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Lipidomic and transcriptomic
profiling reveal alterations in

the coexistence of gestational
diabetes mellitus and preeclampsia
Impacting maternal and neonatal
outcomes

Chenxiao Zhang¥*, Yanli Huang**, Xixian Mai%*, Lu Liu?, Yan Li?, Fei Zheng?, Judan Cao?,
Chen Zou3, Changshan Wang?, Jinjun Ran?, Hui Zhang®* & Xiaonan Wang**

Gestational diabetes mellitus (GDM) and preeclampsia (PE) are common pregnancy complications,
with the rising incidence of GDM and the pronounced heterogeneity of PE leading to an increased
prevalence of their coexistence, presenting a unique and complex clinical condition. However, the
disease characteristics and maternal-neonatal outcomes of this comorbidity remain largely unknown.
In this study, we collected peripheral blood samples from 42 pregnant women, including pregnant
controls without complications (Control, n=10), GDM (n=12), PE (n=10), and those with coexistence
of GDM and PE (PG, n=10), as well as partial neonatal cord blood samples. Through integrated
lipidomic and transcriptomic analyses, we identified distinct lipid and gene expression features
associated with PG state and explored their correlations with clinical maternal characteristics and
neonatal outcomes. Our findings indicate that PE and PG groups exhibit more pronounced lipidomic
alterations, which are associated with adverse neonatal outcomes, while GDM and PG groups show
more significant transcriptomic changes related to maternal neuronal and immune dysfunction,
potentially increasing the risk of postpartum depression (PD). The elevated risk of PD was further
supported by independent analyses of the UK Biobank and FinnGen cohorts. Despite the limitation of
a modest sample size, the study provides evidence that subclinical alterations in maternal peripheral
blood lipidomic and transcriptomic profiles, along with aberrations in cord blood gas (CBG) parameters,
may exert adverse effects on both maternal and neonatal health. These findings highlight the need
for further mechanistic and longitudinal investigations to elucidate the underlying pathophysiological
processes.
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Pregnancy is a complicated physiological state that requires precise coordination of maternal and fetal systems
to ensure a healthy outcome. However, complications during pregnancy such as gestational diabetes mellitus
(GDM) and preeclampsia (PE), may disrupt this balance, contributing to maternal and perinatal morbidity and
mortality!. GDM, characterized by impaired glucose tolerance with onset or first recognition during pregnancy?,
affects approximately 9-25% of pregnancies worldwide®, with a prevalence in China as high as 16.7%*. This
condition is associated with maternal metabolic dysregulation, increased long-term risks of type II diabetes,
cardiovascular diseases and adverse fetal outcomes®. PE, a hypertensive disorder defined by the new-onset
hypertension after 20 weeks of gestation, is often accompanied by proteinuria, endothelial dysfunction and multi-
organ damage®’, affecting 6-8% of pregnancies globally®. The pronounced heterogeneity of PE severely impacts
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fetal development and is accompanied by immune dysregulation and excessive maternal inflammation®!°,

further increasing health risks for both mother and child'"!2,

With the rising prevalence of GDM!? and previous studies identifying GDM as an independent risk factor
for PE, the coexistence of these two conditions is becoming increasingly common. The comorbidity of GDM
and PE (PG) further complicates clinical management, yet the risks associated with their coexistence have not
received sufficient attention. While previous studies have focused on individual complications, they often fail to
capture the shared pathways and distinct molecular mechanisms across GDM, PE and PG. Currently, the disease
characteristics of PG and its impact on neonatal outcomes are not well understood, and the limited available
literature reports inconsistent findings. Some studies suggest that GDM comorbidity may partially mitigate the
progression of PE', while others report higher rates of adverse neonatal outcomes in PG'®. Placental studies
indicate similarities between PG and PE'®, whereas research on immune responses at the maternal-fetal interface
suggests distinct mechanisms for PE compared to GDM and PG"”. These incomplete similarities and differences
highlight the complex mechanisms underlying PG comorbidity.

Emerging multi-omics technologies provide powerful tools to dissect the molecular underpinnings of
pregnancy complications. Lipidomics, which profiles a wide range of lipid species, has revealed that abnormal
lipid metabolism plays a key role in both GDM!® and PE!°2}, contributing to adverse outcomes. Transcriptomics,
meanwhile, uncovers gene expression changes, shedding light on regulatory pathways and immune responses
that underpin disease pathogenesis. Integrating these approaches enables the identification of distinct molecular
signatures and shared dysregulated pathways, enhancing our understanding of these pregnancy complications.
In this study, we analyzed peripheral blood samples from GDM, PE, PG, and control (CTL) groups using multi-
omics approaches, including lipidomics and transcriptomics, to explore both unique and shared molecular
features of single and comorbid conditions, and to relate these molecular profiles to neonatal outcomes and
CBG indices. This highlights the need for comprehensive analyses that integrate multiple layers of data to better
understand the pathogenesis and progression of these conditions.

Notably, PE exhibited the most significant lipidomic alterations, while GDM showed the most extensive
transcriptomic changes. PG displayed intermediate characteristics, with lipidomic profiles resembling PE and
transcriptomic profiles more similar to GDM. Importantly, PG also demonstrated unique changes, particularly
in gene expression related to neuronal deficits, which may be associated with an increased risk of postpartum
depression (PD). Analyses of UK Biobank (UKB) and FinnGen data supported significant associations between
GDM, PE, and PD, although the association for PG did not reach statistical significance (p-value=0.065),
possibly due to limited sample size.

