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Extra-large HDL molecules (average diameter 14.3 nm) were inversely associated with preeclampsia. 
Additionally, extremely (particle diameters from 75 nm upwards) and very large (average diameter 
64 nm) VLDL metabolites were associated with an increased the risk of preeclampsia. These findings 
provide evidence of molecules of interest for establishing risk or developing potential therapeutic 
targets" to "Specifically, extra-large HDL molecules (average diameter 14.3 nm) were inversely 
associated with preeclampsia, whereas extremely large (≥75 nm) and very large (average diameter 
64 nm) VLDL metabolites were associated with an increased risk. These findings highlight distinct 
lipoprotein-related metabolic signatures linked to preeclampsia and suggest potential targets for risk 
assessment and therapeutic intervention.
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Preeclampsia is pregnancy-specific condition with detrimental effects on both the pregnant person and the fetus. 
Globally, preeclampsia complicates 5–8% of all pregnancies, ranking as a leading cause of maternal mortality, 
especially in middle- and low-income countries1,2.

Despite being recognized for decades, its pathophysiology is not completely understood, and efforts to 
identify biomarkers for risk estimation, early diagnosis, or complications prediction have proven ineffective. 
Consequently, prevention strategies are notably deficient3. The only cure for preeclampsia is delivery, which 
poses risks related to premature delivery for both mothers and newborns4. Therefore, it is critical to continue to 
understand the etiopathology of the disease.

Preeclampsia results from a combination of placental factors5,6, maternal–fetal immune dysfunction7, and 
maternal cardiometabolic factors8, and is classically characterized by maternal hypertension, proteinuria, after 
20th week of pregnancy and other end-organ damage in the mother.

Metabolomics, the profiling of intermediate metabolites, is emerging as a crucial platform for understanding 
the mechanisms underlying human diseases. Given that preeclampsia is a complex condition, utilizing new 
technologies is necessary to improve understanding of the biological pathways underlying disease. Recently, 
research on metabolomic profiles or fingerprints in pregnant women (via targeted and untargeted metabolomics) 
has begun to elucidate the type and effect of various small-sized metabolites associated with preeclampsia. 
However, studies often have small sample sizes and findings are highly heterogeneous9. From this context, we 
aimed to determine the metabolomic profile associated with preeclampsia and its subtypes (i.e., early-onset 
preeclampsia and HELLP syndrome) in a cohort of pregnant women in Colombia.
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Results
596 serum samples from pregnant women were included in the study (357 controls and 239 cases) (Fig. 1). Among 
women with preeclampsia, 65 women presented HELLP syndrome and 58 women developed preeclampsia 
before the 34th week of gestation. Significant differences were found in age, recruitment city, race, smoking in 
current pregnancy, initial and final weight, and gestational age between cases and controls (Table 1).

Metabolome-wide association study
For all preeclampsia, metabolites related to HDL size and extra-large HDL [HDL size: ORa 0.56 (95% CI 0.42–
0.75) p = 7.1 × 10–5; XL-HDL-PL: ORa 0.56 (95% CI 0.42–0.75) p = 8.9 × 10–5; XL-HDL-L: ORa 0.57 (95% CI 
0.43–0.76) p = 0.0001 XL-HDL-C: ORa 0.58 (95% CI 0.44–0.77) p = 0.0001; XL-HDL-CE: ORa 0.59 (95% CI 
0.44–0.78) p = 0.0001] as well as PUFA/MUFA ratio [ORa 0.50 (95% CI 0.38–0.66) p = 9.0 × 10–7] and the ratio 
of polyunsaturated fatty acids to total fatty acids (PUFA%) [ORa 0.55 (95% CI 0.42–0.72) p = 2.7 × 10–5] showed 
inverse associations. The ratio of monounsaturated fatty acids to total fatty acids (MUFA%) was associated with 
a twofold increased risk of preeclampsia [ORa 2.32 (95% CI 1.71–3.12) p = 4.5 × 10–8] and glutamine showed a 
similar association [ORa 1.89 (95% CI 1.36–2.62), p = 0.0001], (Fig. 2A,B; Table S4).

