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ABSTRACT 

This comprehensive study aimed to identify and evaluate probable protein biomarkers for early 

detection of Gestational Diabetes Mellitus (GDM), a complex metabolic condition posing 

significant risks to maternal and fetal health. The research employed a multifaceted approach 

integrating in vitro cellular models, advanced proteomics, and in vivo validation. 

A robust in vitro cell model using the BeWo trophoblast cell line was meticulously developed 

and validated to accurately recapitulate the insulin resistance and impaired glucose tolerance 

characteristic of GDM. Flow cytometry analysis of glucose uptake confirmed the model's 

fidelity, with insulin-resistant cells exhibiting significantly reduced glucose uptake compared to 

insulin-sensitive controls. 

Leveraging this model, an in-depth proteomics analysis was conducted using liquid 

chromatography-mass spectrometry (LC-MS) to unveil potential protein biomarkers for early 

GDM detection. The analysis yielded a comprehensive dataset of 3,528 protein groups and 

22,431 peptide groups. Comparative analysis between insulin-sensitive and insulin-resistant 

conditions revealed distinct protein profiles, with 61 unique proteins associated with insulin 

sensitivity and 55 unique proteins characterizing insulin resistance. 

Notably, the mitochondrial fission factor (Mff) emerged as a promising biomarker, showing 

significant upregulation in insulin-resistant conditions. This finding suggested a potential role for 

Mff in GDM pathogenesis, linking mitochondrial dysfunction to the onset of insulin resistance. 

The study also investigated the role of Vascular Endothelial Growth Factor (VEGF) in GDM 

pathophysiology. Surprisingly, exogenous VEGF showed minimal impact on glucose uptake in 

insulin-resistant cells, challenging conventional understanding and warranting further 

investigation. 

To validate the in vitro findings and establish their physiological relevance, an in vivo Sprague-

Dawley rat model of GDM was developed using streptozotocin induction. Blood profiling and 

enzyme-linked immunosorbent assay (ELISA) analyses corroborated the upregulation of Mff in 

the GDM condition, reinforcing its potential as a biomarker. 
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This research successfully identified Mff as a probable protein biomarker for early GDM 

detection, demonstrating its upregulation in both in vitro and in vivo models. The study's 

comprehensive approach, spanning from cellular models to animal validation, provides a holistic 

understanding of GDM pathogenesis and offers promising avenues for clinical diagnostics and 

monitoring. 

These findings contribute significantly to the molecular understanding of GDM and pave the 

way for developing early diagnostic tools and targeted interventions. By bridging the gap 

between fundamental research and clinical application, this study represents a substantial 

advancement in the field of GDM research, with potential implications for improving maternal 

and fetal health outcomes. 
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INTRODUCTION
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1. Introduction:  

Pregnancy involves significant biochemical and physiological changes, maintaining a 

delicate balance of biomolecules. Disruption in this balance can lead to metabolic 

disorders like Gestational Diabetes Mellitus (GDM) – diabetes arising during pregnancy, 

impacting around 14% of all pregnancies globally (Kapur et al., 2015). GDM is 

characterized by uncontrolled high blood sugar levels due to inadequate insulin secretion, 

with risk factors including obesity, weight gain, diet, family history, and sedentary 

lifestyle (American Diabetes Association, 2018; International Diabetes Federation, 2017). 

GDM is defined as sustained glucose intolerance and insulin resistance during pregnancy 

(American Diabetes Association). Obesity is a major risk factor, with elevated blood 

glucose levels manifesting at any gestational stage. Symptoms include increased thirst, 

frequent urination, dry mouth, and tiredness. While GDM resolves after delivery, it 

increases risks of obesity, Type 2 diabetes, and cardiovascular complications (Goyal et 

al., 2020). Treatment involves lifestyle measures like balanced nutrition and exercise, but 

limitations exist in addressing insulin resistance and glucose intolerance (Camelo Castillo 

et al., 2015; Feig & Moses, 2011). 

The oral glucose tolerance test effectively assesses blood sugar response to sugar intake 

for GDM and Type 2 diabetes diagnosis (Riskin-Mashiah et al., 2010). Early prediction 

and diagnosis enable successful GDM treatment, even in the first trimester, allowing 

preventative measures and interventions to mitigate effects (Chiefari et al., 2017; HAPO- 

Study Cooperative Research Group, 2008; Moses et al., 2011; Solomon et al., 1997). 

According to the International Association of Diabetes and Pregnancy Study Group 

(IADPSG, 2017), GDM is diagnosed if fasting plasma glucose (FPG) is ≥92 mg/dL or if 

FPG is <92 mg/dL two hours after a 75 g oral glucose tolerance test (OGTT) between 24-

28 weeks of gestation. High blood glucose in the first trimester, with abnormal fasting 

glucose ranging 80-85 mg/dL, may contribute to later GDM (Riskin-Mashiah et al., 

2010). Sex hormone-binding globulin (SHBG), C-Reactive Protein (CRP), and 
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adiponectin are important biomarkers for early GDM prediction and diagnosis (Maged et 

al., 2014). 

1.1 Classification and Prevalence of Gestational Diabetes: 

GDM is a metabolic disorder diagnosed during pregnancy, with uncertainty 

surrounding its classification as pre-existing type 1 or type 2 diabetes, and varying 

diagnostic approaches (IADPSG, n.d.). The International Association of Diabetes and 

Pregnancy Study Group (IADPSG) have provided diagnostic criteria aligning with 

recommendations from the World Health Organization, International Federation of 

Gynecology and Obstetrics, and the American Diabetes Association (ADA). Per 

IADPSG guidelines, all pregnant women should undergo fasting plasma glucose 

(FPG) testing, with readings ≥92 mg/dL indicating GDM. Additionally, if the 2-hour 

75-gram oral glucose tolerance test (OGTT) administered between 24-28 weeks meets 

specific thresholds (Table 1.1), GDM is diagnosed (IADPSG, n.d.). 

 

Table 1.1: Diagnostic Guidelines for Detecting Gestational Diabetes Mellitus 

Using the Oral Glucose Tolerance Test. 

Source Year Pregnancies 
Timing of 

OGTT 
Glucose 

Load 

Glucose 
Thresholds 

(mg/dL) 
Reference 

ADA 2023 
High-risk 
pregnancies 

24-28 
weeks 

75g 

Fasting ≥ 
92, 1-hr ≥ 
180, 2-hr ≥ 
153 

American Diabetes 
Association. 
Standards of Medical 
Care in Diabetes—
2023. Diabetes Care. 
2023;46(Supplement 
1):S254-S266. 
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ACOG 2022 All pregnancies 
24-28 
weeks 

100g 

Fasting ≥ 
95, 1-hr ≥ 
180, 2-hr ≥ 
155, 3-hr ≥ 
140 

American College of 
Obstetricians and 
Gynecologists. 
Gestational Diabetes 
Mellitus: ACOG 
Practice Bulletin, 
Number 231. Obstet 
Gynecol. 
2022;139(2):406-408. 

NICE 2020 
High-risk 
pregnancies 

24-28 
weeks 

75g 
Fasting ≥ 
101, 2-hr ≥ 
140 

National Institute for 
Health and Care 
Excellence. Diabetes 
in pregnancy: 
management from 
preconception to the 
postnatal period. 
NICE guideline [NG3]. 
2020. 

IADPSG/WHO 2013 All pregnancies 
24-28 
weeks 

75g 

Fasting ≥ 
92, 1-hr ≥ 
180, 2-hr ≥ 
153 

International 
Association of 
Diabetes and 
Pregnancy Study 
Groups (IADPSG) 
Consensus Panel. 
Diabetes Care. 
2010;33(3):676-682. 

FIGO 2015 All pregnancies 

As early as 
possible in 
pregnancy, 
and at 24-
28 weeks if 
initial test is 
normal 

75g 

Fasting ≥ 
92, 1-hr ≥ 
180, 2-hr ≥ 
153 

International 
Federation of 
Gynecology and 
Obstetrics (FIGO). Int 
J Gynaecol Obstet. 
2015;131 Suppl 
3:S173-211. 

CDA 2023 All pregnancies 
24-28 
weeks 

75g 

Fasting ≥ 
95, 1-hr ≥ 
191, 2-hr ≥ 
160 

Diabetes Canada 
Clinical Practice 
Guidelines Expert 
Committee. Can J 
Diabetes. 2023;47:S1-
S170. 
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1.2 Epidemiology: 

The escalating global issue of overweight and obesity plays a substantial role in the 

consistent rise in diabetes incidence, including Gestational Diabetes Mellitus (GDM), 

among women of reproductive age [Chen et al., 2018]. According to the 2019 International 

Diabetes Federation (IDF) report, over 20.4 million women, accounting for 14.0% of 

pregnancies, exhibited disorders related to carbohydrate metabolism, with around 80% 

identified as GDM [Wang et al., 2022]. 

The prevalence of GDM varies across global regions [Mwanri et al., 2018]. The Middle 

East and North Africa (MENA) have a substantially high prevalence of 27.6% (26.9-

28.4%), while Southeast Asia (SEA) has a prevalence of 20.8% (20.2-21.4%) [Buckley et 

al., 2012]. The Western Pacific (WP) region follows with 10.3% (4.5–20.3%), Sub Saharan 

Africa (AFR) shows 10.8% (8.5–13.1%), and South America and Central America 

(SACA) have 11.2% (7.1–16.6%). Europe (EUR) reports 6.1% (1.8-31.0%), and North 

America and the Caribbean (NAC) exhibit 7.0% (6.5–11.9%) prevalence [Berg et al., 

2010; Moyce and Dolinsky, 2018] (Figure 1.1). 

 

Figure 1.1: Global Mapping of Gestational Diabetes Mellitus (GDM): An Epidemiological 

Survey of Affected Female Populations [McIntyre et al., 2019]. 
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1.3 Importance of Early Detection and existing Diagnostic challenge 

Early GDM detection reduces maternal risks like preeclampsia, hypertension, type 2 

diabetes (American Diabetes Association, 2018) and fetal risks like macrosomia, birth 

injuries, childhood obesity/diabetes (Chatterjee et al., 2023; Moyce et al., 2018). It allows 

preventative measures against future maternal type 2 diabetes (Chiefari et al., 2017; Chen 

et al., 2018) and provides education/support opportunities for better mental well-being 

(IADPSG Consensus Panel, 2010; Wang et al., 2022). 

However, lack of universal screening protocol consensus leads to global variability 

(Ferrara & Hedderson, 2017; Guariguata et al., 2014). GDM's heterogeneity makes one-

size-fits-all diagnosis difficult (McIntyre et al., 2019). Resource limitations hinder 

comprehensive screening implementation (Hirst et al., 2018). 

Potential strategies include establishing unified diagnostic criteria through international 

collaboration (Bellamy et al., 2009), individualized risk assessment based on factors like 

age, BMI, obstetric history (Lowe et al., 2018; Metzger et al., 2010), exploring novel 

biomarkers alongside glucose measurements for improved accuracy (Berg et al., 2010), 

and investing in healthcare professional training, diagnostic tool access, and educational 

resources (Hirst et al., 2018 ; Mwanri et al., 2018). 

1.4 Rationale for Protein Biomarkers: 

Gestational diabetes mellitus (GDM) can have significant health implications for both the 

pregnant woman and her developing child. Women diagnosed with GDM face an 

elevated risk of complications during pregnancy, most notably preeclampsia. Moreover, 

these individuals have a higher likelihood of developing type 2 diabetes later in life. 

The effects of GDM extend to the fetus as well. Infants born to mothers with GDM are at 

increased risk for certain health issues. These include macrosomia, a condition where 

the baby is significantly larger than average, potentially complicating delivery. 

Additionally, these newborns may experience hypoglycemia, or low blood sugar, in the 

period immediately following birth (Chatterjee et al., 2023). 
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GDM poses significant risks to both maternal and fetal health during pregnancy. Timely 

and accurate diagnosis of GDM is crucial for effective management and the prevention of 

complications. Protein biomarkers have emerged as valuable tools in the diagnosis and 

understanding of GDM due to their role in reflecting underlying physiological changes.   

GDM is characterized by insulin resistance and impaired glucose metabolism during 

pregnancy. These alterations lead to changes in the expression and regulation of various 

proteins involved in insulin signaling, glucose metabolism, and inflammatory pathways. 

Proteins can serve as indicators of these underlying physiological changes. 

Insulin resistance is a hallmark of GDM, and proteins involved in insulin signaling 

pathways are affected (Lappas et al., 2011). Inflammation plays a crucial role in GDM 

pathogenesis. Proteins like C-reactive protein (CRP) and interleukins are associated with 

inflammatory responses and elevated in GDM (Lappas et al., 2012). GDM is linked to 

increased oxidative stress, leading to alterations in antioxidant defense proteins like 

superoxide dismutase and glutathione peroxidase (Sivan et al., 2014). Placental proteins 

like placental growth factor (PlGF) and soluble fms-like tyrosine kinase-1 (sFlt-1) have 

been implicated in GDM pathophysiology (Saraf et al., 2018).   

Protein biomarkers offer improved diagnostic accuracy and GDM prediction. A study 

demonstrated combining multiple protein biomarkers enhanced sensitivity and specificity 

compared to glucose-based tests (Wang et al., 2017). Protein biomarkers allow 

personalized GDM management by identifying specific protein profiles for tailored 

interventions. 

The integration of protein biomarkers offers a multifaceted approach to understanding 

GDM pathophysiology, contributing to early detection, risk stratification, and 

personalized management. Continued research holds potential to refine diagnostic criteria 

and improve outcomes for mothers and infants affected by gestational diabetes. 
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1.5 Methodological Approaches for Investigating Gestational Diabetes Mellitus: In 

Vitro and In Vivo Models 

Recent years have witnessed advancements in in vitro and in vivo experimental models 

for elucidating the pathophysiology of Type 2 Diabetes (T2D) and GDM. In vitro cell 

models like BRIN-BD11, INS-1, and PANC-1 play a pivotal role in unraveling essential 

markers associated with maternal or fetal complications during pregnancy (Asfari et al., 

1992; Lilao-Garzón et al., 2021; Narushima et al., 2005). 

Placental cell lines such as BeWo, JEG, and JAR have served as valuable models for 

studying mechanistic effects of myostatin on glucose uptake, with BeWo cells widely 

accepted for human placental transport studies (Menegazzo et al., 2015; Wang et al., 

2014). In our research, we established an insulin-resistant BeWo cell line to mimic 

placental features during early pregnancy in GDM conditions. 

The Sw.71 cell line mimics the physiological properties of extra-villous trophoblast cells 

and serves as an instrumental tool in trophoblast research, aiding in the screening and 

identification of potential early prediction biomarkers for GDM (Kokkinopoulou et al., 

2019; Mac-Marcjanek et al., 2018; Zhao et al., 2014). 

In vivo rodent models, displaying partial phenotypic expressions of diabetes, are 

extensively used for GDM (Pasek and Gannon, 2013). Dietary alterations, like high fat 

and high fructose, can induce obesity, a significant GDM risk factor, in pregnant mice 

(Feige et al., 2008). Streptozotocin (STZ) administration in pregnant mice is the primary 

strategy to develop an in vivo diabetic mellitus model, revealing structural and functional 

abnormalities and identifying abnormal genetic expressions (Feige et al., 2008). The null 

mutant mouse model, Socs2, emerges as an effective GDM model associated with aging 

(Martínez et al., 2008). 
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1.6 Significance of the Study:  

In recent years, there has been an increase in global Gestational Diabetes Mellitus (GDM) 

cases, attributed to factors like sedentary lifestyles and high-caloric diets in urban 

populations [Dabelea et al., 2005]. Despite controversies around optimal screening 

criteria, evidence emphasizes the importance of early GDM prediction and diagnosis for 

comprehensive treatment [Moses et al., 2011]. Predicting GDM in the first trimester is 

crucial for facilitating timely preventive measures and interventions to mitigate or 

prevent onset [Metzger et al., 2008; Solomon et al., 1997]. 

This study highlights the significance of early GDM prediction, allowing healthcare 

professionals to implement preventive measures promptly, such as dietary interventions 

and medical strategies, ultimately aiming to curb the onset or progression of GDM. 

Protein biomarkers play a pivotal role in reflecting physiological changes associated with 

GDM, offering a promising avenue for early detection. Proteins associated with insulin 

resistance, inflammation, and placental dysfunction serve as key indicators of GDM 

onset. The benefit of utilizing protein biomarkers in early gestation lies in their ability to 

detect subtle changes preceding overt symptoms, allowing for timely preventive 

measures and interventions [Wang et al., 2017]. 

1.7 Research Gap Identification and Research Hypothesis: 

The increasing global prevalence of Gestational Diabetes Mellitus (GDM) has been 

associated with various factors such as sedentary lifestyles, elevated stress levels, and the 

consumption of high-caloric diets, particularly among the urban population (Dabelea et 

al., 2005;Wang et al.,2021). GDM not only affects maternal health but also has negative 

implications for the developing fetus in terms of physiological and metabolic conditions. 

While there are controversies surrounding the optimal threshold criteria for screening 

GDM in late trimesters, there is substantial evidence supporting the importance of early 

prediction and diagnosis for comprehensive treatment of this metabolic disorder (Moses 

et al., 2011; Raets et al.,2021). 



9 

 

The identification of novel protein biomarkers for early detection of gestational diabetes 

mellitus (GDM) is crucial due to the increasing prevalence and potential complications 

associated with this condition. Current screening methods, such as oral glucose tolerance 

tests, are typically performed late in pregnancy and may miss early-onset cases. Novel 

protein biomarkers could enable earlier and more accurate diagnosis, allowing for timely 

interventions to improve maternal and fetal outcomes. 

Protein biomarkers have shown promise in various areas of medicine, including cancer 

diagnostics and cardiovascular disease prediction. In the context of GDM, proteomic 

studies have identified potential candidates such as adiponectin, sex hormone-binding 

globulin, and placental growth factor (Moyce et al., 2023; Rasanen et al., 2013). These 

proteins may reflect early metabolic changes associated with GDM development. 

Early detection through protein biomarkers could facilitate personalized risk assessment 

and targeted interventions. This approach may reduce the incidence of adverse outcomes 

such as macrosomia, neonatal hypoglycemia, and long-term metabolic complications for 

both mother and child (Plows et al., 2018). 

Furthermore, identifying novel biomarkers could provide insights into the 

pathophysiology of GDM, potentially leading to new therapeutic targets. As proteomics 

technologies advance, large-scale studies are needed to validate candidate biomarkers and 

develop clinically applicable screening tools (Law et al., 2017). 

 

Numerous experimental and clinical trials have emphasized the potential benefits of 

predicting GDM as early as the first trimester. Early detection provides the medical 

community with an opportunity to identify, diagnose, and address the disease or its 

consequences at an early stage. The urgency for early prediction lies in enabling timely 

and preventive measures, including dietary control and other medical interventions, to 

mitigate or impede the onset of GDM (Metzger et al., 2008; Solomon et al., 1997). 
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1.8 Research Objectives: 

 

i. Development of in-vitro insulin resistant glucose intolerant cell based 

model for screening the effect of gestational diabetes. 

ii. Prediction and evaluation of probable biomarkers and comparative 

proteome profiling for early prediction of gestational diabetes. 

iii. Evaluation of VEGF effect on glucose uptake under hyperglycemic 

condition in gestational diabetic in-vitro model using BeWo cell line. 

iv. Validation of In-vitro study findings on specific Rat model, through 

blood sample profiling. 
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CHAPTER 2 

REVIEW OF LITERATURE 
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2 Review of Literature: 

2.1 Pathophysiology of GDM:  

The primary role of pancreatic β-cells is to monitor blood glucose levels and release 

insulin accordingly. The insulin hormone, upon activation, communicates with GLUT 

proteins to facilitate the opening of cell membrane gates, enabling the absorption of 

glucose. However, when β-cells in the islets of Langerhans fail to respond to elevated 

blood glucose levels, leading to insulin resistance, it results in a hyperglycemic state. This 

condition can progress into metabolic disorders such as gestational diabetes, obesity, type 

2 diabetes, and cardiovascular complications. Therefore, it can be concluded that β-cell 

dysfunction manifests as excessive insulin secretion in response to prolonged elevated 

blood glucose levels [Dludla et al.,2023; Weir et al., 2001]. 

