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Serum ceramides in early
pregnancy as predictors
of gestational diabetes
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Ceramides contribute to the development of type 2 diabetes but it is uncertain whether they predict
gestational diabetes (GDM). In this multicentre case—control study including 1040 women with GDM
and 958 non-diabetic controls, early pregnancy (mean 10.7 gestational weeks) concentrations of four
ceramides—Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0) and Cer(d18:1/24:1)—were determined
by a validated mass-spectrometric method from biobanked serum samples. Traditional lipids including
total cholesterol, LDL, HDL and triglycerides were measured. Logistic and linear regression and the
LASSO logistic regression were used to analyse lipids and clinical risk factors in the prediction of
GDM. The concentrations of four targeted ceramides and total cholesterol, LDL and triglycerides
were higher and HDL was lower among women with subsequent GDM than among controls. After
adjustments, Cer(d18:1/24:0), triglycerides and LDL were independent predictors of GDM, women

in their highest quartile had 1.44-fold (95% Cl 1.07-1.95), 2.17-fold (95% CI 1.57-3.00) and 1.63-fold
(95% Cl 1.19-2.24) odds for GDM when compared to their lowest quartiles, respectively. In the LASSO
regression modelling ceramides did not appear to markedly improve the predictive performance for
GDM alongside with clinical risk factors and triglycerides. However, their adverse alterations highlight
the extent of metabolic disturbances involved in GDM.

Gestational diabetes (GDM) is one of the most common pregnancy complications, affecting between 7 and 28% of
pregnancies worldwide'. GDM predisposes both the woman and her child to major short- and long-term adverse
health outcomes®* '°. Among women with a history of GDM, up to half develop type 2 diabetes later in life*®
and they also have a higher prevalence of several cardiometabolic risks, including hypertension, dyslipidaemia,
metabolic syndrome and cardiovascular disease’!.

Physiological insulin resistance and alterations in lipid metabolism characterize a normal pregnancy
Among women with GDM, chronic insulin resistance is often present before conception, and hyperglycaemia
develops when pancreatic compensatory mechanisms fail'>!*. Besides being linked to hyperglycaemia, insu-
lin resistance is also linked to alterations in lipid metabolism during pregnancy®. It is well documented that
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circulating traditional lipids, especially triglycerides, are associated with an increased risk of GDM!'>!¢. However,
the relationships between lipid metabolism and diabetic pathways are far more complex and require a better
understanding than can be gained from measuring traditional lipids'’.

Ceramides (Cer) are sphingolipids which have a key role in the development of insulin resistance, type 2
diabetes and cardiovascular disease'’"*2. Ceramides, the precursors of more complex sphingolipids, are formed
from a sphingoid base attached to a fatty acid of varying length ranging from 14 to 34 carbon (C) atoms®. In
particular, the oversupply of saturated fat leads to the accumulation of these biologically active metabolites in
several tissues, such as the liver, adipose tissue and skeletal muscle. Ceramides can modify several intracellular
signalling pathways, such as inhibiting insulin signalling by blocking protein kinase B (Akt), leading to decreased
insulin-induced glucose uptake'”?.

Circulating ceramides are already elevated years before the onset of type 2 diabetes®. The value of three cera-
mides—Cer(d18:1/16:0), Cer(d18:1/18:0) and Cer(d18:1/24:1)—and their ratios to Cer(d18:1/24:0) in predicting
cardiovascular risk, especially cardiovascular death has been previously demonstrated and validated for clinical
use?*224, Further, ceramide species which contain C16:0 (palmitic acid) and C18:0 (stearic acid) have showed
the strongest association with insulin resistance and incident type 2 diabetes'”!#?*?> and the ratio of ceramide
stearic to palmitic acid [Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio] has found to be an independent predictor for
incident type 2 diabetes'®. Although ceramides and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio can be used to
identify nonpregnant individuals at the greatest risk for type 2 diabetes, it is not clear whether they are useful in
the prediction of GDM. In three studies, higher concentrations of early-pregnancy ceramide species containing
C14:0%, C18:1*?%, and C18:0?® were associated with subsequent GDM.

The aim of this large, case-control study to examine whether four previously validated* type 2 diabetes-
and cardiovascular disease-associated serum ceramides Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0) and
Cer(d18:1/24:1) and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, as well as traditional lipids, measured in early
pregnancy, are predictors of subsequent GDM.

Methods

Study population and design. This case-control study is a part of the clinical genetic arm of the Finnish
Gestational Diabetes (FinnGeDi) study, which has been described in detail?**. Briefly, 1146 women with GDM
and 1066 pregnant controls with no diabetes were recruited between 1 February 2009 and 31 December 2012
from delivery units in seven Finnish delivery hospitals, each serving its own geographic catchment area. Women
with GDM were recruited at the delivery units as they entered to give birth, and the next-consenting mother
with no diabetes giving birth at the same unit was recruited as a control. Women with multiple pregnancies or
pregestational diabetes were excluded.

According to the Finnish National Current Care Guidelines, comprehensive screening of GDM bya2h75g
oral glucose tolerance test (OGTT) was performed on all women at the 24th-28th weeks of gestation except for
those with a very low risk for GDM (normal-weight primiparous women under 25 years without a family his-
tory of type 2 diabetes and normal-weight multiparous women under 40 years without a history of GDM and
macrosomic births)*!. OGTT was performed already at the 12th-16th weeks of gestation on high-risk women
(history of GDM, BMI > 35 kg/m?, glucosuria in early pregnancy, type 2 diabetes in a first-degree relative, sys-
temic corticosteroid therapy or polycystic ovary syndrome), and it was repeated at the 24th-28th weeks of ges-
tation if the first OGTT was normal. The cut-off values for the venous glucose concentrations were as follows:
fasting>5.3 mmol/L; 1 h>10.0 mmol/L; and 2 h > 8.6 mmol/L. At least one abnormal value was diagnostic for
GDM. The GDM status of each participant was confirmed from the medical records.

Clinical data. Participants completed background questionnaires about their lifestyles and medical and
family histories. Detailed data on pregnancy and delivery were collected from the hospital and maternal welfare
clinic records and combined with individually linked register data obtained from the Finnish Medical Birth
Register (FMBR).

