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Aim: We investigate the association of mammalian sterile line 20-like kinase 1 (MST1) in the first trimester with the risks of 
gestational diabetes mellitus (GDM) and adverse pregnancy outcomes.
Methods: Pregnancies were recruited during their first antenatal care visit between 8 and 12 gestational weeks. These pregnancies underwent 
an oral glucose tolerance test between 24 and 28 gestational weeks and were followed up until delivery. Serum MST1 levels at 8–12 gestational 
weeks and 24–28 gestational weeks were measured using an enzyme-linked immunosorbent assay (ELISA) kit. Logistic regression models 
were used to evaluate the association between MST1 levels in the first trimester and the risks of GDM and adverse pregnancy outcomes.
Results: This cohort study enrolled a total of 231 pregnancies. GDM was present in 42 (18.18%) women. Compared to the normal 
glucose tolerance (NGT) group, the GDM group had higher levels of FPG, HOMA-IR, and MST1 both in the first and second 
trimesters, but had lower HOMA-β levels only in the second trimester. Then participants were classified according to the median 
MST1 value in the first trimester. Incidences of GDM, composite adverse pregnancy outcomes, preterm birth, and macrosomia 
increased in women with higher MST1 values. Serum MST1 in the first trimester was correlated with FPG, 1hr PG, 2hr PG, and 
HOMA-IR, while inversely correlated with HOMA-β in the second trimester. Furthermore, after adjusting for traditional risk factors, 
women with higher first-trimester MST1 values had greater odds of GDM, composite adverse pregnancy outcomes, preterm birth, and 
macrosomia (aOR 2.276, P=0.030; aOR 2.690, P=0.003; aOR 3.210, P=0.048; aOR 5.488, P=0.010).
Conclusion: Elevated levels of MST1 in the first trimester of pregnancies are associated with increased risks of GDM and adverse 
pregnancy outcomes.
Keywords: mammalian sterile line 20-like kinase 1, gestational diabetes mellitus, adverse pregnancy outcome, blood glucose

Background
Gestational diabetes mellitus (GDM) is a common complication during pregnancy characterized by glucose metabolic 
disorder. The prevalence of GDM varies across different regions, with rates ranging from 6.6% in Japan and Nepal to 
45.3% in the United Arab Emirate.1,2 The prevalence of GDM is increasing globally. Several risk factors have been 
identified, including impaired glucose tolerance, family history of GDM or type 2 diabetes, advanced maternal age, 
obesity, and high parity.3 The exact etiology and pathophysiology of GDM are still not fully understood, but insulin 
resistance and impaired insulin secretion are believed to play a major role. Other factors such as inflammation, 
adipokines, oxidative stress, and placenta factors are also involved in the development of GDM.4

GDM occurring in early gestation can lead to adverse pregnancy outcomes, including premature delivery, pre- 
eclampsia, macrosomia, restricted fetal growth, and fetal distress5 It also increases the risk of metabolic syndrome, 
obesity, and type 2 diabetes for both the mother and the offspring6 High maternal glucose levels have been found to be 
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significantly correlated with adverse pregnancy outcomes.7 Women diagnosed with GDM are at a 10-fold higher risk of 
developing type 2 diabetes after delivery compared to those with normal blood glucose levels.8 A recent study also 
showed that women with a history of GDM have a 63% increased risk of cardiovascular diseases. Even if blood glucose 
levels return to normal after delivery, the cardiovascular risk for these women remains elevated.9 GDM is also associated 
with higher risks of postpartum malignancy, ophthalmic, and renal diseases.10 Offspring of GDM women are more likely 
to develop obesity, metabolic, cardiovascular, and neuropsychiatric disorders.11 A French cohort study reported a 30% 
higher risk of cardiac malformations in the offspring of GDM patients.12 However, GDM is usually diagnosed in the 
late second trimester, highlighting the need to identify potential risk factors for glucose metabolic disorder in early 
pregnancy to enable early prevention of GDM and adverse pregnancy outcomes.