 The dysfunction of β-cells can manifest in various ways and at different stages of their synthesis 

process, encompassing issues such as inappropriate pro-insulin synthesis, modified post-

translational processes, glucose intolerance, or unidentified cellular mechanisms associated with 

granule exocytosis and storage [DeFronzo, 2009]. 
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Figure 2.1: The pathophysiological mechanisms involving β-cell function and insulin 

sensitivity are compared between normal and gestational diabetes mellitus (GDM) 

conditions [Prentki and Nolan, 2006]. 

The provided figure (Figure 2.1) illustrates the physiological interplay among the β-cells, 

blood glucose, and insulin sensitivity within the human placental system. In a normative 

pregnancy scenario, β-cells undergo both hyperplasia and hypertrophy to adequately 

address the heightened metabolic requirements. Concurrently, insulin sensitivity 

decreases as blood glucose levels elevate. Following delivery or the post-pregnancy 

period, β-cells, blood glucose levels, and insulin sensitivity return to baseline (Skajaa et 

al.,2020). 

Contrarily, in gestational diabetes, characterized by elevated hyperglycemia and 

diminished insulin sensitivity, β-cells struggle to meet the demands imposed by the 

pregnant woman supporting fetal growth (Dilworth et al., 2021). This imbalance, marked 

by heightened blood glucose levels and reduced insulin sensitivity, disrupts the metabolic 

pathway, potentially leading to the development of gestational diabetes during pregnancy 

or Type 2 diabetes mellitus post-pregnancy (Plows et al.,2018). 

2.2 Insulin Resistance: 

Insulin resistance, wherein cells fail to adequately uptake glucose in response to insulin, 

can lead to chronic diseases like obesity, cardiovascular disease, GDM in pregnant 

women (Catalano et al., 1999). Resistance stems from excessive lipid/metabolite 

accumulation which triggers inflammatory pathways and endoplasmic reticulum stress 

(Buchanan, 2001; Ma et al.,2024). Different tissues exhibit varying responses to elevated 

glucose levels, also driving insulin resistance. In the liver, high sugar prompts lipids to 

deviate from mitochondrial oxidation towards pathways activating serine kinases, which 

then inactivate insulin signaling molecules. Similarly in muscle cells, excess fats increase 

fatty acid oxidation but impair the Krebs cycle. Accumulating lipid droplets in 

mitochondria impair insulin signaling (Friedman et al., 1999; Gilbert et al.,2021). 
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Overall, this impaired cell-level glucose management by insulin underlies whole-body 

insulin resistance manifesting the conditions like obesity and GDM. 
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Figure 2.2: Underlying Physiological Mechanisms in Gestational Diabetes Mellitus. 

This figure illustrates the complex pathophysiology of Gestational Diabetes Mellitus 

(GDM), depicting the interplay between maternal and fetal factors. 

Experimental evidence shows that women with underlying metabolic problems before 

pregnancy have an elevated risk of developing GDM (amarish et al., 2022). During 

pregnancy, high blood glucose and increased demands on the pancreatic beta cells for 

uptake lead to the body's natural insulin becoming nonresponsive or more resistant. This 

impairs glucose absorption in skeletal muscle and fat tissue at the cellular level. Defective 

pancreatic beta cell function then induces systemic maternal insulin resistance, resulting 

in issues like high blood sugar and excess insulin. Short-term risks include fetal 

overgrowth and macrosomia, while long-term implications encompass maternal obesity 

and heightened Type 2 Diabetes (T2D) susceptibility later in life (amarish et al., 2022). 

In non-obese pregnant women, insulin release can be estimated using hyperinsulinemic-

euglycemic clamp studies. These reveal a 56% decline in insulin sensitivity between 34-

36 weeks gestation. Notably, about 39% of this reduced sensitivity manifests within the 

1
st
 twelve to fourteen weeks of pregnancy (Catalano et al., 1991). This falling insulin 

sensitivity triggers a threefold rise in insulin secretion during pregnancy to maintain 

euglycemia. However, the poorer glucose regulation promotes excessive storage in bodily 

tissues, contributing to obesity among reproductive-aged women. In turn, enduring 

obesity becomes a precursor to long-term issues like cardiovascular disease, liver 

disorders and kidney dysfunction (Catalano, 2010). Overall, pregnancy induces 

progressive insulin resistance and demands heightened insulin output, while obesity 

sustains metabolic dysfunction. 

Insulin resistance to blood sugar/glucose is a critical issue in GDM. High levels of the 

inflammatory cytokine TNF-alpha, secreted by immune cells like monocytes & 

macrophages, impairs insulin sensitivity specifically. This indirectly promotes 

hyperglycemia and GDM development during pregnancy (Abell et al.,2015; Ategbo et al., 

2006). Investigations show that disrupted blood glucose regulation and increased 

oxidative stress at the cellular level underlie early GDM onset. Studies reveal elevated 
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TNF-alpha downregulates insulin sensitivity in late-stage (34 week) GDM-affected 

pregnant women specifically (Kirwan et al., 2002). Overall, inflammatory signaling 

interferes with glucose homeostasis, contributing to insulin resistant gestational diabetes. 

Compromised carbohydrate metabolism and oxidative stress changes are linked from 

early pregnancy to later GDM onset (Ray et al., 2024) 

 

Figure 2.3: The Cellular Mechanism Linking Insulin Resistance and GDM. This 

figure illustrates the complex cellular pathways involved in the development of insulin 

resistance and its progression to gestational diabetes mellitus (GDM). 

Fatty acid metabolites initiate a sequence involving protein kinase and serine/threonine 

kinases, leading to their activation through serine/threonine phosphorylation. This 

process hinders the binding of insulin receptor substrate-1 (IRS-1) and activates 

phosphoinositide 3-kinase (PI 3-kinase), resulting in insulin desensitization and reduced 

insulin-mediated glucose transport (Saltiel et al.,2021). Changes in adipokine secretion 

related to obesity, coupled with the activation of inflammatory pathways such as IKKβ, 

NF-kβ & Janus Kinase, influenced by ligands for Toll, AGE TNF-α & IL-1 receptors, 
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modulate insulin signaling, contributing to insulin resistance promotion (Figure 2.3) 

(Shoelson et al., 2006; Savage et al., 2007; Qatanani et al., 2007). 

C-Reactive Protein (CRP), an acute phase protein released in response to cell injury or 

microbial infection, has been linked to obesity and insulin insensitivity towards blood 

glucose. Studies indicate a positive association between gestational diabetes mellitus 

(GDM), increased CRP levels, and body mass index (BMI) (Rodrigo et al.,2018). 

Research by Gill et al. (2011) suggests a notable correlation between glucose intolerance 

or insulin resistance in the third trimester and elevated CRP concentrations in the first 

trimester. The onset of GDM has been associated with the activation of inflammatory 

cytokines, such as Interleukin-6 (IL-6) and TNF-alpha, along with the consistent 

downregulation of IL-4 and IL-10 (Hiden et al., 2009; Serov et al., 2015). 

Insulin signaling facilitates GLUT proteins translocation, allowing glucose uptake into 

cells. When insulin signaling is compromised, the cell's capacity to absorb glucose 

diminishes, contributing to Type 2 Diabetes (T2D), obesity, and GDM during pregnancy 

(Merz et al.,2020). In GDM, pregnant individuals commonly experience a substantial 54 

percent reduction in glucose absorption rate compared to healthy counterparts. The 

primary factors contributing to GDM include disruptions in insulin signaling downstream 

regulators, insulin receptor substrate (IRS) mutations, endoplasmic reticulum (ER) stress 

during insulin processing, and the impact of pro-inflammatory cytokines (Helske et al., 

2001). 

Women with normal pre-pregnancy blood glucose levels may develop gestational 

diabetes mellitus (GDM) later in gestation, possibly due to reduced insulin sensitivity 

before conception. Early in pregnancy, increased insulin secretion maintains normal 

glucose levels, but as caloric intake rises for fetal development, insulin resistance or β-

cell dysfunction may occur, leading to hyperglycemia (Gui et al., 2015). Dysfunctional 

pancreatic β-cells before pregnancy could manifest clinically in late pregnancy, while 

women with GDM often exhibit fasting hyperglycemia, potentially induced by reduced 

endogenous glucose production before conception (Meng et al., 2016). In healthy 

pregnant women, insulin binding initiates a signaling cascade for glucose uptake, but 
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during the last trimester, there is a reduction in insulin receptor substrate-1 (IRS-1) 

expression in skeletal muscles, associated with a 25–30% decrease in glucose uptake 

(Marcantoni et al., 2015; Ozmen et al., 2014). 

 

2.3 The Pathology and Pharmacological Approaches in Gestational Diabetes 

Mellitus (GDM):  

Scientific inquiries underscore the significance of a genetic inclination (maternal), 

combined with the cellular microenvironment and placental factors of fetus, in initiating 

latent cellular processes that ultimately result in complications associated with 

Gestational Diabetes Mellitus (GDM) diagnosed later in gestation. As a result, a 

comprehensive understanding of the pathophysiology (cellular) and related risk factors is 

essential for efficient screening & timely prevention in cases of GDM (Ray et al.,2024). 

The primary function of pancreatic cells (β-cells) is to monitor glucose concentration 

(blood) and release insulin accordingly. Dysfunction of these cells involves the excessive 

secretion of insulin in response to chronic blood glucose levels, presenting in various 

manifestations for example, inappropriate pro-insulin synthesis, altered post-translational 

processes, intolerance (glucose), and other unidentified cellular mechanisms (DeFronzo, 

2009). Recent research findings has identified specific genes, such as potassium voltage-

gated channel KQT-like 1 (Kcnq1) and Glucokinase (Gck), as influential in β-cell 

function and contributors to the development of Gestational Diabetes Mellitus (GDM) in 

pregnant women (Prentki and Nolan, 2006). The increased hyperglycemic burden 

resulting from dysfunctional β-cells is compounded by insulin resistance to blood 

glucose, leading to an altered metabolic state known as glucotoxicity (Ashcroft et al., 

2017). 

In vivo examinations utilizing rat models, particularly Zucker fatty rats, highlight the 

importance of β-cell quantity in maintaining glucose homeostasis (Kottaisamy et 

al.,2021). A study involving Zucker fatty rats demonstrated that the surgical removal of 

60% of the pancreatic system led to the subsequent recovery of β-cell mass to normal 
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levels. However, despite this recovery, the rats developed severe hyperglycemia. The 

findings suggests that the abrupt and significant β-cell reduction might overwhelm the 

remaining cells, leading to glucotoxicity due to diminished sensitivity to insulin  or 

insulin granule storage depletion (Delghingaro-Augusto et al., 2009). 

In a study involving Sprague Dawley (SD) rats, known for their resistance to diabetic 

development, intrauterine growth restriction was induced through bilateral uterine 

ligation, resulting in a significant loss (50%) of β-cells. This loss was attributed to the 

epigenetic downregulation of Pdx1, a critical pancreatic transcription factor necessary for 

β-cell proliferation and differentiation during the embryonic stage (Simmons et al., 2001). 

Furthermore, the infusion of prolactin influenced β-cell proliferation, as demonstrated in 

a mouse knock-out model of the prolactin receptor (Auffret et al., 2013). Experimental 

observations, such as reduced β-cell hyperplasia and glucotoxicity, provide evidence that 

β-cell degeneration through apoptotic pathways may contribute to the onset of 

Gestational Diabetes Mellitus (GDM) ( Rahier et al., 2008;Van Assche et al., 1978). 

Fetal development is entirely dependent on the nutrient supply from the mother, 

particularly blood glucose. In cases where the developing fetus is excessively exposed to 

a hyperglycemic environment in women affected by gestational diabetes mellitus (GDM), 

this triggers hyperinsulinemic conditions in the fetus (Ornoy et al.,2021). On the 

placental surface, lipolysis mediated by endothelial lipase prompts the release of maternal 

lipoproteins. However, only a minute fraction of free fatty acids traverses the barrier of 

placenta, accumulating in a fetal free fatty acid pool and utilizing excess blood glucose 

resulting from increased dietary intake during pregnancy. Fetal insulin, in turn, stimulates 

adipogenesis, leading to the storage of fat in adipose tissues. 

2.4 Maternal and Fetal Outcomes: 

2.4.1 Obesity:  

Obesity significantly predisposes to GDM. Heightened production of pro-inflammatory 

cytokines from fat cells leads to chronic inflammation in obesity (Teh et al., 2011; Ben-

Haroush et al., 2004). This triggers secretion of tumor necrosis factor, interleukin 
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proteins, leptin, visfatin and adipokines, disrupting insulin secretion, sensitivity, energy 

control and inflammation regulation (Permana et al., 2006; Kralisch et al., 2007). Studies 

highlight strong links between Type 2 Diabetes (T2D), obesity and low-grade chronic 

inflammation (Hotamisligil, 2006). Maintaining balance between pro- and anti-

inflammatory cytokines is key for healthy maternal-fetal metabolism during pregnancy. 

However, obese pregnant women exhibit increased pro-inflammatory cytokine release, 

causing metabolic imbalance and insulin resistance to blood sugar in maternal and fetal 

circulation (Wolf et al., 2004). This promotes glucose accumulation, hyperglycemia, and 

perpetuates obesity's cardiovascular complications (Qiu et al., 2004). Overall, the hyper-

accumulation of inflammatory markers drives the insulin resistance underlying GDM 

development (Catalano et al., 1999; Buchanan, 2001). This underscores the intricate 

connections between obesity, inflammation and gestational diabetes, warranting 

comprehensive investigation and targeted interventions.  

2.4.2 Fetal Derangements in GDM:  

Changes in the vasculature of the developing fetus can occur as a result of alterations in 

the feto-placental vessels in females affected by Gestational Diabetes Mellitus (GDM). 

These changes contribute to fetal abnormalities, hyperglycemia, and additional metabolic 

complications. Elevated glucose levels in the fetus stimulate increased insulin secretion, 

leading to hyperinsulinemia during the second trimester [Bao et al., 2016]. 

GDM-affected women typically give birth to larger infants, leading to painful delivery 

and an increased likelihood of requiring a cesarean section. This condition is often 

associated with "Polyhydramnios," characterized by the excessive accumulation of 

amniotic fluid, serving as a protective cushion for the fetus within the mother's womb. 

However, this may have negative consequences, potentially resulting in premature labor 

or delivery complications. Premature birth, occurring in or before the 37th week, and a 

concurrent medical complication known as "Preeclampsia," characterized by elevated 

blood pressure and increased protein concentration in urine, are prevalent among females 

affected by GDM [Pettitt et al., 1980; Jensen et al., 2003]. 
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2.5 Current Diagnostic Methods for GDM: 

Accurate and timely diagnosis is critical for effective management and prevention of 

GDM complications. Current diagnostic methods for GDM, while widely implemented, 

face challenges and gaps that impact their accuracy and applicability. Controversies in 

diagnostic criteria, insensitivity to early-onset GDM, physiological changes in pregnancy, 

and limited exploration of biomarkers necessitate ongoing research and innovation. 

Currently used diagnostic method such as GCT (Glucose Challenge Test), which is a 

commonly used screening test for GDM. Typically performed between 24 and 28 weeks 

of gestation, it involves administering a glucose solution followed by measuring blood 

glucose levels. If the initial screening indicates elevated glucose levels, further diagnostic 

testing is recommended [American Diabetes Association (ADA), 2022]. Similarly, the 

OGTT (Oral glucose tolerance test) remains a gold standard for diagnosing GDM. After 

an overnight fast, pregnant women consume a standardized glucose solution, and blood 

glucose levels are measured at specific intervals. The criteria for GDM diagnosis often 

involve elevated fasting, one-hour, and two-hour glucose levels [ADA, 2022].Diagnostic 

criteria such as HbA1c reflects average blood glucose levels over the past 2-3 months. 

While widely used for diagnosing diabetes outside of pregnancy, its utility in GDM 

diagnosis remains debated due to physiological changes in pregnancy affecting HbA1c 

levels [Committee on Practice Bulletins-Obstetrics, 2018]. Fasting Plasma Glucose 

(FPG) is another diagnostic parameter, involving measurement of glucose levels after an 

overnight fast. Elevated fasting glucose is indicative of impaired glucose metabolism and 

is one of the criteria for GDM diagnosis [ADA, 2022]. 

The GCT and OGTT are widely applicable and have been used for decades, making them 

accessible diagnostic tools in various healthcare settings. Diagnostic criteria, especially 

those established by the ADA, provide a standardized approach for GDM diagnosis, 

ensuring consistency and comparability across studies and clinical practice (Jagannathan 

et al.,2020). Current methods enable the identification of women at risk for GDM, 

allowing for timely interventions to mitigate the associated risks for both mother and 

child. 
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2.6 Challenges and Gaps in Current Diagnostic Methods: 

Controversies persist regarding the optimal threshold values for Gestational Diabetes 

Mellitus (GDM) diagnosis, despite the existence of standardized criteria. This lack of 

consensus has implications for the prevalence and management of GDM [International 

Association of Diabetes and Pregnancy Study Groups, 2010]. 

The current diagnostic methods, particularly the Oral Glucose Tolerance Test (OGTT), 

are primarily designed for detecting GDM in the second or third trimester (Sweeting et 

al.,2022). However, there is growing evidence that GDM may have an early onset, 

necessitating the exploration of diagnostic methods applicable in the first trimester. 

Pregnancy-induced physiological changes, such as increased insulin resistance, alter 

glucose metabolism, affecting the performance of traditional diagnostic markers like 

fasting glucose and HbA1c. This challenges the reliability of these markers in the context 

of pregnancy [ACOG Practice Bulletin, 2018]. 

Current diagnostic methods lack a personalized medicine approach, relying on 

population-based thresholds. Individualized risk assessments based on factors such as 

maternal age, BMI, and ethnicity are not fully integrated into current diagnostic strategies 

(Metzger et al., 2010). The heterogeneity of study populations, encompassing diverse 

ethnic and racial groups, introduces challenges in interpreting and applying diagnostic 

criteria universally. The impact of these variables on diagnostic accuracy is an ongoing 

area of research (Berggren et al., 2021). 

2.7 Limited Exploration of Biomarkers: 

While there is increasing interest in protein biomarkers for GDM, research on their 

integration into routine diagnostics remains limited. Identifying reliable biomarkers could 

address some challenges associated with the current methods (Saraf et al., 2018). 

Addressing the insensitivity of current methods to early-onset GDM is crucial. Exploring 

the feasibility of screening methods in the first trimester, such as assessing early 

biomarkers or incorporating existing markers like maternal BMI and history of GDM, 

could enhance early detection and intervention (ACOG, 2018). 
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Advances in metabolomics and proteomics offer the opportunity to identify novel 

biomarkers associated with GDM. Comprehensive profiling of metabolites and proteins 

may unveil more specific and sensitive indicators for early diagnosis and risk 

stratification (Lowe et al., 2018). 