Data on maternal age at delivery, parity and smoking during pregnancy were obtained from the FMBR. Self-
reported maternal height and pre-pregnancy weight were obtained from the maternal welfare clinic records, and
BMI (kg/m?) was calculated. Gestational weight gain was calculated as the difference between the pre-pregnancy
weight and the weight at the last antenatal visit (> 35 weeks of gestation). Based on the questionnaire data, edu-
cational attainment was categorised as basic or less, upper secondary, lower-level tertiary or upper-level tertiary.
Chronic hypertension was defined as systolic blood pressure > 140 mmHg or diastolic blood pressure > 90 mmHg
measured repeatedly or the use of antihypertensive medication before 20 weeks of gestation, while gestational
hypertension was defined when hypertension appeared after 20 weeks of gestation. Pre-eclampsia was considered
when hypertension appeared after 20 weeks of gestation and was accompanied with proteinuria (=300 mg/day
or two > 1 + readings on a dipstick test). Data on previous pregnancies, including prior GDM, were obtained
from the questionnaire and the FMBR. The participants’ family history of type 2 diabetes was taken from the
questionnaire.

Serum samples and laboratory analysis. The maternal early pregnancy serum samples were obtained
via the Finnish Maternity Cohort (FMC), a nationwide biobank containing leftover serum samples from routine
the early pregnancy routine infectious disease screening. Therefore, fasting before sampling was not required.
The samples were stored at—25 °C in the Biobank Borealis of Northern Finland.

The number of analysed samples was 2020 (91.3%). The background characteristics of those participants
with missing samples (total #=192: n =124, no sample in the biobank; n =68, sample was depleted) did not
significantly differ from those of the samples included. Samples drawn after 20 weeks of pregnancy (n=22) were
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excluded. The samples were drawn, on average, at 10.7 (SD 2.1) weeks of gestation. Finally, 1998 participants
(1040 with GDM and 958 controls) were included in the analyses (Fig. 1). All laboratory analyses were performed
blinded to the GDM status of the participants and all other phenotypic data.

Four ceramide lipids—Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0), Cer(d18:1/24:1)—were measured
using a validated, targeted, liquid chromatography-tandem mass spectrometry assay by Zora Biosciences Oy in
Espoo, Finland!**. Detailed laboratory methods have been described previously*. Briefly, 10 pl serum samples
were spiked with H (deuterium [D])-labelled internal standards—D7-Cer(d18:1/16:0), D7-Cer(d18:1/18:0),
D7-Cer(d18:1/24:0) and D7-Cer(d18:1/24:1)—and extracted in isopropanol:ethyl acetate (8:2, vol./vol.).
Quantification of the individual ceramides was performed in multiple-reaction-monitoring mode and assessed
through calibration line samples composed of known amounts of synthetic Cer(d18:1/16:0), Cer(d18:1/18:0),
Cer(d18:1/24:0) and Cer(d18:1/24:1) and corresponding *H-labelled standards. The peak area ratio for each
ceramide to its corresponding *H-labelled form was calculated and plotted against the added concentration of
ceramide, followed by linear regression analysis. Concentrations of ceramides are presented in umol/L. The ratio
of Cer(d18:1/18:0)/Cer(d18:1/16:0) was calculated. The NordLab clinical laboratory analysed traditional lipids
(total cholesterol, low-density lipoprotein [LDL], high-density lipoprotein [HDL] and triglycerides) using a
standard enzymatic assay on a Siemens Advia automatic biochemical analyser (Siemens Healthineers, Germany)
in Ouly, Finland. Random first-trimester samples of pooled serum from the FMC were incorporated with the
sample runs; these samples acted as internal controls, and the inter-assay coefficients of variation (CVs, SD/
mean) were derived from these samples and intra-assay CVs were derived from the intra-assay quality control
samples (Supplemental Table 1).

Statistics. Statistical analyses were performed using SPSS 28.0 and R software (version 4.2.1). The baseline
characteristics of the study participants were described using the unpaired Student’s -test for continuous vari-
ables (expressed as means and standard deviations, SDs) and the ? test for categorical variables (expressed as
frequencies). The main outcome was GDM. We compared the means of traditional lipids, ceramides and the
Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio using both linear and logistic regression. To estimate the association of
each variable with GDM, mean differences and odds ratios (ORs) with 95% confidence intervals (CI) per SD
and per quartile (Q2-Q4) were calculated using the lowest quartile (Q1) as a reference. Model 1 was unadjusted.
In Model 2, the results were adjusted for pre-pregnancy BMI, age, parity (dichotomous variable: primipara/
multipara) and gestational weeks at sampling. Model 3 was adjusted for Model 2 and educational attainment, a
history of GDM, parental type 2 diabetes and delivery unit. Categorical variables were added as dummy-coded,
with a separate dummy variable indicating missing values. The directed acyclic graph summarising the hypo-
thetical causality between ceramides and traditional lipids and GDM, and potential confounding variables used
in the regression analyses is shown in Supplemental Fig. 1.

Last, to assess the relative contributions of covariates on the risk of GDM, a least absolute shrinkage and
selection operator (LASSO) logistic regression analysis was constructed (using the R package ‘glmnet’); this
regularization method is useful in selecting parsimonious predictive models, particularly when there is multi-
collinearity among covariates (as is the case with lipids in this study)®*’. Models with different sets of covariates
were considered. First, clinical predictors for GDM (pre-pregnancy BMI, age, parity, a history of GDM, parental
type 2 diabetes), educational attainment and delivery unit, altogether 16 covariates, were considered. Then, all
four ceramides, the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio and traditional lipids (altogether nine covariates)
were included. Furthermore, models including logarithmic, square, cubic and square root transformations of
continuous covariates were considered.

The LASSO algorithm shrinks the regression coefficients using a regularization parameter lambda. As lambda
increases, the coefficients of covariates deemed less important tend towards zero. The model corresponding to
the level of regularization with optimal predictive performance was selected. To achieve this, for a range of val-
ues of lambda, tenfold cross validation was repeated 100 times the average area under the curve (AUC) value,
and the average root mean squared error (RMSE) was recorded. The model corresponding to the optimal value

FinnGeDi GDM Controls
case-control cohort n=1,146 n=1,066
n=2.212
| Excluded: n =192 (8.7%)
- missing serum sample
Early pregnancy serum GDM Controls
sample available n=1,052 n =968
n =2,020 (91.3%)

Excluded: n =22 (1.1%)
- sample drawn = 20+0
weeks of gestation

Final study population GDM Controls
n=1,998 (90.3%) n= 1,040 n =958

Figure 1. Flowchart of the study population. FinnGeDi Finnish Gestational Diabetes study, GDM gestational
diabetes.
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(largest AUC or smallest RMSE) of lambda was selected. Furthermore, tenfold cross-validation was also applied
to assess the out-of-sample prediction accuracy of various models. Here, the model was repeatedly fitted using
90% of the data, and the accuracy of the model predictions to the actual observed values (according to the AUC
or RMSE criteria) for the remaining 10% of the data not used in the model fitting (holdout data) was evaluated.