Mammalian sterile line 20-like kinase 1 (MST1) is a serine-threonine kinase that is widely expressed in mammals. It 
plays a crucial role in Hippo signaling pathway and is involved in various cellular processes, including proliferation, 
apoptosis, oxidative stress, and glycolipid metabolism regulation.13 Recent research has shown that MST1 can be 
activated by multiple diabetogenic conditions. Both in vitro and in vivo studies have demonstrated that overexpression 
of MST1 leads to a decrease in the survival of islet beta cells and a complete loss of glucose-stimulated insulin 
secretion.14 However, potent inhibitors of MST1 have been discovered to effectively prevent apoptosis in human islets 
and restore beta cell mass in animal models of diabetes.15

Based on these findings, it is possible that MST1 may also play a role in the development of glucose metabolic 
disorders during pregnancy. This study aims to investigate the involvement of MST1 in gestational glucose disorders and 
its potential impact on adverse pregnancy outcomes. By identifying and understanding the early signs of glucose 
disorders in pregnancy, this research could contribute to the early detection and prevention of such conditions, ultimately 
improving maternal and fetal health.

Materials and Methods
Study Design and Participants
This study was conducted at Taizhou People’s Hospital Preconception Cohort with the aim of investigating the risk 
factors associated with GDM and adverse pregnancy outcomes. The study enrolled a cohort of pregnancies from 
October 2019 to March 2021, comprising a total of 272 participants. These participants were recruited during their 
first antenatal care visit between 8 and 12 gestational weeks. They were followed longitudinally from their first antenatal 
care visit until the time of the oral glucose tolerance test (OGTT) at 24–28 gestational weeks, as well as through the 
postpartum period. Out of the initial 272 subjects, 27 were excluded due to a lack of OGTT and 14 were excluded due to 
a lack of pregnancy outcome data. Ultimately, 231 pregnancies were included in this study, of which 42 developed GDM 
(GDM group), while the remaining 189 participants had normal glucose tolerance (NGT group). A flow chart depicting 
the cohort study is presented in Figure 1.

Diagnosis and Intervention of GDM
Between 24 and 28 gestational weeks, all participants underwent a 75-g OGTT in the morning after fasting for at least 8 
hr. The diagnosis of GDM was made according to the World Health Organization 2013 criteria.16 All patients diagnosed 
with GDM did not receive any hypoglycemic drugs and only received diet and exercise control.

Adverse Pregnancy Outcomes
Adverse pregnancy outcomes in this study were defined as pathological pregnancy and abnormal pregnancy. The 
composite adverse pregnancy outcomes included pre-eclampsia, preterm birth, macrosomia, and postpartum hemorrhage. 
Pre-eclampsia was defined as blood pressure ≥140mmHg and/or diastolic blood pressure ≥90mmHg after 20 weeks of 
gestation. Preterm birth was considered as delivery occurring between 24 and 37 weeks of gestation. Macrosomia is 
defined as a newborn weighing more than 4000g. A postpartum hemorrhage was defined as excessive bleeding exceeding 
500mL within 24 hr after delivery. If a woman experienced multiple adverse pregnancy outcomes, it was considered as 
one composite adverse pregnancy outcome.
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Data Collection Procedures
During the initial antenatal care visit to the hospital, which typically occur between 8 and 12 weeks of gestation, 
a standardized procedure was followed. This procedure involved administering a questionnaire to gather information on 
various factors such as height, pre-pregnancy weight, smoking and alcohol habits, parity, family history of diabetes, and 
impaired glucose tolerance with or without pregnancy. To determine the family history of diabetes, participants were 
asked if any of their first-degree relatives (parents, siblings, or children) had diabetes. Smoking habit was defined as self- 
reported smoking during pregnancy, while drinking habit was defined as the consumption of any alcoholic beverage 3 

Pregnant women in first-trimester

N=315

Serum available in first-trimester

N=272

OGTT results available

N=245

43 Excluded

5 Multiple pregnancy

3 Diabetes history

2 Hypertension history

5 Younger than 20 y or older than 40 y

6 Any infectious diseases

4 Abnormal heart, liver, or renal function

3 Tumor, endocrine or immune diseases

15 Serum available

27 excluded without OGTT results

GDM women N=46

NGT women N=199

14 excluded without pregnancy outcomes

Pregnancy outcomes available

N=231

GDM women N=42

NGT women N=189

Figure 1 Flowchart of the study.
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months before or during pregnancy. In addition to these questions, the participants’ preconception BMI (Body Mass 
Index) was calculated. This was done by dividing their pre-pregnancy weight in kilograms by the square of their height in 
meters. Overall, these standardized procedures were used to collect important information about the participants’ 
demographics, lifestyle factors, and medical history, which will be used for further analysis in the study.

