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ABSTRACT 
 

Gestational diabetes mellitus (GDM) is associated with adverse maternal and fetal complications 
including longer-term risk for developingT2DM, obesity and cardiovascular complications (CVD) 
later in their life. The placental derangements play a major role in the pathobiology of GDM. This 
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review is aimed at to discuss the various aspects altered placental pathways in GDM, and where 
there are gaps in the literature that warrant further exploration. Published scientific manuscripts 
between 2000 and 2022 that discussed the role of insulin resistance, dyslipidaemia, oxidative stress 
and low-grade inflammation in the pathogenesis of GDM were reviewed. The main keywords used 
were insulin resistance, oxidative stress, lipid metabolism, dyslipidaemia, and low-grade 
inflammation. GDM is associated with maternal insulin resistance, dyslipidaemia, oxidative stress, 
and inflammation. These maternal derangements in GDM could affect placental and foetal lipid 
metabolism. The altered placental pathways could enhance the transfer of nutrients like glucose and 
FFA to the growing foetus causing overgrowth and adiposity. GDM foetuses experienced oxidative 
stress and inflammation and they could be involved in foetal programming for future metabolic 
diseases such as T2DM, obesity, CVD, etc. Understanding the various molecular mechanisms of 
placental derangements involved in the pathogenesis of GDM could expand our vision and open up 
avenues for therapeutic and preventive strategies for the better management of GDM women. 
 

 
Keywords: Insulin signalling; dyslipidaemia; oxidative stress; inflammation. 
 

HIGHLIGHTS 
 

• Gestational diabetes mellitus is associated 
with adverse maternal and fetal 
complications 

• Placental derangements are involved in 
pathogenesis of Gestational diabetes 
mellitus 

• Understanding of these derangements is 
warranted to develop newer treatment. 

 

1. INTRODUCTION 
 

The International Diabetic Foundation (IDF) has 
estimated that one in six pregnancies is affected 
by hyperglycaemia and 84% of them is due to 
gestational diabetes mellitus (GDM) and the 
remaining 16% is due to type 2 diabetes 
mellitus(T2DM) [1-3]. Gestational diabetes 
mellitus (GDM) is defined as maternal 
hyperglycemia first developed or detected during 
gestation [4]. Gestational diabetes mellitus 
affects about 13% of pregnant women worldwide 
[3]. The prevalence of GDM among Indian 
pregnant women is around 20 % using the 
International Association of Diabetes and 
Pregnancy Study Groups criteria (IADPSG) and 
is likely to increase with the increment in obesity 
epidemic. The GDM occurrence is increased in 
parallel with the increase of T2DM in India [5]. 
 

During early pregnancy there is an increased 
insulin sensitivity to promote storage of the 
maternal glucose into adipose tissue for the 
energy demands of later pregnancy [6]. As 
pregnancy progresses, there is a surge of 
hormones such as progesterone, estrogen, 
cortisol and placental hormones such as 
placental growth hormone, and placental 
lactogen together to favour a mild state of insulin 

resistance in normal pregnancy. Further, mild 
insulin resistance at late pregnancy causes slight 
increase in the maternal glucose and free fatty 
acid (FFA) levels for ready transport across the 
placenta to fuel the fetal growth. There is an 
increased hypertrophy and hyperplasia of 
pancreatic beta-cells to compensate for insulin 
resistance developed at late pregnancy.  
However in GDM, hyperglycemia is heightened 
as a result of beta-cell dysfunction along with 
chronic insulin resistance [7,8]. 
 
Gestational diabetes mellitus is associated with 
maternal insulin resistance, dyslipidemia, 
oxidative stress and inflammation. Maternal 
hyperglycemia and dyslipidemia have been 
reported and correlated with fetal growth in GDM. 
In addition to that, maternal hyperglycemia 
causes an increase in oxidative stress in 
maternal as well as in placenta of GDM women 
[9]. Further increased maternal pro-inflammatory 
cytokines such as TNF- α and leptin and 
decreased anti-inflammatory cytokine 
adiponectin were reported in GDM.   These 
maternal derangements could favour the 
increased placental transport of glucose and free 
fatty acids to the fetus resulting in fetal 
overgrowth. However the molecular mechanisms 
at the placental level are still unknown. 
 
The placenta is the barrier between the maternal 
and fetal environments and is also exposed to 
hyperglycemia and its consequences during 
GDM. This can influence the transport of 
glucose, amino acids, and fatty acids across the 
placenta. Post-receptor defects are reported in 
the insulin signaling pathway in the placenta of 
women with pregnancies complicated by 
diabetes and obesity [10]. Recently, it has been 
shown that placental lipid metabolism and their 
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related genes are altered in diabetic pregnancies 
[11-16]. Studies report increased triacylglycerol 
(TG) accumulation in the placenta of diabetic 
women and rodent diabetic model. However, 
there is only limited information about the 
underlying mechanism of increased placental TG 
accumulation and the regulation of placental-fetal 
lipid fluxes in GDM. Altered placental insulin 
signalling and lipid metabolism have been 
emerging as key mechanisms in the 
pathogenesis of gestational diabetes mellitus. 
However, the molecular mechanisms are still 
unclear. This review was aimed to understand 
the various aspects of altered placental pathways 
involved in pathobiology of GDM and where 
there are gaps in the literature that warrant 
further exploration [17-20]. 
 

2. PREVALENCE AND RISK FACTORS 
OF GESTATIONAL DIABETES 
MELLITUS 

 

Gestational diabetes mellitus affects nearly 13% 
of pregnant women worldwide [3]. The 
prevalence of GDM among Indian pregnant 
women is around 20% using the International 
Association of Diabetes and Pregnancy Study 
Groups criteria (IADPSG) and this number is 
expected to increase with the increment in 
obesity epidemic. Several risk factors for GDM 
have been identified consistently. They are, 
overweight / obesity, advanced maternal age, 
family and personal history of GDM, first degree 
relatives with diabetes, excessive gestational 
weight gain, ethnicity, genetic polymorphisms, 
westernized diet and other diseases of insulin 
resistance like polycystic ovarian syndrome. BMI, 
caloric consumption, and nutritional pattern are 
independently associated with GDM [21-25].  
 