Power analysis. The power of the study was sufficient to identify small differences between the study
groups. With a power of 0.80, a significance level of 0.05 and an effect size of d 0.13, we were able to detect a dif-
ference of 0.13 SD in lipids between women with GDM and the controls.

Ethical aspects. The study was carried out according to the Declaration of Helsinki and approved by the
Ethics Committee of Northern Ostrobothnia Hospital District (Reference Number 33/2008), the Finnish Insti-
tute for Health and Welfare and the scientific committee of the Northern Finland Biobank Borealis. All partici-
pants gave written informed consent after full explanation of the purpose and nature of all procedures used.

Results

Clinical characteristics. The women with GDM were older, less often primiparous and had higher BMI
and blood pressure than the controls (Table 1). In the GDM group, 41.2% of multiparous women had a history
of GDM, compared with 5.6% in the control group. Of the women with GDM, 195 (19.1%) received antidiabetic
medication, including 182 (17.9%) receiving insulin and 22 (2.2%) receiving metformin. A family history of
type 2 diabetes was more common in the GDM group than in the control group, 30.5% and 17.5%, respectively.

Ceramides. Overall, the early pregnancy concentrations of all four ceramides—Cer(d18:1/16:0),
Cer(d18:1/18:0), Cer(d18:1/24:0) and Cer(d18:1/24:1)—and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio were
higher among women with GDM compared to women without GDM (Model 1) (Tables 2 and 3). After consid-
ering pre-pregnancy BMI, maternal age, parity and gestational weeks at sampling (Model 2), Cer(d18:1/18:0),
Cer(d18:1/24:0) and Cer(d18:1/24:1) predicted GDM. After further adjustments in Model 3, including history of
GDM and parental type 2 diabetes, Cer (d18:1/24:0) was an independent predictor for GDM.

When ORs per quartiles were assessed for GDM and the highest quartile was compared with the lowest quar-
tile, in unadjusted Model 1, Cer(d18:1/16:0) showed 1.43-fold odds (95% CI 1.11-1.83), Cer(d18:1/18:0) showed
2.40-fold odds (95% CI 1.86-3.09), Cer(d18:1/24:0) showed 2.11-fold odds (95% CI 1.64-2.72), Cer(d18:1/24:1)
showed 2.21-fold odds (95% CI 1.71-2.84) and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio showed 2.38-fold odds
(95% CI 1.84-3.07) for GDM (Fig. 2, Supplemental Table 2). After further adjustments (Model 3), Cer(d18:1/24:0)

GDM (n=1040) Controls (n=958)

Baseline characteristic Mean (SD)/n (%) | No. of missing | Mean (SD)/n (%) | No. of missing | p value®
Age at delivery, years 32.1(5.4) 0 29.5(5.2) 0 <0.001
Primiparity, n (%) 445 (42.8%) 0 456 (47.6%) 0 0.031
Prepregnancy weight, kg 76.5 (17.0) 1 64.6 (12.2) 0 <0.001
Height, cm 164.9 (5.9) 0 165.4 (5.9) 0 0.031
Pre-pregnancy BMI, kg/m? 28.1(6.0) 1 23.6 (4.1) 0 <0.001
Gestational weight gain, kg 12.3 (5.8) 83 14.8 (5.0) 30 <0.001
Educational attainment 104 116 0.013

Basic or less, 1 (%) 63 (6.7%) 36 (4.3%)

Upper secondary, n (%) 439 (46.9%) 385 (45.7%)

Lower-level tertiary, n (%) 245 (26.2%) 208 (24.7%)

Upper-level tertiary, n (%) 189 (20.2%) 213 (25.3%)
Smoking during pregnancy, n (%) 168 (16.2%) 3 142 (14.8%) 1 0.402
Chronic hypertension, n (%) 168 (16.2%) 1 43 (4.5%) 0 <0.001
Gestational hypertension, n (%) 214 (20.6%) 1 140 (14.6%) 0 <0.001
Pre-eclampsia, 7 (%) 61 (5.9%) 1 24 (2.5%) 0 <0.001
Antidiabetic medication n (%) 195 (19.1%) 21 0 0

Insulin, 7 (%) 182 (17.9%) 21 0 0

Metformin, n (%) 22 (2.2%) 28 0 0
Prior GDM among multiparous women, 7 (%) 245 (41.2%) 0 28 (5.6%) 0 <0.001
Participant’s mother’s GDM 80 (9.0%) 151 21 (2.7%) 170 <0.001
Family history of type 2 diabetes 279 (30.5%) 125 143 (17.5%) 143 <0.001

Mother’s type 2 diabetes 139 (15.3%) 133 55 (6.8%) 149 <0.001

Father’s type 2 diabetes 174 (19.7%) 156 98 (12.1%) 149 <0.001

Table 1. Baseline characteristics of study participants (n=1998). GDM gestational diabetes. *p values based on
the Student’s ¢ test or x test.
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GDM (n=1040) | Controls (n=958) | Model 1 Model 2 Model 3
Mean difference (95% Mean difference (95% Mean difference (95%