PE was associated with the most pronounced lipidomic changes, including lipid metabolic disturbances
linked to adverse neonatal outcomes such as low birth weight. While the PE group showed a higher incidence
of low birth weight, PG did not exhibit more severe outcomes, suggesting a partial mitigation of adverse effects;
however, cord blood gas (CBG) indices indicated potentially more severe disturbances in PG, reflecting complex
compensatory mechanisms. From a transcriptomic perspective, GDM exhibited broader gene expression changes
than PE, while PG combined features of both conditions and showed unique alterations, including genes related
to neuronal deficits, potentially linking PG to more severe PD. UKB and FinnGen analyses further supported
close associations between GDM, PG, and PD, although the small sample size for PG limited statistical power.

Our findings provide important insights into the distinct and overlapping mechanisms of GDM, PE, and PG,
and underscore the value of lipidomic and transcriptomic analyses in understanding these conditions. Further
studies integrating clinical and molecular data are warranted to clarify the impact of PG on neonatal outcomes
and to validate the long-term effects of PG on maternal health.

Results

Clinical and biochemical characteristics of the participants

A total of 42 participants were categorized into four groups (CTL, GDM, PE, PG), with PB samples used to
explore systemic changes in lipid and immune dysregulation. Lipidomic profiling was performed on all samples,
and transcriptomic analysis was conducted on a subset of 17 samples (Fig. 1A and B).

The clinical characteristics are summarized in Table 1 (Baseline Characteristics), Table S1 (Other Clinical
Characteristics), and Table S2 (Complete Blood Count [CBC] Results). While parameters like gestational age,
Apgar scores, and CBC results were comparable, significant differences were found in maternal age, body
mass index (BMI), blood pressure, oral glucose tolerance test (OGTT) results, parity, neonatal birth weight,
and delivery mode (p-value <0.05). Pairwise comparisons were conducted to further explore these differences
(Table S3). Notably, higher maternal age in the PG group indicates an increased risk of coexisting complications.
Newborns in the PE group had significantly lower birth weights and higher hospitalization and cesarean delivery
rates, reflecting the severity of PE and its impact on maternal and neonatal outcomes.

Lipidomic profiling reveals distinct downregulated lipids in different pregnancy-associated
complications, but shared upregulated patterns

Lipidomic profiling was conducted using mass spectrometry to understand lipid changes associated with
pregnancy-related complications. A total of 763 lipid metabolites were identified using the LipidSearch library
(Thermo Fisher Scientific), all of which passed quality control. The identified lipids were primarily distributed
across the glycerophospholipids (GPs), followed by sphingolipids (SPs) and glycerolipids (GLs) categories
(Fig. 2B). Hierarchical clustering revealed high stability and reproducibility of the lipidomic data, as evidenced
by low Intra-group variation (Figure S1A and S1B). PCA demonstrated more similar lipidomic profiles for the
CTL and GDM groups, while the PE and PG groups exhibited distinct profiles (Fig. 2A), suggesting that PE-
related pregnancy complications may have higher association with lipid metabolism compared to GDM-related
ones.
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Fig. 1. Study overview and design. (A) Schematic representation of the study flow chart. (B) Diagram showing
the Study design and experimental workflow.

Pairwise differential lipid expression analysis identified disease-associated lipids (Fig. 2C). Compared to
the CTL group, 12 (3 upregulated and 9 downregulated), 26 (15 upregulated and 11 downregulated) and 19
(6 upregulated and 13 downregulated) lipids were differentially expressed in the GDM, PE and PG groups,
respectively. Upregulated lipids were shared among the disease groups and mainly comprised sphingomyelins
(SMs) within the SPs category (Fig. 2D, E). In contrast, the groups exhibited distinct patterns of downregulated
lipids: the GDM group showed lower levels of phosphatidylethanolamines (PEs), the PE group was
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Variables CTL(n=10) GDM(n=12) PE(n=10) PG(n=10) Overall(n=42) p value
Age 31.00 [28.25, 31.75] 28.00 [25.00, 30.75] 30.00 [29.00, 33.25] 35.00 [30.50, 38.25] 30.00 [28.00, 33.75] 0.029
BMI(kg/m?) 20.34 [19.31, 21.98] 21.90 [20.03, 24.77] 21.35[20.22, 22.81] 27.17 [23.87,29.78] 21.95 [20.14, 25.21] 0.007
Blood pressure(mmHg)

SBP 119.50 [116.00, 124.50] | 112.00 [103.25, 120.00] | 148.00 [138.50, 159.50] | 151.00 [138.50, 151.75] | 127.50 [116.00, 148.00] | <0.001
DBP 77.00 [74.50, 80.25] 71.00 [62.75, 74.25] 100.00 [97.50, 104.75] | 95.50 [92.50, 101.50] 85.00 [74.00, 97.00] <0.001
OGTT(mmol/L)

FPG 4.42 [4.24,4.54] 447 [4.28, 4.86] 4.29 [4.12,4.47] 5.22 [4.83, 5.58] 4.48 [4.25,4.81] 0.003
1h 7.84[7.15, 8.31] 9.20 [8.74, 9.61] 8.22[7.36, 8.76] 10.63 [10.14, 12.44] 8.95[7.98,10.03] <0.001
2h 6.47 [6.22, 6.86] 8.82 [8.32,9.12] 6.72 [6.00, 6.96] 8.70 [7.72, 10.23] 7.60 [6.59, 8.83] <0.001
Gravidity(times) 0.236