In the case of time of onset, a gradient of risk was observed for early-onset preeclampsia, particularly for 
Isoleucine (Fig. 2C,D, Tables 2, S4).

In HELLP syndrome, higher MUFA% was associated with an association of risk [ORa 5.17 (95% CI 2.55–10.5) 
p = 5.2 × 10–6]. However, PUFA% [ORa 0.28 (95% CI 0.14–0.54) p = 0.0001] and the PUFA/MUFA ratio [ORa 
0.23 (95% CI 0.11–0.46) p = 2.8 × 10–5] were inversely associated with HELLP syndrome (Table S4, Fig. 2E–F).

Network analysis
The co-expression network analysis identified 7 highly interconnected metabolite modules (Table S5). The 
unadjusted module relationship showed that red module inversely correlated with all preeclampsia (β = − 0.21, 
p = 2.8 × 10–7), HELLP syndrome (β = − 0.12, p = 0.0044), and early-onset Preeclampsia (β = − 0.16, p = 6.4 × 10–5). 
Metabolites within this module corresponded to very-large (average diameter 14.3 nm) HDL molecules (XL-
HDL-P, XL-HDL-L, XL-HDL-PL, XL-HDL-C, XL-HDL-CE, XL-HDL-FC).

Additionally, the green module was also inversely correlated with all preeclampsia (β = − 0.11, p = 3.43 × 10–3) 
and early-onset preeclampsia (β = − 0.11, p = 0.0036), while the turquoise module was inversely associated with 
HELLP syndrome (β = − 0.09, p = 0.01) (Fig. 3). The green module included large (average diameter 12.1 nm) 
HDL molecules (HDL SIZE, L-HDL-P, L-HDL-L, L-HDL-PL, L-HDL-C, L-HDL-CE, L-HDL-FC), and the 
turquoise module included subclasses of several lipoproteins of different sizes (VLDL, IDL, LDL), cholesterol, 
fatty acids, among others (Supplemental material—Table S6 shows complete list in turquoise module).

Fig. 1.  Sample selection from the GenPE study.
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Variable Control (n = 357) n (%) Case (n = 239) n (%) p

Age (years)* 18 (17–20) 19 (17–24)  < 0.0001

Recruitment city  < 0.0001

 Bucaramanga 54 (15.1) 31 (12.9)

 Cartagena 217 (60.7) 90 (37.6)

 Tunja 3 (0.8) 7 (2.9)

 Cucuta 4 (1.1) 3 (1.3)

 Bogotá 25 (7.0) 20 (8.3)

 Cali 14 (3.9) 13 (5.4)

 Medellín 38 (10.6) 71 (29.7)

 Popayán 2 (0.5) 4 (1.6)

Ethnicity 0.03

 Mixed 291 (81.5) 170 (71.1)

 Caucasian 41 (11.5) 43 (17.1)

 Afrocaribbean 22 (6.2) 20 (8.4)

 Amerindian 1 (0.3) -

 Missing data 2 (0.5) 6 (2.50)

Low SES 0.53

 No 22 (6.2) 20 (8.4)

 Yes 318 (89.1) 206 (86.2)

 Missing data 17 (4.7) 14 (5.4)

Mother with preeclampsia 0.02

 No 255 (71.4%) 158 (66.1)

 Yes 24 (6.7%) 28 (11.7)

 Do not know 78 (21.9%) 50 (20.9)

 Missing data - 3 (1.3)

Sister with preeclampsia 0.06

 No 135 (37.8) 101 (42.3)

 Yes 9 (2.5) 12 (5.0)

 Do not know 17 (4.8) 13 (5.4)

 Not applicable 194 (54.3) 108 (45.2)

 Missing data 2 (0.6) 5 (2.1)

Prenatal care

 No 23 (6.4) 15 (6.3) 0.93

 Yes 334 (93.6) 224 (93.7)

Folic acid consumption 0.44

 No 50 (14.0) 27 (11.3)

 Yes 306 (85.7) 212 (88.7)

 Missing data 1 (0.3) -

Vitamin B12 consumption 0.11

 No 336 (94.1) 214 (89.5)

 Yes 17 (4.8) 19 (7.9)

 Missing data 4 (1.1) 6 (2.5)