Mean (SD) Mean (SD) CI) pvalue | CI) pvalue | CI) p value
Ceramides
Cer(d18:1/16:0), pmol/l | 0.306 (0.078) 0.297 (0.073) 0.009 (0.003 to 0.016) 0.006 0.004 (-0.003 t0 0.012) | 0.293 0.002 (—0.006 to 0.009) 0.649
Cer(d18:1/18:0), pmol/l | 0.099 (0.039) 0.086 (0.031) 0.013 (0.010 to 0.016) <0.001 0.004 (0.000 to 0.007) 0.029 0.001 (—0.002 to 0.005) 0.401
Cer(d18:1/24:0), umol/l | 2.119 (0.587) 1.969 (0.506) 0.150 (0.120 to 0.198) <0.001 0.099 (0.046 to 0.152) | <0.001 0.076 (0.022 to 0.130) 0.006
Cer(d18:1/24:1), umol/l | 1.308 (0.346) 1.211 (0.302) 0.097 (0.069 to 0.126) | <0.001 0.038 (0.007 to 0.069) 0.015 | 0.020 (-0.011t00.052) | 0.207
gz((gigz:llﬁllség))/ratio 0.326 (0.111) 0.292 (0.085) 0.034 (0.026 to 0.043) <0.001 0.009 (0.000 to 0.019) 0.050 0.005 (- 0.005 to 0.015) 0.312
Traditional lipids
Cholesterol, mmol/l 4.81 (0.80) 4.63 (0.80) 0.18 (0.11 to 0.25) <0.001 0.09 (0.02 to0 0.17) 0.014 0.08 (0.00 to 0.15) 0.056
LDL, mmol/l 2.54 (0.68) 2.29 (0.68) 0.25 (0.19 to 0.31) <0.001 0.14 (0.07 to 0.20) <0.001 0.11 (0.04 t0 0.17) <0.001
HDL, mmol/l 0.82 (0.17) 0.86 (0.18) —0.04 (-0.06 to—0.03 <0.001 —0.02 (-0.04 to-0.01) 0.006 | —0.02 (—0.03 to 0.00) 0.061
Triglycerides, mmol/l 1.70 (0.87) 1.36 (0.53) 0.34 (0.28 to 0.40) <0.001 0.21 (0.14 t0 0.27) <0.001 0.19 (0.12 to 0.26) <0.001

Table 2. Means (SD) and mean differences (95% CI) of ceramides and traditional lipids in early pregnancy

in women with subsequent gestational diabetes (GDM) compared with non-diabetic women (n=1998). Cer
ceramide, HDL high-density lipoprotein, LDL low-density lipoprotein. Model 1: Linear regression, unadjusted.
Model 2: Linear regression adjusted for pre-pregnancy BMI, maternal age, parity and gestational weeks at
sampling. Model 3: Linear regression adjusted for Model 2 and education, history of GDM, parental type 2
diabetes and delivery unit.

OR (95% CI)
Model 1

OR (95% CI)
Model 2

OR (95% CI)
Model 3

Ceramides

Cer(d18:1/16:0), pmol/l
Cer(d18:1/18:0), pmol/l
Cer(d18:1/24:0), pmol/l
Cer(d18:1/24:1), pmol/l
Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio

1.14 (1.04-1.25)
1.48 (1.34-1.63)
1.33 (1.21-1.47)
1.38 (1.25-1.51)
1.44 (1.31-1.59)

1.07 (0.96-1.18
1.14 (1.01-1.27

) | 1.03 (0.92-1.15)

)
1.19 (1.07-1.33)

)

)

1.06 (0.94-1.20)
1.15 (1.03-1.29)
1.07 (0.95-1.20)
1.07 (0.95-1.20)

1.13 (1.02-1.26
1.12 (1.00-1.25

Traditional lipids

Cholesterol, mmol/l 1.26 (1.15-1.38) | 1.11 (1.00-1.24) | 1.09 (0.97-1.21)
LDL, mmol/l 147 (1.34-1.62) | 1.23(1.10-1.37) | 1.17 (1.04-1.31)
HDL, mmol/l 0.79 (0.73-0.87) | 0.87 (0.79-0.97) | 0.90 (0.81-1.01)
Triglycerides, mmol/l 1.94 (1.71-2.20) | 1.48 (1.29-1.70) | 1.43 (1.24-1.65)

Table 3. Odds ratios (ORs) per standard deviation (SD) for gestational diabetes (GDM) (n=1998). Cer
ceramide, HDL high-density lipoprotein, LDL low-density lipoprotein. Model 1: Linear regression, unadjusted.
Model 2: Linear regression adjusted for pre-pregnancy BMI, maternal age, parity and gestational weeks at
sampling. Model 3: Linear regression adjusted for Model 2 and education, history of GDM, parental type 2
diabetes and delivery unit.

was an independent predictor of GDM (OR 1.44, 95% CI 1.07-1.95). In a comparison of the quartiles, the other
ceramides and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio were not significant after adjustments.

Traditional lipids. Higher concentrations of LDL and triglycerides in early pregnancy were independent
predictors for GDM (Tables 2 and 3). After adjustments (Model 3), the women in the highest triglyceride quar-
tile (1.82-13.0 mmol/L) had 2.17-fold odds (95% CI 1.57-3.00) for GDM compared with those in the lowest
quartile (0.50-1.06 mmol/L) (Fig. 2, Supplemental Table 2). In addition, the women in the highest quartile of
LDL (2.83-5.64 mmol/L) had 1.63-fold odds (95% CI 1.19-2.24) for GDM, compared with the lowest quartile
(0.72-1.92 mmol/L).

Lipids selected by the LASSO regression model. When the clinical predictors for GDM were included,
ceramides and traditional lipids proved to possess limited importance in improving the predictive power of the
regression equations (Fig. 3). Nevertheless, a set of variables consisting of triglycerides, other traditional lipids
and a subset consisting of one or more of the ceramides or the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio were con-
sistently included in the selected LASSO regression equation. When variable selection was performed using
the highest AUC criteria, triglycerides, the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, Cer(d18:1/16:0) and HDL
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) Q4 ORs for GDM

Ceramides

Cer(d18:1/16:0)  Model 1: 1.43 (1.11, 1.83) - o
Model 2: 1.16 (0.87, 1.55)

Model 3: 1.09 (0.81, 1.47)

Cer(d18:1/18:0) Model 1: 2.40 (1.86, 3.09) -
Model 2: 1.24 (0.92, 1.67) -
Model 3: 1.10 (0.80, 1.50) - H

Cer(d18:1/24:0) Model 1: 2.11 (1.64, 2.72) - —e—
Model 2: 1.59 (1.19, 2.11) —o—i
Model 3: 1.44 (1.07, 1.95) —e—

—e—

Cer(d18:1/24:1)  Model 1: 2.21 (1.71, 2.84) +
Model 2: 1.20 (0.89, 1.60) -
Model 3: 1.05 (0.77, 1.44) 4 4

Lo
*—i
Cerd18:1/18:0/ Model 1: 2.38 (1.84, 3.07) -
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Figure 2. Odds ratios (ORs) per 4th quartile (Q4) for GDM. Model 1 was unadjusted. Model 2 was adjusted
with pre-pregnancy BMI, age, parity (dichotomous variable) and gestational weeks at sampling. Model 3 was
adjusted for Model 2 and educational attainment, history of GDM, parental type 2 diabetes and delivery unit.
Cer ceramide, GDM gestational diabetes, HDL high-density lipoprotein, LDL low-density lipoprotein.

were selected for the model (Fig. 3). While seeking the lowest RMSE, triglycerides, LDL, Cer(d18:1/24:0), the
Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1) and total cholesterol
were selected. These two optimal LASSO models do not practically differ in their predictive performance, and
there is very little change in the predictive performance of the regression models across a relatively wide range of
the regularization parameter values. Using transformations of continuous variables did not improve the predic-
tive power.