1 1(10.0) 3(25.0) 4 (40.0) 1(10.0) 9(21.4)

2 5 (50.0) 8 (66.7) 3(30.0) 4(40.0) 20 (47.6)

3+ 4(40.0) 1(8.3) 3(30.0) 5 (50.0) 13 (31.0)

Parity(times) 0.026
0 3(30.0) 5(41.7) 5(50.0) 1(10.0) 14 (33.3)

1 5 (50.0) 7 (58.3) 5 (50.0) 6 (60.0) 23 (54.8)

2 0(0.0) 0(0.0) 0(0.0) 3(30.0) 3(7.1)

3+ 2(20.0) 0(0.0) 0(0.0) 0(0.0) 2(4.8)

Gestational Age(days) 269.50 [267.25, 272.50] | 274.00 [264.75, 278.50] | 259.00 [255.00, 271.75] | 263.50 [255.50, 270.75] | 269.00 [259.25, 273.75] | 0.084
Apgar Score

1 min 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 0.376
5 min 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 10.0 [10.0, 10.0] 0.376
Baby Weight(g) 3150.0 [3025.0, 3275.0] | 3225.0 [2945.0, 3437.5] | 2600.0 [2227.5, 2886.3] | 2800.0 [2700.0, 3225.0] | 3050.0 [2700.0, 3300.0] | 0.019
Delivery Method 0.036
cesarean 5(50.0) 6 (50.0) 10 (100.0) 4(44.4) 25 (61.0)

spontaneous vaginal 5(50.0) 6 (50.0) 0(0.0) 5(55.6) 16 (39.0)

Hospitalization Duration(days) | 5.00 [4.25, 6.00] 5.50 [4.00, 6.00] 7.00 [6.00, 8.50] 6.00 [5.00, 7.75] 6.00 [5.00, 6.75) 0.049

Table 1. Baseline characteristics of the participants. Notes: Data are presented as the median (IQR) and
the percentage (%). Boldp-value indicates statistical significance (p-value <0.05). CTL control group. GDM
gestational diabetes mellitus group, PE preeclampsia group, PG coexistence of preeclampsia and gestational
diabetes mellitus group, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure,
OGTT oral glucose tolerance test, FPG fasting plasma glucose.

characterized by reduced phosphatidylcholines (PCs) and the PG group exhibited a significant reduction in
lysophosphatidylcholines (LPCs).

Signature lipids associated with neonatal outcomes highlight PE as the most severe group
Both GDM and PE are associated with adverse birth outcomes. CBG analysis is considered a sensitive method
for assessing the newborn’s acid-base status, oxygenation and overall condition during delivery. Key CBG
parameters include pH, HCO, (std) and BE(ecf) for acid-base balance; pO,, sO,(est) and tHb(est) for oxygen
transport and gas exchange; mOsm for osmotic balance and RI for respiratory and circulatory function.

CBG data were conducted for 20 out of 42 infants (47.6%) shown in Table S4. All lipids were screened, from
which seventeen lipids were identified as significantly correlated with CBG parameters (Fig. 3A and Figure
S1D), seven of which were changed in disease conditions, predominantly in the PE group (Fig. 3B). Notably,
PC(18:1/24:0) and dMePE(18:2/18:2) associated with acid-base balance and oxygenation, were reduced in PE
and PG (Fig. 3D), suggesting a high likelihood of perinatal asphyxia or hypoxia, which can lead to more severe
outcomes, such as neurological damage. Lipids associated with oxygenation and vascular function, including
PC(32:1)(rep), PI(16:0/16:1), dMePE(16:0/16:1) and PC(16:0/16:1), were significantly increased in the PE
group (Fig. 3E), indicating compromised oxygenation and hypoxemia. Hypoxemia can impair brain and organ
development, potentially causing complications such as cerebral palsy or persistent pulmonary hypertension.
Both PE and PG exhibited increased PC(40:4), a generalized signature metabolite indicative of compromised
oxygenation, acid-base balance, osmolarity and vascular function.

Interestingly, despite the PE group showing the worst CBG results, the coexistence of GDM in the PE
appeared to mitigate the severity of PE to some extent at the lipid level. This is supported by the birth weight
findings, where the birth weights of PG group were comparable to the CTL group, while the PE group exhibited
significantly lower birth weights (Fig. 3C).
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Fig. 2. Lipidomics data analysis. (A) PCA plot of lipidomics data, colored by pregnancy complication groups:
CTL (green), GDM (blue), PE (orange) and PG (red). (B) Pie chart showing the percentage distribution of
major lipid categories based on the763 identified lipids. (C) Volcano plots displaying DELs between GDM,
PE, and PG groups and the CTL group. Up-regulated lipids (FDR<0.25 & log,(FC) >0) are shown in red and
down-regulated lipids (FDR<0.25 & log,(FC) <0) are shown in blue. (D) Bubble plots illustrating subclasses
of DELs identified in (C). (E) Heatmap of scaled median lipid expression levels within each group, with an
additional cutoff of [log,(FC)| > 1 to identify 43 DELs with higher confidence. Hierarchical clustering was
performed using the ward.D2 method based on correlation distance.