Smoking 0.005

 No 353 (98.9) 229 (95.8)

 Yes 4 (1.1) 4 (1.7)

 No data - 6 (2.5)

 Maternal initial weight, (kg)* 52 (47–60) 55 (48.5–60.5) 0.01

 Maternal final weight, (kg)* 63 (58–70) 65 (60–76) 0.0002

Multiple pregnancy

 No 357 (100) 233 (97.90) 0.10

 Yes - 5 (2.10)

Urinary Tract Infection 0.93

 No 227 (63.6%) 154 (64.4%)

 Yes 129 (36.1%) 84 (35.2%)

 Missing data 1 (0.3%) 1 (0.4%)

Vaginitis 0.06

Continued
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After adjustment for potential confounders (Table 3), the inverse association between modules and 
outcomes remained for the red (extra-large HDL metabolites) and green (large HDL metabolites) modules in 
all preeclampsia (Fig. 4A). However, these associations were not observed for HELLP syndrome (Fig. 4B), and 
early-onset preeclampsia (Fig. 4C). On the other hand, the brown and yellow module showed a risk association 
with all preeclampsia. Metabolites in brown module are related to VLDL markers, including extremely (particle 
diameters from 75 nm upwards), very (average diameter 64 nm) and large (average diameter 53.6 nm) sizes, 
(Supplemental material—Table S7 shows complete list in brown module). Metabolites in yellow module are 
related to fatty acids and triglycerides in VLDL, LDL and HDL markers (Supplemental material—Table S8 shows 
complete list in brown module).

Discussion
Main findings
This study examined the associations between serum metabolomic markers at the time of delivery assessed 
through proton NMR, and preeclampsia, time of onset, and HELLP syndrome among Colombian pregnant 
women. An association was observed between very large HDL molecules and reduced odds for all preeclampsia. 
On the other hand, we also found a risk association between elevated levels of MUFA% (in the MWAS approach) 
and disturbances in several VLDL particles with all preeclampsia (in the WGCNA analysis).

The role of HDL, as well as the role of other lipids, in pregnant women using non-metabolomic techniques, 
has been previously described10. Several meta-analyses have consistently reported an inverse association 
between HDL and preeclampsia [Weighted mean difference in HDL levels: − 0.33 mg/dL (95% CI − 0.59, − 0.08, 
p = 0.011)11, − 8.86 mg/dL (95% CI − 11.50, − 6.21)12, and − 2.1 mg/dL (95% CI − 3.5, − 0.8)13].

Metabolomics studies in preeclampsia, especially during the third trimester, have shown similar findings 
regarding HDL subclasses. Stadler et al.14 reported that women with preeclampsia had reduced levels of large 
and cholesterol-rich HDL, especially in those with early-onset preeclampsia. Dysfunction in the antioxidant 
activity of HDL has also been described in women with preeclampsia, marked by reduced activity of the enzyme 
PON1 and increased release of APO AI15. These changes seem to be present even from the second trimester16. 
These findings suggest that HDL levels may have a protective causal effect, and if they do, they should also be 
present from the first trimester. Recently, a two-sample Mendelian randomization (MR) study examined the 
role of lipid traits in preeclampsia in four ancestry groups. This analysis showed that higher HDL-C levels were 
associated with a decreased risk [OR = 0.84 (95% CI, 0.74–0.94; P = 0.004) per-SD increase in HDL-C], and this 
trend remained consistent across all sensitivity analyses17.

Circulating HDL are composed of sub particles that vary in size (5–12  nm) and composition (density 
1.063–1.210 g/mL). The most abundant proteins in circulating HDL are apolipoprotein AI (60%) and AII (20%), 
while phosphatidylcholine and sphingomyelin are major phospholipids18,19. Additionally, HDL particles carry 
enzymes with antioxidant capacity such as paraoxonase-1 (PON1) and lecithin-cholesterol acyltransferase 
(LCAT)18. HDL protective effect resembles what has been described in atherosclerotic cardiovascular disease in 
general population20,21.