In the out-of-sample prediction of GDM, the AUC value was 0.796 for the clinical risk factors (Supplemental
Fig. 2). The combination of clinical risk factors and triglycerides and/or other traditional lipids increased the
AUC to 0.801. Finally, adding four ceramides and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio with clinical risk
factors, traditional lipids resulted in a similar AUC of 0.801. The corresponding out-of-sample RMSEs were
0.430, 0.427, and 0.427.

Discussion

This case—control study including 1040 women who developed GDM and 958 pregnant controls demonstrated
that the early pregnancy serum concentration of ceramides Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0),
Cer(d18:1/24:1) and the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, as well as triglycerides, LDL and total cholesterol
were higher and HDL was lower among women who subsequently developed GDM. In logistic regression models
with a single predictor, Cer(d18:1/24:0), triglycerides and LDL were independent predictors for GDM. In the
LASSO regression modelling, in addition to clinical risk factors and triglycerides ceramides did not appear to
markedly improve the predictive performance for GDM.

Ceramides play a lipotoxic role in the development of insulin resistance, type 2 diabetes and cardiovascular
disease'’~?2. Hypercaloric diet and obesity lead to excess delivery of fatty acids, which causes dysregulation of
multiple lipid metabolic pathways and accumulation of numerous lipid subtypes such as ceramides'”*. Fur-
ther, these changes in lipid metabolism promote insulin resistance, mitochondrial dysfunction, oxidative stress
and inflammation'’. Concentrations of several circulating ceramides elevate years before the onset of type 2
diabetes®*.

Although the underlying mechanisms are not fully known, the length of the acyl chain of ceramide seems
to play a role in the development of insulin resistance'”?. In nonpregnant populations, elevated levels of cera-
mides containing long acyl chains, such as C16:0 and C18:0, have shown the strongest association with insulin
resistance and incident type 2 diabetes'”'®2%232% Instead, very long chains containing ceramides, such as C24:0,
have been suggested as neutral or protective!”?%; however, some studies have reported them to be associated
with insulin resistance and type 2 diabetes?***-*>. When normoglycaemic women were studied 12 weeks after
GDM pregnancy, the levels of C22:0 and C24:0 ceramide species were higher among those who develop type 2
diabetes in the long term?.
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Figure 3. Selection of LASSO model. In each plot (a-d), an optimal predictive model is indicated by a vertical
continuous line for the highest area under the curve (AUC) value and by a dashed vertical line for the lowest
root mean squared error (RMSE). For a range of values of lambda, tenfold cross-validation was repeated 100
times, and the average of these values are plotted. (a) The coeflicients of the clinical risk factors, ceramides,
Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio and traditional lipids in the LASSO regression by the magnitude of
log(lambda). Delivery unit and educational attainment not shown. (b) The coefficients of the ceramides,
Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio and traditional lipids in the LASSO regression by the magnitude

of log(lambda). (c) Selection for the optimal predictive model with the highest AUC (continuous line).
Triglycerides, Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, Cer(d18:1/16:0) and HDL with nonzero coeflicients were
selected. (d) Selection for the optimal predictive model with lowest RMSE (dashed line). Triglycerides, LDL,
Cer(d18:1/24:0), the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio, Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1)
and total cholesterol with nonzero coefficients were selected. Cer ceramide, HDL high-density lipoprotein,
LASSO Least absolute shrinkage and selection operator, LDL low-density lipoprotein.

During pregnancy, the serum concentrations of several ceramides, as well as traditional lipids, are known
to increase'***¢-3% Maternal hyperlipidaemia is primarily aimed at securing fetal growth and development,
especially in the third trimester®. Only a few studies have examined the associations of early pregnancy serum
ceramide concentrations in subsequent GDM, with conflicting results?®-2$36340 Three previous studies, a pro-
spective lipidomic study including 492 women with GDM?, a prospective cohort study including 53 women with
GDM? and a nested case-control study including 243* women with GDM, reported that higher levels of circulat-
ing C14:0%, C18:0°"%8, and C18:1?® ceramide species in early pregnancy were associated with subsequent GDM.

In line with previous findings®”-**, we also found that the early pregnancy concentrations of Cer(d18:1/18:0)
were higher in women who developed GDM compared with those who did not, but the difference was mostly
explained by their higher BMI and age. Further, the difference was attenuated by other clinical risk factors for
GDM, such as a history of GDM and a family history of type 2 diabetes. Although Cer(d18:1/18:0) was selected
for the LASSO model, it did not improve predictive performance alongside clinical risk factors and/or triglyc-
erides. In line with our findings, in a recent lipidomic study of 336 women with GDM, C18:0 ceramide was not
independently associated with GDM¥. Instead, they detected by the LASSO regression 10 lipid biomarkers
in three categories of lipid classes, including one upregulated glycerolipid, five glycerophospholipids and four
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downregulated sphingolipids. Furthermore, in two lipidomics studies of 107*° and 100°® women with GDM, some
di- and triacylglycerides were independent biomarkers for GDM, but ceramides were not*>*.

Although the Cer(d18:1/18:0)/Cer(d18:1/16:0) ratio has been shown to be an independent predictor of type
2 diabetes'8, in this study among pregnant women, it did not improve the predictive performance of GDM
when clinical risk factors, especially pre-pregnancy BMI or triglycerides, were considered. Further, we found
Cer(d18:1/24:0) to be an independent predictor for GDM; in contrast, previous studies with smaller sample sizes
found either an inverse association®®*! or no association between C24:0 and GDM?¥. Although Cer(d18:1/24:0)
was positively related to GDM, it did not improve the prediction of GDM when clinical risk factors and triglyc-
erides were considered.

Possible explanations for discordant results may be differences in sample size and settings of studies, diagnos-
tic criteria of GDM, varying methods of determining ceramides and differences in study populations and analys-
ing methods, including adjustments for covariates, especially where pre-pregnancy BMI plays an important role.