Lipid risk score for assessment of PE risk and severity
Unlike GDM, which can be diagnosed using fasting blood glucose (FBG) test, PE is characterized by high
individual heterogeneity and is often asymptomatic or presents with only mild symptoms in the early stage,
making it difficult to assess its severity and to observe its progression effectively. To address this, we developed a
novel lipid-based risk score for PE based on lipidomic data collected prior to delivery.

To accurately assess the risk and severity of PE not only in patients with PE alone but also in those with
co-existing GDM, we extracted key features from DELs shared between the PE and PG groups, resulting in
8 candidate lipids (Fig. 4A and Figure S1E). Ridge regression was subsequently employed to compute robust
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weights, and a PE-related lipid risk score (PLRS) was calculated based on these key lipid features. Receiver
operating characteristic (ROC) curve analysis demonstrated (Fig. 4B and C) the discriminative ability of each
lipid, as well as the overall PLRS, in distinguishing PE and PG. PLRS were significantly lower in GDM, but
remained higher in PG, indicating high efficiency in distinguishing PE patients, even with GDM association
(Fig. 4E).

Correlation analysis revealed that PLRS was significantly positively correlated with SBP and DBP prior to
delivery (p-value <0.05) (Fig. 4D), as well as with OGTT-1 h glucose. No significant correlations were observed
with other clinical characteristics (Table S5).
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«Fig. 3. Correlation of lipid profiles with CBG parameters. (A) Heatmap showing lipids significantly correlated
with CBG parameters (pearson correlation, p-value <0.05). The parameters are grouped into:1) Osmotic
Balance and Circulatory (mOsm and RI); 2) Oxygen Transport and Gas Exchange (tHb(est), pO, and sO,(est))
and 3) Acid-Base Balance (BE(ecf), HCO, (std) and pH). mOsm: milliosmoles, tHb(est): total hemoglobin
(estimated), RI: respiratory index, pO,: partial pressure of oxygen, sO,(est): estimated oxygen saturation,
BE(ecf): base excess of extracellular fluid, HCO, (std): standard bicarbonate concentration, pH: potential
of hydrogen. Lipid clusters are indicated as Cluster 1 (gold) and Cluster 2 (purple), where reduced levels in
Cluster 1 and elevated levels in Cluster 2 are associated with worse outcomes. (B) Volcano plots highlighting
significantly correlated lipids from Cluster 1 (down-worse, gold) and Cluster 2 (up-worse, purple). (C) Violin
plot showing birth weight distributions across the four groups. (D and E) Violin plots displaying the expression
levels of lipids associated with adverse birth outcome: (D) upregulated and (E) downregulated. Statistical
significance was determined using the Wilcoxon rank test (*: p-value <0.05 and ns: non-significant).
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Fig. 4. Construction of a generalized PE predictive model applicable to PG. (A) Venn diagram showing eight
overlapping DELs between the PE and PG groups. (B) Table summarizing the ROC analysis for the eight
DELs, including their AUC values and 95% CI. (C) ROC curves for the eight DELs, showing their predictive
performance. (D) Scatter plots demonstrating the positive correlation between the PLRS and SBP/DBP, with
correlation coefficients (R) and p-values indicated. (E) Box plot showing PLRS distribution across the four
groups. Statistical significance between groups were assessed using the Wilcoxon test (****: p-value <0.0001,
% p-value <0.001, **: p-value <0.01 and ns: non-significant).

Transcriptomic profiling reveals more pronounced changes in GDM-associated pregnancy
complications compared to PE

mRNA profiling offers valuable insights into early molecular changes before protein-level alterations, making it
highly sensitive for identifying signature profiles and pathways associated with pregnancy-related complications,
such as GDM, PE and PG.

PCA of RNA-Seq data demonstrated more distinct transcriptomic profiles between the CTL and GDM-
associated pregnancy complications compared to PE, suggesting that GDM is associated with more striking
mRNA-level changes (Fig. 5A and Figure S2A). Pairwise differential expression analysis between the GDM, PE,
PG groups and the CTL group identified a total of 1503 DEGs in the GDM group, 69 DEGs in the PE group and
1683 DEGs in the PG group (Fig. 5B and Figure S2B). Heatmap of all DEGs revealed six distinct gene clusters
based on median expression levels within each group (Fig. 5C, D).
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Fig. 5. Transcriptomic data analysis. (A) PCA plot of RNA-seq data colored by pregnancy complications
groups: CTL (green), GDM (blue), PE (orange) and PG (red). (B) Volcano plots displaying DEGs between
GDM, PE, and PG groups and CTL. Up-regulated genes (FDR <0.25 and log,(FC) > 0) are shown in red and
down-regulated genes (FDR <0.25 and log,(FC) <0) are shown in blue. (C) Heatmap showing scaled median
expression levels of 776 DEGs for protein coding function across all groups, clustered into six distinct gene
clusters. Hierarchical clustering was performed using ward.D2 method based on correlation distance. (D)
Bar plots displaying the selected significantly enriched pathways (FDR <0.1) for each DEG cluster. (E) Violin
plots showing expression levels of previously reported genes that associated with GDM and PE. (F) Violin
plots highlighting novel DEGs identified in this study as being specifically associated with GDM, PE, or PG.
Statistical significance was assessed using the Wilcoxon test (**: p-value <0.01, *: p-value <0.5 and ns: non-