Blood Sample Collection and Measurement of Serum MST1
Blood samples were collected in the morning after an overnight fast and analyzed in the hospital's central laboratory. 
Plasma glucose (PG) was assessed by the glucose oxidase method (Beckman Coulter Co., Ltd., USA). Insulin was 
detected by chemiluminescence assays (ARCHITECT Insulin Reagent Kit, Abbott Laboratories, USA). The homeostatic 
model was used to assess the insulin resistance HOMA-IR=FIns×FPG/22.5, and insulin beta cell function HOMA- 
β=20×Fins/(FPG-3.5). The remaining sera were stored at −80°C in the laboratory for long-term preservation. Serum 
MST1 levels were measured using an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Zhenke Biology Co., 
Ltd., China). The procedure involved adding specimens, standards, and HRP-labeled antibodies to a microtiter plate 
coated with MST1 capture antibodies. The plate was then incubated and thoroughly washed. The substrate TMB was 
added, which reacted with peroxidase to produce a blue color. The addition of acid converted the blue color to yellow, 
and the concentration of MST1 was determined by measuring the absorbance (OD) at a wavelength of 450 nm. The 
concentration of the sample was calculated based on this measurement. The ELISA kit used for MST1 measurement has 
an intra-assay CV(%) of less than 10% and an inter-assay CV(%) of less than 15%. The linear range of the assay is 
0.625–20 ng/mL. Prior to the measurement, all reagents were stored at temperatures between 2°C and 8°C to maintain 
their stability. All ELISA experiments were performed twice, and the mean value was used for analysis.

Statistical Analysis
For variables that are normally distributed, means and standard deviations are calculated. For variables that are not 
normally distributed, medians and interquartile ranges are used. Percentages were calculated for categorical variables. 
The Kolmogorov–Smirnov method was used to test for normality. Student’s t-tests and Mann–Whitney test were used for 
continuous variables, while Chi-square tests for categorical variables between two groups. Correlation analysis was used 
to investigate the connection between MST1 and glucose metabolic variables. Logistic regression analysis was performed 
to examine the associations of MST1 with GDM and adverse pregnancy outcomes. SPSS 26.0 software (IBM SPSS Inc, 
Chicago, IL, USA) was used for all data analysis. Additionally, a restricted cubic spline (RCS) regression model with 
three knots was used to explore potential nonlinear relationships between continuous MST1 levels and the risks of GDM 
and adverse pregnancy outcomes. Receiver operating characteristic (ROC) curves were used to compare the predict-
ability of MST1 for GDM. A significance level of P < 0.05 (two-tailed) was considered statistically significant.

Results
Characteristics of Women in GDM and NGT Groups
In total, 231 pregnancies were included in the study, and 42 (18.18%) of them developed GDM; thus, the remaining 189 
participants were considered the NGT reference group (81.82%). The demographic characteristics of the study population 
in GDM and NGT groups are summarized in Table 1. Women with GDM had greater age than women with NGT. No 
significant differences in preconception BMI, family history of diabetes, smoking exposure, alcohol consumption, 
previous GDM, and parity were observed between the two groups. The levels of fasting plasma glucose (FPG), HOMA- 
IR, and MST1 started to increase in the GDM group between 8 and 12 gestational weeks. Similarly, the women with 
GDM also had higher levels of FPG, 1hr PG, 2hr PG, HOMA-IR, and MST1 between 24 and 28 gestational weeks. 
Interestingly, the HOMA-β index was equal between groups in the first trimester, but only presented to be lower in GDM 
group in the second trimester (Table 1).

Furthermore, from the first trimester to the second trimester, HOMA-IR increased in both GDM and NGT groups. 
However, HOMA-β increased and FPG decreased only in NGT group, while MST1 increased only in GDM group 
(Supplementary Table 1).
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Incidence of GDM and Adverse Pregnancy Outcomes in Low and High MST1 Groups
The participants were divided into two groups based on their median level of MST1 (6.77 pg/mL) in the first trimester: 
the low MST1 group (below 6.77 pg/mL) and the high MST1 group (equal to or above 6.77 pg/mL). Compared to the 
low MST1 group, women in the high MST1 group had higher incidence of GDM (12.17% vs 24.13%, P=0.018), 
composite adverse pregnancy outcomes (15.65% vs 29.31%, P=0.003), preterm birth (3.48% vs 12.07%, P=0.029), and 
macrosomia (2.61% vs 12.07%, P=0.012) (Table 2).

