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Diabetes is a chronic metabolic disease affecting an increasing number of
people. Although diabetes has negative health outcomes for diagnosed indi-
viduals, a population at particular risk are pregnant women, as diabetes
impacts not only a pregnant woman’s health but that of her child. In this
review, we cover the current knowledge and unanswered questions on dia-
betes affecting an expectant mother, focusing on maternal and fetal outcomes.
1. Introduction
Diabetes mellitus is a chronic metabolic disease affecting the production of
insulin by pancreatic β cells. Insulin is a negative regulator of glucose; without
it, blood glucose levels rise to life-threatening levels [1,2]. Worldwide rates of
diabetes have only been increasing: 171 million adults were estimated to be dia-
betic in 2000, with the number jumping to 536 million by 2021 [3,4]. By 2045,
the number of diabetic adults is predicted to be more than 783 million [4]. In
2019, diabetes was the ninth leading global cause of death, and it is among
the top 20 conditions causing disability worldwide [5,6]. Of the various sub-
types of diabetes, of importance to this review are type 1 diabetes mellitus,
(T1DM), type 2 diabetes mellitus (T2DM) and gestational diabetes mellitus
(GDM).

While T1DM and T2DM irrefutably cause embryopathies, or defects in the
developing embryo, whether GDM does as well remains controversial for its
later screening. However, the percentage of pregnant women with pre-existing
T1DM or T2DM, which we differentiate from GDM and deem maternal dia-
betes, is rising [7–9]. Maternal diabetes poses a risk to a mother’s present and
future health while putting her child at risk for several birth defects or later
health issues, including the development of diabetes [10–14]. Thus, the diabetic
cycle begets itself.

The current treatments for diabetes involve artificial insulin and blood glu-
cose regulation by oral or intravenous medications [15]. The prescribed drug
varies by the type of diabetes diagnosed, though insulin is the most common
treatment [16]. However, all drugs used to treat diabetes can have significant
side effects (table 1). Some pharmacological agents, such as insulin and metfor-
min, are approved for use during pregnancy, but most oral hypoglycaemic
agents used in non-pregnant patients have unknown short- and long-term
effects on both the mother and fetus [24]. Diabetes management and treatment
is also onerous, requiring the individual to carefully monitor their blood glu-
cose levels and consequent insulin administration every day for the rest of
their lives. Moreover, the cost of lifelong treatment adds up. In the USA, the
annual cost of diagnosing and treating diabetes and prediabetes is more than
USD300 billion [25]. In fact, insulin costs in the USA—where its cost is not
nationally capped—are four times higher than the country with the
next most expensive insulin, and it is 10 times more expensive than the
global average price of insulin [26]. Insulin analogues have been developed
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in recent years, and these too are becoming more expensive,
despite no clear evidence that they perform better than the
standard synthetic human insulin [27].

With increasing diabetes diagnoses, its health and econ-
omic costs will only grow. It is pertinent to study diabetes
and determine safer and more cost-effective treatment
options and, more importantly, modes of prevention. How-
ever, as there are various types of diabetes, each differing in
its aetiology, treatment and manifestations in men and
women, studies must carefully consider their approach. In
this review, we cover the current knowledge and unanswered
questions on diabetes affecting an expectant mother, focusing
on maternal and fetal outcomes.
Open
Biol.12:220135
2. Types of diabetes
Before the development of overt diabetes, patients can
develop impaired glucose tolerance, termed prediabetes. Pre-
diabetic individuals have blood glucose levels above the
homeostatic threshold but not high enough to be diagnosed
as diabetes [28]. In 2018, the USA had 88 million people
aged greater than or equal to 18 years who were prediabetic
[29]. Classically, diabetes was categorized into juvenile dia-
betes and adult diabetes, with disease onset observed by
the eponymous age [30]. These classifications have changed
as more has been learned about diabetes, and the main
types are considered T1DM, T2DM and GDM [30]. An esti-
mated 34.1 million adults in the USA are diabetic, although
this number excluded those affected by GDM [29]. The Amer-
ican Diabetes Association recognizes other subtypes of
diabetes, but their causes are quite rare and specific—such
as by cystic fibrosis, organ transplantation and monogenic
defects—and these subtypes will not be covered in this
review. For more information on these other types of dia-
betes, the reader is referred to the American Diabetes
Association’s Classification and Diagnosis of Diabetes: Standards
of Medical Care in Diabetes—2019.