3. MATERNAL GLUCOSE METABOLISM 
IN GESTATIONAL DIABETES 
MELLITUS 

 

Impaired insulin secretion and chronic insulin 
resistance are the main metabolic factors 
involved in the pathogenesis of GDM pregnancy. 
However, low-grade inflammation and oxidative 
stress are also known to affect the insulin 
signalling pathway and cause insulin resistance. 
In response to chronic hyperglycaemia, there is a 
prolonged and excessive insulin secretion 
resulting in β-cell dysfunction [26]. However, the 
underlying mechanisms of β-cell dysfunction in 
GDM are complex and unclear. β-cell 
dysfunction is worsened by insulin resistance. In 
insulin-resistant conditions, there is a reduced 

insulin-mediated glucose uptake which leads to 
hyperglycaemia, overloading the β-cells to 
secrete additional insulin in response. This 
glucotoxicity causes β-cell dysfunctionin 
diseases like GDM. Further, chronic glucotoxicity 
causes β-cell apoptosis over time [27]. Studies 
reported that β-cell number or mass are essential 
factor of β-cell function [28]. Reduced β-cell 
hyperplasia also reported in animal studies and 
suggested that it may have a role in GDM. Thus, 
an inadequate β-cell mass, decreased β-cell 
number and β-cell dysfunction contributes to the 
pathogenesis of GDM [29]. 
 
In GDM, insulin resistance may occur when there 
is an impaired response to the insulin with its 
receptor or a defective insulin signalling 
intermediates. Studies reported elevated levels 
of cytokines and pregnancy-specific hormones 
alter the expression of insulin signalling proteins. 
Defective insulin signalling causes decreased 
translocation of glucose transporter 4 (GLUT4) to 
the plasma membrane by which the glucose 
enters into the cell. There is a reduced insulin-
stimulated glucose uptake in GDM women 
compared to normal pregnancy. Studies reported 
that, expression or activity of downstream 
molecules of insulin signalling pathway such as 
IRSs, PI3K, and GLUT4 are altered in adipose 
tissue and skeletal muscle of GDM women [30]. 
Many of these molecular events persist beyond 
pregnancy [31]. These molecular changes create 
generalized and local insulin resistance in 
various tissues and organs of GDM women. 
However, the role of the placenta in the 
pathogenesis of GDM is poorly understood and 
only a few studies were conducted on the 
placental insulin signalling and its effect on fetal 
growth. 
 

4. PLACENTAL INSULIN SIGNALLING IN 
GESTATIONAL DIABETES MELLITUS 

 
In a normal pregnancy, IR is expressed in the 
trophoblast cells in the early gestational period. 
However, as the pregnancy progresses into the 
late trimester, the amount of IR expression gets 
limited in the trophoblast cells and increases in  
expression in the fetal endothelial cells. The 
amount of IR expression can be modulated by 
the types of treatment used and metabolic 
control. GDM women only on medical nutrition 
therapy had shown a decreased placental 
trophoblast IRs whereas, insulin-treated GDM 
women showed an increase in trophoblast IRs 
expression. In GDM, the levels of expression of 
IR in placental trophoblast cells depend on the
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Fig. 1. Possible molecular mechanisms of association of insulin resistance, oxidative stress, 
inflammation, lipid metabolism, and maternal-foetal outcomesin GDM women. IGF-1 – Insulin-
like growth factor-1, GLUT – Glucose transporter, IR – Insulin receptor, IRS1 – Insulin receptor 
substrate-1, PI3K – Phosphatidylinositol-3 kinase, GSK3 – Glycogen synthase kinase, Nrf-2 - 

Nuclear factor erythroid 2–related factor 2, ARE - Antioxidant response element, IKK - IκB 
kinase, NF-κB - Nuclear Factor-κB, FFA –Free fatty acid, T2DM – Type 2 diabetes, CVD – Cardio 

vascular diseases 
 
metabolic control of the mothers. IR expression 
is decreased in poorly managed or untreated 
GDM women, whereas no change has been 
observed in the optimally controlled GDM 
women. Differential expressions of downstream 
molecules of the insulin signalling pathway are 
observed in the GDM placenta.  These 
alterations are more pronounced when obesity 
co-exists with GDM. A reduction of IRS1 
expression is a common feature in skeletal 
muscle and adipose tissue in women with GDM 
[32]. 
 
Decreased placental protein expressions of IRS1 
and PI3Kp85α and increased PI3Kp110α are  
reported in insulin-controlled non-obese women 
with GDM compared to normal pregnant mothers 
and diet-controlled GDM mothers [33]. Placental 
GLUT-4 mRNA and protein expressions are 
decreased in non-obese insulin controlled GDM 
compared to non-obese controls [33]. 

5. OXIDATIVE STRESS IN 
GESTATIONAL DIABETES MELLITUS 

 
In gestational diabetes mellitus, altered glucose 
tolerance and insulin resistance result in 
hyperglycaemia. Hyperglycaemia is directly 
implicated in the formation of free radicals by 
various pathways, which leads to oxidative stress 
in gestational diabetes mellitus [34,35]. Recent 
studies have shown that there was an increased 
maternal plasma, cord plasma, and placental 
MDA levels in gestational diabetes mellitus 
compared to normal pregnant women [36]. 
Several other studies have also found evidence 
for lipid peroxidation, using a variety of 
appropriate assays comprising 8-Isoprostane, 4-
hydroxynonenal (HNE) and thiobarbituric reactive 
substance (TBARS) [37,38]. In diabetic 
pregnancies increased levels of TBARS [39] and 
LOOH [40] have been reported. Women with 
GDM are shown to report an increase in the level 
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of 8- Isoprostane compared to normal pregnant 
women [41-44]. Maternal α-tocopherol [45] and 
vitamin C levels [46] are lower in GDM women 
when compared to normal pregnant women. 
Conflicting results about maternal plasma SOD 
and catalase activity are reported in GDM 
pregnancy [34]. Maternal Glutathione peroxidase 
activity is unchanged [47] or lower [48] in GDM 
women compared to control pregnant women. 
Increased maternal serum glutathione S-
transferase levels in patients with GDM are 
reported in comparison with normal pregnant 
women [49]. Increased oxidative stress and 
impairment of antioxidant defense have been 
reported in maternal, cord plasma and placenta 
of women with gestational diabetes mellitus 
[41,50]. 
 