Recently, the importance of HDL has been recognized not only in terms of quantity but also in terms of its 
composition and functionality. In non-pregnant populations, an inverse correlation has been observed between 
HDL size and different systemic markers of inflammation (Gly-A, Gly-B, Gly-F), and cardiovascular death in 
patients with heart failure22. Also, higher levels of small HDL have been associated with 4.5-fold higher risk of 
diabetes mellitus in women (HR 4.56 95% CI 3.50–5.93)23.

Variable Control (n = 357) n (%) Case (n = 239) n (%) p

 No 246 (68.9%) 185 (77.4%)

 Yes 110 (30.8%) 53 (22.2%)

 Missing data 1 (0.3%) 1 (0.4%)

Mode of delivery  < 0.0001

 Vaginal 209 (58.5%) 55 (23.0%)

 C-section 123 (34.4%) 155 (64.8%)

 Missing data 25 (7.0%) 29 (12.1%)

 Gestational age at delivery, (weeks) 39 (38–40) 36.6 (34–38.6)  < 0.0001

 SBP (mmHg)* 110 (105–115) 146.7 (140–155)  < 0.0001

 DBP (mmHg)* 70 (65–75) 95.5 (90–102)  < 0.0001

Time of sampling  < 0.0001

 Without labor 13 (3.6%) 34 (14.2%)

 Latent phase 31 (8.6%) 11 (4.6%)

 Active phase 40 (11.2%) 8 (3.3%)

 Puerperium 271 (75.9%) 182 (76.1%)

 Missing data 2 (0.5%) 4 (1.7%)

Table 1.  GenPE study patient characteristics. *Median (IQR). SES: Socioeconomic status. SBP: Systolic blood 
pressure. DBP: Diastolic blood pressure.
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Fig. 2.  Metabolome-wide association for preeclampsia, time of onset, and HELLP syndrome. (A) Multiple 
test p-value correction graph in preeclampsia. (B) Forest plot with metabolites associated with preeclampsia. 
(C) Multiple test for p-value correction graph in early-onset preeclampsia. (D) Forest plot with metabolites 
associated with early-onset preeclampsia. (E) Multiple test for  p-value correction graph in HELLP syndrome. 
(F) Forest plot with metabolites associated with HELLP Syndrome. In (A, C, E) the red line represents the 
FDR-adjusted  p-value threshold, and the green line represents the unadjusted p-value.
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During normal pregnancy, HDL has little to no change in concentration but increases in size, at expense of 
triglyceride content especially. Also, larger HDL is also associated with an increase in APO AII function, which 
could inhibit hepatic lipase activity to maintain lipid homeostasis24. Besides reverse lipid transport, HDL also 
plays a role in cholesterol efflux, hemostasis, immunity, inflammation, maintenance of endothelial function and 
vasodilation25.

Regarding the role of fatty acids, a recent MR analysis found that MUFA% were causally related to an 
increased risk of preeclampsia (OR 1.150, 95% CI 1.006–1.315, p = 0.041), while PUFA% and PUFA/MUFA 
were associated with decreased risk (OR 0.805, 95% CI 0.658–0.986, p = 0.036; OR 0.807, 95% CI 0.694–0.938, 
p = 0.005, respectively)26. For altered VLDL metabolism, changes in VLDL-triglycerides and VLDL-cholesterol 
have been reported in women with preeclampsia and preeclampsia with fetal growth restriction, increasing by 
1.5–1.6 times and up to 2.8 times, respectively27.

Finally, women with early-onset preeclampsia showed elevated levels of short-chain amino acids. Youssef et 
al.28 also found an overrepresentation in the pathways of amino acid metabolism (arginine, alanine, aspartate, 
glutamate), in addition to alterations in lipid profile (linoleic acid) in women with early-onset preeclampsia. 
BCAAs are implicated in cell signaling processes and the biosynthesis of proteins. An in vitro study demonstrated 
that BCAA deprivation in decidua cells suppressed insulin-like growth factor-binding protein 1 (IGFBP1) 
production, negatively influencing the migration of human extravillous trophoblast cells29. This finding may be 
of particular interest for pathophysiology of preeclampsia in first trimester.