T1DM is characterized by the complete or near-complete
absence of insulin due to the destruction of pancreatic β cells,
the cells responsible for insulin production [31]. T1DM is dif-
ferentiated from T2DM in that it is an autoimmune disease,
meaning the body destroys its own β cells; but the result is
the same loss of insulin production leading to high blood glu-
cose levels, or hyperglycaemia, and eventually diabetes. As
insulin-producing β cells are not viable in someone with
T1DM, they must take insulin or its analogue to survive.

By contrast, T2DM is primarily caused by dysfunctional β
cells [32]. In an affected individual, β cells will not properly
detect high blood glucose levels, and thus cannot be stimu-
lated to release the correct amounts of insulin to trigger the
uptake of blood glucose into the cells of various organs
[32]. Eventually, higher compensatory levels of insulin must
be released to lower blood glucose, which drives insulin
resistance [33]. The continued cycle of increased blood glu-
cose levels requiring increased insulin levels for abatement
results in T2DM [32]. Unlike T1DM, the loss of insulin in
T2DM is relative and not absolute [34]. Studies tend to
group the prevalence of T1DM and T2DM, but 90–95% of
diabetics in the USA are estimated to have T2DM [29].

Lastly, GDM occurs when a pregnant woman is diag-
nosed with diabetes in her second to third trimester that is
not clearly pre-existing T1DM or T2DM [30]. Screening for
GDM is recommended between 24 and 28 weeks of gestation
unless a woman is at high risk of developing it, in which case
screening should be carried out at the first prenatal visit [35].
Treatment can begin if GDM is diagnosed, as returning blood
glucose levels to normalcy is paramount in decreasing the
risk for morbidity and mortality in the child [35]. There is
no global standard for diagnosing GDM, as GDM can be dif-
ficult to distinguish from diabetes not induced by
pregnancy—that is, diabetes that would have still been diag-
nosed if an expectant mother was not pregnant [36]. The
World Health Organization recommends the criteria set
forth by the International Association of Diabetes in Preg-
nancy Study Groups, in which GDM is diagnosed if
hyperglycaemia is detected during pregnancy but is below
what would be considered diabetic blood glucose levels out-
side of pregnancy [37]. The prevalence of GDM in the USA is
7.6%, with 19.6% of cases later developing into T2DM [38].

In this review, we differentiate between GDM and
maternal diabetes, which we deem pre-existing diabetes in
a pregnant woman, or, per the World Health Organization,
‘diabetes in pregnancy’.
3. Diabetes diagnosis
Diabetes can be diagnosed in multiple ways, but in all except
T1DM, hyperglycaemia detection is key (table 2). Because
T1DM is an autoimmune disease, it is detected by the pres-
ence of antibodies against β cell antigens, which arise
before clinical symptoms are observed [42]. There are various
tests for detecting T2DM. The most reliable yet most expens-
ive T2DM diagnostic test is for haemoglobin A1c [41].
Glucose binds to haemoglobin within red blood cells and
this glycated haemoglobin, termed HbA1c, can be measured
as a percentage of total haemoglobin. It is then used as a
readout of the average blood glucose level over the last 2–3
months, which is the lifespan of a red blood cell [40]. In the
fasting plasma glucose test, an individual’s blood glucose is
measured after at least an 8 h fast, typically overnight [30].
In the oral glucose tolerance test, a 75 g sugary drink is
ingested following an overnight fast, and the body’s proces-
sing of the sugar is tracked [30]. Modified versions of this
test are used for diabetes screening in pregnant women: an
overnight fast and consumption of a 75 g sugary drink may
be done. Alternatively, a non-fasted woman can take a 50 g
sugary drink followed by a fast and a 100 g sugary drink
[30]. The least reliable test, but the least onerous for the
patient, is the random plasma glucose test. As the name
implies, blood glucose is measured without preparation
and no fasting is needed [41].
4. General pathophysiology of diabetes
Insulin is produced by the pancreas, specifically by β cells. β
cells are arranged within islets of Langerhans, together with
α cells, which produce glucagon; Δ cells, which produce
somatostatin; epsilon cells, which produce ghrelin; and poly-
peptide-producing cells (figure 1). Insulin is a negative
regulator of blood glucose, the levels of which must be main-
tained within a specific range for an individual to be in good
health [1,2]. Insulin is secreted in response to eating, as
glucose is primarily derived from the diet [43]. In a non-
diabetic individual, the presence of high glucose stimulates β