Table 1 Characteristics of Participants in GDM and NGT Group

Index GDM Group NGT Group Z/χ2 P value

N=42 N=189

Age (year) 30 (26, 32) 28 (26, 30) −2.109 0.032

Preconception BMI (kg/m²) 22.96 (21.14, 26.03) 22.60 (21.23, 23.94) −0.976 0.329
Family history of diabetes, n(%) 3 (7.14) 7 (3.70) 0.965 0.326

Smoking exposure, n(%) 3 (7.14) 6 (3.17) 1.426 0.232

Alcohol consumption, n(%) 5 (11.90) 13 (6.88) 0.748 0.412
Previous GDM, n(%) 2 (4.76) 3 (1.59) 3.478 0.062

Parity>1, n(%) 13 (30.95) 48 (25.40) 0.546 0.460

The first trimester
FPG (mmol/l) 4.75 (4.47, 5.23) 4.63 (4.42, 4.88) −2.153 0.031

HOMA-IR 1.72 (1.07, 2.34) 1.39 (1.02, 1.79) −2.341 0.019

HOMA-β 110.26 (83.52, 188.32) 114.42 (83.82, 156.82) −0.373 0.709
MST1 (pg/mL) 7.84 (6.29, 8.68) 6.55 (5.37, 8.23) −2.722 0.006

The second trimester
FPG (mmol/l) 5.12 (4.66, 5.41) 4.36 (4.15, 4.59) −7.241 <0.001
1h PG (mmol/l) 10.57 (9.88, 11.98) 7.07 (6.08, 8.00) −9.695 <0.001

2h PG (mmol/l) 8.77 (8.16, 9.85) 6.60 (5.97, 7.20) −8.906 <0.001

HOMA-IR 2.27 (1.65, 3.62) 1.57 (1.22, 2.12) −4.628 <0.001
HOMA-β 148.97 (112.21, 209.16) 198.59 (140.82, 298.03) −3.058 0.002

MST1 (pg/mL) 8.35 (7.64, 8.83) 6.68 (6.06, 7.40) −7.642 <0.001

Note: Data are median (range); n(%).

Table 2 Incidence of GDM and Adverse Pregnancy Outcomes Between Groups Categorized by MST1

Index High MST1 Group Low MST1 Group Z/χ2 P value

GDM
Yes 28(24.13) 14(12.17) 5.557 0.018
No 88(75.86) 101(87.83)

Composite adverse pregnancy outcomes
Yes 34(29.31) 18(15.65) 6.176 0.003
No 82(70.69) 97(84.34)

Pre-eclampsia
Yes 5(4.31) 3(2.61) 0.121 0.728
No 111(95.69) 112(97.39)

Preterm birth
Yes 14(12.07) 4(3.48) 4.796 0.029
No 102(87.93) 111(96.52)

Macrosomia
Yes 14(12.07) 3(2.61) 6.257 0.012
No 102(87.93) 112(97.39)

Postpartum hemorrhage
Yes 5(2.59) 3(3.48) 0.139 0.710
No 113(97.41) 111(96.52)

Note: Data are median (range); n(%).
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Correlations of MST1 in First Trimester with Glucose Metabolic Factors in Second 
Trimester
MST1 in the first trimester was correlated with FPG, HOMA-IR, 1hr PG, and 2hr PG levels in the second trimester, with 
the co-efficient r values 0.393, 0.217, 0.130, and 0.143, respectively (P<0.05). On the contrary, MST1 in the first 
trimester was inversely correlated with HOMA-β in the second trimester (r = −0.233; P=0.000).

Association Between MST1 in the First Trimester and the Risk of GDM
After adjusting for traditional risk factors such as age, preconception BMI, family history of diabetes, smoking and 
alcohol habits, previous GDM, and parity, logistic regression analysis showed that higher MST1 levels in the first 
trimester were associated with an increased risk of GDM (adjusted odds ratio [aOR] 1.341 [95% CI 1.075–1.672]; 
P=0.009). Pregnant women with MST1 levels ≥6.77 pg/mL had approximately 2.3-fold higher odds of GDM compared 
to those with MST1 levels <6.77 pg/mL (aOR 2.276 [95% CI 1.084–4.870]; P=0.030) (Table 3).