6. PLACENTAL OXIDATIVE STRESS IN 
GESTATIONAL DIABETES MELLITUS 

 
Reactive oxygen species (ROS) in pregnancy is 
required for normal embryonic and fetal 
development. Increased and sustained ROS 
production affects placental function and fetal 
growth, resulting in the priming of future diseases 
in the offspring [51,52]. The increase in ROS, 
together with the impaired antioxidant activity is 
related to the induction of congenital 
malformations in pre-gestational diabetic 
pregnancies [53]. In the gestational diabetic 
placenta, there is increased oxidative stress 
compared with healthy pregnant women [54]. 
However, the simultaneous increase in 
antioxidant enzyme activities compensates for 
the increased placental oxidative stress [55,56]. 
 
Increased oxidative stress or TNF-alpha triggers 
the activation of JNK and p38 MAPK resulting in 
cell death.  Activation of p38 MAPK also 
influences cellular processes such as cell growth, 
apoptosis, response to stress by altering gene 
expressions, inflammation, immunity, 
cytoskeletal rearrangement and other signalling 
pathways such as insulin signalling, NF-kB, etc.  
Chronic activation of the p38 MAPK pathway is 
associated with ischemia-reperfusion injury, 
inflammation and neuronal disease [57-59]. 
Excessive ROS production could cause changes 
at the micro-anatomical and molecular levels in 
placental tissues. 
 
The activated Nrf2/ARE pathway leads to the 
induction of numerous genes encoding 
antioxidant and phase-2 detoxifying enzymes 
and related proteins. In this role, Nrf2/ARE 
activation is one of the main defense 

mechanisms against oxidative stress in cells and 
tissue. Dysregulation of Nrf2 is involved in the 
etiology of diabetes and its complications [60,61]. 
Placenta of women with pre-existing type 2 
diabetes showed a decreased expression of Nrf2 
and thereby decreasing the expression of 
hemoxygnase-1 [62]. The placenta of gestational 
diabetic rats and pre-gestational diabetic mice 
showed an increased Nrf2 expression [63,64]. 
Increased Nrf2 expression has a protective role 
in diabetic cardiomyopathy [65] and diabetic 
nephropathy [66]. However, the placental Nrf2 
expression and its relationship with antioxidant 
enzyme expression in gestational diabetes need 
to be explored. 
 

7. MATERNAL LIPID METABOLISM IN 
GESTATIONAL DIABETES MELLITUS 

 

Most of the studies observed maternal 
hypertriglyceridemia in GDM women when 
compared with a normal pregnancy in all 
trimesters of pregnancy. Other plasma lipid 
parameters such as total cholesterol, HDL-
cholesterol and LDL-cholesterol levels have been 
reported to be very variable in GDM women 
when compared to normal pregnant mothers 
[67]. However, small and dense LDL particles are 
the representative of an insulin-resistant state 
and is increased in GDM women. They are 
consistently associated with future 
cardiovascular complications in GDM women 
[68,69]. Further, plasma TAG levels are 
associated with the levels of estradiol, 
progesterone, and prolactin in the pregnancy. 
Increased levels of FFAs during late pregnancy 
can also lead to insulin resistance in normal 
pregnancy. However, there is an elevated 
maternal FFAs level than the normal pregnant 
women are reported in GDM women [70,71]. 
 

Maternal hyperglycaemia contributes to fetal 
macrosomia by increasing substrate availability, 
stimulating excessive growth and adiposity [72]. 
Macrosomia is also observed even in newborns 
of diabetic mothers with satisfactory glycemic 
control; this suggests that substrates other than 
glucose could contribute to the excess fat 
deposition in fetal adipose tissue. Maternal 
plasma FFA could undergo transplacental 
transfer and get deposited as triacylglycerols in 
fetal adipocytes. Several clinical studies have 
documented that elevated maternal plasma 
triacylglycerol levels account for fetal fat 
accretion [73]. Hence the hyperglycaemia and 
hypertriacylglycerolmia of the diabetic mothers 
are significant factors to enhance substrate 
availability to the fetus. 
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8. PLACENTAL LIPID METABOLISM IN 
GESTATIONAL DIABETES MELLITUS 

 
A recent study reported that preferential 
activation of genes of placental lipid transport; 
storage and mobilization are observed in the 
GDM placenta compared to the T1DM and 
control placenta. Further, the authors stated that 
fatty acids are the main energy substrate for the 
placental cells rather than glucose [74].  TAG 
and phospholipids are higher in placenta of 
diabetic women when compared to the normal 
placenta. Fatty acid synthase is a key enzyme of 
fatty acid synthesis; its protein expression is 
increased in the GDM placenta compared to the 
normal placenta [75]. Stearyl CoA desaturase 
introduces double bond in the fatty acids and is 
involved in TAG storage. Its mRNA expression is 
up-regulated in GDM placenta than the control 
placenta [74]. Further increased placental TAGs 
are stored as lipid droplets in the 
syncytiotrophoblast. This suggests that most of 
the fatty acids in lipid droplets are derived from 
the maternal circulation. However, the exact 
mechanisms of FFA derived from the lipid 
droplets and its transfer into fetal circulation are 
yet to be explored. 
 