significant).
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Clusters C1 and C5 were characterized by genes that were generally downregulated in disease groups
compared to CTL. These genes were primarily associated with inflammation-related pathways, including the
TNF-alpha signaling pathway, Interferon Gamma response and the p53 pathway. Cluster C3, which showed
genes downregulated specifically in GDM and PG, was enriched in pathways related to both inflammation and
cardiovascular diseases, such as pulmonary hypertension, cholesteatoma, myocarditis and atherosclerosis. While
fewer upregulated genes were identified, they tended to be more disease-specific. Cluster C4, specific to PG,
was enriched in myeloid-related genes, such as MPO and ELANE, affecting pathways implicated in Duchenne
Muscular Dystrophy. Cluster C6, upregulated in PE, included genes associated with arterial hypertension and
lymphoid activities, which align with known features of PE. To be noted, genes involved in Prostaglandin Synthesis
and Regulation, such as ANXAI and SI00A10, as well as genes associated with fatty acid oxidation, such as
PDK4%2, were observed, suggesting a link between the pathogenesis of PE and lipid metabolism - consistent with
our lipidomics findings. Cluster C2 contained genes upregulated in GDM. Although no significant pathways
were enriched due to the limited number of protein-coding genes, this cluster contains genes associated with
abnormal cholesterol homeostasis, including VSIG4 and ITM2C.

Several genes previously reported to be associated with GDM, such as CAMKID and ILIB, as well as
genes linked to PE, such as RGL3 and PREX1?® (related to blood pressure regulation), and MME and GPX3
(associated with severe PE), were also differentially expressed in our PE and GDM groups (Fig. 5E). However,
since other studies have typically compared each disease to healthy controls individually, these genes are not
disease-specific, as they were generally downregulated across most pregnancy complications in our study. Here,
by including GDM, PE and PG in our analysis, we were able to identify disease-specific marker genes, which
were predominantly upregulated when compared to the CTL group (Fig. 5F). ENOSF1, KLRC3 and B3GNT7
were uniquely enriched in the GDM group, while MXRA7, CD163 and MERTK were predominately upregulated
in the PE group. Most of the PE-associated genes exhibited expression patterns resembling those of either GDM
or PE, reflecting the coexistence of these two conditions in PG. Nevertheless, two marker genes for PG were
identified: ZNF683 and PPDPF.

Gene clusters identified linking to adverse neonatal and maternal outcomes

To investigate the potential impact of gene expression on adverse birth outcomes, we explored the expression
patterns of genes correlated with CBG parameters across the different groups. Due to the limited sample size,
correlation analysis was not feasible; therefore, we instead examined the trends in CBG parameters across the
groups. PG was generally associated with lower oxygenation and higher acidity (Fig. 6A and B). Based on these
trends, we further categorized the CBG parameters into four distinct clusters and compared them to gene
clusters with similar expression patterns.

CBG cluster Cl, associated with impaired oxygenation, closely matched gene cluster C5, while CBG
cluster C2, which reflected vascular dysfunction and osmolarity imbalances, was similar to gene cluster C4
(Fig. 6C). Cluster C4 has 22 genes and cluster C5 contains 60 genes, both of which were likely associated with
adverse birth outcomes. Notably, gene cluster C5 includes TTN, a gene previously associated with peripartum
cardiomyopathy?. In addition, genes in C4 - LRRC56%; SPSB2?%; MPO, ELANE, TNNT1?” and SIK1B? are
linked to muscle weakness, such as myopathy and muscle dystrophy (Fig. 6D). These findings suggest that these
genes may contribute to complications affecting fetal development and adverse birth outcomes.

Intriguingly, several genes in cluster C4, including EPHA4?**%, GFRA2*' and PDZD4*, are associated
with neuronal defects (Fig. 6D). This provides potential mechanistic insights into the link between pregnancy
complications and PD at the maternal side. To validate the association, we analyzed large human cohorts from
FinnGen and the UKB (Fig. 6E). Positive associations were detected between pregnancy complications and PD:
GDM [OR 1.59, 95% CI 1.03-2.32; HR 2.32, 95% CI 2.02-2.67], PE [OR 1.54, 95% CI 1.26-1.85; HR 1.65, 95%
CI1.39-1.96] and PG [HR 2.61, 95% CI 0.79-6.42], While the association for PG was marginally non-significant
(p-value=0.065), likely due to limited sample size, the results indicate a compelling trend that warrants further
investigation. These findings collectively highlight the interplay between pregnancy complications, adverse birth
outcomes, and maternal mental health.

Discussion

Pregnancy complications pose significant challenges to maternal and neonatal health, often contributing
to adverse outcomes that require better diagnostic tools and therapeutic strategies. While most previous
studies focus on a single complication, such as GDM or PE, these conditions frequently share overlapping
pathophysiological features, such as inflammation, endothelial dysfunction and metabolic disturbances. In this
study, we incorporated multiple pregnancy complications—GDM, PE, and their coexistence (PG)—within a
unified analytical framework. By directly comparing these three groups, we were able to better distinguish the
molecular alterations common to all conditions from those that are disease-specific, thereby deepening our
understanding of the underlying molecular mechanisms. This approach is particularly valuable for the PG
group, as comorbidity is unlikely to represent a simple additive effect of individual diseases; instead, it may
involve distinct pathogenic mechanisms and disease characteristics. Our comparative analysis thus provides a
broader perspective on the molecular transitions associated with these complications and offers new insights
into the unique features of comorbid pregnancy disorders.