We also investigated the nonlinear relationship among MST1 with GDM. The RCS regression model revealed that 
higher MST1 levels in the first trimester were associated with an increased risk of GDM in a nonlinear fashion 
(Figure 2a). Furthermore, combining MST1 with traditional risk factors improved the predictive ability for GDM 
compared to using MST1 or traditional factors alone (area under the receiver operating characteristic curve [AUC]: 
0.710, 0.635, and 0.677, respectively) (Supplementary Figure 1).

Association Between MST1 in the First Trimester and the Risks of Adverse Pregnancy 
Outcomes
Similarly, after adjusting for traditional risk factors and GDM, pregnancies with higher MST1 levels in the first trimester 
had approximately 2.7-fold higher odds of composite adverse pregnancy outcomes (aOR 2.690 [95% CI 1.386–5.221]; 
P=0.003). The subgroup analysis also showed that participants with higher MST1 levels had higher odds of preterm birth 
and macrosomia (aOR=3.210 [95% CI 1.073–10.404], P=0.048; aOR=5.488 [95% CI 1.498–20.103], P=0.010) (Table 4). 
Furthermore, the RCS regression model revealed that higher MST1 levels in the first trimester were associated with an 
increased risk of composite adverse pregnancy outcomes in a nonlinear fashion (Figure 2b).

Discussion
GDM is a condition characterized by carbohydrate intolerance that is first recognized during pregnancy. It affects 
approximately 10–15% of all pregnant women and shares similarities with type 2 diabetes, primarily involving insulin 
resistance and dysfunction of islet beta cells. As pregnancy progresses, insulin sensitivity decreases, leading to a 2–2.5 
times increase in insulin secretion to maintain normal blood glucose levels. However, prolonged excessive insulin 
secretion gradually impairs the function of islet beta cells. When compensatory insulin secretion is insufficient to 
overcome insulin resistance, blood glucose levels rise, resulting in GDM.17 Once diagnosed with GDM, both the mother 
and fetus are exposed to various risks, including polyhydramnios, pre-eclampsia, macrosomia, preterm birth, and 
respiratory distress due to dysglycemia.18 Current recommendations suggest an OGTT between 24 and 28 weeks of 
gestation to identify GDM. However, if we can detect GDM earlier, we can better alleviate the adverse effects of high 

Table 3 Associations of MST1 with GDM

Model 1 Model 2

OR 95% CI P OR 95% CI P

Per 1 pg/mL 1.357 1.097–1.677 0.005 1.341 1.075–1.672 0.009

MST1 <6.77pg/mL Reference Reference
MST1≥6.77pg/mL 2.295 1.137–4.633 0.020 2.276 1.084–4.870 0.030

Notes: Model 1 unadjusted; Model 2 adjusted for age, preconception BMI, family history of diabetes, smoking 
exposure, alcohol consumption, previous GDM, and parity.
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Figure 2 (a) RCS regression analysis of MST1 and the risk of GDM. (b) RCS regression analysis of MST1 and the risk of adverse pregnancy outcomes.
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glucose on both the mother and the offspring. Therefore, it is crucial to identify and prevent GDM in the early stages of 
pregnancy to potentially improve pregnancy outcomes, reduce maternal and infant complications, and lower the risks of 
metabolic disorders and cardiovascular diseases in the postpartum period.19,20

MST1, a ubiquitously expressed serine/threonine kinase, as well as a key component of the Hippo signaling pathway, 
is extensively expressed in various human tissues and plays a crucial role in essential biological processes, including cell 
apoptosis, proliferation, morphogenesis, differentiation, adhesion, and migration. The mammalian Hippo pathway has 
emerged as a complex signal network through a series of kinase cascades. MST1 interacts with the regulatory protein 
Salvador (Sav1) and phosphorylates and activates large tumour suppressors 1 and 2 (LATS1/2). Then, activated LATS1/2 
phosphorylates the downstream effector Yes-associated protein (YAP), leading to its cytoplasmic sequestration and 
ubiquitin-dependent degradation by binding 14-3-3 proteins. Thereby, YAP transcriptional activity is prevented, resulting 
in resistance to proliferation and increase in apoptosis in multiple tissues. In addition, MST1 promotes cell death through 
regulation of multiple downstream targets such as histone H2B, FOXO family members, as well as stress kinase c-Jun- 
N-terminal kinase (JNK) and caspase-3 activation.21,22 MST1 was initially identified as a target for tumor suppression. 
Previous research discovered that in patients with colorectal cancer, the serum MST1 concentration detected using 
ELISA was a potential biomarker for early detection, prognosis, and prediction of distant metastasis of this disease.23 