9. ASSOCIATION OF INSULIN 
RESISTANCE, OXIDATIVE STRESS, 
INFLAMMATION, LIPID METABOLISM 
AND MATERNAL / FOETAL 
OUTCOME IN GDM 

 
Chronic insulin resistance and beta-cell 
dysfunction are the key metabolic factors in the 
pathogenesis of GDM. Maternal hyperglycaemia 
leads to increased ROS production and causes 
oxidative stress in GDM [76]. Increased maternal 
oxidative stress can activate NFκB and JNK 
pathway and produces pro-inflammatory 
cytokines. Increased levels of pro-inflammatory 
cytokines and low-grade inflammation were 
reported in GDM [77]. Studies reported that early 
trimester elevated pro-inflammatory cytokines 
such as TNF-α and leptin and decreased anti-
inflammatory cytokine adiponectin levels were 
associated with the increased risk of GDM. 
Maternal dyslipidaemia is associated with insulin 
resistance and inflammation in GDM. 
Dyslipidaemia in early trimester is associated 
with the increased risk of developing GDM in 
pregnant women [78]. Therefore, maternal insulin 
resistance, oxidative stress, inflammation, and 
dyslipidaemia are interlinked and involved in the 
pathogenesis of GDM.  

The maternal pro-inflammatory cytokines and 
ROS activate the placental NF-κB pathway and 
impair the insulin signalling pathway by serine 
phosphorylation of IR-β and IRS. Studies 
reported that GSK3 attenuates the insulin 
signalling by causing the serine phosphorylation 
of IRS1 [79]. We found increased placental 
expression of GSK-3 in GDM women. Studies 
reported that GSK-3 activates the NF-κB 
pathway by phosphorylating the NEMO. Further, 
GSK-3 inhibits the Nrf-2/ARE pathway by 
phosphorylating Nrf2 in a specific manner and 
degrades it. Nrf-2 increases the antioxidant 
enzymes and thereby inhibits the oxidative 
stress-mediated NF-κB activation. Hence, we 
suggest that increased GSK-3 protein expression 
in the GDM placenta is associated with placental 
insulin resistance, oxidative stress and 
inflammation and in the pathogenesis of GDM. 
 
Increased maternal glucose and TG would favour 
a state of glucolipotoxicity in the GDM placenta. 
Further, increased placental transport of glucose 
and FFA produces more ROS and results in 
placental oxidative stress. We found increased 
placental protein expressions of Nrf2 and 
antioxidant enzymes catalase and SOD1 in GDM 
women. Studies reported that GDM placentas 
were less responsive to oxidative stress and 
inflammatory cytokines in in-vitro conditions [80]. 
These observations suggest that GDM placentas 
are better adapted and to prevent from the 
heightened maternal oxidative stress and 
inflammation. 
 
Increased placental glucose and FFA are stored 
as TG in the placenta and hydrolysed for later 
release into the foetal circulation. A recent study 
has reported that PI3K inhibitor reduces lipid 
accumulation in primary goose hepatocytes by 
decreasing the LXRα expression and increasing 
the PPAR expression [81]. In our study, we found 
increased placental expression of PI3K p110α 
and lipogenic proteins such as LXRα, FAS, and 
SCD1 and decreased lipolytic protein PPARα. 
We demonstrated placental lipid accumulation in 
GDM women. These observations suggest that 
increased PI3K p110α might be associated with 
the placental lipid accumulation in GDM women. 
Studies reported that increased adipose tissue 
lipid accumulation leads to the increased 
secretion of pro-inflammatory cytokines such as 
TNF-α, IL-6, and IL-1β. Further, these pro-
inflammatory cytokines activate JNK and NF-κB 
pathways and cause insulin resistance [82]. 
Therefore, we conclude that altered expressions 
of placental insulin signalling pathway proteins 
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are associated with oxidative stress, 
inflammation, and lipid accumulation in GDM.   
 
The altered placental pathways could enhance 
the transfer of nutrients such as glucose and FFA 
to the growing foetus. Studies reported that 
increased nutrient level favours the foetal 
adiposity and macrosomia in GDM newborns 
[83]. The short term consequences of GDM are 
related to foetal adiposity. However, the 
intrauterine hyperglycemic environment will lead 
to oxidative stress and inflammation and is 
involved in foetal programming for future T2DM, 
obesity, CVD, etc [84].  
 
The schematic representation of possible 
molecular mechanisms of association of insulin 
resistance, oxidative stress, inflammation, lipid 
metabolism, and maternal-foetal outcomes are 
illustrated in Fig. 1. 
 

10. CONCLUSION 
 
GDM is associated with maternal insulin 
resistance, dyslipidaemia, oxidative stress, and 
inflammation. These maternal derangements in 
GDM could affect placental and foetal 
metabolism. The altered placental pathways 
could enhance the transfer of nutrients like 
glucose and FFA to the growing foetus causing 
overgrowth and adiposity. Further, GDM foetuses 
experienced oxidative stress and inflammation 
and they could be involved in foetal programming 
for future metabolic diseases such as T2DM, 
obesity, CVD, etc. Better understanding of these 
derangements and their contribution to GDM is 
warranted in order to develop effective 
treatments and prevention strategies. 
 

ACKNOWLEDGMENTS  
 
We want to thank Dr. Gowri Dorairajan from 
Department of Obstetrics and Gynaecology, 
JIPMER, Puducherry, India for the intellectual 
support and discussions during the writing. 
 

COMPETING INTERESTS 
 

Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 

1. Metzger BE. Long-term outcomes in 
mothers diagnosed with gestational 
diabetes mellitus and their offspring. Clin 
Obstet Gynecol. 2007Dec;50(4):972–9.  