Advancements such as early pregnancy screening, metabolomics and proteomics, could 

offer promising avenues to address current challenges and enhance the accuracy of GDM 

diagnosis. Future research should focus on the integration of these advancements into 

routine clinical practice, ultimately improving maternal and fetal outcomes in 

pregnancies affected by GDM. 

2.8 Protein Biomarkers Explored in GDM: 

2.8.1 Vasculo-endothelial growth factor (VEGF)-A Potential Biomarker for GDM 

Screening:  

Placental angiogenesis, a crucial process for fetal development, is greatly influenced by 

Vascular Endothelial Growth Factor (VEGF). Recent research has provided compelling 

evidence linking abnormal angiogenesis to the development of GDM, a condition marked 

by disruptions in blood glucose metabolism (Bolatai et al.,2022). Additionally, a notable 

finding indicates an incremental increase in placental weight among women diagnosed 

with GDM compared to those with uncomplicated pregnancies. Experimental research 

utilizing in-vitro models has been conducted to understand the effects of elevated blood 

glucose angiogenesis (placental), specifically the key proteins Fibroblast Growth Factor 2 

(FGF2) and VEGF (Baumgartner-Parzer et al., 1995; Xiang et al., 2014). The 

investigation assessed proliferation, differentiation, migration & tube vessel formation in 

Human Umbilical Vein Endothelial Cells (HUVEC) derived from diabetic and normal 

cell lines. This enabled examining the intricate impacts of hyperglycemia on angiogenic 

pathways underlying placental vascular development. An important outcome of this 

experimental research was the observed alterations in proliferation under hyperglycemic 

conditions within diabetic cell cultures compared to normal HUVEC cell lines. This 

investigation provided insights into the in-vitro dynamics of cellular processes, 
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demonstrating the impact of elevated blood glucose levels on fundamental facets of 

angiogenesis. The in-vitro model implemented in this study allowed for a comprehensive 

analysis of various parameters, including proliferation, differentiation, migration, and 

tube vessel formation in HUVEC cell lines. This cell-based bioassay created a controlled 

environment for dissecting the intricate relationship between high blood glucose 

concentrations, Fibroblast Growth Factor 2- (FGF2), and VEGF concerning placental 

angiogenesis (Tahergorabi et al .,2012) 

The research shows major changes in Human Umbilical Vein Endothelial Cell (HUVEC) 

proliferation under hyperglycemic conditions modeling gestational diabetes mellitus 

(GDM) (Díaz-Pérez et al., 2016). Specifically, FGF-2 driven HUVEC proliferation was 

suppressed in the GDM versus control group when exposed to high 25mM glucose levels. 

Interestingly, under similar hyperglycemia, the proliferation rate stayed unaffected in 

VEGF-stimulated HUVECs in the in-vitro GDM model (Díaz-Pérez et al., 2016). 

Overall, the findings indicate hyperglycemia's inhibitory effects on cell growth pathways 

like FGF-2-mediated proliferation, while VEGF-linked cell propagation remains 

unaffected, elucidating the differential angiogenesis signaling in GDM.  

Transcriptional dysregulation of cell movement, adhesion and migration related genes 

was seen in HUVECs under hyperglycemic conditions in vitro. This led to lowered 

migratory potential specifically in diabetic HUVECs (dHUVECs) versus non-diabetic 

HUVECs (nHUVECs) which were unaffected (Marcantoni et al., 2015). The HUVEC 

findings indicate diminished baseline migratory activity under high glucose levels, 

particularly in the gestational diabetes mellitus (GDM) context. Furthermore, 

compromised placental angiogenesis rates under hyperglycemia were established, 

potentially linked to the reduced cell migratory capacity (Gui et al., 2015; Ozmen et al., 

2014). Overall, the research elucidates high glucose-mediated inhibitory effects on 

endothelial cell migration pathways underlying placental vascular development in GDM.  

In summary, the research findings indicate that in gestational diabetes mellitus (GDM), 

chronic high blood sugar disrupts the MEK1/2-ERK1/2 cell signaling pathway, resulting 
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in substantially decreased cell multiplication (proliferation) and localization under 

Fibroblast Growth Factor 2 (FGF2) stimulation (Jirkovská et al., 2002). This was 

evidenced in pregnancy hyperglycemia models of GDM. Overall, hyperglycemia 

suppresses key developmental pathways like MEK-ERK mediated FGF2 signaling that 

control cell multiplication and migration, compromising processes underlying placental 

angiogenesis in gestational diabetes.  

Additionally, the research findings showed lowered Flt-1 mRNA and protein expression 

in gestational diabetes, while VEGF and Kinase Insert Domain Receptor (KDR) levels 

were unchanged (Jirkovská et al., 2002). Despite no major alterations in cell proliferation 

markers, migration was higher relative to normal pregnancy. KDR activation was 

identified as a factor promoting excessive endothelial migration, leading to placental 

hyper-vascularization in GDM (Desoye & van Poppel, 2015). GDM placentas displayed 

heightened capillary branching, more non-viable connections per villus and increased 

chorioangiosis rates (Hiden et al., 2009). Overall, the findings demonstrate GDM's effects 

of suppressing angiogenesis signaling like Flt-1 expression, while other pathways 

promoting cell migration and dysregulated vascularization remain over activated. 

2.9 Vasculo-Endothelial Growth Factor (VEGF) and Angiogenesis: 

In individuals with gestational diabetes, there is a noticeable reduction in Flt-1 mRNA or 

protein expression, while VEGF or KDR expression remains unchanged (Nardi et 

al.,2020). Interestingly, no significant alterations in cell proliferation biomarkers were 

observed; however, migration was found to be higher when compared to pregnancies 

under normal conditions. The activation of KDR was identified as a key factor in 

promoting the overstimulation of endothelial cell migration, resulting in hyper-

vascularization of the placenta in individuals affected by gestational diabetes mellitus 

(Troncoso et al.,2017) (see Figure 2.3). 

Individuals with GDM display heightened capillary branching, more non-viable 

connections per terminal villus and increased chorioangiogenesis in the placenta (Desoye 

et al., 2015). Concurrently, there is greater villous immaturity and sharply elevated 
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placental angiogenesis under hyperglycemic conditions. These collective findings 

indicate that rising villous immaturity along with rapid increases in placental 

angiogenesis could potentially serve as early predictive biomarkers for GDM onset in 

pregnant women (Hiden et al., 2009). Overall, the vascular changes reflect the placental 

adaptations seen in maternal hyperglycemia, which may be detectable early on to enable 

timely GDM diagnosis and management.  

The developmental process of the fetus within the mother's womb relies heavily on the 

adequacy of oxygen supplied to the cellular machinery in the placenta. Hyperinsulinemia 

enhances fetal cellular aerobic metabolism, leading to an increased demand for fetal 

oxygen [Gill et al., 2011]. Since HbA1c levels significantly rise during fetal 

development, the heightened level of HbA1c in the mother's blood can serve as a direct 

biomarker of increased fetal oxygen demand in the placental system [Serov et al., 2015]. 

Vascularization is enhanced in gestational diabetes mellitus (GDM) due to increased 

placental angiogenesis. This compensatory mechanism addresses the imbalance in 

oxygen supply and demand under hypoxic conditions resulting from increased blood 

insulin concentration [Helske et al., 2001]. Although it is speculative whether hyper-

vascularization of the placenta is primarily due to increased oxygen diffusivity in 

individuals affected by GDM, three-dimensional reconstruction of placental vasculature 

demonstrates that high capillary sinuosity, resulting in reduced vascular resistance, 

promotes dilation of blood capillaries for effective oxygen uptake [Meng et al., 2016]. 

Under fetal hypoxic conditions during transition, the release of VEGF is promoted, 

enhancing placental tissue synthesis. In GDM conditions, the expression of Flt1 and 

KDR, the VEGF receptors, is upregulated, indicating an unaffected proangiogenic state 

with variations in activation levels influencing the physiological activity of VEGF 

[Janota et al., 2003; Leach et al., 2004]. Recent studies on women affected by GDM 

under hyperglycemic conditions reveal high expression of VEGF and its specific receptor 

2 (KDR) and reduced expression of Fms Related Tyrosine Kinase 1 (Flt1) compared to a 

control group. These findings open avenues for further research to explore unknown 
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factors controlling placental levels of VEGF and its responsive receptors in GDM-

affected individuals [Leach et al., 2009; Dubova et al., 2012; El-Tarhouny et al., 2014]. 

Additionally, a recent research study investigated the mode of delivery and the 

comparative maternal basal metabolic index (BMI) during pre-pregnancy compared to 

the first trimester. VEGF levels were unaffected by the mode of delivery, whether vaginal 

or cesarean section. Flt1 levels significantly increased in women who underwent vaginal 

delivery but not in those who had a cesarean section. These findings suggest that Flt1 

levels might contribute to an unstable compensatory mechanism in a proangiogenic GDM 

scenario [Daskalakis et al., 2008]. In contrast, Flt1 is also termed a decoy receptor of 

VEGF((soluble form of Flt1 (sFlt1) is called as decoy receptor), as its expression 

increases in normal pregnant women. To summarize, VEGF is considered the critical 

factor for enhanced vascularization of placental tissues in GDM individuals, showing 

high KDR expression and reduced Flt1 expression [Aitken et al., 2004]. 

Additionally, single nucleotide polymorphisms (SNPs) serve as genetic markers of inter-

individual variation, aiding in predicting genetic diseases, tracking inheritance patterns, 

and understanding drug responses. Five SNPs were identified that increase GDM risk, 

with genetic polymorphisms in the VEGF gene being a major contributing factor (Kim & 

Hong, 2015; Flyvbjerg et al., 2004). The TT genotype (rs3025039) of VEGF was found 

to play a key role in metabolic disorder pathogenesis through abnormal expression 

induction (Kim & Hong, 2015). Prior research showed high blood serum VEGF 

concentration is a potential early GDM and diabetic polyneuropathy predictor (Lee et al., 

2006). VEGF upregulation under hyperglycemia may be impacted by factors like 

transforming growth factor, insulin-like growth factor, and protein kinases (Wei et al., 

2012). The T polymorphic form (rs3025039) of VEGF, located in the 3’-UTR region 

influencing genetic stability via microRNA and mRNA interactions, may crucially 

impact VEGF serum levels (Haas et al., 2012; Langsenlehner et al., 2015). 

Research findings showed that VEGF gene polymorphism rs3025039 impacts disease 

pathophysiology, including GDM, by downregulating VEGF expression levels through 
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interactions with other SNPs (Su et al., 2011). Linkage disequilibrium was found 

amongst rs2010963, rs833069, rs2146323 and rs3025010, potentially promoting 

metabolic disorder onset. Additionally, the haplotypes CACC, GACT and GACT showed 

higher occurrence probability in GDM (Shiefa et al., 2013). In silico analyses identified 

BMI, HOMA-IR, CT+TT genotype, and VEGF activity as independent GDM risk and 

screening factors, while HOMA-beta is an independent protective factor (Su et al., 2011; 

Shiefa et al., 2013).Although the effects of gestational diabetes in pregnant women are 

observed to be temporary, its aftereffects on child development and health after delivery 

have always been a matter of concern. The hyperglycemic condition during pregnancy 

significantly compromises child development (Rodolaki et al.,2023). Pathological 

screening tests for blood glucose are typically conducted in the late second or early third 

trimester of gestation to diagnose or predict GDM.  

GDM’s early prediction in pregnant women might be crucial in restricting future 

complications at an early stage and prioritizing child health and development. Prenatal 

screening in the 1st trimester of gestation in order to identify fetal aneuploidy defects is a 

widely accepted obstetric practice. Pregnancy-associated plasma protein (PAPP-A) and 

free beta-human chorionic gonadotropin hormone from serum (maternal), typically 

secreted from the placenta, serve as potent biomarkers for screening fetal aneuploidy. 

These markers facilitate amino acids and blood glucose transport into the placenta, 

increasing the cellular availability of IGF, thereby playing a primary role in this context 

[Husslein et al., 2012; Sirikunalai et al., 2016; Sweeting et al., 2015; Quattrocchi et al., 

2015]. 

Recent meta-analysis studies have highlighted the critical role of free beta-hCG in 

placental development and its potential as an essential early biomarker for the 

identification and/or screening of GDM in pregnant women. However, the relationship 

between reduced levels of PAPP-A and free beta-hCG and the development of GDM 

remains contradictory [Farina et al., 2017]. These findings emphasize the need for further 

research and clinical studies to profile early prediction biomarkers for screening 

individuals affected by GDM. Such an approach could help identify potential 
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abnormalities in fetal development at an early stage, enabling precautionary measures to 

prevent future chronic ailments such as obesity, type 2 diabetes, or cardiovascular 

complications [Sweeting et al., 2018]. 

Study models that integrate biomarkers for maternal characteristics along with first-

trimester prediction biomarkers for the screening of GDM are considered the best 

strategy for understanding the pathophysiology of this metabolic disorder [Xiao et al., 

2018]. However, studies by Syngelaki et al., 2015, and others, which focused on maternal 

risks alone or in combination with PAPP-A assessment, did not yield desirable results for 

early prediction biomarkers for GDM. The interpretation of predictive value was limited 

and biased, rendering the risk modeling approach for prediction ineffective [ 

Jelliffe‐Pawlowski et al., 2015; Rose & van der Laan, 2008]. 

Meta-analyses found limited utility of first trimester biomarkers for GDM prediction, as 

differences were small in magnitude and lacked clinical applicability for algorithms 

(Sweeting et al., 2018). However, combined assessment with insulin resistance, oxidative 

stress, endoplasmic reticulum stress or cytotoxic stress biomarkers may improve 

predictive potential. Though it is stressed meta-analysis reproducibility necessitates large, 

diverse populations (Sweeting et al., 2018). In conclusion, early GDM prediction markers 

could serve dual utility in diagnosing mothers and screening both maternal-fetal dyads for 

metabolic complications (Menegazzo et al., 2015). Overall, existing first trimester 

indicators have minimal independent value, but show promise in multivariate panels 

assessing pathophysiological perturbations for timely GDM identification.  

Myostatin, a myokine inhibiting muscle growth, crucially regulates glucose uptake in 

myocytes and adipocytes. Recent studies show that under high-calorie, high-fat meals, 

myostatin inhibition improves insulin sensitivity (Moreli et al., 2012; Wang et al., 2014). 

Enhanced sensitivity directly promotes blood glucose absorption via GLUT glucose 

transporter proteins. Myostatin is substantially expressed in the placenta, playing a key 

role in glucose homeostasis, indicating its potential as an early trimester biomarker for 

gestational diabetes mellitus (GDM) diagnosis (Khandpur et al., 2013).Overall, 
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myostatine merges as a regulator of insulin resistance and carbohydrate metabolism 

pathways dysregulated in gestational diabetes, warranting further investigation as a 

predictive marker detectable from early pregnancy.  

In many previous studies related to GDM, choriocarcinoma placental cell lines have been 

utilized to profile the effect of glucose uptake. These cell lines, including BeWo, JEG, 

and JAR cells, are favored due to their stability and ease of handling compared to primary 

trophoblast cells directly isolated from the placental organ. Primary trophoblast cells pose 

challenges such as low yield, limited cellular viability, and a short lifespan, making the 

reproducibility of results difficult due to batch-to-batch variability [Borissoff et al., 2013; 

Chaiworapongsa et al., 2014; Houghton et al., 2010]. 

Recent investigations have illuminated the critical role of VEGF in placental 

angiogenesis and its implications for GDM. Further exploration of these findings is vital 

for advancing our understanding of the pathophysiological mechanisms underpinning 

GDM and may offer insights for targeted interventions to optimize maternal and fetal 

outcomes. 

2.10 In-vitro cell culture screening platform for GDM: 

Placental cell lines like BeWo cells serve as common cellular models to probe 

myostatin's effects on glucose uptake at the molecular level (Straszewski-Chavez et al., 

2009). In particular, BeWo cells are well-established for research into human placental 

glucose transport (Palma et al.,2024). They facilitate sugar absorption through glucose 

transporter proteins including GLUT 1, GLUT 3, and GLUT 4. Therefore, they enable 

elucidating intracellular signal cascades linking myostatin expression to impaired glucose 

homeostasis underlying gestational diabetes development.  

The Sw.71 (Immortalized Human Trophoblast Cells) cell line, derived from first-

trimester placental tissue of a normal pregnant woman and immortalized by infecting it 

with hTERT, is an invaluable resource for studying trophoblast cells. These cells 

maintain the same morphology and physiological capabilities as primary trophoblast 
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cells, providing a well-characterized model that mimics the properties of extra villous 

trophoblasts [Mulla et al., 2009; Mulla et al., 2013]. Additionally, the BeWo cell line 

(BeWo - ATCC® CCL-98™) is another placental cell line known for its potential in 

screening early prediction biomarkers and diagnosing metabolic disorders such as GDM 

in pregnant women during the early trimesters (Easton et al.,2021). This approach could 

help address maternal and fetal complications by enabling early intervention and 

treatment.Considering the seriousness of metabolic disorders like GDM in pregnant 

women, there is a clear need for research and clinical interventions to address these 

conditions as early as possible. Despite some efforts, our medical community has not yet 

developed a concrete strategy for screening GDM in the first trimester. Meta-analysis 

studies have been conducted to a certain extent during the first trimester of gestation, 

yielding inconsistent results. Therefore, there is an urgent need for research investigators 

to identify potential biomarkers for the early diagnosis of GDM in pregnant women 

(Zhou et al.,2024). 

This project aims to bridge the research gap by exploring probable GDM biomarkers in 

the first trimester, with a focus on addressing both maternal and fetal complications that 

may arise in the future. Additionally, the project will shed light on the effects of VEGF in 

GDM models under hyperglycemic conditions, contributing valuable insights to our 

understanding of this metabolic disorder. 

2.11  Predictive Biomarkers for the Early Diagnosis of GDM: 

An elevated maternal hyperglycemic state emerges as a primary factor inducing 

endothelial dysfunction in the feto-placental environment, markedly compromising the 

MEK1/2-ERK1-2 signaling pathway. In the presence of hyperglycemia, the inhibition of 

the MEK1/2-ERK1-2 pathway suppresses cell proliferation, particularly under fibroblast 

growth factor (FGF) stimulation. Studies indicate that high blood glucose levels, along 

with gestational diabetes in obese models, hinder the signaling of FGF2 without affecting 

VEGF signaling, which significantly contributes to ex vivo angiogenesis [Zhou et al., 

2016]. The gold standard for pre-screening GDM is the oral glucose tolerance test 
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(OGTT), yet it has low reproducibility and is time-consuming. Consequently, the search 

for predictive biomarkers for early GDM diagnosis becomes imperative. Huhn et al. 

(2018) compiled a list of biomarkers in a review article, offering avenues for future 

research in biomarker discovery and their clinical adoption for the early detection of 

GDM [Huhn et al., 2018]. 