This study has several strengths. Four ceramides, previously validated in nonpregnant populations'>?, were
measured during early pregnancy in a large group of pregnant women in this well-defined case-control set-
ting. This was the first study assessing the early pregnancy levels of these ceramides and the Cer(d18:1/18:0)/
Cer(d18:1/16:0) ratio together with traditional lipids and evaluating their roles as predictors for subsequent
GDM. The LASSO regression, also previously applied in several lipidomic studies assessing circulating lipids
in early pregnancy with subsequent GDM***2, was selected as an efficient method to create a parsimonious
predictive model in the presence of multicollinear predictors. The GDM status of each participant was confirmed
from the medical records, and several potential confounders were considered in the analyses. The study provides
reference data for ceramide lipids among pregnant women in relation to GDM status.

The study also has some limitations. Firstly, serum samples were taken at non-fasting state, which may
have a minor effect on triglyceride levels®. Secondly, the majority of the participants were of Finnish ancestry,
which may limit the generalisability of the findings. Thirdly, the quantifications of other ceramides, diacyl- or
triacylglycerols, or lipidomic analyses could have brought a broader perspective to this subject but they were not
possible to realise within this study. Finally, the results could not be validated in an external cohort; to control
this limitation, the LASSO regression and cross-validation were performed.

Future studies with independent external validation are needed to confirm the findings of this study. Fur-
ther, it would be important to study whether these early pregnancy alterations in lipid metabolism are related
to the long-term metabolic health and development of type 2 diabetes, and whether the ceramide profile varies
depending on the stage of the diabetic cascade.

The early pregnancy levels of ceramides and traditional lipids were higher among women who developed
GDM compared to those who did not. Cer(d18:1/24:0), triglycerides and LDL were found to be independent
predictors of GDM. Clinical risk factors played a dominant role in predicting GDM and after combined with
triglycerides, ceramides did not markedly improve the predictive performance for GDM. However, adverse
alterations in lipids reflects the clustering of metabolic risk factors related to GDM.

Data availability
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sensitive health data cannot be shared for legal and ethical reasons. Data from the Finnish Institute for Health
and Welfare can only be used for the purpose stated in the licence granted, scientific research on society by the
licence applicant, and can therefore not be shared with third parties. Researchers can apply for data through the
authorisation application process at the Finnish Institute for Health and Welfare. Requests to access the datasets
should be directed to Sanna Mustaniemi.

Received: 3 May 2023; Accepted: 7 August 2023
Published online: 15 August 2023

References
1. Wang, H. et al. IDF diabetes atlas: Estimation of global and regional gestational diabetes mellitus prevalence for 2021 by Interna-
tional association of diabetes in pregnancy study group’s criteria. Diabetes Res. Clin. Pract. 183, 109050. https://doi.org/10.1016/j.
diabres.2021.109050 (2022).
2. Billionnet, C. et al. Gestational diabetes and adverse perinatal outcomes from 716,152 births in France in 2012. Diabetologia 60(4),
636-644. https://doi.org/10.1007/s00125-017-4206-6 (2017).
3. Metzger, B. et al. Hyperglycemia and adverse pregnancy outcomes. N. Engl. . Med. 358(19), 1991-2002. https://doi.org/10.1056/
NEJMOA0707943 (2008).
4. Lowe, W. L. et al. Association of gestational diabetes with maternal disorders of glucose metabolism and childhood adiposity.
JAMA J. Am. Med. Assoc. 320(10), 1005-1016. https://doi.org/10.1001/jama.2018.11628 (2018).
5. Tam, W. H. et al. In utero exposure to maternal hyperglycemia increases childhood cardiometabolic risk in offspring. Diabetes
Care 40(5), 679-686. https://doi.org/10.2337/dc16-2397 (2017).
6. Li, Z. et al. Incidence rate of type 2 diabetes mellitus after gestational diabetes mellitus: A systematic review and meta-analysis of
170,139 women. J. Diabetes Res. https://doi.org/10.1155/2020/3076463 (2020).
7. Vaidrasmaki, M. et al. Adolescent manifestations of metabolic syndrome among children born to women with gestational diabetes
in a general-population birth cohort. Am. J. Epidemiol. 169(10), 1209-1215. https://doi.org/10.1093/aje/kwp020 (2009).
8. Kaseva, N. et al. Gestational diabetes but not prepregnancy overweight predicts for cardiometabolic markers in offspring twenty
years later. J. Clin. Endocrinol. Metab. 104(7), 2785-2795. https://doi.org/10.1210/jc.2018-02743 (2019).
9. Pirkola, J. et al. Prepregnancy overweight and gestational diabetes as determinants of subsequent diabetes and hypertension after
20-year follow-up. J. Clin. Endocrinol. Metab. 95(2), 772-778. https://doi.org/10.1210/jc.2009-1075 (2010).
10. Tjds, H. et al. Pre-pregnancy overweight overtakes gestational diabetes as a risk factor for subsequent metabolic syndrome. Eur. J.
Endocrinol. 169(5), 605-611. https://doi.org/10.1530/EJE-13-0412 (2013).
11. Kramer, C. K., Campbell, S. & Retnakaran, R. Gestational diabetes and the risk of cardiovascular disease in women: A systematic
review and meta-analysis. Diabetologia 62(6), 905-914. https://doi.org/10.1007/s00125-019-4840-2 (2019).

Scientific Reports |

(2023) 13:13274 | https://doi.org/10.1038/541598-023-40224-3 nature portfolio


https://doi.org/10.1016/j.diabres.2021.109050
https://doi.org/10.1016/j.diabres.2021.109050
https://doi.org/10.1007/s00125-017-4206-6
https://doi.org/10.1056/NEJMOA0707943
https://doi.org/10.1056/NEJMOA0707943
https://doi.org/10.1001/jama.2018.11628
https://doi.org/10.2337/dc16-2397
https://doi.org/10.1155/2020/3076463
https://doi.org/10.1093/aje/kwp020
https://doi.org/10.1210/jc.2018-02743
https://doi.org/10.1210/jc.2009-1075
https://doi.org/10.1530/EJE-13-0412
https://doi.org/10.1007/s00125-019-4840-2

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Catalano, P. M., Huston, L., Amini, S. B. & Kalhan, S. C. Longitudinal changes in glucose metabolism during pregnancy in obese
women with normal glucose tolerance and gestational diabetes mellitus. Am. J. Obstet. Gynecol. 180(4), 903-916. https://doi.org/
10.1016/50002-9378(99)70662-9 (1999).