The pro- and anti-atherogenic effects of components of the lipid profile have been well-established for several 
decades in the general population30. However, despite previous reports in the literature, sufficient strategies 
have not been established to understand the effect of changes in the functionality of low molecular weight lipid 
particles in pregnant women. The findings of this study are consistent with other reports, both in the general 
population and pregnant women, regarding the protective effect of HDL and the increased risk of adverse 
outcomes from elevated levels of fatty acids. Moreover, the identified metabolomic profiles may help differentiate 
subtypes of preeclampsia and provide a better understanding of disease pathogenesis. Further longitudinal 

Fig. 3.  Correlation between modules and preeclampsia outcomes. Values correspond to correlation 
coefficients.  p values are presented in parentheses.

 

Metabolite

Late ≥ 37 + 0 weeks
Intermediate 34 to 
36 + 6 weeks Early < 34 + 0 weeks

OR 95% CI p OR 95% CI p OR 95% CI p

Histidine 1.59 1.19 2.11 0.01 1.23 0.82 1.85 0.32 2.35 1.5 3.69 2.0 × 10–3

Isoleucine 1.21 0.93 1.57 0.16 1.48 1 2.19 0.05 2.77 1.74 4.42 1.7 × 10–5

Valine 1.07 0.82 1.4 0.62 1.1 0.74 1.64 0.63 2.81 1.74 4.53 2.3 × 10–5

Total BCAA 1.18 0.91 1.54 0.21 1.13 0.76 1.67 0.56 2.88 1.77 4.67 1.9 × 10–5

Table 2.  Amino acids associated with time of onset of preeclampsia.
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Fig. 4.  Adjusted association between metabolomics modules and preeclampsia outcomes. Values correspond 
to logistic regression coefficients. P-values are presented in parentheses. (A) All preeclampsia; (B) HELLP 
syndrome; (C) Early-onset preeclampsia.

 

Outcome Module Coef SE P value

Preeclampsia

Turquoise 3.499 2.95 0.236

Brown 7.184 2.95 0.015

Yellow 5.954 2.96 0.045

Green  − 7.76 2.98 0.009

Red  − 11.629 3.11  < 0.001

Black 3.886 3.01 0.197

Blue 3.114 2.96 0.293

Grey 5.589 2.92 0.056

Early-onset

Turquoise 6.636 4.13 0.108

Brown 6.575 4.13 0.111

Yellow 4.991 4.25 0.24

Green  − 3.877 4.3 0.367

Red  − 4.226 4.05 0.297

Black 5.029 4.31 0.243

Blue 3.226 4.27 0.45

Grey 5.991 4.45 0.178

HELLP syndrome

Turquoise  − 3.483 5.07 0.492

Brown 6.09 5.4 0.259

Yellow 3.669 5.56 0.509

Green  − 1.816 5.77 0.753

Red  − 4.299 5.19 0.407

Black 1.289 5.73 0.822

Blue 2.875 5.74 0.616

Grey  − 12.033 7.04 0.087

Table 3.  Adjusted association between metabolomics modules and preeclampsia types. *Adjusted association 
included maternal age, ethnicity, recruitment city, smoking during pregnancy, maternal weight at the 
beginning and end of prenatal care, gestational age at delivery, mode of delivery and time of sampling. Coef: 
Logistic regression coefficient. SE: Standard error.
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research is needed to establish whether the changes found in this study occur from the first trimester onwards 
and whether they additionally have a potential causal effect that could fully elucidate the mechanisms involved 
in populations of mixed ethnic origin and determine the therapeutic potential of HDL in this context.

Strengths and limitations
This study has some limitations. Due to the evaluation of metabolites at the time of outcome occurrence, it is 
not possible to establish a cause-effect relationship between the markers of interest and preeclampsia from this 
study. Also, cases and controls were not matched by any variable at recruitment. However, the recruitment team 
made significant efforts to select controls immediately after recruiting the cases, from the same hospital, and 
with similar age and ethnicity to the cases. Additionally, potential confounders, such as age, city of recruitment, 
and ethnicity, among others, were considered during the multivariate logistic regression analysis.