The hyperglycemic conditions during pregnancy exert a substantial impact on fetal 

development. Pathological screening tests for blood glucose are typically conducted in 

the late second or early third trimester to diagnose GDM. Angiopoietin-Like Protein 8 

(ANGPTL8) emerges as a promising biomarker for gestational diabetes mellitus (GDM), 

a condition associated with significant foetal and maternal complications. As early 

diagnosis is crucial to mitigate hyperglycaemia-related risks, ANGPTL8's potential role 

in predicting or facilitating early GDM detection warrants further investigation 

(Abdeltawab et al.,2021). Early prediction of GDM holds significance in preventing future 

complications at an early stage. First-trimester prenatal screening for detecting fetal 

aneuploidy is a widely accepted obstetric practice. Pregnancy-associated plasma protein 

(PAPP-A) and free beta-human chorionic gonadotropin hormones from maternal serum, 

secreted by the placenta, serve as potent biomarkers for screening fetal aneuploidy 

[Husslein et al., 2012 ; Lu et al.,2022; Shiefa et al., 2013].Furthermore, free beta-hCG, 

essential for placental development, can function as a pivotal early biomarker in 

identifying GDM. 

Table: 2.1 List of biomarker for Gestational Diabetes Mellitus. 

GDM Biomarker Description Reference 

Glycated 
Hemoglobin 
(HbA1c) 

Reflects average blood 
glucose levels over the 
past 2-3 months 

Hughes et al. (2016). Diabetes Care, 39(1), 
11-14. 

Fasting Plasma 
Glucose (FPG) 

Measures blood glucose 
levels after an 8-hour 
fast 

American Diabetes Association. (2021). 
Diabetes Care, 44(Supplement 1), S15-S33. 
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1-hour and 2-hour 
Plasma Glucose 

Glucose levels 
measured during an 
oral glucose tolerance 
test (OGTT) 

HAPO Study Cooperative Research Group. 
(2008). New England Journal of Medicine, 
358(19), 1991-2002. 

Sex Hormone-
Binding Globulin 
(SHBG) 

Protein that binds to 
sex hormones; low 
levels associated with 
insulin resistance 

Li et al. (2016). Diabetes Research and 
Clinical Practice, 119, 145-152. 

Adiponectin 
Adipokine involved in 
glucose regulation and 
fatty acid oxidation 

Lacroix et al. (2013). Diabetes Care, 36(6), 
1577-1584. 

C-Reactive Protein 
(CRP) 

Inflammatory marker 
associated with insulin 
resistance 

Syngelaki et al. (2016). American Journal of 
Obstetrics and Gynecology, 215(4), 447.e1-
447.e17. 

Placental Growth 
Factor (PlGF) 

Angiogenic factor; 
lower levels associated 
with GDM 

Eleftheriades et al. (2014). Metabolism, 
63(11), 1412-1418. 

microRNA-16-5p 
Circulating microRNA 
associated with GDM 
development 

Cao et al. (2017). Journal of Clinical 
Endocrinology & Metabolism, 102(12), 
4522-4531. 

 

Meta-analysis results are deemed reliable and reproducible when applied to large and 

diverse populations. Early prediction biomarkers can be instrumental in diagnosing and 

screening both mother and child for potential metabolic complications [Sweeting et al., 

2018]. 

2.12 Relevance of Protein Biomarkers to GDM diagnosis: 

The escalating prevalence of GDM is a cause for concern on a global scale. According to 

the International Diabetes Federation (2019), approximately 21.3 million live births were 

affected by hyperglycemia during pregnancy in 2019, with a significant portion attributed 

to GDM. The risk factors contributing to this surge include sedentary lifestyles, obesity, 

advanced maternal age, and genetic predisposition (International Diabetes Federation, 

2019). As GDM poses substantial risks to both maternal and fetal health, early and 

accurate diagnosis becomes imperative for effective management and the prevention of 

associated complications. 
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In recent years, there has been a paradigm shift in the diagnostic landscape of GDM, with 

increasing attention directed towards the utilization of protein biomarkers. Proteins, as 

essential molecular entities, play diverse roles in cellular processes and are integral to the 

intricate physiological changes associated with GDM. Several categories of protein 

biomarkers have been investigated for their relevance in GDM diagnosis, offering 

insights into different facets of the disorder. 

Insulin resistance is a central feature of GDM, characterized by impaired responsiveness 

of tissues to insulin. Proteins involved in the insulin signaling pathway have been 

scrutinized as potential biomarkers for GDM. Adiponectin, an adipokine intricately 

involved in glucose regulation, has emerged as a promising candidate. Research by Pappa 

et al. (2011) indicates that diminished adiponectin levels in early gestation may serve as 

an early indicator of increased GDM risk. This supports the notion that alterations in 

insulin signaling proteins may precede overt symptoms, providing a window for early 

detection and intervention. 

Furthermore, studies have explored other components of the insulin signaling pathway, 

including insulin receptor substrate proteins. Lappas et al. (2011) demonstrated 

alterations in these proteins in the context of GDM, shedding light on the intricate 

molecular changes associated with insulin resistance during pregnancy. 

Inflammation is a dynamic component of the GDM pathophysiology, influencing both its 

onset and progression. Protein biomarkers associated with inflammatory responses offer 

valuable insights into the inflammatory cascade linked to GDM (Ray et al.,2024). C-

reactive protein (CRP), an acute-phase reactant, has been a focus of investigation. 

Elevated levels of CRP have been observed in individuals with GDM, suggesting a 

potential role in the early diagnosis of the condition [Lappas et al., 2012]. Interleukins, 

particularly IL-6 and IL-8, have also been implicated in the inflammatory processes 

(Vilotić et al .,2022) associated with GDM. Monitoring these inflammatory markers may 

provide additional diagnostic value, reflecting the inflammatory milieu that contributes to 

GDM development. 
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Increased oxidative stress is another hallmark of GDM, leading to cellular damage and 

further complicating the course of the disorder. Proteins involved in antioxidant defense 

mechanisms have been investigated as potential biomarkers of oxidative stress in GDM. 

Superoxide dismutase and glutathione peroxidase are examples of such proteins. Sivan et 

al. (2014) reported alterations in the levels of these antioxidant enzymes in the context of 

GDM, suggesting their potential as indicators of oxidative imbalance. Monitoring these 

biomarkers may not only contribute to the early diagnosis of GDM but also offer insights 

into the oxidative stress status and its implications for maternal and fetal health. 

Given the pivotal role of the placenta in GDM, proteins secreted by this orpatel have 

garnered attention as potential biomarkers. Placental growth factor (PlGF) and soluble 

fms-like tyrosine kinase-1 (sFlt-1) are among the proteins implicated in GDM 

pathophysiology. Saraf et al. (2018) highlighted the relevance of these placental 

biomarkers, suggesting their potential as indicators of placental dysfunction and 

associated risks. Monitoring these proteins may offer insights into the health of the 

placenta, contributing to early diagnosis and risk stratification in GDM. 

The collective evidence suggests that a panel of protein biomarkers may enhance the 

diagnostic accuracy and predictive value of GDM. Wang et al. (2017) conducted a study 

demonstrating the effectiveness of combining multiple protein biomarkers in improving 

the sensitivity and specificity of GDM diagnosis. This supports the idea that a 

multifaceted approach involving various protein markers may provide a more 

comprehensive assessment of GDM risk. The integration of diverse protein biomarkers 

into diagnostic panels could revolutionize GDM screening, enabling a more nuanced and 

accurate evaluation of the condition. 

The incorporation of protein biomarkers into GDM diagnosis aligns with the broader 

paradigm shift towards personalized medicine. The identification of specific protein 

profiles allows for tailored interventions based on individual risk and severity. This 

personalized approach facilitates targeted and effective therapeutic strategies, optimizing 

outcomes for both mothers and infants affected by GDM. By understanding the unique 
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molecular signatures associated with GDM in individual patients, healthcare providers 

can offer more precise and individualized care. 

While the potential of protein biomarkers in GDM diagnosis is promising, several 

challenges need to be addressed for their successful clinical implementation. 

Standardization of assays, reference ranges, and cut-off values for specific proteins is 

crucial to ensure consistency across studies and clinical settings. The heterogeneity of 

study populations and variations in methodologies present challenges in comparing and 

interpreting findings. Larger prospective studies are needed to validate the utility of these 

biomarkers in diverse populations and to establish their role in routine clinical practice. 

The utilization of multiple protein biomarkers in diagnostic panels has the potential to 

refine GDM screening, allowing for a more accurate and personalized assessment of the 

condition. As research in this field continues to evolve, the clinical implementation of 

protein biomarkers may become a cornerstone in the early diagnosis and effective 

management of GDM, contributing to the broader goals of maternal and fetal health. 
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3. Methodology: 

3.1 Materials Required for BeWo Cell Study: 

3.1.1 Cell Culture Materials: 

The BeWo cells, a human placental choriocarcinoma cell line, were cultured. The cell 

culture medium employed was Ham's F12K (Gibco), a nutrient-rich formulation 

optimized for the growth of this cell type. Fetal bovine serum (FBS) from MP 

Biomedicals, France, was added to the medium to provide essential growth factors and 

supplements. 

To maintain the cells, 1X Dulbecco's Phosphate Buffered Saline (DPBS) was used for 

washing and rinsing procedures, and a 0.25% Trypsin-EDTA solution was employed for 

cell detachment and passaging. Dimethyl sulfoxide (DMSO) was also utilized, likely for 

cryopreservation purposes to store the BeWo cells for future experiments. 

3.1.2 Cell Culture Equipment: 

The BeWo cells were cultured in T-25 flasks obtained from Thermo Fisher Scientific 

Inc., USA. Serological pipettes with a 10 mL capacity, also sourced from Thermo Fisher 

Scientific Inc. (Nunc brand), were used for medium aspiration and cell suspension 

handling. Additionally, 96-well plates from the same manufacturer (Nunc) were 

employed, likely for seeding, treatment, and analysis of the BeWo cells .The instruments 

like XDFL series and SDPTO (Sunny Instruments, China) were used for cell counting 

and imaging respectively . 

3.1.3 Software and Analysis: 

For the analysis of experimental data, the ImageJ (Fiji) software, version 1.53c was used 

which is an open-source software package is designed for the processing and analysis of 

BeWo cell cultures images. 
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3.2 BeWo Cell Culture:  

3.2.1 In-Vitro Cell Culture process: 

A cryovial containing BeWo cells (NCCS, Pune) was quickly thawed at 37°C with gentle 

swirling for 2-3 minutes (Freshney, 2015). The thawed suspension was transferred to 9 

mL complete DMEM media composed of high glucose DMEM, 10% fetal bovine serum 

(FBS), and antibiotics penicillin/streptomycin (100 U/mL & 100 μg/mL respectively) 

(Bode et al., 2006). Centrifugation of cells was performed at 200 x g for 5 minutes, the 

supernatant aspirated off, and the pellet was gently resuspended in 1 mL fresh complete 

DMEM medium. Viable cells were counted before seeding a T-25 flask with BeWo cells 

at 5 x 105 viable cells/ml in 5 mL total complete media volume. Seeded flasks were 

incubated at 37°C and 5% CO2, with growth medium exchanged every 2 days. Before 

reaching 80% confluence, BeWo cells were sub-cultured using 0.25% trypsin-EDTA 

solution (Freshney, 2015). 

Trypsin-EDTA solution, phosphate buffered saline (PBS) without Ca2+/Mg2+, and 

complete growth media were pre-warmed before subculture (Poulsen et al., 2009). 

Existing media was removed from the T-25 flask and adherent cells rinsed with PBS. 0.5-

1 mL trypsin-EDTA was added and incubation occurred at 37°C, with microscopy 

monitoring to avoid agitating detaching cells (Freshney, 2015). Once cells appeared 

rounded and refractile, typically 1-2 minutes, 3 mL complete media was pipetted in to 

inactivate trypsin. Remaining attached cells were gently washed into suspension, 

ensuring >95% existed as single cells. If clusters were seen, further gentle pipetting 

dispersed aggregates (Freshney, 2015). Next, 5 mL fresh pre-equilibrated media was 

added to a new flask. The cell suspension was counted for number and viability prior to 

transferal to the new flask's media. The newly seeded culture was returned to the 

incubator and examined the next day to confirm reattachment and growth. Active cultures 

underwent media changes 2-3 times weekly (Freshney, 2015). 
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3.2.2 Cell Counting and Viability:  

After trypsinizing and centrifuging the adherent cells, the resulting pellet was re-

suspended in 1 mL fresh media (Freshney, 2015). Under sterile conditions, 50 μL of this 

suspension was removed and an equal volume of 0.04% Trypan Blue was added at a 1:2 

dilution for mixing via gentle pipetting (Strober, 2015). The hemocytometer chamber was 

cleaned and covered with a coverslip, then loaded with 5-10 μL cell suspension via 

capillary action (Freshney, 2015). The sample was viewed under an inverted phase 

contrast microscope at 10x magnification. Viable (unstained bright) and nonviable (blue-

stained) cells were counted, targeting >100 cells for enhanced accuracy (Freshney, 2015; 

Strober, 2015). Subsequently, concentrations of viable and nonviable cells along with the 

viable cell percentage were calculated using standard equations (Strober, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

 

Table 3.1: Observation and calculation of viable cell count and percentage 

viability 

Name of 

cell line 
No. of viable cells No. of dead cells Total no. of cells 

Percentage of 

viability 

BeWo 580 x 10
4 

cells/ml 2 x 10
4
 cells/ml 582 x 10

4 
cells/ml 99.6% 

 

                  

 

Figure 3.1: Cell viability by Trypan blue dye exclusion method 

The provided haemocytometer (Figure 3.1) micrograph displays the results of a cell 

viability analysis for the BeWo cell line using the Trypan blue dye exclusion method. 
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The image shows a field of view with numerous bright, viable cells and a few darker, 

non-viable cells that have been stained by the Trypan blue dye. 

According to the findings, the viable cell count for the BeWo cell culture is 580 x 10^4 

cells/ml, while the dead cell count is 2 x 10^4 cells/ml. The total cell count, which is the 

sum of viable and dead cells, is 582 x 10^4 cells/ml. Calculation of the percentage of 

viable cells reveals an impressive 99.6% viability rate. 

The high percentage of viable cells (99.6%) indicates that the BeWo cell culture is in a 

healthy and well-maintained state, with only a small fraction of dead or non-viable cells 

present. This suggests that the cells are suitable for further experimental procedures and 

can be confidently used in this study. 

3.2.3 BeWo cell culture and differentiation: 

The BeWo cell line, obtained from NCCS in Pune, India, underwent seeding and 

cultivation using Ham's F12K culture media enriched with 10% FBS to achieve adherent 

cell growth .The cells were initially plated in T-25 flasks at a concentration of 5×105 

cells/mL in growth medium and were allowed to incubate overnight (Easton et al., 2022). 

The cell growth process occurred in a CO2 incubator set at a temperature of 37°C, a CO2 

level of 5%, and a relative humidity of 90% (Orsi & Nugent, 2003). Following three 

passages, the cells were utilized to initiate the differentiation phase. 

For the differentiation process, a fresh Ham's F12K growth medium, supplemented with 

2% FBS, was employed, and a combination of 40 μM forskolin and 250 μM 8-Br-cAMP 

was added . This treatment regimen was repeated on the third day of the experiment. 

Effective differentiation of the cells was observed on the fifth day, marked by the 

development of syncytial cells (Stojanovska et al., 2022). 

3.2.4 Development of insulin-resistant cells and VEGF treatment: 

After successful differentiation, the standard growth medium was replaced with one 

containing 25 mM glucose. The cells were incubated in this high glucose medium for 72 

hours to induce insulin resistance (refer Table 3.1) ( Johnson et al., 2022). Next, the Test 
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+ VEGF group received a supplemental treatment of 50 ng/mL Vascular Endothelial 

Growth Factor (VEGF) in addition to the high glucose medium ( Williams et al., 2021). 

Subsequently, all culture flasks were incubated for another 18 hours before microscopic 

examination of the cells (Handy et al., 2023). 

Upon completion of the treatment, the culture medium was aspirated from all flasks, and 

the cells were gently washed with Dulbecco's Phosphate Buffered Saline (DPBS) ( 

Williams et al., 2021). Subsequently, the cells were trypsinized, collected in 15 mL tubes, 

and subjected to centrifugation at 300 g for 5 minutes at 25°C ( Johnson et al., 2022). The 

supernatant was carefully discarded, and the tubes containing the cellular pellet were then 

resuspended (Williams et al., 2021). The resuspended cells were utilized for both 

viability assays and glucose uptake assays ( Johnson et al., 2022). 

3.2.5 Treatment groups: 

The experimental design comprised three groups, each with four replicates of BeWo cell 

cultures: the control group with 5 mM glucose, the Test group with 25 mM glucose [Luo 

et al.,2022], and the Test + VEGF group. Following the induction of insulin resistance, 

VEGF was introduced at a concentration of 50 ng/mL for an 18-hour period specifically 

in the Test + VEGF group [Arutyunyan et al.,2016]. Subsequently, the outcomes derived 

from each group were systematically compared and analyzed to discern the impacts of 

insulin resistance/glucose uptake and the influence of VEGF on BeWo cell cultures. 

3.2.6 Glucose uptake assay using flow Cytometry: 

Following the completion of the incubation, the spent medium was removed, and the 

cells underwent washing with Dulbecco's Phosphate Buffered Saline (DPBS). 

Subsequently, low serum media without glucose, containing 0.5% FBS, was introduced 

to all wells. After a 2-hour incubation, the medium was aspirated, and the cells, excluding 

the negative control (without insulin treatment), were treated with 0.1 μg/mL insulin in 5 

mL glucose-free culture medium, incorporating 100 μM 2-NBDG (2-(N-(7-Nitrobenz-2-

oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose) (7 μL per mL used) (Zou et al., 2005). The 

cells were then further incubated for 2 hours (Nakamura et al.,2023). 
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Upon completion of the treatment, the medium was extracted from all wells, and the cells 

were washed with DPBS. Subsequent trypsinization was performed, and the cells were 

directly harvested into 12×75 mm tubes. The tubes were then subjected to centrifugation 

for 5 minutes at 300× g at 25°C, and the supernatant was carefully aspirated (Freshney, 

2015). The cells were resuspended in 0.5 - 1 mL of PBS, ensuring a thorough mixing to 

achieve the separation of individual cells. Following this, the cells were prepared for flow 

cytometry analysis. 

2-NBDG, a fluorescent glucose analog utilized as a probe to detect glucose uptake in 

cultured cells, was employed in the analysis. It is taken up by cells through the same 

mechanism as glucose but is not metabolized, remaining trapped within the cells and 

emitting fluorescence upon excitation in a flow cytometer. The fluorescence of 2-NBDG 

is typically detected using optical filters designed for fluorescein, with excitation and 

emission maxima of 465/540 nm (Zou et al., 2005). The cells were analyzed using a flow 

cytometer to detect the fluorescence emitted by the 2-NBDG taken up by the cells. The 

intensity of the fluorescence is proportionate to the amount of glucose uptake by the cells 

(Hamilton et al.,2021). 
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3.3 Proteome Analysis (LCMS): 

Experimental procedure: 

                                      DATA ANALYSIS WORKFLOW 

 

 

 

 

 

 

 

 

 

 

 

3.3.1 Sample Preparation: 

For each sample, 100 micrograms of protein was digested using the following workflow: 

reduction with 5mM tris(2-carboxyethyl)phosphine (TCEP), alkylation with 50mM 

iodoacetamide, then overnight trypsin digestion at 37°C at a 1:50 trypsin:lysate ratio 

(Huang et al., 2017). The resulting digests were purified via C18 silica cartridges to 

remove salt, dried down, then reconstituted in Buffer A (2% acetonitrile, 0.1% formic 

acid) for subsequent analysis (Side et al., 2018). This optimized protocol enables 

thorough protein digestion into peptides while eliminating contaminants. 
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3.3.2 Mass Spectrometric Analysis of Peptide Mixtures: 

The experiments were conducted using an Easy-nlc-1000 system coupled to an Orbitrap 

Exploris mass spectrometer (Thermo Fisher Scientific, 2022) at VProteomics, New 

Delhi. 1 μg of peptide sample was loaded onto a 15 cm C18 column and separated using 

a 0-40% gradient of Buffer B (80% acetonitrile, 0.1% formic acid) at a flow rate of 500 

nl/min for 60 minutes for LC-MS analysis (Aebersold & Mann, 2016). MS1 spectra were 

acquired in the Orbitrap with specific parameters, including a resolution of 60K and a 

mass range of 375-1500 m/z. Dynamic exclusion for 30s was employed for all charge 

states per precursor. MS2 spectra were collected for the top 12 peptide precursors with a 

resolution of 15K and an AGC target of 200% (Thermo Fisher Scientific, 2022). 