A key strength of this study lies in the use of multi-omics integration, combining lipidomics and
transcriptomics to provide a holistic view of the molecular alterations in pregnancy complications. Lipidomics
reveals alterations in lipid species, which are critical components of cellular membranes, signaling pathways
and metabolism processes. Transcriptomics, on the other hand, provides insights into gene expression changes,
uncovering regulatory pathways, immune responses, and cellular functions. This dual approach allowed us to
reveal distinct patterns across the two omics layers: lipidomic analyses showed more pronounced changes in PE
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Fig. 6. Association of transcriptomic data with adverse birth outcomes and maternal defects. Heatmap
displaying scaled median values of blood gas parameters across the four groups. Hierarchical clustering was
performed using the ward.D2 method based on correlation distance. (B) Trend plots showing the fitted trends
of blood gas parameters across the four groups, with colors representing different function categories of the
parameters. (C) Enlarged heatmap highlighting genes Cluster 4, which is specifically up-regulated in the PG
group. (D) Violin plots showing the expression levels of genes associated with muscle weakness (SPSB2 and
LRRC56), neuronal defects (PDZD4 and GFRA?2), and birth outcomes (TTN and MPO). Statistical significance
was determined using the Wilcoxon test (*: p-value < 0.5 and ns: non-significant). (E) Forest plot summarizing
the association between GDM, PE, PG and PD using data from in the UKB and FinnGen databases. Results are
presented as odds ratios (OR) with 95% CI (UKB) and hazard ratios (HR) with 95% CI (FinnGen), along with
p-values.
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and PG compared to GDM relative to the CTL group, while transcriptomic analyses uncovered more extensive
changes in GDM and PG than in PE.

From a Lipidomics perspective, our findings highlighted significant changes in key lipid species across
the three groups. Elevated levels of SMs were observed in GDM, PE and PG. SMs are known to affect plasma
membrane signaling, cholesterol efflux and endothelial dysfunction®*-%¢, which align with the observed
pathophysiological features of these complications. PEs, which are crucial for maintaining cell membrane
integrity and fluidity, exhibited divergent patterns. While some studies reported increased PEs in GDM3"3,
we observed a dramatic reduction in specific PEs, including PE(40:5), PE(16:0/20:5), PE(36:4p), PE(40:3)(rep)
and PE(42:6) in GDM and PG, but not in PE, showing consistency to**. These reductions may reflect impaired
trophoblast function and placental development, underscoring their potential as specific metabolites for GDM
and its associated complications.

Diacylglycerols (DGs), such as DG(34:2) and DG (32:1), were identified as potential indicators of PE,
with higher intensity in PE compared to CTL*. Higher DGDG(30:3) intensity in PE was also identified in
our data, consistent with previous findings. PCs, the most abundant phospholipid in mammalian cellular
membranes, were notably downregulated in both PE and PG, including PC(35:2p), PC(34:3p), PC(14:0/20:4),
PC(32:1p) and PC(40:7)(rep). Given the critical role of PCs in triacylglycerol transport and cardiovascular
function, their reduction may be linked to impaired endothelial dysfunction, arterial stiffness and other
cardiovascular abnormalities commonly observed in PE, such as atherosclerosis**>. Additionally, LPCs and
lysophosphatidylethanolamines (LPEs), known as inflammatory lipids*}, who marked reductions in PG,
suggesting persistence of high-grade inflammation in this group. This aligns with their roles in regulating
inflammatory activity, oxidative stress and immune responses in multiple inflammatory-associated diseases,
including rheumatoid arthritis* and Alzheimer disease®.

The transcriptomic findings complemented the lipidomic results by offering insights into mRNA expression
changes associated with pregnancy complications. A majority of the genes linked to these complications were
downregulated across GDM, PE and PG groups compared to CTLs, suggesting overlapping pathophysiological
mechanisms between these conditions. This was supported by the enrichment of inflammatory pathways, such
as the Interferon Gamma response and TNF-alpha signaling via NF-kB, in gene clusters C1, C3 and C5. These
findings align with the well-established understanding that both GDM and PE are inflammatory conditions.
Moreover, enriched pathways, such as fatty acid metabolism, estrogen response (late), hypoxia and hypertrophic
cardiomyopathy, further underscore the critical role of lipid metabolism in these conditions, emphasizing the
link between disrupted lipid profiles, placental dysfunction, and higher cardiovascular risk.

Notably, GDM was characterized by the downregulation of genes associated with pulmonary hypertension.
This aligns with previous reports indicating that women with GDM are at an increased risk of developing PE late
in pregnancy?, hinting at a potential molecular connection between the two conditions. While several previously
reported disease-specific markers, such as CAMK1D*® and ILIB* for GDM, and GPX3, MME*, PREX] and
RGL3% for PE were differentially expressed in our data, they were not exclusive to a single disease but rather
shared across all conditions.

Our findings, however, identified disease-specific genes that were predominantly upregulated. GDM specially
upregulated genes were linked to abnormal cholesterol homeostasis. PE-specific genes were associated with
arterial hypertension, as expected and prostaglandin synthesis, consistent with the lipidomics data, showing
pronounced lipid changes in PE*. In PG, upregulated genes were linked to more severe conditions, such as
muscle weakness, reflecting the compounded nature of coexisting GDM and PE, which is likely to further
increase the risk of cardiovascular and metabolic diseases (CMD)!*°%>1. Specifically, we identified signature
genes for unique disease condition, which represent valuable candidates for disease prediction and further
mechanistic exploration.