2. Saeedi P, Petersohn I, Salpea P, Malanda 
B, Karuranga S, Unwin N, et al. Global and 
regional diabetes prevalence estimates for 
2019 and projections for 2030 and 2045: 
Results from the International Diabetes 
Federation Diabetes Atlas, 9th edition. 
Diabetes Res Clin Pract. 2019 
Nov;157:107843.  

3. Yuen L, Saeedi P, Riaz M, Karuranga S, 
Divakar H, Levitt N, et al. Projections of the 
prevalence of hyperglycaemia in 
pregnancy in 2019 and beyond: Results 
from the International Diabetes Federation 
Diabetes Atlas, 9th edition. Diabetes Res 
Clin Pract. 2019 Nov;157:107841.  

4. Diagnostic criteria and classification of 
hyperglycaemia first detected in pregnancy: 
a World Health Organization Guideline. 
Diabetes Res Clin Pract. 2014 
Mar;103(3):341–63.  

5. Li KT, Naik S, Alexander M, Mathad JS. 
Screening and diagnosis of gestational 
diabetes in India: A systematic review and 
meta-analysis. Acta Diabetol. 2018 
Jun;55(6):613–25.  

6. Di Cianni G, Miccoli R, Volpe L, Lencioni C, 
Del Prato S. Intermediate metabolism in 
normal pregnancy and in gestational 
diabetes. Diabetes Metab Res Rev. 2003 
Aug;19(4):259–70.  

7. Catalano PM, Tyzbir ED, Roman NM, 
Amini SB, Sims EA. Longitudinal changes 
in insulin release and insulin resistance in 
nonobese pregnant women. Am J Obstet 
Gynecol. 1991 Dec;165(6 Pt 1):1667–72.  

8. Buchanan TA, Xiang AH. Gestational 
diabetes mellitus. J Clin Invest. 2005 
Mar;115(3):485–91.  

9. Lappas M, Hiden U, Desoye G, Froehlich J, 
Hauguel-de Mouzon S, Jawerbaum A. The 
role of oxidative stress in the 
pathophysiology of gestational diabetes 
mellitus. Antioxid Redox Signal. 2011 Dec 
15;15(12):3061–100.  

10. Colomiere M, Permezel M, Riley C, 
Desoye G, Lappas M. Defective insulin 
signaling in placenta from pregnancies 
complicated by gestational diabetes 
mellitus. Eur J Endocrinol. 2009 
Apr;160(4):567–78.  

11. Radaelli T, Lepercq J, Varastehpour A, 
Basu S, Catalano PM, Hauguel-De 
Mouzon S. Differential regulation of genes 
for fetoplacental lipid pathways in 
pregnancy with gestational and type 1 
diabetes mellitus. Am J Obstet Gynecol. 
2009 Aug;201(2):209.e1-209.e10.  



 
 
 
 

Manoharan et al.; Int. J. Biochem. Res. Rev., vol. 32, no. 7, pp. 31-41, 2023; Article no.IJBCRR.105579 
 
 

 
38 

 

12. Moses RG, Wong VCK, Lambert K, Morris 
GJ, San Gil F. Seasonal Changes in the 
Prevalence of Gestational Diabetes 
Mellitus. Diabetes Care. 2016 Jul;39(7): 
1218–21.  

13. Metzger BE, Buchanan TA, Coustan DR, 
de Leiva A, Dunger DB, Hadden DR, et al. 
Summary and recommendations of the 
Fifth International Workshop-Conference 
on Gestational Diabetes Mellitus. Diabetes 
Care. 2007 Jul;30 Suppl 2:S251-260.  

14. American Diabetes Association. 2. 
Classification and Diagnosis of Diabetes: 
Standards of Medical Care in Diabetes-
2018. Diabetes Care. 2018;41(Suppl 
1):S13–27.  

15. Chiefari E, Arcidiacono B, Foti D, Brunetti 
A. Gestational diabetes mellitus: an 
updated overview. J Endocrinol Invest. 
2017 Sep;40(9):899–909.  

16. Egan AM, Vellinga A, Harreiter J, Simmons 
D, Desoye G, Corcoy R, et al. 
Epidemiology of gestational diabetes 
mellitus according to IADPSG/WHO 2013 
criteria among obese pregnant women in 
Europe. Diabetologia. 2017;60(10):1913–
21.  

17. Byrn M, Penckofer S. The relationship 
between gestational diabetes and 
antenatal depression. J Obstet Gynecol 
Neonatal Nurs JOGNN. 2015 Apr;44(2): 
246–55.  

18. Tan PC, Ling LP, Omar SZ. The 50-g 
glucose challenge test and pregnancy 
outcome in a multiethnic Asian population 
at high risk for gestational diabetes. Int J 
Gynaecol Obstet Off Organ Int Fed 
Gynaecol Obstet. 2009 Apr;105(1):50–5.  

19. Shostrom DCV, Sun Y, Oleson JJ, 
Snetselaar LG, Bao W. History of 
Gestational Diabetes Mellitus in Relation to 
Cardiovascular Disease and 
Cardiovascular Risk Factors in US Women. 
Front Endocrinol. 2017;8:144.  

20. Fetita LS, Sobngwi E, Serradas P, Calvo F, 
Gautier JF. Consequences of fetal 
exposure to maternal diabetes in offspring. 
J Clin Endocrinol Metab. 2006Oct; 
91(10):3718–24.  

21. Gascho CLL, Leandro DMK, Ribeiro E 
Silva T, Silva JC. Predictors of cesarean 
delivery in pregnant women with 
gestational diabetes mellitus. Rev Bras 
Ginecol E Obstet Rev Fed Bras Soc 
Ginecol E Obstet. 2017 Feb;39(2):60–5.  

22. Tam WH, Ma RCW, Ozaki R, Li AM, Chan 
MHM, Yuen LY, et al. In Utero Exposure to 

Maternal Hyperglycemia Increases 
Childhood Cardiometabolic Risk in 
Offspring. Diabetes Care. 2017;40(5):679–
86.  