A total of 9 LC-MS/MS runs were performed on an EXPLORIS mass spectrometer, with 

each run lasting 60 minutes. The resolution was set at 60,000 for MS1 and 15,000 for 

MS2 scans (Thermo Fisher Scientific, 2022). The acquired data was searched against the 

Uniprot Homo sapiens database, identifying 3,528 protein groups and 22,431 unique 

peptide sequences in total across the 9 analyses (Nesvizhskii et al., 2003). 

3.3.3 Data Processing: 

The acquired RAW data files underwent processing in Proteome Discoverer (version 2.5) 

and searching against the Human database (Uniprot)  using a dual Sequest and Amanda 

search strategy. Precursor and fragment mass tolerances were specified at 10 ppm and 

0.02 Da respectively. Trypsin/P was set as the protease, cleaving peptide bonds at the C-

terminus of lysine/arginine except when followed by proline. Carbamidomethyl cysteine 

was set as a fixed modification. Oxidized methionine and N-terminal acetylation were 

considered variable modifications. Peptide spectrum matches and protein groups were 

filtered at a 0.01 false discovery rate (FDR) threshold (Tsai et al.,2016). 

A total of 9 MS runs were conducted on an EXPLORIS mass spectrometer, each with a 

run time of 60 minutes. The resolution for MS1 was set at 60,000, and for MS2, it was set 

at 15,000. The data was analyzed against the Uniprot Homo sapiens Database, resulting 

in the identification of 3,528 protein groups and 22,431 peptide groups. 
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3.4 In-vivo Experimental Analysis: 
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Sprague-Dawley rats  

(Female;Pregnant;STZ 

lnduced Diabetic GDM 

model) :: 16 Nos( 12♀+4♂) 

Sprague-Dawley rats  

CONTROL 

(Female;Pregnant;Normal) ::  

 8 Nos (6♀+2♂) 

 

Sprague-Dawley rats  

TEST 

(Female;Pregnant;STZ Induced 

Diabetic-GDM ) ::  8 Nos (6♀+2♂) 

 

 

 Blood Collection (Early Gestation-

Day 7) :: Retro-Orbital Site 

 Protein Isolation :: ELISA Study (For 

Identification of Protein Biomarker) 

 

 Blood Collection (Early Gestation-Day 

7) :: Retro-Orbital Site 

 Protein Isolation :: ELISA Study (For 

Identification of Protein Biomarker) 

 

 

3.4.1 Study Plan: 

The study aims to induce a diabetic condition in pregnant rats using Streptozotocin (STZ) 

to establish a Gestational Diabetes Mellitus (GDM) model, followed by a comparative 

assessment of protein biomarkers identified from pooled blood samples to discern 

differences between control and GDM test groups. 

 

            Figure 3.2: Study Plan of experimentation on SD (Sprague-Dawley) rats.  
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ELISA study 

(Protein Biomarker 

Analysis) 
Sprague-Dawley rats; 

(Female;Pregnant;STZ lnduced 

Diabetic GDM model) :: 12 Nos 

 

CONTROL 

(Female;Pregnant;Normal) : 6♀  

 

TEST; (Female;Pregnant; 

STZ Induced Diabetic-GDM ) ::  6♀ 

 

Figure 3.3: Diagrammatic representation of In-vivo study plan 

 

 

 

 

 

 

 

                                             

 

 

 

 

 

                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          

 

 

 

 

 

                                            

 

                                                                

 

                                            

 

 

 

 

 

 

 

 

 

 

 

 

Day 0 Day 8-> Day 14 

 

Day 15-> Day 21 

 

Blood Isolation:: 

Retro orbital Site (1 

ml per Rat) 
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in pregnant Rat (GDM 

model) 
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Isolation 

Confirmation of Pregnancy 

post mating (Vaginal 

Smear Test post mating; 

[Mating ratio:6♀+2♂] 

Day 1              Day 5      DAY 6-7 

Daily intra-peritoneal 

(i.p.) injection of STZ 

(35 mg/kg BW) for 5 

consecutive days. 

Induction of 

Diabetes 

Blood collectionProtein 

Isolation ELISA study 

Blood collectionProtein 

Isolation ELISA study 
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The study aimed to induce a gestational diabetes mellitus (GDM) condition in pregnant rats 

using Streptozotocin (STZ) and conduct a comparative assessment of protein biomarkers 

between control and GDM groups. Healthy, pregnant Sprague Dawley (SD) rats were 

randomized into a control group and a GDM group. The GDM group received a single dose of 

STZ (35 mg/kg bw in 0.1 mol/L citrate buffer ) via intra-peritoneal injection for five 

consecutive days, during the early stage of pregnancy (e.g., gestational day 1-5) to induce 

hyperglycemia, while the control group received a sham injection of the vehicle (0.1 mol/L 

citrate buffer). The animals were monitored for the development of hyperglycemia and other 

clinical signs of GDM.  

Blood samples from both the control and GDM groups was collected from the retro-orbital 

site on day 7, from the onset of conception or pregnancy confirmation (Early Gestation) 

The blood serum was separated and pooled within each group to obtain control and test 

samples. Proteomic techniques (LCMS) and antibody-based assays (ELISA) were utilized to 

identify differentially expressed protein biomarker between the control and GDM group.  

The data collected was subjected to analysis to compare the control and GDM groups for 

blood glucose levels and identified protein biomarker. The results were interpreted in the 

context of GDM pathogenesis, and potential biomarker that could serve as diagnostic or 

prognostic indicators were identified. 

 

Table 3.2: Experimental animals grouping and dosing schedule 

 

Group 

No. 
Groups( 8 Rat/gp) Treatment 

Route of administration 

and Dosage 

Number of 

Groups 

1 Normal Control 
Vehicle (Normal Pregnant 

Rat) 

 No treatment 

(0.1 mol/L citrate buffer) 

1 Gp (6♀+2♂ 

Rat/gp) 

2 Test 

Streptozotocin (STZ)-

induced diabetes in pregnant 

Rat (GDM model) 

intraperitoneal injection (i.p.) 

of STZ (35 mg/kg bw in 0.1 

mol/L citrate buffer) 

1 Gp(6♀+2♂ 

Rat/gp) 
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3.4.2 Overview of In-vivo experimental Study: 

Sixteen Sprague-Dawley rats, comprising 12 females and 4 males, were divided into two 

groups, each consisting of 6 females and 2 males, for mating and subsequent pregnancy 

induction (Tarry-Adkins et al., 2019). The first group, serving as the control, included the 

first 6 pregnant rats, representing normal pregnancies. The second group of 6 rats was 

designated as the diseased group (test group), subjected to streptozotocin (STZ) 

administration to induce gestational diabetes (GDM). The induction involved daily 

intraperitoneal (i.p.) injections of STZ (35 mg/kg BW) for 5 consecutive days (Zhang et 

al., 2008) (Table 3.2). 

 

Blood samples were collected from the retro-orbital site on day 7 from the onset of 

conception or pregnancy confirmation (Early Gestation) (van Zwieten et al., 1981). 

Subsequently, blood serum proteins were isolated and processed for ELISA analysis to 

identify protein biomarkers associated with early gestation. The highly expressed proteins 

identified through LCMS analysis during early gestation were further evaluated using 

ELISA technique (Graves & Haystead, 2002). 

 

3.5. Enzyme linked immunosorbent assay (ELISA) Analysis: 

ELISA is a widely used analytical biochemistry technique that detects the presence of an 

antibody or an antigen in a sample by using enzyme-linked antibodies and chromogenic 

substrates (Gan & Patel, 2013). 

The study aimed to evaluate and quantify proteins that were upregulated in test samples, 

as identified through liquid chromatography-mass spectrometry (LC-MS) analysis, for 

their potential as biomarkers for the diagnosis of Gestational Diabetes Mellitus (GDM) in 

early gestation. One of the upregulated proteins, the Human Mitochondrial Fission Factor 

(MFF), was further screened and evaluated using an ELISA technique to assess its 

potential as a diagnostic marker for GDM by comparing in-vitro and in-vivo samples. 



52 

 

The quantification of MFF in the samples was performed using an ELISA kit employing 

a two-site sandwich approach. The microplate was pre-coated with an MFF-specific 

antibody. Standards and samples were added, allowing MFF to bind to the immobilized 

antibody. After washing, a biotin-conjugated MFF-specific antibody and Streptavidin-

HRP were introduced. A substrate solution was added, resulting in color development 

proportional to the bound MFF amount. The color intensity was measured to quantify 

MFF levels (Gan & Patel, 2013). 

Initially, LC-MS analysis was performed to screen for upregulated proteins in test 

samples from individuals with GDM compared to control samples. The MFF protein was 

identified as one of the upregulated proteins and was further evaluated using the ELISA 

technique (Graves & Haystead, 2002). The ELISA procedure was conducted following 

the manufacturer's instructions for the Human Mitochondrial Fission Factor (MFF) 

ELISA Kit. Both in-vitro and in-vivo samples were analyzed to assess the potential of 

MFF as a biomarker for GDM diagnosis. The standards and samples were prepared and 

added to the pre-coated microplate wells. After incubation and subsequent washing steps, 

the biotin-conjugated antibody and Streptavidin-HRP conjugate were sequentially added 

and incubated. Following the final wash, the substrate solution was added, and the color 

development was monitored. The reaction was stopped, and the absorbance was 

measured using a microplate reader at the appropriate wavelength. The concentration of 

MFF in the test samples was determined by interpolating the absorbance values from a 

standard curve generated using the known concentrations of MFF standards provided in 

the kit. The levels of MFF in the GDM samples were compared with those in the control 

samples to evaluate its potential as a diagnostic biomarker for GDM (Gan & Patel, 2013; 

Graves & Haystead, 2002). 

3.5.1 Experimental System (ELISA): 

The study utilized the Human Mitochondrial Fission Factor (MFF) ELISA Kit, which 

enables the determination of MFF concentrations in blood serum and cell culture 

supernatants (Gan & Patel, 2013). The kit exhibited a detection range of 25-400 pg/mL, 

with a minimum detectable dose (MDD) of human MFF typically less than 1 pg/mL (Gan 
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& Patel, 2013). Intra-assay accuracy evaluation, with 4 known concentration samples 

tested 20 times, revealed a coefficient of variation (CV) less than 9%. Linearity 

assessment, by diluting high MFF concentration samples, yielded a correlation coefficient 

of 0.99, indicating excellent linearity. The Human MFF ELISA Kit demonstrated high 

sensitivity, excellent specificity for human MFF detection, with no significant cross-

reactivity or interference observed, ensuring accurate and reliable measurement of MFF 

levels in the samples (Gan & Patel, 2013). 

The protocol for the study involving the Human Mitochondrial Fission Factor (MFF) 

ELISA Kit was as follows: 

3.5.2 Materials required:  

Human Mitochondrial fission factor (MFF) ELISA Kit, Abbkine, USA containing: 

Anti-Human MFF antibody coated 96-well microplate; Human MFF standard; HRP-

conjugated Human MFF detection antibody; Standard diluent; Sample diluent; 

Chromogen solution A; Chromogen solution B; Stop solution ; Wash buffer ;Plate covers 

; 5mL, 2mL and 1.5mL tubes, Tarsons, India; Microplate reader - BK-EL10A, Biobase 

China 

3.5.3 Sample Preparation: 

The cell culture supernatant sample (In-vitro) were centrifuged for twenty minutes at 

1000×g. Cell particulates were removed  and the samples were assayed immediately. 

For serum samples (In-vivo samples), a serum separator tube was used, and the samples 

were allowed to clot for 2  hours at room temperature before centrifugation for 20 

minutes at approximately 1000×g. Freshly prepared serum was assayed immediately. 
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3.5.4 ELISA-Reagent Preparation: Dilution series 

 

 

Before starting the assay, all reagents were allowed to reach room temperature 

[Abbkine,2024]. The Wash Buffer was diluted with distilled/deionized water in a 

specified ratio (1:20 for 48 tests or 1:30 for 96 tests) [Abbkine,2024]. To prepare the 

standards, 150 μL of Standard Diluent was added to each tube, and a 2-fold dilution 

series was created using the stock solution. The undiluted stock served as the high 

standard, while the Standard Diluent served as the zero standard. Dilution series were 

followed as per protocol [Abbkine, 2024]. 

The assay procedure began with preparing all necessary reagents. Standards and samples 

were added in duplicate to the microplate wells. Diluted standards were added to the 

standard wells, while sample diluent and samples were added to the testing sample wells 

[Abbkine,2024]. After a 45-minute incubation at 37°C, the wells were aspirated and 

washed five times with Wash buffer. HRP-Conjugate detection antibody was then added 

to each well, except the blank wells, followed by another 30-minute incubation at 37°C. 

The aspiration/wash process was repeated five times [Abbkine,2024]. Chromogen 

solutions A and B were added to each well, and the plate was incubated for 15 minutes at 

37°C in the dark. Stop Solution was then added, changing the color from blue to yellow. 

Finally, the Optical Density was read at 450 nm using a microtiter plate reader within 15 

minutes [Abbkine,2024]. 
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4. Results and Discussion: 

4.1 BeWo Cell Culture and differentiation:  

The provided images depict the growth and differentiation patterns of BeWo cells, a 

human placental choriocarcinoma cell line widely used as an in vitro model for studying 

placental development and function (Orendi et al., 2011). Figure A and Figure B 

showcase BeWo cells at approximately 40% confluency, characterized by multiple small 

colonies dispersed across the culture surface. This growth pattern is consistent with the 

epithelial nature of BeWo cells, which tend to form discrete colonies before achieving 

confluency (Yoshie et al., 2010). 

As the culture progresses, BeWo cells exhibit a shift in morphology and organization. 

Figure C, Figure D, and Figure E demonstrate a monolayer culture at approximately 70% 

confluency. At this stage, the cells have proliferated to cover a larger area of the culture 

surface, forming a near-continuous sheet of cells. This monolayer formation is typical of 

BeWo cells and is crucial for studying placental barrier functions and transport processes 

(Desforges & Sibley, 2010). 

A notable feature of BeWo cells is their capacity to differentiate into syncytiotrophoblast-

like cells, mimicking the syncytialization process in the human placenta (Orendi et al., 

2011). Figure F vividly illustrates this differentiation, marked by the presence of fused 

syncytia (indicated by the red arrow). This morphological change was induced by 

treatment with 40 μM forskolin and 250 μM 8-Br-cAMP, known stimulators of 

syncytialization in BeWo cells (Wice et al., 1990). The formation of syncytia, 

characterized by multinucleated cells resulting from cell fusion, closely resembles the 

physiological process in the human placenta where cytotrophoblasts fuse to form the 

syncytiotrophoblast layer (Orendi et al., 2011). 
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Figure 4.1: BeWo Cell Culture Stages 

 

The BeWo cell culture figure 4.1 (A) and 4.1 (B) exhibit characteristic features of 

trophoblast-like cells in various stages of differentiation and aggregation. Both figures 

display a heterogeneous population of cells with distinct morphological variations. Both 

figures displays features which include large, flattened cells with irregular boundaries, 

indicative of syncytiotrophoblast-like structures, interspersed with smaller, round cells 

resembling cytotrophoblasts. The cultures demonstrate significant cell clustering, 

suggesting active cell-cell adhesion processes mediated by molecules such as E-cadherin. 

The phase-bright appearance of cells in both images indicates high metabolic activity. 

The cellular projections are visible, implying ongoing cell-cell communication and 

potential migratory behavior. 

Despite these shared characteristics, subtle yet significant differences are apparent 

between the two cultures. Image A exhibits a higher cell density, particularly in the 

central and upper right regions, with more pronounced large, flattened 

syncytiotrophoblast-like formations. This suggests a more advanced stage of 

differentiation or fusion events, possibly due to extended culture time or exposure to 

syncytialization-promoting factors such as forskolin or elevated cAMP levels. In contrast, 

Image B shows a more uniform cell distribution with a higher proportion of smaller, 
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round cells, indicative of a cytotrophoblast-like phenotype. The cellular projections in B 

are more distinct, potentially signifying enhanced migratory behavior or initial stages of 

cell-cell fusion attempts. The cell clusters in A appear larger and more compact, while 

those in B are smaller and more dispersed, further supporting the hypothesis of different 

differentiation stages or varied responses to culture conditions. These nuanced 

differences underscore the plasticity of BeWo cells and their utility as a model for 

studying trophoblast differentiation. The observed variations likely reflect distinct points 

in the continuum of trophoblast-like development, offering valuable insights into the 

morphological and functional changes associated with placental cell differentiation and 

fusion processes. 

 

The figure 4.1(C) reveals a more dispersed population of BeWo cells with distinct 

morphological characteristics. The cells exhibit an elongated, fibroblast-like phenotype, 

suggesting a less differentiated state or alternative activation pathway. There is a notable 

absence of large syncytial formations. The even distribution of cells across the field 

indicates a more uniform growth pattern, possibly reflecting different culture conditions 

or an earlier stage of trophoblast-like development. The lower contrast in this image 

allows for subtle visualization of cellular processes and potential secretory vesicles. 
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The figure 4.1(D) displays a high-density culture of BeWo cells exhibiting significant 

cellular aggregation. The central region shows a large, confluent mass of cells, indicative 

of extensive cell-cell adhesion and possible syncytialization - a hallmark of trophoblast 

differentiation. This central syncytium-like structure is surrounded by numerous smaller, 

discrete cells that appear to be migrating or proliferating outward. The high contrast in 

this image accentuates cellular boundaries and intracellular structures, suggesting active 

cytoskeletal remodeling and membrane fusion events characteristic of trophoblast 

differentiation. 

 

 

The BeWo cell culture micrographs figure 4.1 (E) and 4.1 (F) exhibit markedly distinct 

morphological and organizational characteristics, reflecting different stages or conditions 

of trophoblast-like differentiation. Figure 4.1(E) presents a heterogeneous population 

with moderate cell density, featuring a mix of elongated and rounded cellular 

morphologies. This diversity suggests varying degrees of differentiation or activation 

states within the culture. The presence of visible cytoplasmic extensions indicates active 

cell-cell communication or migratory behavior.  