Table 2. Diagnostic tests for T1DM, T2DM and GDM. Note the variability in the oral glucose tolerance, two-step criteria for GDM. The first set of numbers
corresponds to Carpenter–Coustan’s diagnostics and the second set to the National Diabetes Data Group’s. Both are approved by the American Diabetes Association.

test
subtype
diagnosed mechanism levels source

antibody test

against β cell

antigens

type 1 detects antibodies against GAD65

(glutamic acid decarboxylase), IA-2

(tyrosine phosphatase-like protein), IAA

(insulin), ZnT8 (zinc transporter)

considered diabetic if two or more

antibodies are detected

Bonifacio [39]

haemoglobin (Hb)

A1c

type 2 measures glycated haemoglobin, which

acts as a proxy for average blood

glucose levels over the past three

months

diabetic: 6.5% Eyth & Naik [40]

prediabetic: 5.7–6.4%

non-diabetic: <5.7%

fasting plasma

glucose

type 2 measures blood glucose after ≥8 h
fasting

diabetic: ≥126 mg dl−1 American Diabetes

Association [30]prediabetic: 100–125 mg dl−1

Non-diabetic: <100 mg dl−1

oral glucose

tolerance

type 2 measures the body’s response to a

glucose bolus

diabetic: ≥200 mg dl−1 American Diabetes

Association [30]prediabetic: 140–199 mg dl−1

non-diabetic: <140 mg dl−1

random plasma

glucose

type 2 measures blood glucose non-fasting at

random time

diabetic: ≥200 mg dl−1 American Diabetes

Association [30]prediabetic: 140–199 mg dl−1

non-diabetic: <140 mg dl−1

oral glucose

tolerance,

one-step

gestational sugar processing diabetic: ≥92 mg dl−1 after fasting, ≥
180 mg dl−1 after 1 h, ≥153 mg dl−1

after 2 h

American Diabetes

Association [30]

oral glucose

tolerance,

two-step

gestational sugar processing first step, diabetic: ≥130 mg dl−1 Genuth et al. [41]

second step, diabetic: ≥95 or 105 mg dl−1

after fasting, ≥180 or 190 mg dl−1

after 1 h, ≥155 or 165 mg dl−1 after
2 h, ≥140 or 145 mg dl−1 after 3 h
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cells to release insulin, lowering blood glucose levels [34].
Other nutrients, hormones and neurotransmitters activate
insulin secretion, but in terms of diabetes, glucose is the
most important chemical factor [44]. In a diabetic individual,
a cascade of metabolic dysfunction occurs in the presence of
high glucose. Because glucose is a diuretic, diabetic individ-
uals often suffer from an osmotic imbalance leading to fluid
loss and dehydration [45]. Lack of insulin also leads to an
increase in glucagon, a hormone acting in opposition to insulin
that typically induces the liver to produce ketone bodies
[46,47]. In turn, the increase in glucagon can cause diabetic
ketoacidosis, characterized by hyperglycaemia, metabolic
acidosis, high levels of ketones in the blood or urine, and
often a decreased circulatory fluid volume [48]. Diabetic ketoa-
cidosis is also more common in T1DM than in T2DM [48].
Insulin typically inhibits formation of ketone bodies while glu-
cagon promotes it via catabolism of fatty acids. Thus, in
diabetes, with low levels of insulin but high levels of glucagon,
the increased release of fatty acids forms ketone bodies [45,49].
Fatty acid accumulation prevents glucose uptake in muscle
cells and further worsens the metabolic state of the individual
with diabetes [50]. The cycle is summarized in figure 2.
4.1. Physiology of T1DM
In T1DM, the pancreas fails to produce insulin due to auto-
immune β cell destruction [10,51]. The exact reasons for this
are unknown, but genetic predisposition in combination
with environmental cues is likely to be responsible. A leading
hypothesis is that recruited cytotoxic T cells and macro-
phages secrete cytokines, free radicals, and nitric oxide, all
capable of killing β cells [52–55]. When greater than or
equal to 80% of β cells are destroyed, clinical symptoms of
T1DM typically appear [56]. These symptoms include
polydipsia (excessive thirst), polyuria (excessive urination),
polyphagia (excessive hunger), extreme fatigue, blurry
vision, slow wound healing, very dry skin, tingling in the
extremities and unexplained weight loss [57].