Our study also shed light on the association between lipidomic and transcriptomic changes and neonatal
outcomes. Previous research suggests conflicting outcomes for women with comorbid GDM and PE. Some
studies reported higher rates of adverse perinatal outcomes, such as macrosomia, respiratory distress syndrome,
and jaundice®?. However, other studies suggested that adverse outcomes in patients with PE and GDM
comorbidity are significantly lower compared to those with PE alone™. To further investigate these associations,
we integrated CBG results with lipidomic and transcriptomic data. Seventeen lipids were found to be highly
correlated with critical CBG parameters linked to newborn outcomes, including acid-base balance, oxygenation
and vascular function. At the gene expression level, we observed similar trends involving myeloid-related genes,
such as MPO and ELANE. Additionally, we noted that the incidence of low birth weight was higher in the
PE group, whereas the PG group did not exhibit more severe outcomes in this regard. However, some CBG
indices were more abnormal in the PG group, suggesting that while comorbidity does not necessarily exacerbate
clinical manifestations such as growth restriction, there may be complex interactions between compensatory
mechanisms. These findings indicate that, beyond observable clinical outcomes, it is important to consider the
potential impact of underlying pathological mechanisms on neonatal health in the PG group.

From a lipidomics perspective, PE appears to be associated with the most striking lipid changes and the
worse newborn outcomes, evidenced by the lowest birth weight in this group. Low birth weight and small-
for-gestational-age fetuses are often linked to restricted fetal growth, aligning with the pathophysiology of
fetal growth restriction in PE. This underscores the significant impact of dysregulated lipid metabolism on
birth weight. Interestingly, PG, representing the coexistence of PE and GDM, appeared to partially mitigate the
severity of adverse outcomes. This is consistent with previous findings suggesting that the presence of GDM
might reduce the severity of PE-related pregnancy outcomes'4, potentially through metabolic alterations.

At the transcriptomic level, direct correlation analysis with neonatal outcomes was limited by the number
of samples. However, gene clusters exhibiting trends similar to the CBG results were extracted, as gene cluster
C4 and C5. These clusters included immune related genes as well as genes associated with muscle atrophy or
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dystrophy, such as CACNB4, IGTAI, ATP2A1, TTN, TNNT1%, SIK1B®, which may influence cardiac function.
In addition, genes associated with neuronal degeneration, including EPHA4%>*°, GFRA2! and PDZD4* or
higher depression risk, such as ELANE> were differentially expressed in PG compared to the CTLs. These
findings suggest not only a potential link between these genes and adverse birth outcomes but also possible
associations with long-term neuronal effects, such as increased risk of PD in mothers. Previous studies have
briefly explored the association between individual pregnancy complications, such as GDM>® or PE*”%8, using
relatively small cohorts. In this study, we leveraged two large-scale human cohorts, FinnGen and the UKB, to
validate these associations. We not only confirmed positive associations between GDM and PE with PD but also
extended the analysis to PG, the coexistence of GDM and PE. Notably, PG exhibited the highest OR for PD,
although the statistical significance was marginal, likely due to limited sample size. These findings underscore
the need for early prevention and management of pregnancy complications to mitigate adverse maternal mental
health outcomes, particularly in cases of combined complications such as PG.

Our study offers several key advancements over previous research. First, integrating lipidomic and
transcriptomic profiling provides a comprehensive multi-omics perspective on the pathogenesis of pregnancy
complications, identifying both disease-specific and shared molecular pathways. Second, while prior studies
focused on individual complications like GDM or PE, our investigation includes GDM, PE, and PG in a unified
framework, revealing interactions and potential synergies between these conditions. Third, we established robust
links between multi-omics findings and neonatal outcomes, using objective metrics like CBG analysis and birth
weight to overcome the subjectivity of parameters like Apgar scores. Additionally, our transcriptomic analyses
suggest associations between GDM, PE, and PD, with PG showing the strongest potential link. Validation
using large human cohort data from the UKB and FinnGen further strengthens the results and highlights their
translational potential.

However, several aspects could be improved. The small sample size for each group, particularly in lipidomic
and transcriptomic analyses, required using a higher FDR (<0.25) to identify significant findings. PB samples
were collected late in pregnancy, limiting the ability to assess early gestational molecular changes that could
improve predictive models for PE and other complications. As a single-center study, the findings may not fully
represent the racial and ethnic diversity needed for broader generalizability. Additionally, severe PE cases leading
to preterm birth were excluded, and subgroup analyses like early-versus late-onset PE were not performed due to
sample size limitations. Despite these challenges, the study offers novel insights into the interplay of coexisting
pregnancy complications and their downstream effects, providing a strong foundation for future research aimed
at precision diagnostics and therapies.

Conclusion

This study provides a comprehensive multi-omics analysis of pregnancy complications, including GDM, PE and
PG, revealing both shared and condition-specific molecular alterations that enhance our understanding of their
distinct yet interconnected pathophysiology. Lipidomic profiling identified significant changes in SMs, PCs/PEs,
and LPCs/LPEs, with the PE group showing most pronounced lipidomic disruptions, while transcriptomics
revealed pathways linked to inflammation, cholesterol homeostasis, hypertension, and cardiovascular risks.
These findings were further linked to neonatal outcomes, where altered lipid species correlated with birth weight
and CBG parameters, and transcriptomic data uncovered genes associated with immune regulation, muscle
atrophy, and neurodevelopmental defects. Overall, this study underscores the importance of a multi-omics
approach and the inclusion of diverse pregnancy complications, providing novel insights into their molecular
mechanisms, and offering translational tools to improve maternal and neonatal health outcomes.