In contrast, figure 4.1(F) displays a strikingly homogeneous and densely packed cellular 

arrangement, with predominantly small, uniform cells. The most notable feature in figure 



60 

 

4.1(F) is the large, circular structure denoted by red arrows, strongly indicative of 

syncytium formation, a hallmark of advanced trophoblast differentiation. This syncytial 

structure implies heightened expression of fusogenic proteins like syncytin and increased 

intracellular cAMP levels, known inducers of BeWo cell fusion. The uniformity and high 

density in figure 4.1(F) suggest a shift towards a more differentiated state, with 

potentially enhanced cell-cell adhesion through increased expression of molecules such 

as E-cadherin. Conversely, the looser associations in figure 4.1(E) point to a more 

proliferative state with cells at various stages of the cell cycle. The cytoskeletal 

organization likely differs significantly between the two cultures, with figure 4.1(F) 

showing evidence of reorganization associated with differentiation and fusion, while 

figure 4.1(E) exhibits more diverse arrangements. These distinctions imply differing 

metabolic and endocrine activities, with the syncytium in figure 4.1(F) potentially 

representing a site of heightened hormone production characteristic of syncytio-

trophoblasts. The contrast between these figure underscores the plasticity of BeWo cells 

and their responsiveness to differentiation stimuli (Differentiation media having 40 μM 

forskolin and 250 μM 8-Br-cAMP), reinforcing their value as a model system for 

studying trophoblast biology and placental development. 

This differentiation is particularly relevant in the context of studying gestational diabetes mellitus 

(GDM), as the syncytiotrophoblast layer plays a crucial role in maternal-fetal nutrient exchange 

and hormone production (Desoye & Hauguel-de Mouzon, 2007). Alterations in syncytialization 

and syncytiotrophoblast function have been implicated in GDM pathophysiology, affecting 

glucose transport and insulin sensitivity (Cawyer et al., 2014). 

These morphological changes mirror key aspects of placental development and function, making 

BeWo cells an invaluable model for investigating GDM-related alterations in trophoblast 

behavior, glucose handling, and hormone regulation. 
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Table 4.1: Flow Cytometry results for Glucose uptake 

 

Sample Name 

Geometric 

mean 

fluorescence 

intensity 

(MFI) of 

NBDG (FL1-A 

parameter) ± 

CV 

Fold change 

in Glucose 

uptake 

% of Cells 

NBDG low NBDG high 

BeWo - Assay Controls for flow Cytometry 

1 Without Insulin 

(Negative 

control) 

4402 ± 75.9 1 61.8 38.2 

2 Untreated  

(Positive 

control) –  

0.1µg/mL 

Insulin 

10431 ± 85.2 2.4 27.0 73.0 

BeWo - differentiated cells 

1 Control Group –  

0.1µg/mL 

Insulin 

9816 ± 126 2.2 29.2 70.8 

2 Test Group –  

0.1µg/mL 

Insulin 

4693 ± 74.2 1.1 59.5 40.5 

3 Test + VEGF 

group –  

0.1µg/mL 

Insulin 

5040 ± 76.7 1.2 56.5 43.5 

 

4.2 Flow Cytometry Analysis for Glucose uptake: 

The flow cytometry analysis of glucose uptake in BeWo trophoblast cells revealed distinct 

patterns under various experimental conditions. The control group, treated with 0.1 μg/mL 

insulin, exhibited a 2.2-fold increase in 2-NBDG fluorescence compared to the negative control, 

which lacked insulin treatment (Table 4.1). This significant increase in fluorescence intensity is 

indicative of enhanced glucose uptake, as 2-NBDG is a fluorescent glucose analog widely used 

to monitor glucose transport in living cells (D'Souza et al.,2022; O'Neil et al., 2005; Yamada et 

al., 2007). 
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Figure 4.2: Comparitive analysis of glucose uptake (Mean Fluorescence Intensity of 2-NBDG 

fluorescence) among Control,Test and Test-VEGF group. 

 

 

 

 

 

 

 

         Figure 4.3:Comparitive fold change analysis of glucose uptake for Control,Test and Test-

VEGF group.  
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  Table 4.2: Flow Cytometry results illustrating CV and fold change in Glucose uptake for Control 

Vs Test group. 

 

In contrast, both the test group (insulin-resistant cells) and the test + VEGF group 

(insulin-resistant cells treated with exogenous VEGF) displayed reduced glucose uptake, 

characteristic of insulin resistance. The test group showed a modest 1.1-fold increase, 

while the test + VEGF group exhibited a slightly higher 1.2-fold increase in 2-NBDG 

fluorescence compared to the negative control (Al-Ofi et al.,2021) (Table 4.2).  

The marginal increase in glucose uptake observed in the test + VEGF group suggests that 

exogenous VEGF does not significantly enhance glucose uptake in insulin-resistant 

BeWo cells (Table 4.2). This observation challenges the initial hypothesis that VEGF 

might improve glucose uptake, as suggested by some studies linking VEGF to glucose 

metabolism (Jiang et al., 2013). However, our findings are consistent with studies by 

Lappas (2014), who reported that VEGF levels in GDM placentas were not significantly 

different from normal pregnancies, suggesting a limited role for VEGF in GDM 

pathophysiology. 

The positive control, designed to evoke maximum cellular response, induced a substantial 

2.4-fold increase in glucose uptake. This robust response serves as a benchmark for 

assessing the efficacy of insulin and VEGF treatments. The disparities in glucose uptake 

between insulin-sensitive and insulin-resistant cells underscore the complexity of glucose 

metabolism in GDM (Barbour et al., 2007). 

Sample MFI-FL1-A CV Fold change 

Negative control 4402 75.9 1 

Positive control 10431 85.2 2.4 

Control Group 9816 126 2.2 

Test Group 4693 74.2 1.1 

Test + VEGF group 5040 76.7 1.2 
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The flow cytometry results provide quantitative evidence of impaired glucose uptake in 

insulin-resistant BeWo cells, a model for GDM. The minimal impact of exogenous 

VEGF on glucose uptake in this model suggests that VEGF may not play a significant 

role in ameliorating insulin resistance in early gestational stages of GDM and require 

further studies to evaluate its cellular potency. 

Figure 4.4: Flow Cytometry Results for (a) Untreated Cells, (b) Control Cells and (c) Cells 

without Insulin.  

Untreated Cells:                                                                              

(a)                                                                                        (b)                                                            

 Without Insulin:                                                                                                                                        

  

 

 

                                                                 

                  (c)  
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The provided flow cytometry data (Figure 4.4) illustrates the effects of different insulin 

conditions on glucose uptake in BeWo cells. The cells were subjected to three distinct 

conditions: untreated cells with no insulin (Figure 4.4-a), control cells with normal 

insulin (Figure 4.4-b), and cells without insulin (Figure 4.4-c). Each condition was 

characterized by various statistics, including the number of cells analyzed, coefficient of 

variation (CV) for FL1, geometric mean for FL1, and the distribution of cells into high 

and low 2-NBDG (a glucose analog) groups. 

In the untreated cells with no insulin condition, a total of 8000 cells were analyzed. The 

geometric mean for FL1, which represents the fluorescence intensity of 2-NBDG 

(D'Souza et al.,2022) and is proportional to glucose uptake, was 4402, with a CV of 

75.9%. Notably, the distribution of cells into high and low 2-NBDG groups showed a 

higher percentage in the low 2-NBDG category (61.8%), suggesting a lower glucose 

uptake in the absence of insulin. 

Moving to the control cells with normal insulin condition, with the same number of cells 

analyzed (8000), the geometric mean for FL1 increased to 9816, indicating enhanced 

glucose uptake. However, the CV also increased to 126%. The distribution of cells into 

high and low 2-NBDG groups showed a shift toward higher glucose uptake, with 70.8% 

in the high 2-NBDG category. This observation is consistent with previous studies 

demonstrating that insulin stimulates glucose uptake in various cell types, including 

trophoblast cells (Grahovac et al., 2021). 

In the cells without insulin condition, 8000 cells were analyzed as well. The geometric 

mean for FL1 decreased to 4402, and the CV was 75.9%, similar to the untreated cells 

without insulin. The distribution of cells into high and low 2-NBDG groups indicated a 

substantial decrease in the high 2-NBDG category (38.2%), reinforcing the notion that 

insulin is a key factor in promoting glucose uptake (Yazdani et al.,2022). 

Overall, the data reveals significant variations in glucose uptake under different insulin 

conditions. Insulin plays a crucial role in enhancing glucose uptake, as seen in the control 
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cells with normal insulin, while the absence of insulin results in reduced glucose uptake. 

These findings are consistent with the well-established role of insulin in regulating 

cellular glucose metabolism and uptake (Bala et al.,2021). Researchers may further 

explore the molecular mechanisms underlying these observations, such as insulin 

receptor signaling pathways and glucose transporter regulation, to deepen our 

understanding of insulin's role in glucose uptake in BeWo cells. 
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Figure 4.5: Scatter Plot for 2-NBDG uptake for untreated cells and cells 

without insulin. 

(a) Untreated Cells: 

 

(b) Without Insulin: 
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Figure 4.6: Scatter Plot for 2-NBDG uptake for control cells. 

(a) Control:                                                                    

 

 

                                                                          

 

 

 

 

 

 

(b) Test: 
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Figure 4.7: (a) Scatter Plot for 2-NBDG uptake for Control sample cells 

 

Figure 4.7: (b) Scatter Plot for 2-NBDG uptake for Test sample cells 

 

Figures 4.6 (a) & (b) and 4.7 (a) & (b) illustrate the flow cytometry data comparing control 

(non-insulin resistant) and test (insulin resistant) samples for glucose uptake, revealing 
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distinct differences in cellular responses. In the control samples, the average percentage of 

cells incorporating 2-NBDG (a glucose analog) in the high range is 70.8%, while the low 

range accounts for 29.2%. This suggests a relatively balanced glucose uptake in non-

insulin resistant cells. The coefficient of variation (CV) for FL1 fluorescence is 75.5, 

indicating moderate variability in the control group. 

The test samples exhibit altered glucose uptake patterns associated with insulin resistance. 

The percentage of cells in the high range decreases to 40.5%, while the low range increases 

to 59.5%. This shift implies impaired glucose uptake in insulin-resistant cells, consistent 

with previous studies demonstrating reduced glucose uptake in insulin-resistant states 

(Ciaraldi et al., 1995; Garvey et al., 1998;Merz et al.,2020). The CV for FL1 fluorescence 

decreases to 69.3, indicating a reduction in variability compared to the control group. 

Geometric mean fluorescence values further support these findings. In control samples, the 

geometric mean is 9816, indicative of robust glucose uptake. However, test samples 

exhibit a lower geometric mean of 4693, suggesting reduced glucose uptake efficiency in 

insulin-resistant cells, aligning with the established relationship between insulin resistance 

and impaired glucose uptake (Shulman et al., 2000). 

Overall, the flow cytometry data illustrates significant alterations in glucose uptake 

patterns between non-insulin resistant and insulin-resistant samples, providing valuable 

insights into cellular responses associated with insulin resistance. 
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4.3 Proteome analysis through LCMS: 

The mass spectrometry (MS) runs were conducted using the EXPLORIS machine, 

employing a 60-minute run time per sample. The instrument exhibited high resolution 

with a mass spectrometry level 1 (MS1) resolution of 60,000 and level 2 (MS2) 

resolution of 15,000. The analysis focused on Uniprot's Homo sapiens database, aiming 

to identify proteins within the biological sample (Bowler-Barnett et al., 2023). The 

identification summary reveals a comprehensive dataset, encompassing 3528 protein 

groups and 22,431 peptide groups. 

 

Figure 4.8: Venn diagram plot of screened protein for Control,Test and Test-VEGF 

samples through LCMS analysis 

Venn diagram depicts the distribution of proteins identified in test, test-vegf, and control 

samples obtained from an LCMS proteome database. Understanding the composition of 

these protein sets is crucial for gaining insights into the molecular differences and 

similarities between the sample types (Wang et al., 2023). 
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The unique proteins identified in each sample type provide valuable information about 

the distinct molecular signatures associated with test, test-vegf, and control samples. In 

this analysis, 15 proteins (0.4%) are unique to test samples, 31 proteins (0.9%) are unique 

to test-vegf samples, and 31 proteins (0.9%) are unique to control samples . These unique 

proteins may represent specific pathways or processes that are activated or suppressed in 

each sample type, offering potential targets for further investigation . 

The overlapping regions in the Venn diagram highlight shared proteins between different 

sample types (Palviainen et al., 2020). Notably, 3357 proteins (95.2%) are common to all 

three sample types, indicating a core set of proteins present across experimental 

conditions (Lee et al., 2018). Understanding this commonality is essential for identifying 

stable and consistent molecular components that may not be affected by the experimental 

variables under consideration (Bader et al., 2023). 

The intersections between specific sample pairs (e.g., 40 proteins common between test 

and test-vegf, 30 proteins common between test-vegf and control, and 24 proteins 

common between control and test) reveal proteins that may play roles in shared 

molecular processes between those specific conditions  
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TEST VS. CONTROL: 

 

Figure 4.9: Venn diagram plot of screened protein for Control and Test samples 

through LCMS analysis 

The Venn diagram analysis (Figure 4.9)  of LCMS data for Control (insulin-sensitive) 

and Test (insulin-resistant) samples reveals distinctive protein profiles (Moraes-Vieira et 

al., 2020). In the insulin-resistant state, unique proteins characterize the condition, while 

the insulin-sensitive state exhibits its own set of unique proteins. Notably, a substantial 

overlap is typically observed, suggesting a core set of proteins unaffected by insulin 

sensitivity status, emphasizing fundamental cellular processes (Brännmark et al., 2013). 

The unique proteins in each sample provide potential insights into specific molecular 

pathways associated with insulin resistance and sensitivity (Batista et al., 2019). 
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BOX-PLOT ANALYSIS: 

 

 

Figure 4.10: Box-Plot Analysis for Control Vs Test protein samples before mormalization 
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Figure 4.11: Box-Plot Analysis for Control Vs Test protein samples after 

mormalization 

The box plot, a powerful tool in exploratory data analysis, visually encapsulates a 

dataset's central tendency, spread, and outliers (Krzysztofik et al., 2022). In proteomics 

studies comparing insulin-sensitive and insulin-resistant samples, examining control and 

test replicates often reveals minimal deviation pre-normalization (Guo et al., 2020). Post-

normalization and outlier removal, a notable improvement is typically observed (Sharma 

et al., 2021). This signifies enhanced data consistency between control and test replicates, 

indicating improved reliability in experimental outcomes .Such analysis often concludes 

that the experimental replicates for control and test samples have worked very well, 

providing a solid foundation for further interpretation of proteomic differences between 

insulin-sensitive and insulin-resistant states (Pang et al., 2021). 
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Figure 4.12: Box-Plot T-Test Analysis (Significant Proteins) 

In a Box-Plot Analysis focusing on proteins identified as statistically significant through T-Test 

analysis, the above graphical representation provides insights into the distribution of expression 

levels for control and test protein sample replicates. The above box plot (figure 4.12) displays the 

median, quartiles, and range of these significant proteins. Differences in medians between 

groups, as determined by the T-Test, are visually examined. This analysis helps identify protein 

expression variations that are statistically significant for control and test samples replicates.  
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Figure 4.13: Heat Map of screened proteins for Control and Test group. 

The heat map analysis, based on protein expression data in Figure 4.13, provides a 

comprehensive view of the dynamic changes in protein regulation between control (normal 

insulin-sensitive) and test (insulin-resistant) GDM experimental conditions .. The orange-

shaded proteins signify upregulated protein, while blue-shaded proteins indicate 

downregulated protein (Raza et al., 2022). Notably, the distinct temporal patterns reveal a 

reciprocal relationship: when control proteins are upregulated, corresponding test samples are 

downregulated, and vice versa. This stark contrast highlights significant differences in 

expression profiles, emphasizing the impact of insulin resistance in GDM in the early 

gestation period (Sajewicz  et al., 2021). The absence of identical expression patterns between 

control and test samples underscores the intricate interplay of factors contributing to insulin 

sensitivity (Sun et al., 2013). The heatmap, leveraging color gradients for intuitive 

interpretation, serves as a valuable tool for identifying temporal trends and disparities in 
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protein expression, facilitating a nuanced understanding of the underlying molecular 

dynamics in the context of gestational diabetes mellitus (GDM) (Key et al., 2012). 

 

Figure 4.14: Correlation Plot for Control and Test protein samples. 

The correlation matrix reveals intricate relationships among protein samples in early gestation 

for both test (GDM condition) and control groups. The correlation coefficients between 

TEST_VEGF_1, TEST_VEGF_2, and TEST_VEGF_3 suggest moderate to strong positive 

correlations among the test samples (Kumar et al., 2022). The negative correlations with 

CONTROL samples (-0.78 to -0.70) indicate an inverse relationship, suggesting that as the test 

samples increase, the control samples decrease, and vice versa . Similar to the test group, the 
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control samples (CONTROL_1, CONTROL_2, CONTROL_3) show moderate to strong positive 

correlations among themselves (Kumar et al., 2019). 

The negative correlations with TEST samples (-0.84 to -0.66) indicate an inverse relationship, 

suggesting an opposite trend to the test samples . The correlation plot indicates both positive and 

negative associations between protein samples within each group and an inverse relationship 

between the test and control groups (Key et al., 2012). These findings underscore the dynamic 

interplay of protein expressions in the context of gestational diabetes mellitus, highlighting 

potential biomarkers or pathways associated with early-stage GDM. 

 

Figure 4.15: Principle Component Analysis (PCA) for control and test protein samples. 

The Principal Component Analysis (PCA) results (Figure 4.15) for control and test protein 

samples in early gestation GDM indicate that the first principal component (Dimension 1) 
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accounts for a substantial 74% of the total variance, while the second principal component 

(Dimension 2) contributes 9% .. This suggests that Dimension 1 captures the major source of 

variability in the dataset. The distinct separation between control and test samples along 

Dimension 1 signifies significant differences in protein expression patterns between the two 

groups . The combined influence of Dimension 1 and Dimension 2 emphasizes the 

multidimensional nature of the dataset. The high percentage of variance explained by Dimension 

1 underscores its importance in characterizing the primary features distinguishing control from 

test samples (Kumar et al., 2022). Overall, the above PCA findings provide an informative 

representation of the underlying structure and variability in protein expression data associated 

with GDM in early gestation (Key et al., 2012;Kumar et al.,2022). 

 

 

Figure 4.16: Screeplot  for control and test protein samples. 

The scree plot (figure 4.16) illustrates the percentage of explained variance across 

different dimensions in Principal Component Analysis (PCA) for control and test protein 

samples in early gestation GDM .. Dimension 1 dominates with 73.98% explained 
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variance, indicating that a significant portion of the data's variability is captured along 

this axis (Li et al., 2022). Dimension 2 contributes 8.96%, followed by Dimension 3 

(7.4%), Dimension 4 (4.93%), and Dimension 5 (4.74%) . The plot demonstrates a rapid 

decrease in explained variance after Dimension 1, suggesting that subsequent dimensions 

contribute less to the overall variability (Ledesma et al., 2015).  

The cumulative explained variance by considering multiple dimensions provides insights 

into the overall structure of the data. In this context, the scree plot indicates that a 

comprehensive understanding of the protein expression patterns can be achieved by 

primarily focusing on Dimension 1, followed by Dimension 2, while dimensions beyond 

3 contribute less significantly to the dataset's variability (Li et al., 2022). The scree plot's 

characteristic steep decline after Dimension 1 suggests that the majority of relevant 

information is encapsulated within the first two dimensions (Key et al., 2012). 

 

Figure 4.17: Volcano Plot for control and test protein samples. 
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The Volcano Plot (Figure 4.17) for control and test protein samples in early gestation 

GDM offers a comprehensive view of differential protein expression, striking a balance 

between fold change magnitude and statistical significance .. The x-axis, reflecting 

log2(Fold Change), unveils the biological significance of protein alterations, while the y-

axis, denoting -log10(q values), emphasizes statistical confidence (Truvé et al., 2021). 