4.2. Physiology of T2DM
In contrast to T1DM, the hyperglycaemia seen in individ-
uals with T2DM is driven largely by insulin resistance.
Insulin resistance occurs when normal concentrations of
insulin do not produce the adequate biological response



pancreas

islet of langerhans

epsilon cell cell

 cell
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depolarization

calcium
channel

ATP

Ca2+

potassium
channel

glucose

polypeptide-
producing

cell  cell

 cell

GLUT2

Figure 1. Overview of insulin release in the pancreatic beta cell. The pancreas
is partly composed of islets of Langerhans. Like the name suggests, the islets
are island-shaped structures made up of numerous cell types: α cells, β cells,
delta cells, epsilon cells and polypeptide-producing cells. In β cells, glucose
uptake is mediated by the GLUT2 transporter. Following glucose metabolism
in the mitochondria, ATP is released, stimulating potassium channels to close.
This depolarization triggers voltage-gated calcium channels to open. As cal-
cium enters the cell, insulin is exocytosed. In a diabetic person, insulin is
either not produced (i.e. T1DM) or is not released at appropriate levels
(i.e. T2DM and GDM), but in all types of diabetes, blood glucose is
unable to be regulated and thus rises.

decreased insulin

increased
glucagon

increased
free fatty acids

increased
ketone bodies
and glucose

decreased cellular
glucose uptake

Figure 2. Overview of the metabolic effects of diabetes. A person with dia-
betes has low levels of insulin and high levels of glucagon. This stimulates
release of free fatty acids, which act as the substrate for formation of ketone
bodies. Free fatty acids decrease the capacity of a cell to take up glucose,
while excessive ketones lead to ketoacidosis. Glucose is simultaneously over-
produced. The high presence of glucose and its inability to be regulated due
to low insulin worsens the metabolism of a diabetic individual.
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of cellular glucose uptake. This further lowers insulin sensi-
tivity, as a greater concentration of insulin is required to
achieve blood glucose homeostasis [58]. In contrast to the
autoimmunity-induced β cell apoptosis seen in T1DM, β
cell dysfunction and death in T2DM are caused by chronic
exposure to high glucose (hyperglycaemia) and high free
fatty acids (hyperlipidaemia), as well as an accumulation
of human islet amyloid polypeptide (hIAPP) [59,60]. Exactly
how hyperglycaemia and hyperlipidaemia induce β cell
apoptosis is not fully understood, but prolonged high
blood glucose levels could place stress on the endoplasmic
reticulum, passing a threshold that induces apoptosis [61].
Hyperglycaemia also leads to high levels of reactive
oxygen species, which are lethal to β cells, and to high
levels of cytoplasmic calcium, which is potentially pro-
apoptotic [62,63]. When hIAPP, which is co-secreted with
insulin, misfolds and accumulates in the space between β
cells and islet capillaries, it increases the likelihood of
hyperglycaemia while also occurring alongside it [60,64].
How misfolded and accumulated hIAPP kills β cells
remains to be elucidated, but proposed mechanisms include
oxidative stress, endoplasmic reticulum stress, mitochon-
drial stress, prevention of autophagy, and a change in the
cell membrane permeability [64]. To compensate for β cell
loss, extant β cells will increase in mass, but over time
this ability is exhausted [51,56]. It typically takes 9–12
years for β cells to degrade enough that an individual can
be diagnosed with T2DM [65]. Similar to T1DM, clinical
symptoms of T2DM are polydipsia (excessive thirst), poly-
uria (excessive urination), polyphagia (excessive hunger),
extreme fatigue, blurry vision, slow wound healing, very
dry skin, tingling in the extremities and unexplained
weight loss [66].