The study also has several strengths, including a larger sample size compared to most metabolomic studies 
in pregnant women assessing the risk of preeclampsia, and the detailed clinical phenotyping, including HELLP 
syndrome. Additionally, the Colombian population is highly admixed and is diverse compared to other published 
studies. This work expands the metabolic profiling data available across populations in pregnancy. Finally, the 
selected metabolomic platform has a wide range of clinically important metabolites been previously validated in 
pregnant population, and a wide range of clinically important metabolites.

Conclusions
In this observational study of Colombian pregnant women at the time of delivery, high levels of very large and 
large HDL metabolites associated were inversely with all preeclampsia, early-onset preeclampsia (< 34 weeks 
of gestation), and HELLP syndrome after adjustment for possible confounders. In addition, VLDL related 
metabolites were associated with an increased the risk for all preeclampsia and early-onset preeclampsia. These 
findings align with existing literature suggesting an important role for lipids in preeclampsia pathophysiology. 
Further research, including cohort studies evaluating HDL metabolite disruptions in the first trimester, could 
shed light on their potential predictive value for preeclampsia risk. Exploring the causal relationship between 
HDL and preeclampsia, as well as its severity, through Mendelian randomization studies, may also provide 
valuable insights. Continued exploration of lipid profiles in pregnant women can enhance the evidence base for 
improving risk prediction, as well as for formulating targeted medications aimed at preventing preeclampsia.

Material and methods
Design and population
A case–control study was conducted using serum samples from GenPE study (Genetics and Preeclampsia) and 
biobank. Briefly, GenPE is a multi-center case–control study that recruited primigravid women aged < 26 years 
old at the time of delivery who were free of preexisting chronic, metabolic, or autoimmune disease at childbirth 
between 2000 and 2012 from eight cities in Colombia. After signing informed consent, participants underwent 
a semi-structured interview, and peripheral blood was collected for use in preeclampsia-related studies with 
written patient authorization. Blood samples were collected at recruitment (during delivery) from antecubital vein 
using tubes devoid of anticoagulants (Becton Dickinson, USA). Following clot formation, samples underwent 
centrifugation for 10 min. The resulting serum was then aliquoted into 300 uL fractions and preserved at − 80 °C 
until the metabolomics analysis was conducted31.

Definition of preeclampsia
Preeclampsia cases were diagnosed in women who had new-onset arterial hypertension (blood pressure 
≥ 140/90 mmHg in two separate measurements) and proteinuria (≥ 300 mg in 24 h or ≥ 1 + dipstick reading in a 
random urine sample with no evidence of urinary tract infection) after the 20th week of pregnancy. Additional 
sub-phenotypes of preeclampsia were defined according to time of disease onset (early < 34 + 0 weeks, intermediate 
34 weeks to 36 + 6 weeks, late ≥ 37 + 0 weeks) and severity (HELLP syndrome: hemolysis (schistocytes or total 
bilirubin > 1.2  mg/dL); elevated liver enzymes: AST ≥ 70  IU/L, LDH ≥ 600  IU/L; thrombocytopenia < 100,000 
platelets/mm3).

Controls were normotensive women without proteinuria who delivered at term (≥ 37 weeks).

Metabolomic assessment
Metabolomic assessment was performed on serum samples using Proton Nuclear Magnetic Resonance (NMR +) 
metabolomics (Nightingale Health Ltd)32 and included the measurement of 250 biomarkers (169 directly 
measured and 81 ratios derived from direct measurements) across eleven categories: amino acids, cholesterol, 
fatty acids, apolipoproteins, lipoprotein particle concentration and size, lipoprotein subclasses, glycolysis-related 
metabolites, glycerides and phospholipids, inflammation, ketone bodies, and fluid balance (see Supplementary 
material, Table S1, for a detailed list).

Quality control revealed two biomarkers (pyruvate and glycerol) with missing data in over 15% of samples, 
and 44 biomarkers with missing values ranging from 0.2 to 7.2% of samples (Supplementary material—Table 
S2). The remaining metabolites were quantified in all serum samples.