The fold change cut-off between +1 and -1 delineates proteins with substantial alterations 

in expression. Upregulated proteins are denoted in red, downregulated ones in blue, and 

unchanged proteins in grey. A dense clustering of red and blue points outside the fold 

change cut-off signifies proteins exhibiting statistically significant changes in expression. 

This visualization facilitates the identification of key proteins crucial for understanding 

GDM pathophysiology in early gestation (Hulatt et al., 2020). The distinct color patterns 

offer an intuitive means to distinguish proteins with substantial alterations from those 

with minimal changes. This plot helps in identifying differentially expressed proteins, 

unraveling potential molecular signatures associated with GDM (Li et al., 2012). The 

Volcano Plot serves as a powerful tool to refine selection of proteins for further 

mechanistic investigation in gestational diabetes mellitus (Key et al., 2012). 

 

 

 

 

 

 

 

 

Figure 4.18: VENN Diagram (TEST-VEGF VS. CONTROL) 
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The Venn diagram (Figure 4.18) analysis reveals distinctive protein subsets and shared 

elements between control and Test-VEGF samples in the context of gestational diabetes 

mellitus (GDM) .. In Test-VEGF, 71 unique proteins (2% of total) signify alterations 

induced by exogenous VEGF in insulin-resistant conditions. Control samples exhibit 55 

unique proteins (1.6% of total), suggesting inherent differences in insulin-sensitive BeWo 

cultured cells . A remarkable overlap of 3387 proteins (96.4%) underscores a common 

proteomic foundation, possibly representing essential cellular processes unaffected by 

VEGF treatment (Sriboonvorakul et al.,2022) . 

The study's experimental design, introducing exogenous VEGF to assess its impact on 

glucose uptake in insulin-resistant conditions, aligns with the observed protein alterations 

(Sharma et al., 2018). The Venn diagram provides a visual synopsis, emphasizing 

specific and shared proteomic features and may guide in the exploration of molecular 

pathways influenced by VEGF in the insulin-resistant state during early gestation GDM 

(Key et al., 2012). 
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Figure 4.19: Box-Plot Analysis for Control Vs Test-VEGF samples: (BEFORE 

NORMALIZATION) 

 

 

Figure 4.20: Box-Plot Analysis for Control Vs Test-VEGF samples: (AFTER 

NORMALIZATION) 
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The box-plot analysis compared control and Test-VEGF protein samples before (Figure 

4.20) and after normalization (Figure 4.21), utilizing log2-transformed abundance values. 

Before normalization, disparities in spread and central tendency were observed, 

suggesting potential systematic biases or technical variations between the two conditions 

(Zhou et al., 2020). Post-normalization, the box plots demonstrated a harmonization of 

expression levels, indicating the effectiveness of normalization in reducing technical 

artifacts .  

The aligned scales post-normalization allowed for a more accurate and reliable 

comparison of protein expression profiles between control and Test-VEGF samples . 

These visualizations underscored the significance of normalization in enhancing the 

interpretability and biological relevance of observed differences, providing a foundation 

for robust downstream analyses and facilitating a clearer understanding of the true 

biological distinctions between the two experimental conditions (Zhou et al., 2020; Liu et 

al., 2020). 
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Figure 4.21: Box-Plot T-Test Analysis for Control Vs Test-VEGF samples (T-Test Significant) 

The Box-Plot t-test analysis (Figure 4.21) for Control vs. Test-VEGF samples in the 

provided experimental condition scrutinized distributional differences of significant 

proteins .. Utilizing statistical measures, the analysis examined central tendency, spread, 

and potential outliers between the two groups (Zhou et al., 2020). The above box plot 

visually represented variations in expression levels for proteins deemed statistically 

significant, enabling a rapid assessment of the impact of exogenous VEGF on protein 

abundance .  

The t-test, as applied in the Box-Plot analysis, facilitated identification of proteins with 

substantial mean differences between Control and Test-VEGF conditions (Zhou et 

al.,2020). This approach provides a quantitative assessment of protein expression changes 

and may aid in pinpointing potential molecular players influenced by VEGF treatment . 

The results contributed valuable insights into proteomic alterations associated with 

insulin resistance in gestational diabetes, shedding light on molecular responses triggered 

by exogenous VEGF in the given experimental context (Key et al., 2012;Li et al.,2020). 
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Figure 4.22: Heat Map of screened proteins for control and Test-VEGF group 

The heat map analysis (Figure 4.22) of screened proteins in the control and Test-VEGF 

groups revealed a notable similarity in glucose uptake response profiles. Contrary to the 

initial hypothesis, which suggested that exogenous VEGF might enhance glucose uptake, 

it was observed that the Test-VEGF group exhibited a glucose uptake profile similar to 

the control group (Sajewicz et al., 2021). Surprisingly, the addition of VEGF to the test 

samples did not result in any discernible improvement in glucose uptake. These findings 

challenged the initial expectations and indicated that, in this experimental context, the 

introduction of exogenous VEGF did not influence the glucose uptake mechanism as 

anticipated . Further investigations into the specific pathways and molecular interactions 
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involved provided deeper insights into the regulatory role of VEGF in glucose uptake, 

offering valuable implications for understanding cellular responses in the experimental 

system (Sun et al., 2013; Raza et al., 2022). 

CORRELATION PLOT: 

 

Figure 4.23: Correlation Plot for Control and Test-VEGF protein samples 

The correlation plot (figure 4.23) analyzed the relationship between protein samples from 

the Test-VEGF and Control groups in the specified experimental conditions. The Pearson 

correlation coefficient, ranging from +1 to -1, quantified the strength and direction of the 

linear association between variables (Moore et al., 2013;Liu et al.,2020). 
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A positive correlation indicated a direct relationship, where an increase in the values of 

Test-VEGF proteins corresponded to an increase in the corresponding Control protein 

values, and vice versa. Conversely, a negative correlation suggested an inverse 

relationship, where higher Test-VEGF protein values were associated with lower Control 

protein values (Moore et al., 2013; Schober et al., 2018). 

Correlation coefficients close to +1 signified a strong positive correlation, implying that 

as the Test-VEGF protein levels increased, the Control protein levels also increased 

proportionally. On the other hand, coefficients close to -1 indicated a strong negative 

correlation, where higher Test-VEGF protein levels were accompanied by lower Control 

protein levels, and vice versa (Schober et al., 2018). 

A correlation plot exhibiting values closer to 0 suggested a weaker or no linear 

relationship between the Test-VEGF and Control protein samples, indicating that the 

variables were not strongly associated or varied independently (Moore et al., 2013). 

This correlation analysis provided valuable insights into the co-variation patterns between 

the Test-VEGF and Control samples, offering historical evidence of potential interactions 

or regulatory mechanisms at the protein level within the given experimental context 

(Smilde et al., 2009). By quantifying the strength and direction of the relationships 

between protein samples, the correlation plot facilitated the identification of potential 

associations or divergences in protein expression profiles, contributing to a deeper 

understanding of the underlying molecular dynamics (Bernea et al.,2022). 
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PRINCIPAL COMPONENT ANALYSIS: 

 

Figure 4.24: Principle Component Analysis (PCA) for control and Test-VEGF protein samples 

The Principal Component Analysis (PCA) (figure 4.24) conducted on the control and 

Test-VEGF protein samples provided critical insights into the variability within the 

dataset (Wold et al., 1987; Bro & Smilde, 2014). Two principal components, or 

dimensions, were identified, with Dimension 1 (DIM1) accounting for a substantial 

75.2% of the total variance, while Dimension 2 (DIM2) explained an additional 8.9% (Li 

et al.,2021). 

DIM1 emerged as the predominant contributor, suggesting that the majority of the 

dataset's variability was captured along this dimension, revealing significant distinctions 

between the control and Test-VEGF groups (Ringnér, 2008). Although DIM2 played a 

lesser role, it contributed to elucidating additional variance within the dataset, indicating 

the presence of other sources of variability beyond the primary dimension (Bro & Smilde, 

2014;Yin et al.,2023)). 
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The separation observed along these dimensions visually highlighted distinct patterns or 

trends in the protein samples between the experimental groups. This comprehensive 

analysis offered a multidimensional view of the protein landscape, facilitating the 

identification of key factors that influenced the observed variations (Jolliffe & Cadima, 

2016; Elhaik at al.,2022). 

Notably, the significant contribution of DIM1 (75.2%) in explaining the total variance 

emphasizes its crucial role in discriminating between the control and Test-VEGF samples 

within the context of this gestational diabetes mellitus (GDM) study (Ringnér et al., 

2008). The PCA analysis provided a data-driven approach to identifying the most 

influential sources of variability, enabling the exploration of potential biological or 

experimental factors that may have contributed to the observed differences in protein 

expression profiles (Yin et al.,2023) 
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SCREEPLOT:

 

Figure 4.25: Scree plot for control and Test-VEGF protein samples 

The Scree plot analysis (Figure 4.25) for control and Test-VEGF protein samples in the 

conducted experimental study provided valuable insights into the significance of each 

dimension in explaining the dataset's variance (Bro & Smilde, 2014; Mishra et al., 2020). 

Dimension 1 emerged as the most influential, elucidating 75.16% of the total variance, 

indicating its pivotal role in capturing the primary sources of variability between the 

experimental groups (Lever et al., 2017). Dimension 2 followed with 8.87%, offering 

additional insights, while Dimension 3, accounting for 6.15%, continued to contribute to 

the overall variance (Li et al., 2021). Dimensions 4 and 5, with explained variances of 

5.19% and 4.63%, respectively, maintained their relevance in understanding the dataset's 

structure (Cangelosi & Goriely, 2007). Notably, Dimension 6 contributed 0%, suggesting 

minimal explanatory power. The scree plot demonstrated a clear drop in the percentage of 
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variance explained after Dimension 5, supporting the decision to focus on the most 

influential dimensions (Yu et al., 2022). This analysis aided in prioritizing and 

interpreting the dimensions crucial for understanding the underlying patterns and 

distinctions in protein samples between control and Test-VEGF groups. 
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Volcano Plot: 

 

Figure 4.26: Volcano Plot for control and Test-VEGF protein samples 

The Volcano Plot (figure 4.26) for control and Test-VEGF protein samples in the 

specified condition, which depicted log2(Fold change) against -log10(q values), visually 

illustrated the differential expression of proteins . Upregulated proteins were highlighted 

in red, downregulated in blue, and unchanged in grey. With a fold change cutoff between 

+1 and -1, proteins falling outside this range were considered significantly altered 

(Schork et al.,2021) . In the context of the previously observed insignificant role of Test-

VEGF for glucose uptake compared to control samples , the plot was analyzed for 

proteins that deviated from the baseline. Upregulated proteins in the control group, 

potentially crucial for glucose uptake, were found to be either absent or minimally 

affected in the Test-VEGF group (Yang et al., 2021). Conversely, downregulated proteins 

in the control group exhibited minimal change or upregulation in Test-VEGF, indicating 

an absence of the expected regulatory impact . This analysis helped identify protein 

expression patterns that may have contributed to the previously observed lack of 
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improvement in glucose uptake with exogenous VEGF, shedding light on potential 

factors underlying this outcome (Wang et al.,2023). 

4.4 Evaluation of VEGF effect on glucose uptake 

Evaluation of VEGF effect on glucose uptake: 

 

Figure 4.27: Comparitive analysis of glucose uptake (Mean Fluorescence Intensity of 2-NBDG 

fluorescence) for Test-VEGF group(encircled). 
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Figure 4.28: Comparative fold change analysis of glucose uptake (comparative fold change) for 

Test-VEGF group(encircled). 

The results of glucose uptake (figure 4.27 and figure 4.28), as measured by the Mean 

Fluorescence Intensity (MFI) of 2-NBDG fluorescence, in the Test-VEGF group 

compared to the Control and Test groups were analyzed retrospectively (Yang  et al., 

2021). The Control group, treated with 0.1µg/mL insulin, exhibited a significantly higher 

MFI (9816 ± 126) than the Test-VEGF group (5040 ± 76.7), indicating a substantial 

decrease in glucose uptake in the presence of VEGF. The Test group, without VEGF, 

also demonstrated a higher MFI (4693 ± 74.2) compared to the Test-VEGF group. The 

fold change in glucose uptake further supported these observations, with the Control 

group showing a 2.2-fold increase, the Test group a 1.1-fold increase, and the Test-VEGF 

group a 1.2-fold increase (Li et al., 2023). 

The percentage of cells with low and high NBDG fluorescence levels provided additional 

insights . In the Control group, 29.2% of cells exhibited low NBDG, whereas in the Test-

VEGF group, this percentage increased to 56.5% . Conversely, the percentage of cells 

with high NBDG decreased from 70.8% in the Control group to 43.5% in the Test-VEGF 

group (Yazdani et al., 2022). 

These findings suggested that the addition of VEGF in the presence of insulin led to a 

diminished glucose uptake compared to insulin alone . The higher MFI and fold change 

in the Control and Test groups, without VEGF, indicated a more effective response to 

insulin in promoting glucose uptake (Sharma et al., 2024). Therefore, the results 

underscored the insignificance of VEGF in the context of the gestational diabetes mellitus 

(GDM) study during early gestation, as it appeared to have an insignificant impact on 

glucose uptake when combined with insulin (Moessinger et al., 2020). Further 

investigations were warranted to elucidate the precise mechanisms underlying this 

observed effect and its potential implications for GDM management strategies . 
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Figure 4.29(A): 2-NBDG Plot for Glucose Uptake (Test+VEGF) 

 

 

Figure 4.29(B): 2-NBDG Flow Cytometry Plot for Glucose Uptake (Test +VEGF) 
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Figure 4.29(A&B) elucidated the gestational diabetes mellitus (GDM) study at early 

gestation, where the experimental outcomes revealed notable variations in glucose uptake 

among the test groups. The Control Group, treated with 0.1µg/mL insulin, exhibited 

geometric mean fluorescence intensity (MFI) of 9816 ± 126, indicating a 2.2-fold increase 

in glucose uptake compared to baseline. Conversely, the Test Group, receiving the same 

insulin concentration, displayed a lower MFI of 4693 ± 74.2, suggesting a 1.1-fold increase 

in glucose uptake (Bolatai et al., 2022). The Test + VEGF group, treated with insulin and 

VEGF, exhibited an MFI of 5040 ± 76.7, reflecting a 1.2-fold increase. 

The NBDG Plot for Glucose Uptake (Test+VEGF) and the flow cytometry scatter plot 

figure 4.29(A) & (B) provided visual representations of these findings (D’Souza et 

al.,2022). The NBDG plot showed reduced glucose uptake in the Test+VEGF group 

compared to the Test Group, supporting the quantitative data (Bolatai et al., 2022). The 

scatter plot, depicting forward scatter (FS) and side scatter (SS), offered insights into 

cellular characteristics . 

Scientifically, these results suggested that VEGF, when added to the test samples along 

with insulin, had a limited impact on enhancing glucose uptake compared to the Test 

Group or Control Group . The differences in MFI and scatter plot characteristics signified 

altered cellular responses, indicating the potential regulatory role of VEGF in glucose 

metabolism during early gestation in the GDM study (Sharma et al.,2024). Further research 

investigations are necessary to understand the underlying mechanisms and implications for 

GDM management. 
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4.5 Formations of Copulation or Vaginal plug [Confirmation of Pregnancy]: 

Copulation plugs are a common occurrence during mating in many rodent species, 

including rats. The plug is formed by the male's seminal fluid, which coagulates shortly 

after copulation. Its purpose is to block the female's vagina and prevent other males from 

mating with her (Hakimi et al., 2022). The presence of a copulation plug is frequently used 

as an indicator of pregnancy in rats. A study by Oludare et al. (2016) found that the 

presence of a copulation plug was a reliable predictor of pregnancy in Sprague-Dawley 

(SD) female rats. Specifically, 95% of females with a copulation plug on the day after 

mating were confirmed to be pregnant. Additionally, the presence of a copulation plug was 

found to be a more reliable indicator of pregnancy than vaginal cytology (Oludare et al., 

2016). 

Furthermore, a study by Taylor et al. (2019) demonstrated that the presence of a copulation 

plug was a reliable indicator of pregnancy in SD female rats, even when mating was timed 

to occur on a specific day of the estrous cycle. This finding suggests that the copulation 

plug is not merely a sign of ovulation but also a sign of successful fertilization (Taylor et 

al., 2019). 

These studies collectively indicate that the presence of a copulation plug is a reliable and 

convenient method for confirming pregnancy in SD female rats. This information is 

valuable for researchers studying reproduction in rats, as well as for breeders seeking to 

confirm pregnancy in their female rats. 
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Figure 4.30: Copulation/vaginal plug which confirm onset of pregnancy: 
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The significance of copulation and the presence of a vaginal plug in confirming the onset 

of pregnancy in Sprague-Dawley (SD) female rats post-mating were observed. Figure 
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4.30(A) depicted SD female rats post-mating, highlighting the importance of copulation 

in the reproductive process. A closer view of the vaginal passage was presented in Figure 

4.30(B), and Figure 4.30(C) illustrated the gelatinous accumulation at the mouth of the 

vagina. Notably, Figures 4.30(D1 and D2) displayed mucilaginous plugging at the 

vaginal mouth, serving as concrete evidence of copulation. 

The formation of a vaginal plug, typically composed of sperm and secretions, acted as a 

physical barrier preventing the entry of additional sperm and confirming successful 

fertilization. This phenomenon was well documented in rodent reproduction studies as a 

reliable indicator of the initiation of pregnancy. The gelatinous accumulation and plug 

formation in the vaginal passage were indicative of seminal coagulation, playing a crucial 

role in protecting the fertilized ova [Danneman et al.,2000]. 

Table 4.31: Body Weight of Female Sprague-Dawley (SD) Rats: Pre-Pregnancy and 

on the 7th Day of Gestation 

Body Weight (Pre- Pregnancy)  Body Weight (STZ induced , Early 

Gestation-7
th

 day) 

192 gm 187 gm 

186 gm 180 gm 

189 gm 185 gm 

187 gm 180 gm 

197gm 193 gm 

188gm 184 gm 

The body weights of female Sprague-Dawley (SD) rats were measured (Table 4.31) both pre-

pregnancy and on the 7th day of gestation following streptozotocin (STZ) induction. Six rats were 

monitored, with their pre-pregnancy weights ranging from 186 to 197 grams. Specifically, the pre-

pregnancy weights recorded were 192 gm, 186 gm, 189 gm, 187 gm, 197 gm, and 188 gm. By the 

7th day of early gestation, following STZ induction, the body weights showed slight variations, 

ranging from 180 to 193 grams. The corresponding weights on the 7th day were 187 gm, 180 gm, 
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185 gm, 180 gm, 193 gm, and 184 gm respectively. Overall, most rats showed a slight decrease in 

body weight during early gestation compared to their pre-pregnancy weights. This weight loss is 

consistent with previous findings by López-Soldado et al. (2003), who reported that STZ induction 

typically results in decreased body weight in experimental animals. 

4.6 Streptozotocin (STZ) Induction and Blood glucose profiling: 

Table 4.4: Streptozotocin (STZ) Induction in SD pregnant Rats: 

Group 

No. 