4.3. Physiology of GDM
During a non-diabetic pregnancy, the liver produces greater
amounts of glucose, but fasting blood glucose levels fall as
gestation progresses, most likely due to increased blood
plasma volume or increased glucose utilization by the fetus
or mother [67]. Fasting insulin levels also increase, but as glu-
cose production rises rather than falls, insulin sensitivity
decreases [67]. In obese and lean women with GDM com-
pared to weight-matched non-diabetic pregnant women,
fasted blood glucose and insulin levels are high but hepatic
glucose production is unchanged, suggesting impaired
β cell function [68,69]. Women with GDM also have high
free fatty acid levels due to a decrease in free fatty acid sup-
pression by insulin [67]. Insulin sensitivity and dysfunctional
β cells may be present before pregnancy but are detected
during pregnancy due to common prenatal metabolic screen-
ing [36]. The mechanisms by which GDM-affected women
become less insulin and lipid sensitive are not well under-
stood, but studies have shown that downstream insulin
effectors, insulin receptor substrates 1 and 2 (IRS-1 and
IRS-2) decrease in GDM, whereas P85, a subunit of phospha-
tidylinositol-3-kinase (PI3-K), is increased [70]. Furthermore,
women with GDM have a deficiency in glucose transporter-
4 (GLUT-4), which is sensitive to insulin, and the insulin
receptor part not expressed on the cell surface has a
decreased ability to be phosphorylated by tyrosine [67,71].
This impaired phosphorylation is likely compounded by
the increase in plasma cell membrane glycoprotein-1, an
inhibitor of the insulin receptor tyrosine kinase (IRTK) that
phosphorylates IRS-1 [67]. Women with GDM also have
increased levels of tumour necrosis factor-α, which inhibits
IRS-1 and IRTK [72]. Most women with GDM will not have
clinical symptoms, but in those who do, they may include
increased thirst and more frequent urination [73].
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5. Risk factors
5.1. Risk factors for T1DM
Individuals born to a mother aged greater than or equal to 35
years with maternal obesity prior to or during early gestation
are at an increased risk of developing T1DM [74–76]. Family
history plays a role, as a child born to a mother with T1DM
has a 1 in.40 chance of developing the same disease; this
jumps to 1 in.15 if the father has T1DM, likely for epigenetic
reasons [77].

Genetically, variations in the human leucocyte antigen
(HLA) gene are also a risk factor for T1DM [78]. In
humans, HLA encodes for genes in the major histocompatibil-
ity complex, which is required for recognizing foreign agents
in the body and mounting an appropriate immune response
[79]. Genes associated with a high childhood body mass
index (BMI) have also been implicated in T1DM [80].

Beginning in the 1950 s, there has been a global increase
in childhood T1DM diagnoses, even when accounting for
genetic factors. Thus, the role of the environment in develop-
ing T1DM cannot be ignored [10]. However, upon in silico
analysis, no single environmental factor could explain the
sudden and dramatic increase in T1DM [10]. An unhealthy
diet could perhaps contribute to the trend, along with genetic
factors. High sugar intake is known to lead to T1DM pro-
gression but does not cause β cell autoimmunity [81]. High
consumption of cow milk products in early childhood has
been found to increase the risk of islet autoimmunity and
progression to T1DM [82,83]. In animal studies, a gluten-
free or fibre-rich diet has been found to reduce risk of
T1DM, but comparative studies in humans have been
inconclusive [84–87].

Viral infections may also contribute to β cell destruction,
with several serotypes of the enterovirus Coxsackievirus B
being the prime suspects, though findings frommeta-analyses
have varied [88,89].

Importantly, because T1DM typically has an earlier onset
than T2DM, the risk factors have been studied mostly in
those less than 20 years of age, but more adults than children
are increasingly diagnosed with T1DM [90].
5.2. Risk factors for T2DM
Because diabetes is characterized by elevated blood glucose
and glucose is obtained via the diet, a major risk factor in
developing T2DM is an unhealthy diet, i.e. a diet high in pro-
cessed meat, red meat, fried foods, refined grains, and sugar
[91,92]. Such a diet can lead to obesity, an additional risk
factor for T2DM [91,92]. Other unhealthy activities, such as
smoking and lack of exercise, are also strongly associated
with T2DM [91].

The diet described above is prevalent in Western
countries [92]. It is also spreading into developing countries,
where the prevalence of T2DM is increasing faster than in
developed countries [93,94]. Poverty is also associated with
a higher risk of T2DM, but that an individual with low socio-
economic status is more likely to follow the inexpensive
Western-style diet and lead a sedentary lifestyle cannot be
overlooked [91,95].