23. Lee SC, Pu YB, Chow CC, Yeung VT, Ko 
GT, So WY, et al. Diabetes in Hong Kong 
Chinese: evidence for familial clustering 
and parental effects. Diabetes Care. 2000 
Sep;23(9):1365–8.  

24. Jovanovic L. Role of diet and insulin 
treatment of diabetes in pregnancy. Clin 
Obstet Gynecol. 2000 Mar;43(1):46–55.  

25. Blumer I, Hadar E, Hadden DR, Jovanovič 
L, Mestman JH, Murad MH, et al. Diabetes 
and pregnancy: an endocrine society 
clinical practice guideline. J Clin Endocrinol 
Metab. 2013 Nov;98(11):4227–49.  

26. Weir GC, Laybutt DR, Kaneto H, Bonner-
Weir S, Sharma A. Beta-cell adaptation 
and decompensation during the 
progression of diabetes. Diabetes. 2001 
Feb;50 Suppl 1:S154-159.  

27. Ashcroft FM, Rohm M, Clark A, Brereton 
MF. Is Type 2 Diabetes a Glycogen 
Storage Disease of Pancreatic β Cells? 
Cell Metab. 2017 Jul 5;26(1):17–23.  

28. Delghingaro-Augusto V, Nolan CJ, Gupta 
D, Jetton TL, Latour MG, Peshavaria M, et 
al. Islet beta cell failure in the 60% 
pancreatectomised obese hyperlipidaemic 
Zucker fatty rat: severe dysfunction with 
altered glycerolipid metabolism without 
steatosis or a falling beta cell                         
mass. Diabetologia. 2009 Jun;52(6):1122–
32.  

29. Barbour LA, McCurdy CE, Hernandez TL, 
Kirwan JP, Catalano PM, Friedman JE. 
Cellular mechanisms for insulin resistance 
in normal pregnancy and gestational 
diabetes. Diabetes Care. 2007 Jul;30 
Suppl 2:S112-119.  

30. Catalano PM. Trying to understand 
gestational diabetes. Diabet Med J Br 
Diabet Assoc. 2014 Mar;31(3):273–81.  

31. Friedman JE, Kirwan JP, Jing M, Presley L, 
Catalano PM. Increased skeletal muscle 
tumor necrosis factor-alpha and impaired 
insulin signaling persist in obese women 
with gestational diabetes mellitus 1    year 
postpartum. Diabetes. 2008 Mar;57(3): 
606–13.  

32. Barbour LA, McCurdy CE, Hernandez TL, 
Kirwan JP, Catalano PM, Friedman JE. 
Cellular mechanisms for insulin resistance 
in normal pregnancy and gestational 
diabetes. Diabetes Care. 2007 Jul;30 
Suppl 2:S112-119.  



 
 
 
 

Manoharan et al.; Int. J. Biochem. Res. Rev., vol. 32, no. 7, pp. 31-41, 2023; Article no.IJBCRR.105579 
 
 

 
39 

 

33. Colomiere M, Permezel M, Riley C, 
Desoye G, Lappas M. Defective insulin 
signaling in placenta from pregnancies 
complicated by gestational diabetes 
mellitus. Eur J Endocrinol. 2009 
Apr;160(4):567–78.  

34. Lappas M, Hiden U, Desoye G, Froehlich J, 
Hauguel-de Mouzon S, Jawerbaum A. The 
role of oxidative stress in the 
pathophysiology of gestational diabetes 
mellitus. Antioxid Redox Signal. 2011 Dec 
15;15(12):3061–100.  

35. Ayala A, Muñoz MF, Argüelles S. Lipid 
peroxidation: production, metabolism, and 
signaling mechanisms of malondialdehyde 
and 4-hydroxy-2-nonenal. Oxid Med Cell 
Longev. 2014;2014:360438.  

36. Biri A, Onan A, Devrim E, Babacan F, 
Kavutcu M, Durak I. Oxidant status in 
maternal and cord plasma and placental 
tissue in gestational diabetes. Placenta. 
2006 Mar;27(2–3):327–32.  

37. Palm M, Axelsson O, Wernroth L, Basu S. 
F(2)-isoprostanes, tocopherols and normal 
pregnancy. Free Radic Res. 2009 
Jun;43(6):546–52.  

38. Janicka M, Kot-Wasik A, Kot J, Namieśnik 
J. Isoprostanes-biomarkers of lipid 
peroxidation: their utility in evaluating 
oxidative stress and analysis. Int J Mol Sci. 
2010 Nov 17;11(11):4631–59.  

39. Mazzanti L, Nanetti L, Vignini A, Rabini RA, 
Grechi G, Cester N, et al. Gestational 
diabetes affects platelet behaviour through 
modified oxidative radical metabolism. 
Diabet Med J Br Diabet Assoc. 2004 
Jan;21(1):68–72.  

40. Camuzcuoglu H, Toy H, Cakir H, Celik H, 
Erel O. Decreased paraoxonase and 
arylesterase activities in the pathogenesis 
of future atherosclerotic heart disease in 
women with gestational diabetes mellitus. 
J Womens Health 2002. 2009 
Sep;18(9):1435–9.  

41. Lappas M, Permezel M, Rice GE. Release 
of proinflammatory cytokines and 8-
isoprostane from placenta, adipose tissue, 
and skeletal muscle from normal pregnant 
women and women with gestational 
diabetes mellitus. J Clin Endocrinol Metab. 
2004 Nov;89(11):5627–33.  

42. Birben E, Sahiner UM, Sackesen C, 
Erzurum S, Kalayci O. Oxidative stress 
and antioxidant defense. World Allergy 
Organ J. 2012 Jan;5(1):9–19.  

43. Toescu V, Nuttall SL, Martin U, Kendall MJ, 
Dunne F. Oxidative stress and normal 

pregnancy. Clin Endocrinol (Oxf). 2002 
Nov;57(5):609–13.  