Alvarez, J. J., Montelongo, A., Iglesias, A., Lasuncién, M. A. & Herrera, E. Longitudinal study on lipoprotein profile, high density
lipoprotein subclass, and postheparin lipases during gestation in women. J. Lipid Res. 37(2), 299-308. https://doi.org/10.1016/
$0022-2275(20)37617-3 (1996).

Buchanan, T. A. & Xiang, A. H. Gestational diabetes mellitus. J. Clin. Invest. 115(3), 485-491. https://doi.org/10.1172/JCI24531
(2005).

Ryckman, K. K., Spracklen, C. N., Smith, C.J., Robinson, ]. G. & Saftlas, A. E. Maternal lipid levels during pregnancy and gestational
diabetes: A systematic review and meta-analysis. BJOG 122(5), 643-651. https://doi.org/10.1111/1471-0528.13261 (2015).

Hu, J. et al. Association of maternal lipid profile and gestational diabetes mellitus: A systematic review and meta-analysis of 292
studies and 97,880 women. EClinicalMedicine 34, 100830. https://doi.org/10.1016/j.eclinm.2021.100830 (2021).

Meikle, P. J. & Summers, S. A. Sphingolipids and phospholipids in insulin resistance and related metabolic disorders. Nat. Rev.
Endocrinol. 13(2), 79-91. https://doi.org/10.1038/nrendo0.2016.169 (2017).

Hilvo, M. et al. Ceramide stearic to palmitic acid ratio predicts incident diabetes. Diabetologia 61(6), 1424—-1434. https://doi.org/
10.1007/s00125-018-4590-6 (2018).

Hilvo, M. et al. Development and validation of a ceramide- and phospholipid-based cardiovascular risk estimation score for
coronary artery disease patients. Eur. Heart ]. 41(3), 371-380. https://doi.org/10.1093/eurheartj/ehz387 (2020).

Chaurasia, B. & Summers, S. A. Ceramides in metabolism: Key lipotoxic players. Annu. Rev. Physiol. 83, 303-330. https://doi.org/
10.1146/annurev-physiol-031620-093815 (2021).

Havulinna, A. S. et al. Circulating ceramides predict cardiovascular outcomes in the population-based FINRISK 2002 cohort.
Arterioscler. Thromb. Vasc. Biol. 36(12), 2424-2430. https://doi.org/10.1161/ATVBAHA.116.307497 (2016).

Laaksonen, R. et al. Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute
coronary syndromes beyond LDL-cholesterol. Eur. Heart . 37(25), 1967-1976. https://doi.org/10.1093/eurheartj/ehw148 (2016).
Wigger, L. et al. Plasma dihydroceramides are diabetes susceptibility biomarker candidates in mice and humans. Cell Rep. 18(9),
2269-2279. https://doi.org/10.1016/j.celrep.2017.02.019 (2017).

Kauhanen, D. et al. Development and validation of a high-throughput LC-MS/MS assay for routine measurement of molecular
ceramides. Anal. Bioanal. Chem. 408(13), 3475-3483. https://doi.org/10.1007/s00216-016-9425-z (2016).

Bergman, B. C. et al. Muscle sphingolipids during rest and exercise: A C18:0 signature for insulin resistance in humans. Diabetologia
59(4), 785-798. https://doi.org/10.1007/s00125-015-3850-y (2016).

Wu, P. et al. Liver biomarkers, lipid metabolites, and risk of gestational diabetes mellitus in a prospective study among Chinese
pregnant women. BMC Med. 21(1), 150. https://doi.org/10.1186/s12916-023-02818-6 (2023).

Juchnicka, L. et al. Serum C18:1-Cer as a potential biomarker for early detection of gestational diabetes. J. Clin. Med. 11(2), 1-12.
https://doi.org/10.3390/jcm11020384 (2022).

Liu, J. et al. Ceramides and their interactive effects with trimethylamine-N-oxide metabolites on risk of gestational diabetes: A
nested case-control study. Diabetes Res. Clin. Pract. 171, 108606. https://doi.org/10.1016/j.diabres.2020.108606 (2021).

Keikkala, E. et al. Cohort profile: The finnish gestational diabetes (FinnGeDi) study. Int. J. Epidemiol. 49(3), 762-763g. https://doi.
org/10.1093/ije/dyaa039 (2020).

Mustaniemi, S. et al. Polycystic ovary syndrome and risk factors for gestational diabetes. Endocr. Connect. https://doi.org/10.1530/
EC-18-0076 (2018).

Gestational diabetes: Current Care Guidelines. Finnish Medical Society Duodecim (2022). Current Care Guidelines for Gestational
Diabetes. Helsinki, Finland: The Finnish Medical Society Duodecim. Available from www.kaypahoito.fi.

Tibshirani, R. Regression shrinkage and selection via the lasso. J. R. Stat. Soc. Ser. B (Methodol.) 58(1), 267-288. https://doi.org/
10.1111/§.2517-6161.1996.tb02080.x (1996).

Lappas, M. et al. The prediction of type 2 diabetes in women with previous gestational diabetes mellitus using lipidomics. Diabe-
tologia 58(7), 1436-1442. https://doi.org/10.1007/s00125-015-3587-7 (2015).

Haus, J. M. et al. Plasma ceramides are elevated in obese subjects with type 2 diabetes and correlate with the severity of insulin
resistance. Diabetes 58(2), 337-343. https://doi.org/10.2337/db08-1228 (2009).

Zarini, S. et al. Serum dihydroceramides correlate with insulin sensitivity in humans and decrease insulin sensitivity in vitro. J.
Lipid Res. 63(10), 100270. https://doi.org/10.1016/j.j1r.2022.100270 (2022).

Hou, G. et al. Maternal plasma diacylglycerols and triacylglycerols in the prediction of gestational diabetes mellitus. BJOG 130(3),
247-256. https://doi.org/10.1111/1471-0528.17297 (2022).

Rico, J. E., Specker, B., Perry, C. A. & McFadden, J. W. Plasma ceramides and triglycerides are elevated during pregnancy in asso-
ciation with markers of insulin resistance in Hutterite women. Lipids 55(4), 375-386. https://doi.org/10.1002/lipd.12247 (2020).
Duttaroy, A. K. & Basak, S. Maternal fatty acid metabolism in pregnancy and its consequences in the feto-placental development.
Front. Physiol. 12(12), 787848. https://doi.org/10.3389/fphys.2021.787848 (2022).