Materials and methods

Study design and participants

This study was conducted with the approval of the Ethics Committee of Shenzhen Guangming District People’s
Hospital (Approval Number: LL-KT-2023033). All research procedures were performed in accordance with
relevant guidelines and regulations, and in accordance with the Declaration of Helsinki. Informed consent
was obtained from all participants prior to their inclusion in the study. A final cohort of 42 pregnant women
were recruited at the Shenzhen Guangming District People’s Hospital between June 2020 and January 2023.
Participants were categorized to four groups based on their pregnancy conditions: the GDM group consisted
of 12 individuals, while each of the other groups had 10 participants. All participants enrolled were enrolled at
the time of diagnosis and monitored through delivery to assess neonatal outcomes. The inclusion and exclusion
criteria were detailed in the supplementary methods.

Measurement of clinical and biochemical characteristics

Participants’ information was collected prior to labor and at delivery, encompassing a comprehensive range
of maternal and neonatal parameters. PB samples were collected in late-stage pregnancy and separated serum
for further testing. Neonatal umbilical artery blood was collected immediately after birth for CBG analysis.
Information and blood sample collection were performed as detailed in supplementary methods.

Inclusion and exclusion criteria

The inclusion criteria for PE cases were aligned with the guidelines established by the International Society for
the Study of Hypertension in Pregnancy (ISSHP)**%°. GDM was diagnosed between 24 and 28 weeks of gestation
using OGTT test. Diagnosis was confirmed if any of the following plasma glucose levels met or exceeded the
thresholds recommended by the International Association of Diabetes and Pregnancy Study Groups (IADPSG)®!.
The inclusion and exclusion criteria were detailed in the supplementary methods.
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Sample preparation for lipidomics and RNA sequencing

Forty-two samples (CTL: n=10; GDM: n=12; PE: n=10; PG: n=10) were used for lipidomics profiling. RNA
sequencing was performed on 17 samples (CTL: #n=>5; GDM: n=>5; PE: n=3; PG: n=4), using 150 bp paired-end
sequencing. Lipidomics and RNA-seq samples preprocessing were performed as described in the supplementary
methods.

Statistical analysis

Mean differences between groups were evaluated using tableone (v0.13.2) package in R, employing either
the Chi-squared test for categorial variables or the Kruskal-Wallis test for continuous variables. For post-hoc
pairwise comparisons between groups, the Wilcoxon rank sum test was utilized, with p-values adjusted for
multiple testing using the Benjamini-Hochberg (BH) method to control the false discovery rate (FDR).

Lipidomics analysis

Principal component analysis (PCA) was utilized to visualize sample distributions across groups using stats
(v4.2.3) package. Differential expression analysis of lipids between disease groups (PE, GDM, PG) and the
CTL group was performed using a linear model with empirical Bayes moderation, implemented via the limma
(v3.54.2) package in R. Multiple testing correction was applied using the Benjamini-Hochberg FDR, with a
significance threshold set at FDR < 0.25. To ensure high-confidence targets, differentially expressed lipids (DELSs)
were further filtered based on a [log,(fold change (FC))| > 2. Ridge regression analysis, implemented using the
glmnet (v4.1.8) package, was employed to predict PE severity. PLRS were computed by assigning regression-
derived weights to significant lipids. The relationship between neonatal blood gas parameters and lipids was
evaluated using pearson correlation analysis via stats (v4.2.3) package, with significance defined as p-value <0.05.
Hierarchical clustering was subsequently performed using the ward.D2 method via pheatmap (v1.0.12) package.

RNA-Seq analysis

Differential expression analysis of RNA-Seq data was conducted using the edgeR (v3.40.2) package. Data
normalization was performed using the TMM (Trimmed Mean of M-values) method. A generalized linear
model (GLM) was fitted to the data using the quasi-likelihood (QL) approach via the glmQLFit function.
Differentially expressed genes (DEGs) were identified using quasi-likelihood F-tests implemented in the
glmQLFTest function, with adjustment for multiple testing using the FDR. Genes were considered differentially
expressed if they met the criteria of FDR<0.25 and |log,(FC)| > 1. Pathway enrichment analysis for DEGs was
performed using Enrichr®2-%* with a significance threshold of adjusted p-value<0.1.

Selection and validation of public datasets

The validation of the associations between pregnancy complications and PD was carried out using population-
wise data from the UKB and FinnGen. The UKB study was approved by the North west Multi-Centre Research
Ethics Committee and all participants provided written informed consent to participate in the UKB study. This
study was granted under Application Number 99,001. The correlation between the pregnancy complications and
PD was assessed using logistic regression analysis using stats (v4.2.3) in R, with results presented as odds ratios
(OR) and 95% confidence intervals (CI). The population in the UKB was selected according to the inclusion and
exclusion criteria detailed in the supplementary methods. The FinnGen database was used with clinical endpoint
via the RISTEYS website (https://r8.risteys.finngen.fi/). Prior exposure (GDM or PE) and outcome (PD) were
included to calculate hazard ratios (HR) and its 95% CI using the Cox regression with default parameters without
considering the lagged data.

Data availability

Lipidomic data can be accessed through the zenodo through https://zenodo.org/records/14498742. RNA-seq
data have been deposited in the GEO under the accession codes GSE284329. Code is available at: https://github
.com/Chenxiao-Zhang/Scripts.git.
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