44. Bajaj S, Khan A. Antioxidants and diabetes. 
Indian J Endocrinol Metab. 2012 
Dec;16(Suppl 2):S267–71.  

45. Grissa O, Atègbo JM, Yessoufou A, Tabka 
Z, Miled A, Jerbi M, et al. Antioxidant status 
and circulating lipids are altered in human 
gestational diabetes and macrosomia. 
Transl Res J Lab Clin Med. 2007 
Sep;150(3):164–71.  

46. Zhang C, Williams MA, Sorensen TK, King 
IB, Kestin MM, Thompson ML, et al. 
Maternal plasma ascorbic Acid (vitamin C) 
and risk of gestational diabetes mellitus. 
Epidemiol Camb Mass. 2004 Sep;15(5): 
597–604.  

47. Orhan H, Onderoglu L, Yücel A, Sahin G. 
Circulating biomarkers of oxidative stress 
in complicated pregnancies. Arch Gynecol 
Obstet. 2003 Feb;267(4):189–95.  

48. Peuchant E, Brun JL, Rigalleau V, Dubourg 
L, Thomas MJ, Daniel JY, et al. Oxidative 
and antioxidative status in pregnant 
women with either gestational or type 1 
diabetes. Clin Biochem. 2004 
Apr;37(4):293–8.  

49. Dey P, Gupta P, Acharya NK, Rao SN, Ray 
S, Chakrabarty S, et al. Antioxidants and 
lipid peroxidation in gestational diabetes--a 
preliminary study. Indian J Physiol 
Pharmacol. 2008 Jun;52(2):149–56.  

50. Coughlan MT, Vervaart PP, Permezel M, 
Georgiou HM, Rice GE. Altered placental 
oxidative stress status in gestational 
diabetes mellitus. Placenta. 2004 
Jan;25(1):78–84.  

51. Dennery PA. Effects of oxidative stress on 
embryonic development. Birth Defects Res 
Part C Embryo Today Rev. 2007 
Sep;81(3):155–62.  

52. Dennery PA. Role of redox in fetal 
development and neonatal diseases. 
Antioxid Redox Signal. 2004 Feb;6(1):147–
53.  

53. Eriksson UJ. Congenital anomalies in 
diabetic pregnancy. Semin Fetal Neonatal 
Med. 2009 Apr;14(2):85–93.  

54. Lappas M, Mitton A, Mittion A, Permezel M. 
In response to oxidative stress, the 
expression of inflammatory cytokines and 
antioxidant enzymes are impaired in 
placenta, but not adipose tissue, of women 
with gestational diabetes. J Endocrinol. 
2010 Jan;204(1):75–84.  

55. Chaudhari L, Tandon OP, Vaney N, 
Agarwal N. Lipid peroxidation and 



 
 
 
 

Manoharan et al.; Int. J. Biochem. Res. Rev., vol. 32, no. 7, pp. 31-41, 2023; Article no.IJBCRR.105579 
 
 

 
40 

 

antioxidant enzymes in gestational 
diabetics. Indian J Physiol Pharmacol. 
2003 Oct;47(4):441–6.  

56. Kinalski M, Sledziewski A, Telejko B, 
Kowalska I, Kretowski A, Zarzycki W, et al. 
Lipid peroxidation, antioxidant defence and 
acid-base status in cord blood at birth: the 
influence of diabetes. Horm Metab Res 
Horm Stoffwechselforschung Horm Metab. 
2001 Apr;33(4):227–31.  

57. Munshi A, Ramesh R. Mitogen-activated 
protein kinases and their role in radiation 
response. Genes Cancer. 2013 Sep;4(9–
10):401–8.  

58. Gutiérrez-Uzquiza Á, Arechederra M, 
Bragado P, Aguirre-Ghiso JA, Porras A. 
p38α mediates cell survival in response to 
oxidative stress via induction of antioxidant 
genes: effect on the p70S6K pathway. J 
Biol Chem. 2012 Jan 20;287(4):             
2632–42.  

59. Obata T, Brown GE, Yaffe MB. MAP kinase 
pathways activated by stress: the p38 
MAPK pathway. Crit Care Med. 2000 
Apr;28(4 Suppl):N67-77.  

60. Tan Y, Ichikawa T, Li J, Si Q, Yang H, Chen 
X, et al. Diabetic downregulation of Nrf2 
activity via ERK contributes to oxidative 
stress-induced insulin resistance in cardiac 
cells in vitro and in vivo. Diabetes. 2011 
Feb;60(2):625–33.  

61. Li B, Liu S, Miao L, Cai L. Prevention of 
diabetic complications by activation of Nrf2: 
diabetic cardiomyopathy and nephropathy. 
Exp Diabetes Res. 2012;2012:216512.  

62. Duan Y, Sun F, Que S, Li Y, Yang S, Liu G. 
Prepregnancy maternal diabetes combined 
with obesity impairs placental 
mitochondrial function involving Nrf2/ARE 
pathway and detrimentally alters 
metabolism of offspring. Obes Res Clin 
Pract. 2018 Feb;12(Suppl 2):90–100.  

63. He MY, Wang G, Han SS, Jin Y, Li H, Wu X, 
et al. Nrf2 signalling and autophagy are 
involved in diabetes mellitus-induced 
defects in the development of mouse 
placenta. Open Biol. 2016;6(7).  

64. Zhang H, Zheng J, Zhang Y, Wang Y, Li J, 
Xu X, et al. Nuclear factor E2-related factor 
expression and its relationship with 
oxidative stress in the placenta of pregnant 
diabetic rats. 2018 [cited 2020 Mar 27]; 
Available:https://www.biomedres.info/abstr
act/nuclear-factor-e2related-factor-
expression-and-its-relationship-with-
oxidative-stress-in-the-placenta-of-
pregnant-diabetic-rats-7528.html 

65. Chen J, Zhang Z, Cai L. Diabetic 
cardiomyopathy and its prevention by nrf2: 
current status. Diabetes Metab J. 2014 
Oct;38(5):337–45.  