Wang, Y. et al. Plasma lipidomics in early pregnancy and risk of gestational diabetes mellitus: A prospective nested case-control
study in Chinese women. Am. J. Clin. Nutr. 114(5), 1763-1773. https://doi.org/10.1093/ajcn/nqab242 (2021).

Rahman, M. L. et al. Plasma lipidomics profile in pregnancy and gestational diabetes risk: A prospective study in a multiracial/
ethnic cohort. BMJ Open Diabetes Res. Care 9(1), €001551. https://doi.org/10.1136/bmjdrc-2020-001551 (2021).

Lantzanaki, M. et al. Plasma ceramide concentrations in full-term pregnancies complicated with gestational diabetes mellitus: A
case-control study. Metabolites 12(11), 1123. https://doi.org/10.3390/metabo12111123 (2022).

Wang, Y. et al. BMI and lipidomic biomarkers with risk of gestational diabetes in pregnant women. Obesity 30(10), 2044-2054.
https://doi.org/10.1002/0by.23517 (2022).

Nordestgaard, B. G. et al. Fasting is not routinely required for determination of a lipid profile: Clinical and laboratory implications
including flagging at desirable concentration cut-points - A joint consensus statement from the European Atherosclerosis Society
and European Fede. Eur. Heart J. 37(25), 1944-1958. https://doi.org/10.1093/eurheartj/ehw152 (2016).

Acknowledgements

We thank the research coordinator M. Alaraappana (Northern Finland Laboratory Centre Nordlab, Oulu, Fin-
land), the laboratory assistants S. Kuusiniemi (Biobank Borealis of Northern Finland, Oulu University Hospital,
Oulu, Finland) and M. Halmetoja (Zora Biosciences Oy, Espoo, Finland), the members of the FinnGeDi Study
Group emeritus professor R. Kaaja (University of Turku, Turku, Finland), professor M. Gissler (Finnish Insti-
tute for Health and Welfare, Helsinki, Finland) and adjunt professor A. Pouta (Finnish Institute for Health and
Welfare, Helsinki, Finland), and the participants and the research staff of the FinnGeDi study.

Author contributions
EK.a., HL, J.G.E.,, M.V. and the other members of the FinnGeDi Study Group were responsible for the study
conception and the design of the FinnGeDi study. S.M., E.K.e., E.K.a., T.M., R.L., L.M.P. and M.V. designed the

Scientific Reports |  (2023) 13:13274 | https://doi.org/10.1038/s41598-023-40224-3 nature portfolio


https://doi.org/10.1016/S0002-9378(99)70662-9
https://doi.org/10.1016/S0002-9378(99)70662-9
https://doi.org/10.1016/s0022-2275(20)37617-3
https://doi.org/10.1016/s0022-2275(20)37617-3
https://doi.org/10.1172/JCI24531
https://doi.org/10.1111/1471-0528.13261
https://doi.org/10.1016/j.eclinm.2021.100830
https://doi.org/10.1038/nrendo.2016.169
https://doi.org/10.1007/s00125-018-4590-6
https://doi.org/10.1007/s00125-018-4590-6
https://doi.org/10.1093/eurheartj/ehz387
https://doi.org/10.1146/annurev-physiol-031620-093815
https://doi.org/10.1146/annurev-physiol-031620-093815
https://doi.org/10.1161/ATVBAHA.116.307497
https://doi.org/10.1093/eurheartj/ehw148
https://doi.org/10.1016/j.celrep.2017.02.019
https://doi.org/10.1007/s00216-016-9425-z
https://doi.org/10.1007/s00125-015-3850-y
https://doi.org/10.1186/s12916-023-02818-6
https://doi.org/10.3390/jcm11020384
https://doi.org/10.1016/j.diabres.2020.108606
https://doi.org/10.1093/ije/dyaa039
https://doi.org/10.1093/ije/dyaa039
https://doi.org/10.1530/EC-18-0076
https://doi.org/10.1530/EC-18-0076
http://www.kaypahoito.fi
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1007/s00125-015-3587-7
https://doi.org/10.2337/db08-1228
https://doi.org/10.1016/j.jlr.2022.100270
https://doi.org/10.1111/1471-0528.17297
https://doi.org/10.1002/lipd.12247
https://doi.org/10.3389/fphys.2021.787848
https://doi.org/10.1093/ajcn/nqab242
https://doi.org/10.1136/bmjdrc-2020-001551
https://doi.org/10.3390/metabo12111123
https://doi.org/10.1002/oby.23517
https://doi.org/10.1093/eurheartj/ehw152

www.nature.com/scientificreports/

present study. H.O. coordinated biobank samples, and A.J. was responsible for the ceramide assays. S.M. and
M.N. performed the data analysis, and all authors contributed to the data interpretation. S.M. wrote the first
draft of the manuscript, and all authors critically reviewed and edited it. All authors gave their permission for
the publication of the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40224-3.

Correspondence and requests for materials should be addressed to S.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

The FinnGeDi Study Group

Marja Vaarasmakil?> & Eero Kajantiel**3#, Hannele Laivuori®'%, Johan G. Eriksson%131%15,
Risto Kaaja'®, Mika Gissler'’:'® & Anneli Pouta®®

BInstitute of Clinical Medicine, Internal Medicine, Turku University Hospital, University of Turku, Turku, Finland.
Department of Information Services, Finnish Institute for Health and Welfare, Helsinki, Finland. ®Region
Stockholm and Department of Molecular Medicine and Surgery, Academic Primary Health Care Centre, Karolinska
Institute, Stockholm, Sweden. *Department of Government Services, Finnish Institute for Health and Welfare,
Helsinki, Finland.

Scientific Reports |

(2023) 13:13274 | https://doi.org/10.1038/541598-023-40224-3 nature portfolio


https://doi.org/10.1038/s41598-023-40224-3
https://doi.org/10.1038/s41598-023-40224-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Serum ceramides in early pregnancy as predictors of gestational diabetes
	Methods
	Study population and design. 
	Clinical data. 
	Serum samples and laboratory analysis. 
	Statistics. 
	Power analysis. 
	Ethical aspects. 

	Results
	Clinical characteristics. 
	Ceramides. 
	Traditional lipids. 
	Lipids selected by the LASSO regression model. 

	Discussion
	References
	Acknowledgements