Besides cancer, MST1 is also involved in the regulation of cardiovascular disease. MST1 up-regulation promoted the 
apoptosis of vascular smooth muscle cells (VSMC) and the occurrence of aortic dissection, while down-regulation of it 
decreased VSMC apoptosis and aortic dissection formation.24 In a retrospective cohort study involved 160 patients with 
acute type A aortic dissection (ATAAD), the greater circulating MST1 detected using ELISA was correlated with the 30- 
day mortality in these patients who underwent emergency surgery.25

Recent studies have shown that MST1 also plays a crucial role in insulin secretion and beta cell dysfunction, making 
it a potential target for the treatment of glucose metabolism disorders.26 Ardestani et al found that MST1 was activated in 
the islets of individuals with type 2 diabetes, obese diabetic mice, and hyperglycemic mice fed with a high-fat, high- 

Table 4 Associations of MST1 with Adverse Pregnancy Outcomes

Variables Model 1 Model 2

OR 95% CI P OR 95% CI P

Composite adverse pregnancy outcomes
Per 1 pg/mL 1.358 1.116–1.654 0.002 1.330 1.088–1.626 0.005

MST1 <6.77pg/mL Reference Reference

MST1≥6.77pg/mL 2.234 1.175–4.248 0.014 2.690 1.386–5.221 0.003

Pre-eclampsia
Per 1 pg/mL 1.044 0.697–1.604 0.864 1.109 0.630–1.650 0.939

MST1 <6.77pg/mL Reference Reference

MST1≥6.77pg/mL 1.025 0.608–1.728 0.926 1.611 0.352–7.376 0.539
Preterm birth

Per 1 pg/mL 1.556 1.132–2.140 0.007 1.490 1.056–2.102 0.023

MST1 <6.77pg/mL Reference Reference
MST1≥6.77pg/mL 3.809 1.214–11.948 0.022 3.210 1.073–10.404 0.048

Macrosomia
Per 1 pg/mL 1.460 1.062–2.007 0.020 1.438 1.040–1.988 0.028

MST1 <6.77pg/mL Reference Reference

MST1≥6.77pg/mL 5.124 1.431–18.347 0.012 5.488 1.498–20.103 0.010

Postpartum hemorrhage
Per 1 pg/mL 0.888 0.671–1.585 1.031 0.680 0.384–1.204 0.186

MST1 <6.77pg/mL Reference Reference

MST1≥6.77pg/mL 0.584 0.136–2.503 0.469 0.563 0.110–2.282 0.491

Notes: Model 1 unadjusted; Model 2 adjusted for age, preconception BMI, family history of diabetes, smoking exposure, alcohol consumption, previous GDM, parity, and 
GDM.
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sucrose diet. Immunostaining for pMST1 was significantly increased in pancreatic islets of poorly controlled type 2 
diabetes patients and db/db mice, while there was minimal expression in cells from individuals without diabetes or 
control mice.27 Overexpression of MST1 alone was sufficient to induce apoptosis in both human and mouse beta cells. 
This overexpression also led to a marked reduction in PDX1, a key regulator of beta cell survival, resulting in a complete 
loss of glucose-stimulated insulin secretion.14 Additionally, MST1 overexpression abolished the enhancement of glucose- 
induced insulin secretion by GLP-1, while the GLP-1 analogue liraglutide was able to restore PDX1 expression by 
inactivating MST1.28 On the contrary, MST1 deficiency attenuated the reduction in PDX1 caused by high glucose 
treatment, suggesting that MST1 is necessary for the decrease in PDX1 levels in a diabetic environment.15 Silencing the 
MST1 gene improved beta cell function under diabetogenic conditions. In MST1-deficient mice, the survival of beta cells 
and their ability to secrete insulin in response to glucose stimulation were significantly improved, particularly in high 
glucose environments. Furthermore, potent inhibitors of MST1 showed efficacy in preventing apoptosis in human islets 
and restoring beta cell mass in animal models of diabetes.14,29 We reported that the therapy of neratinib (a potent triple 
kinase inhibitor of HER2/EGFR and MST1) effectively restored normoglycemia in a patient with breast cancer and type 
2 diabetes and suggested neratinib as a potent therapeutic regimen for cancer-diabetes comorbidity.30 Given the role of 
MST1 in beta cell function, it is likely to play a crucial role in the pathological process of glucose metabolism disorders 
during pregnancy. However, there have been no reports on the association of MST1 with diabetes in human. This 
prospective cohort study aims to investigate the association between MST1 levels and the risks of GDM and adverse 
pregnancy outcomes in pregnancies. The results showed that elevated serum MST1 levels were associated with increased 
risks of GDM and adverse pregnancy outcomes, suggesting that MST1 may be involved in the development and 
consequences of glucose metabolism disorders during pregnancy.