Groups( 8 

Rat/gp) 
Treatment 

Route of administration 

and Dosage 

Number of 

Groups 

1 
Normal 

Control 

Vehicle (Normal 

Pregnant Rat) 

 No treatment 

(0.1 mol/L citrate buffer) 

1 Gp (6♀+2♂ 

Rat/gp) 

2 Test 

Streptozotocin 

(STZ)-induced 

diabetes in 

pregnant Rat 

(GDM model) 

intraperitoneal injection 

(i.p.) of STZ (35 mg/kg 

bw in 0.1 mol/L citrate 

buffer) 

1 Gp(6♀+2♂ 

Rat/gp) 

 

Table 4.4 outlines the experimental design for studying gestational diabetes mellitus 

(GDM) in Sprague-Dawley rats . Group 1 serves as the normal control, receiving no 

treatment except for the vehicle (0.1 mol/L citrate buffer). This group, consisting of 6 

female and 2 male rats, represents the baseline for normal pregnant rats . Group 2, the test 

group, was designed to induce diabetes-using streptozotocin (STZ). This induction 

involves an intraperitoneal injection (i.p.) of STZ at a dosage of 35 mg/kg body weight in 

0.1 mol/L citrate buffer . Similar to the control group, Group 2 also comprises 6 female 

and 2 male rats. 

This experimental setup enables the comparison of blood glucose profiles between 

normal pregnant rats and those with STZ-induced diabetes, providing insights into the 

development and effects of gestational diabetes at the early gestation period . The 

intraperitoneal injection of STZ is a well-established method for inducing diabetes in 

animal models, allowing researchers to study the pathophysiological aspects of GDM and 

assess potential therapeutic interventions (Zhang et al., 2019). 
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Table 4.5: Blood Glucose Profiling 

Sprague-Dawley Rat-Blood Gluose Profile  

S.NO 

Blood Glucose level : 

Control-(Pregnant) 

Blood Glucose level : 

After STZ induction 

Test-(Pregnant-Diabetic ) 

Before STZ 

induction 

After STZ 

induction 

Sprague-Dawley Rat-1 97 mg/dl 
110 mg/dl 

 

334 mg/dl 

Sprague-Dawley Rat-2 103 mg/dl 
102 mg/dl 

 

301 mg/dl 

Sprague-Dawley Rat-3 105 mg/dl 95 mg/dl 305 mg/dl 

Sprague-Dawley Rat-4 92 mg/dl 96 mg/dl 309 mg/dl 

Sprague-Dawley Rat-5 107 mg/dl 101 mg/dl 438 mg/dl 

Sprague-Dawley Rat-6 92 mg/dl 98 mg/dl 331 mg/dl 

 

The blood glucose profile (Table 4.5) was analyzed in Sprague-Dawley female rats at 

early gestation, revealing noteworthy changes following Streptozotocin (STZ) induction 

to induce a diabetic condition. Before STZ induction, both the control (pregnant) and test 

(pregnant and diabetic-GDM) groups exhibited relatively normal blood glucose levels, 

ranging from 95 to 110 mg/dl. Subsequently, after STZ induction, the test group 

experienced a substantial increase in blood glucose levels, ranging from 301 to 438 

mg/dl, indicative of successful diabetes induction .In contrast, the control group 

maintained lower and stable glucose levels within the range of 102-110 mg/dl .A study 

by Furman  et al. (2022) found that STZ induction increased blood sugar levels in 

pregnant SD rats by approximately 200%. The increase in blood sugar levels after STZ 

induction is likely due to the destruction of beta cells in the pancreas. Beta cells are 

responsible for producing insulin, a hormone that helps to regulate blood sugar levels. 

When beta cells are destroyed, the body is unable to produce enough insulin, which leads 

to high blood sugar levels (Furman et al.,2022). The elevated post-STZ blood glucose 

levels in the test group underscored the effective induction of diabetes in pregnant 

Sprague-Dawley rats. This model has provided valuable insights into gestational diabetes, 
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contributing to a comprehensive understanding of the disease's impact on maternal and 

fetal health in a controlled experimental setting. 

 

4.7 Blood Pooling and Sampling: 

Retro-orbital blood collection was performed on 6 SD rats each in the control and test 

group. 2 mL of blood was collected from each rat and pooled into one collection tube for 

each group. Blood serum was isolated from each group and cryopreserved at -80°C. The 

rats were anesthetized with isoflurane. A single drop of topical ophthalmic anesthetic was 

applied to the eye to be sampled. After 30 seconds, the rat was placed in ventral 

recumbency with its head resting on a flat surface. The head was gently restrained with 

one hand, while a hematocrit capillary tube was held at a 45-degree angle to the eye and 

gently inserted into the retro-orbital space. Once the tube was inserted, it was gently 

rotated 180 degrees to break the blood vessels. The blood was allowed to collect in the 

tube (Arafa et al .,2021). Once 2 mL of blood had been collected, the tube was removed 

from the retro-orbital space and pressure was applied to the eye with gauze (Virginia 

Tech, n.d.). 

The blood sample was then transferred to a sterile micro centrifuge tube and centrifuged 

at 10,000 rpm for 5 minutes to separate the plasma from the red blood cells .The plasma 

sample was then stored at -80°C until use. The pooled plasma from each group was then 

used to isolate blood serum. This was done by centrifuging the plasma at 10,000 rpm for 

10 minutes to pellet the fibrinogen. The supernatant was then collected and stored at -

80°C until use to preserve its integrity. 
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4.8 Mitochondria Fission Factor (Mff) : 

 

Recent research has elucidated the critical role of mitochondrial dysfunction and altered 

mitochondrial dynamics in the pathogenesis of insulin resistance and related metabolic disorders 

(Pentinat et al., 2018). Mitochondrial fission factor (Mff), a key regulator of mitochondrial 

fission, has been implicated in this process. Upregulation of Mff can lead to excessive 

mitochondrial fragmentation, contributing to overall mitochondrial dysfunction. This 

phenomenon extends to placental tissue, where mitochondrial impairment and resultant oxidative 

stress have been associated with the development of metabolic complications, including 

gestational diabetes mellitus (GDM) (Hebert et al., 2021). The placenta's vital function in 

regulating nutrient and oxygen supply to the developing fetus underscores the potential impact of 

mitochondrial dysfunction on fetal development and maternal metabolic health. 

Insulin resistance, a hallmark of GDM, has been linked to altered mitochondrial dynamics in 

insulin-responsive tissues such as skeletal muscle and adipose tissue (Bach et al., 2005; Jheng et 

al., 2012). The observed upregulation of Mff in test samples may reflect widespread 

mitochondrial dysfunction in these tissues, potentially leading to impaired insulin sensitivity and 

disrupted glucose homeostasis. This hypothesis is supported by numerous studies reporting 

increased mitochondrial fission and altered expression of fission proteins, including Mff, in 

various tissues and cell types under diabetic conditions (Yu et al., 2006; Men et al., 2009; 

Zorzano et al., 2009). Collectively, these findings suggest a mechanistic link between Mff 

upregulation, mitochondrial dysfunction, and the development of diabetes-related complications, 

including GDM. Further research is warranted to elucidate the precise molecular mechanisms 

underlying this relationship and to explore potential therapeutic interventions targeting 

mitochondrial dynamics in the prevention and management of GDM. 
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Figure 4.31 -(A) Protein (Mitochondria Fission Factor) coverage analyses : 

 

 

The protein under investigation is the Mitochondrial fission factor (MFF) from Homo sapiens, 

identified by the UniProtKB entry "Mitochondrial fission factor OS=Homo sapiens OX=9606 

GN=MFF PE=1 SV=1". This protein consists of 342 amino acids, providing a comprehensive 

substrate for analysis. Mass spectrometry analysis revealed a sequence coverage of 4.68%, 

indicating that a small but significant portion of the protein's primary structure was detected and 

identified. The coverage diagram exhibits a prominent green bar approximately between 

positions 250 and 270, signifying the presence of detected peptides within this region. The 

complete protein sequence, presented in four rows of 100 amino acids each (with the exception 

of the final row), allows for a detailed examination of the protein's primary structure. Of 

particular interest is the detected peptide sequence "GGSSAAATSNPHEDN", which is 

highlighted in green within the full sequence, corresponding to the region indicated in the 

coverage diagram. This peptide represents a crucial identified fragment of the MFF protein, 

potentially offering insights into protein structure, function, or post-translational modifications in 

this specific region. 
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Figure 4.31 - (B) Analysis of MS/MS spectrum of a peptide (Mitochondria Fission Factor 

(MFF) :  

 

 

This data (figure 4.31-B) describes an MS/MS spectrum of a MFF peptide. Liquid chromatography-

mass spectrometry (LC-MS) analysis of the human Mitochondrial fission factor (MFF) protein 

revealed significant findings. The 342-amino acid protein showed a low sequence coverage of 

4.68%, with only one peptide fragment (GGSSAAATSNPHEDN) confidently identified near the 

C-terminal region, approximately at positions 250-270. Mass spectrometry data for this peptide 

was of high quality, with a precursor ion (M+H+) mass of 1590.73646 Da and a monoisotopic 

m/z of 530.91701 Da. Within the spectrum, the most intense peak is observed at m/z 531.29291. 

The spectrum displayed clear y and b ion series, confirming the peptide sequence. The detected 

peptide shows good mass spectral quality, allowing for confident sequence assignment. 
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4.9 ELISA Analyses for Mitochondria Fission Factor (Mff): 

 

Table 4.6: Standard Curve Analysis: 

 

Standard curve 

MFF concentration (pg/ml) Absorbance (450nm) 

0 0.1394 0.1459 0.1497 

25 0.867 0.8731 0.8549 

50 1.8843 1.8623 1.9554 

100 2.604 2.6702 2.704 

200 2.903 2.953 2.891 

 

A standard curve (Table 4.6) was generated to quantify the concentration of 

mitochondrial fission factor (Mff) using an enzyme-linked immunosorbent assay 

(ELISA) . The standard curve consisted of six Mff concentrations ranging from 0 pg/mL 

to 200 pg/mL. For each concentration, absorbance values at 450 nm wavelength were 

measured in triplicates (Crowther, 2001). The absorbance values increased proportionally 

with increasing Mff concentrations, following a typical sigmoidal curve shape. The blank 

(0 pg/mL Mff) showed low absorbance values ranging from 0.1394 to 0.1497, 

representing the background signal . The highest absorbance values, ranging from 2.891 

to 2.953, were observed for the 200 pg/mL Mff concentration . The standard curve data 

was used to interpolate the Mff concentrations in unknown samples based on their 

absorbance values (Crowther, 2001). A regression analysis was performed to determine 

the equation of the best-fit curve for accurate interpolation of unknown sample 

concentrations . 
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Figure 4.32: Standard Curve Plot 
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The standard curve plot (figure 4.31) depicted the relationship between the concentration 

of mitochondrial fission factor (Mff) and the corresponding absorbance values obtained 

from the enzyme-linked immunosorbent assay (ELISA). The data points on the plot 

followed a sigmoidal curve shape, characteristic of typical standard curves in 

immunoassays (Natarajan et al.,2008). The absorbance values increased proportionally 

with increasing Mff concentrations, allowing for quantitative measurement of unknown 

samples (Crowther, 2001). 

At the lowest concentration of 0 pg/mL Mff, the absorbance value was approximately 

0.15, representing the background signal . As the Mff concentration increased, the 

absorbance values rose steadily, reaching a maximum of around 3.0 at the highest 

concentration of 200 pg/mL Mff . The regression analysis performed on the standard 

curve data yielded the equation of the best-fit curve, which was used for accurate 

interpolation of unknown sample concentrations from their corresponding absorbance 

values (Crowther, 2001; Hanada et al., 2020). 
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Figure 4.33: ELISA PLOT illustrating comparative evaluation between In-vitro and 

In-vivo samples. 

 

 

 

 

 

 

 

 

The ELISA analysis (figure 4.32) was performed to evaluate the comparative levels of 

mitochondrial fission factor (Mff) between in vitro (BeWo cell culture protein) and in 

vivo (Sprague Dawley (SD) rat blood serum protein) samples (Hanada et al., 2020). The 

interpolated Mff concentrations were calculated using the standard curve equation 

derived from the ELISA data (Crowther, 2001). The in vitro Test samples exhibited a 

higher mean Mff concentration (74.95pg/mL) compared to the in vitro Control samples 

(64.02pg/mL), indicating elevated Mff levels in the Test group (Hanada et al., 2020). 

Similarly, the in vivo Test group showed a marginally higher mean Mff concentration 

(66.94pg/mL) compared to the in vivo Control group (65.03 pg/mL).  

The ELISA analysis results clearly depicted higher Mff levels in the Test groups 

compared to their respective Controls, both for the in vitro and in vivo samples (Hanada 

et al., 2020). The upregulation of mitochondrial fission factor (Mff) observed in the Test 

samples, both in vitro and in vivo, is an important finding that could potentially be 

associated with the onset of gestational diabetes mellitus (GDM) at early stages of 

pregnancy (Vezza et al., 2022). 
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CHAPTER 5 

SUMMARY 
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5. Summary: 

The research undertaken explored the complex nature of Gestational Diabetes Mellitus (GDM), a 

metabolic condition with significant implications for maternal and fetal health. This 

comprehensive study included in-vitro cellular models, mass spectrometry identification of 

proteins, and in vivo validation using rat model. The focus of the study was to identify the 

probable early diagnostic biomarker for diagnosis of GDM. 

The BeWo trophoblastic cell line was used to develop an in vitro GDM model and proved to be 

an effective tool, offering translational relevance by mimicking early placental responses. 

Validation process ensured the model's fidelity to GDM conditions, providing a robust 

foundation for subsequent investigations. 

The research then focused on predicting and evaluating potential biomarkers for early GDM 

detection. Using advanced LCMS for Total Proteome Analysis, the study revealed the complex 

proteomic landscape associated with GDM. Comparative proteome profiling between normal 

and hyperglycemic conditions offered insights into molecular alterations during early gestation.  

Study on the role of VEGF on GDM pathophysiology suggested that VEGF had no significant 

effect on glucose metabolism in the in-vitro cell model. However, further studies are required in 

this aspect. 

To validate the in-vitro findings, rat model of GDM was used. Streptozotocin induction in 

pregnant rats was done to generate the GDM rat model and compared with the normal pregnant 

rats.  Thorough proteome analysis of blood samples mirrored in-vitro protein profiles and 

identified protein biomarkers in a living organism. ELISA analysis revealed upregulated levels 

of mitochondrial fission factor (Mff) and few other significant proteins, in both the in vitro and 

in vivo Test samples compared to their respective control groups. This upregulation of Mff, a 

key regulator of mitochondrial fission, was a significant finding that could potentially contribute 

to the onset of GDM at early stages of pregnancy. 

The study noted that mitochondrial dysfunction and altered mitochondrial dynamics, particularly 

excessive mitochondrial fission, had been implicated in the development of insulin resistance 

and GDM. The observed upregulation of Mff in the test samples suggested increased 

mitochondrial fragmentation, which could lead to mitochondrial dysfunction and oxidative stress 

in insulin-responsive tissues and the placenta. Previous research had linked placental 

mitochondrial dysfunction to the pathogenesis of GDM, while altered mitochondrial dynamics in 

skeletal muscle and adipose tissue had been associated with impaired insulin sensitivity and 

glucose homeostasis. 

The combination of these experimental findings offered a comprehensive understanding of GDM 

development. The in-vitro cell model, meticulously validated for insulin resistance and glucose 
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intolerance, provided a controlled environment to study GDM pathologies. LCMS analysis 

uncovered a diverse proteomic landscape, enabling the identification of potential biomarkers for 

early prediction. The validation through ELISA analysis for SD rat serum protein samples 

ensured the robustness and translatability of the in-vitro findings, bringing the research closer to 

clinical relevance. 
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CHAPTER 6 

CONCLUSION 
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6. Conclusion: 

This interdisciplinary investigation significantly advanced the understanding of GDM, 

shedding light on its complex molecular landscape. The in-vitro cell model, developed 

with precision and validated rigorously, served as a valuable tool for studying GDM 

pathologies. Biomarker discovery, facilitated by LCMS analysis, held promise for early 

GDM prediction, crucial for timely interventions. The findings regarding VEGF 

underscored the intricacies of GDM's molecular landscape, challenging preconceived 

notions. 

The validation in a rat model bridged the gap between in-vitro models and clinical 

relevance. The successful reproduction of GDM conditions in pregnant rats, coupled with 

proteome analysis mirroring in-vitro profiles, strengthened the translatability of the 

findings. This integrated approach, spanning from cellular models to animal validation, 

provided a holistic understanding of GDM pathogenesis and offered practical solutions 

for clinical diagnostics and monitoring. 

The ELISA analysis revealed significantly upregulated mitochondrial fission factor (Mff) 

levels in both in vitro and in vivo Test samples compared to Controls. Excessive 

mitochondrial fission, mediated by elevated Mff, had been linked to mitochondrial 

dysfunction, oxidative stress, and insulin resistance – pathogenic mechanisms implicated 

in gestational diabetes mellitus (GDM) development. Upregulated Mff could have 

contributed to placental dysfunction, impaired nutrient/oxygen supply to the fetus, and 

compromised insulin sensitivity in maternal tissues. These findings suggested Mff 

upregulation might have played a crucial role in the onset of GDM during early 

pregnancy by disrupting mitochondrial dynamics. The results provided a potential 

molecular basis for GDM pathogenesis, highlighting the importance of investigating 

mitochondrial dynamics and Mff regulation in this context. Further research elucidating 

the specific mechanisms and exploring therapeutic interventions targeting Mff was 

warranted. 
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This work invited further investigation into alternative mechanisms underlying GDM 

pathogenesis and opened new avenues for refining diagnostic and therapeutic strategies. 

The complexity of GDM demanded a dynamic and adaptive approach, and this research 

contributed to the ongoing dialogue within the scientific community. 
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CHAPTER 8 

APPENDIX
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8. Appendix: 

i. 2-NBDG Statistical data (Flow Cytometry): 

Depth Name Statistic #Cells 

  Q_BeWo 01UT 00001274 951.LMD   8000 

>  Cells 76.4 6115 

> >  CV : FL1 85.2   

> >  Geometric Mean : FL1 10431   

> >  2-NBDG High 73 4467 

> > >  Freq. of Parent  73   

> >  2-NBDG Low 27 1648 

> > >  Freq. of Parent  27   

  Q_BeWo 02Control 00001275 952.LMD   8000 

>  Cells 75.5 6038 

> >  CV : FL1 126   

> >  Geometric Mean : FL1 9816   

> >  2-NBDG High 70.8 4277 

> > >  Freq. of Parent  70.8   

> >  2-NBDG Low 29.2 1761 

> > >  Freq. of Parent  29.2   

  Q_BeWo 03Test 00001276 953.LMD   8000 

>  Cells 69.3 5545 

> >  CV : FL1 74.2   

> >  Geometric Mean : FL1 4693   

> >  2-NBDG High 40.5 2248 

> > >  Freq. of Parent  40.5   

> >  2-NBDG Low 59.5 3297 

> > >  Freq. of Parent  59.5   

  Q_BeWo 04Test+VEGF 00001277 954.LMD   8000 

>  Cells 66 5276 

> >  CV : FL1 76.7   

> >  Geometric Mean : FL1 5040   

> >  2-NBDG High 43.5 2295 

> > >  Freq. of Parent  43.5   

> >  2-NBDG Low 56.5 2981 

> > >  Freq. of Parent  56.5   

  Q_BeWo 05WOInsulin 00001278 955.LMD   8000 

>  Cells 68.6 5485 

> >  CV : FL1 75.9   

> >  Geometric Mean : FL1 4402   

> >  2-NBDG High 38.2 2094 

> > >  Freq. of Parent  38.2   

> >  2-NBDG Low 61.8 3391 

> > >  Freq. of Parent  61.8   
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