolomics 

Before NMR-based metabolomics, samples were reconstituted in 600 µL of sodium phosphate 
buffer (50 mM, pH 7.4) prepared in 10% deuterium oxide (v/v) with 100 µL trimethylsilypropanoic 
acid (TSP) as an internal chemical shift reference. 

NMR spectra were acquired on a Bruker Advance III at 500.13 MHz at 300 K, coupled with a 

cooled automatic sample case at 280 K. 1D-1H NMR spectra were acquired using excitation sculpting 
to suppress the solvent signal [71] as well as a CPMG (Carr-Purcell- Meiboom-Gill) T2 filter [72] with 
32 loop counters and a delay of 0.001 s. 65,536 complex data points were acquired per transient, for a 
total of 1024 transients. The spectral width was set to 19.99 ppm, resulting in an acquisition time of 
3.27 s per FID. The relaxation delay was set to 1.74 s. Spectra data were pre-processed in the 
MetaboLab [73] software v. 2022.0726.1733. Prior to the Fourier transform, the FIDs were apodised 
using an exponential window function with 0.3 Hz line-broadening and then zero-filled to 131,072 
data points. After Fourier transform, each spectrum was manually phase corrected, followed by a 
spline baseline correction. The Human Metabolome Database (HMDB) [74] and Chenomx NMR Suite 
12® program (Chenomx Inc., Edmonton, AB, Canada) were used for the assignment of metabolites. 

Supplementary Table S3 presents the 1H NMR assignment information for the metabolites of 
interest. 

5. Conclusions 

In conclusion, we provide an overview of the placental metabolic profile in pregnancies 
complicated with gestational diabetes mellitus and its relation to the intake of dietary methyl donors. 
We highlight significant metabolic alterations in placentas from pregnancies affected by GDM, 
despite good glycemic control and the absence of adverse neonatal outcomes. The observed 
disruptions in one-carbon metabolism, notably reduced levels of choline, serine and SAM, 
underscore the alterations in placental metabolic state in GDM. 

Importantly, the study emphasizes the critical role of maternal nutrition, particularly the intake 
of methyl donors like choline, in maintaining placental metabolic balance. The consistent inadequacy 
of choline intake across both study groups raises concerns about current dietary recommendations 
during pregnancy. The positive correlation between maternal choline intake, placental methyl donors 
and neonatal birth weight further reinforces the importance of dietary choline during pregnancy. 
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While the placenta demonstrated adaptive mechanisms that possibly mitigated placental stress, 
the long-term implications of these adaptations on offspring health remain uncertain. Given the 
critical role of methyl donors in epigenetic regulation and fetal programming, this study advocates 
for further research to refine dietary guidelines, potentially guiding more tailored nutritional 
interventions with a specific focus on choline supplementation during pregnancy. Such strategies 
could improve maternal and neonatal health, mitigating the intergerational impact of GDM and 
promoting optimal pregnancy outcomes. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Supplementary Table S1. Intake of energy, macronutrients, fiber, added sugar 
and ultra-processed food. Supplementary Table S2: Molecular mass and mass fragments of the assigned 
metabolites. Supplementary table 3: Assignment table of metabolites of interested in NMR metabolomics. 
Supplementary Figure S1. Placental semi-targeted metabolomics shows an overall lower amino acids 
concentration in gestational diabetes mellitus pregnancies 
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Abbreviations 

The following abbreviations are used in this manuscript: 
ADP – Adenosine diphosphate 
AMP – Adenosine monophosphate 
ATP – Adenosine triphosphate 
1,3BPG - 1,3 biphosphoglycerate 
BMI – Body mass index 
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DHF - Dihydrofolate 
DMG - Dimethylglycine 
DNA – Deoxyribonucleic acid 
DOHaD – Developmental origins of Health and Disease 
ER – Endoplasmic reticulum 
F1,6P - Fructose 1,6 biphosphate 
G1P – Glucose-1-phosphate 
G6P – Glucose-6-phosphate 
GDM – Gestational diabetes mellitus 
GOT - glutamate-oxaloacetate transaminase 
GSH – Glutathione 
IGF2 – Insulin-like Growth Factor 2 
IOM – Institute of Medicine 
LPS – lipopolysaccharide 
MS – Mass spectrometry 
MS/MS – Tandem mass spectrometry 
MSM – Multiple source method 
NAD+ - Oxidised Nicotinamide adenine dinucleotide 
NADH – Reduced Nicotinamide adenine dinucleotide 
NMR – Nuclear magnetic resonance 
PPARy – Proliferator-Activated Receptor Gamma 
2PG+3PG - 2-Phosphoglycerate and 3-Phosphoglycerate 
3PS – 3-phosphoserine 
3PG - 3-phosphoglyceric acid 
PEP – phosphoenolpyruvate 
PEMT – phosphatidylethanolamine N-methyltransferase 
R24h – 24-hour dietary recordings 
SAH – S-adenosylhomocysteine 
SAM - S-adenosyl methionine 
SHMT – Serine hydroxymethyltransferase 
5,10-meTHF – 5,10 methyltetrahydrofolate 
10-formylTHF – 10 formyl tetrahydrofolate 
THF - Tetrahydrofolate 
UDP-glucose – Uridine diphosphate glucose 
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