Covariates
Clinical information including age, city of recruitment, race, socioeconomic status ranging from 0 (most 
deprived) to 6 (most affluent) and low socioeconomic status (defined as below 3), family history (mother or 
sister) of preeclampsia, attendance to prenatal care, consumption of folic acid and B complex vitamins, presence 
of infections (vaginitis and urinary tract infections), and smoking habits during the current pregnancy was 

Scientific Reports |        (2025) 15:31615 8| https://doi.org/10.1038/s41598-025-00154-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


collected using a standard questionnaire. Additionally, data regarding the patients’ weight at the beginning and 
end of pregnancy, gestational age at delivery, systolic and diastolic blood pressures, mode of delivery and time of 
sampling were also recorded for all participants.

Power calculation
The power calculation was performed using Pearson’s chi-squared test (Epidat 4.2)33, based on specific 
assumptions. These included a proportion of exposed cases (P1) of 52.7%, a proportion of exposed controls 
(P2) of 65%, and a 1:1 case-to-control ratio. The difference of 13% in exposure between cases and controls was 
used as the basis for the calculation10. With a total sample size of 596 patients and a confidence level of 95%, 
this calculation demonstrated that an odds ratio (OR) of 0.6 could be detected with 80% power. Serum samples 
were chosen using randomized sampling, stratified by city and case/control status to ensure representativeness 
between the women recruited for the GenPE study and the sample for this study (Table S3).

Statistical analysis
Continuous variables are presented as medians and Interquartile Range (IQR), while categorical variables are 
reported as absolute and relative frequencies. Missing data for each variable is also documented. Differences 
between cases and controls were assessed using the Χ2 statistic or Fisher’s exact test for categorical variables, as 
appropriate. For continuous variables, Wilcoxon test was employed based on their distribution. The normality 
of quantitative variables was assessed using the Shapiro–Wilk test. Metabolomic biomarkers with missing data, 
which corresponded to values below the limit of detection, were imputed using half the minimum value, as 
this was deemed appropriate, and then standardized using inverse normal transformation before association 
analysis.

To identify the metabolomic profile associated with preeclampsia and its subtypes, two approaches were 
followed. The first approach was a Metabolome Wide Association Study (MWAS) to estimate the associations 
between each metabolite (n = 250) and the outcomes of interest. A logistic regression model was used to assess 
the association between each metabolite and preeclampsia. To evaluate the association between each metabolite 
and HELLP syndrome, patients were classified into three groups: controls, cases without HELLP, and cases with 
HELLP, based on clinical and laboratory criteria. Similarly, to assess the time of onset, patients were categorized 
into controls, cases with late onset (≥ 37 weeks), intermediate onset (34–36.6 weeks), and early onset (< 34 weeks). 
In both scenarios, multinomial regression analyses were performed to account for the nature of the outcomes. 
Associations analyses were adjusted for age, recruitment city, race, smoking, initial and final weight, gestational 
age, mode of delivery and time of sampling. Variables were selected based on clinical relevance and p-value 
(< 0.05). The effect measure is reported as odds ratio (OR), 95% confidence interval (CI), and p-value. Given that 
multiple comparisons were performed, p-value was adjusted using False Discovery Rate (FDR)34. Biomarkers 
with an FDR-adjusted p-value < 0.0002 were considered statistically significant. For this approach, we estimated 
all directly quantified metabolites and their ratios.

The second approach was addressed through Weighted Gene (Metabolite) Co-expression Network Analysis 
(WGCNA)35, which included the following steps: network construction, module detection (clusters of highly 
interconnected metabolites), and module relationships study. For network construction, an adjacency matrix 
was estimated using a power (soft threshold) of 20, a correlation of 0.7 (Supplemental material—Fig. S1) based 
on Pearson’s method, with a minimum of 5 metabolites per module. Correlation coefficients (β) and P-values 
without adjustment are reported for every module detected. Finally, adjusted logistic regression coefficients were 
estimated to assess the associations between each module and outcomes of interest and are reported as adjusted 
OR (aOR). For WGCNA, only directly quantified metabolites (n = 169) were included.

The analysis was conducted in Stata v15.036 and R 3.4 (package WGCNA)35.

Data availability
The data that support the findings of this study are not openly available due to reasons of sensitivity and are avail-
able from the corresponding author upon reasonable request. Data are located in controlled access data storage 
(GitLab) at Fundación Cardiovascular de Colombia.
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