66. Jiang T, Huang Z, Lin Y, Zhang Z, Fang D, 
Zhang DD. The protective role of               
Nrf2 in streptozotocin-induced diabetic 
nephropathy. Diabetes. 2010 Apr;59(4): 
850–60.  

67. Herrera E, Ortega-Senovilla H. 
Disturbances in lipid metabolism in diabetic 
pregnancy - Are these the cause of the 
problem? Best Pract Res Clin Endocrinol 
Metab. 2010 Aug;24(4):515–25.  

68. Qiu C, Rudra C, Austin MA, Williams MA. 
Association of gestational diabetes mellitus 
and low-density lipoprotein (LDL) particle 
size. Physiol Res. 2007;56(5):571–8.  

69. Rizzo M, Berneis K, Altinova AE, Toruner 
FB, Akturk M, Ayvaz G, et al. Atherogenic 
lipoprotein phenotype and LDL size and 
subclasses in women with gestational 
diabetes. Diabet Med J Br Diabet Assoc. 
2008 Dec;25(12):1406–11.  

70. Thadhani R, Wolf M, Hsu-Blatman K, 
Sandler L, Nathan D, Ecker JL. First-
trimester sex hormone binding globulin and 
subsequent gestational diabetes mellitus. 
Am J Obstet Gynecol. 2003 Jul; 
189(1):171–6.  

71. Bomba-Opon D, Wielgos M, Szymanska M, 
Bablok L. Effects of free fatty acids on the 
course of gestational diabetes mellitus. 
Neuro Endocrinol Lett. 2006 Apr;27(1–
2):277–80.  

72. Dabelea D, Crume T. Maternal 
environment and the transgenerational 
cycle of obesity and diabetes. Diabetes. 
2011 Jul;60(7):1849–55.  

73. Kitajima M, Oka S, Yasuhi I, Fukuda M, Rii 
Y, Ishimaru T. Maternal serum triglyceride 
at 24--32 weeks’ gestation and newborn 
weight in nondiabetic women with positive 
diabetic screens. Obstet Gynecol. 2001 
May;97(5 Pt 1):776–80.  

74. Radaelli T, Lepercq J, Varastehpour A, 
Basu S, Catalano PM, Hauguel-De 
Mouzon S. Differential regulation of genes 
for fetoplacental lipid pathways in 
pregnancy with gestational and type 1 
diabetes mellitus. Am J Obstet Gynecol. 
2009 Aug;201(2):209.e1-209.e10.  

75. Marseille-Tremblay C, Ethier-Chiasson M, 
Forest JC, Giguère Y, Masse A, Mounier C, 
et al. Impact of maternal circulating 
cholesterol and gestational diabetes 
mellitus on lipid metabolism in human term 



 
 
 
 

Manoharan et al.; Int. J. Biochem. Res. Rev., vol. 32, no. 7, pp. 31-41, 2023; Article no.IJBCRR.105579 
 
 

 
41 

 

placenta. Mol Reprod Dev. 2008 
Jun;75(6):1054–62. 

76. Lappas M, Hiden U, Desoye G, Froehlich J, 
Hauguel-de Mouzon S, Jawerbaum A. The 
role of oxidative stress in the 
pathophysiology of gestational diabetes 
mellitus. Antioxid Redox Signal. 2011 Dec 
15;15(12):3061–100.  

77. Lowe LP, Metzger BE, Lowe WL, Dyer AR, 
McDade TW, McIntyre HD, et al. 
Inflammatory mediators and glucose in 
pregnancy: results from a subset of the 
Hyperglycemia and Adverse Pregnancy 
Outcome (HAPO) Study. J Clin Endocrinol 
Metab. 2010 Dec;95(12):5427–34.  

78. Li G, Kong L, Zhang L, Fan L, Su Y, Rose 
JC, et al. Early Pregnancy Maternal Lipid 
Profiles and the Risk of Gestational 
Diabetes Mellitus Stratified for Body Mass 
Index. Reprod Sci. 2015 Jun;22(6):712–7.  

79. Liberman Z, Eldar-Finkelman H. Serine 
332 phosphorylation of insulin receptor 
substrate-1 by glycogen synthase kinase-3 
attenuates insulin signaling. J Biol Chem. 
2005 Feb 11;280(6):4422–8. 

80. Lappas M, Mitton A, Mittion A, Permezel M. 
In response to oxidative stress, the 

expression of inflammatory cytokines and 
antioxidant enzymes are impaired in 
placenta, but not adipose tissue, of women 
with gestational diabetes. J Endocrinol. 
2010 Jan;204(1):75–84.  

81. Liu DD, Han CC, Wan HF, He F, Xu HY, 
Wei SH, et al. Effects of inhibiting PI3K-
Akt-mTOR pathway on lipid metabolism 
homeostasis in goose primary hepatocytes. 
Anim Int J Anim Biosci. 2016 
Aug;10(8):1319–27 

82. Hou Y, Li F, Karin M, Ostrowski MC. 
Analysis of the IKKbeta/NF-kappaB 
signaling pathway during embryonic 
angiogenesis. Dev Dyn Off Publ Am Assoc 
Anat. 2008 Oct;237(10):2926–35.  

83. Castillo-Castrejon M, Powell TL. Placental 
Nutrient Transport in Gestational Diabetic 
Pregnancies. Front Endocrinol [Internet]. 
2017 Nov 7 [cited 2020 Apr 23];8. Available 
from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5682011/ 

84. Monteiro LJ, Norman JE, Rice GE, Illanes 
SE. Fetal programming and gestational 
diabetes mellitus. Placenta. 2016;48 Suppl 
1:S54–60

_________________________________________________________________________________ 
© 2023 Manoharan et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution 
License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 
 
 

 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle5.com/review-history/105579 

http://creativecommons.org/licenses/by/4.0