The development of GDM is believed to be caused by dysfunction of beta cells due to increased insulin resistance and 
hyperinsulinemia, as well as placental hormones, neurohormonal dysfunction, chronic inflammation, adipokines, and 
oxidative stress.31 Our results showed that insulin resistance naturally increased both in women with or without GDM 
during pregnancy. However, women without GDM were able to maintain normal blood glucose levels throughout 
pregnancy due to adequate compensation of insulin secretion by islet beta cells. However, women with GDM had 
higher insulin resistance but inadequate compensation due to insulin secretion. These results were similar with a previous 
study.32 Meanwhile, levels of MST1 also increased from the first trimester to the second trimester in women with GDM. 
To further investigate the potential mechanism of MST1 and the development of GDM, we examined its correlations with 
glucose metabolic factors. We found that levels of MST1 in the first trimester of pregnancy were positively correlated 
with insulin resistance and blood glucose levels, while inversely correlated with beta cell function in the second trimester. 
Based on previous research on MST1 and glucose metabolism, it is speculated that MST1 may increase insulin 
resistance, decrease beta cell function, and lead to glucose intolerance during pregnancy.

Additionally, we evaluated the association between MST1 and adverse pregnancy outcomes. Our study found that 
high levels of MST1 in the first trimester were associated with the risks of composite adverse pregnancy outcomes, 
particularly preterm birth and macrosomia. A previous study showed that compared with healthy pregnancies, MST1 of 
placenta in pregnancies with severe preeclampsia was high-expressed, while YAP1 and TAZ, the downstream factors of 
Hippo signaling pathway, were down-expressed. The staining intensity of MST1 was also stronger in placenta for the 
severe preeclampsia group.33 Sharma et al found that MST1 protein was detected in the cytoplasm during various stages 
of bovine embryos, phosphorylated YAP and TAZ were detected in the nucleus during the blastocyst stages, suggesting 
that MST1 could regulate embryonic development through Hippo signaling pathway.34 The knockout of MST1 in mouse 
embryonic stem cells could result in a disruption of differentiation into mesendoderm lineage, indicating that MST1 plays 
a role in early placental development, regulating vascular patterning, primitive hematopoiesis, cell proliferation, and 
survival.35,36 Therefore, we speculate that MST1 may be involved in the regulation of embryo and placental develop-
ment, leading to adverse pregnancy outcomes.

However, there are several limitations to consider in this study. Firstly, the sample size was relatively small, and 
limited to a Chinese population. Therefore, our findings may not be generalizable to a larger and more diverse 
population. We recommend conducting a large-scale cohort study to validate the results. Secondly, only maternal 
blood samples were collected in this study, which may not provide a comprehensive understanding of the relationship 
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between MST1 and gestational diabetes. It would be beneficial to collect biological samples from cord blood and 
placenta to gain a more complete picture of the impact of MST1 on newborns. Thirdly, the study did not investigate the 
signaling mechanism of MST1 in relation to glucose uptake and utilization during gestation. Understanding this 
mechanism could provide valuable insights into the underlying processes involved in the development of gestational 
diabetes.

In conclusion, this cohort study suggests that elevated serum levels of MST1 in early pregnancy may be associated 
with increased risks of GDM and adverse pregnancy outcomes, such as preterm birth and macrosomia. These findings 
suggest that MST1 may serve as an early predictor and prognostic indicator for GDM and adverse pregnancy outcomes.

Abbreviations
MST1, mammalian sterile line 20-like kinase 1; GDM, Gestational diabetes mellitus; FPG, fasting plasma glucose; 
1hrPG, 1-hr postprandial plasma glucose; 2hrPG, 2-hr postprandial plasma glucose; HOMA-IR, homeostatic model 
assessment of insulin resistance; HOMA-β, homeostasis model assessment of β cell function.
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