Biological factors can also influence the onset of
T2DM. High levels of serum biomarkers, such as alanine
aminotransferase, γ-glutamyl transferase, C-reactive protein,
and uric acid, are associated with T2DM [91]. These are mar-
kers of inflammation, which are linked to β cell dysfunction
[91]. Genes identified as T2DM risk factors are CAPN10,
which encodes calpain-10, a ubiquitously expressed cysteine
protease; TCF7L2, encoding transcription factor-7 like 2, a tran-
scription factor involved in blood glucose homeostasis;
PPARG, encoding peroxisomal proliferative activated receptor
γ (PPARγ), a regulator of adipogenesis; IRS-1 and IRS-2;
KCNJ11, which encodes a component of the potassium ATP
channel in pancreatic β cells; WFS-1, which is involved in the
stress response of the endoplasmic reticulum in β cells; and
HNF1A, HNF1B and HNF4A, which encode hepatocyte
nuclear factors (HNFs) implicated in glucose homeostasis
[96–105]. A family history of diabetes is also a significant
risk factor, as having one parent with T2DM results in a 40%
chance of their child having the disease, and if both parents
have T2DM, the chance is approximately 70% [106,107].
There is also a risk of developing T2DM if one’s mother had
diabetes while pregnant [108]. How exactly these genes inter-
act with each other, other genes, and environmental factors to
result in T2DM is an area of ongoing study.

5.3. Risk factors for GDM
Like T2DM, a poor diet, obesity, a sedentary lifestyle, smoking,
family history of T2DM, and a mother who had GDMmakes a
woman more likely to develop GDM [109–111]. Studies have
shown conflicting statistical probability in paternal diabetes,
that is, a father being diabetic, being a risk factor for a
woman developing GDM [112,113]. Unique risk factors for
developing GDM are being pregnant when greater than or
equal to 40 years old, carrying a male fetus, suffering from
depression during the first and second trimesters, and
higher exposure to organic pollutants and endocrine disrup-
tors [109,114–117]. There is potentially a greater risk of
developing T2DM if the mother is non-White, though
non-White populations are at greater risk of experiencing the
lifestyle factors known to contribute to T2DM [109].

Genes that may be associated with GDM have been diffi-
cult to establish and have not always been consistent across
studies. A recent meta-analysis found that single nucleotide
polymorphisms (SNPs) in TCF7L2, KCNJ11 and IRS-1 have
a significant association with GDM [118]. Other SNPs
found to increase risk uniquely in GDM are GCK, encoding
glucokinase; CDKAL1; IGF2BP2, encoding insulin-like
growth factor 2 mRNA-binding protein 2; and MTNR1B.
All four of these genes are involved in insulin secretion
[118]. However, 17 of the 29 studies pooled for that analysis
included only White women and, in the consequent analysis,
not all ethnicities were affected the same by the SNPs [118].
There is a great need for more GDM-associated genetic
studies in non-White populations.
6. Current methods of studying diabetes
Animal models remain the best way of studying the various
types of diabetes due to the complexity of the disease, which
non-animal models cannot always replicate. The most com-
monly used animals are mice and rats, although strains
vary in diabetic predisposition. Choosing the correct strain
is crucial.
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Importantly, females of some rodent strains used as dia-
betic models have decreased reproductive ability, such as
Zucker rats, Zucker diabetic fatty rats, Goto-Kakizaki (GK)
rats, Otsuka Long-Evans Tokushima Fat (OLETF) rats,
Lepdb/db mice, Lepob/ob mice and New Zealand obese
(NZO) mice [119–125].

Chemical, dietary, genetic and viral models exist for both
species to study T1DM, T2DM and GDM. To model maternal
diabetes, a female rodent should undergo the desired method
before being set with her mate; the methods for T1DM and
T2DM outlined below suffice to accomplish this.

6.1. Chemicals

6.1.1. Streptozotocin

Streptozotocin (STZ) is an antibiotic derived from Strepto-
myces achromogenes [126]. Its administration can be
intraperitoneal or intravenous at a single high dose or mul-
tiple low doses, with doses adjusted to the animal’s weight
[127]. As noted in figure 3, STZ is composed of a glucose
moiety that binds to the glucose transporter 2 (GLUT2) recep-
tor on the β cell membrane and a methylnitrosourea moiety
that lends it cytotoxicity by alkylating DNA [128,129]. STZ
ultimately causes hyperglycaemia by reducing ATP, thereby
preventing insulin secretion [130]. Hyperglycaemia further
impairs the GLUT2-possessing liver and kidneys from func-
tioning, mimicking organ complications in human diabetes
[128]. Pancreatic islet destruction due to the competition
between STZ and glucose is suitable for modelling T1DM.
T2DM can also be modelled with dietary modifications, the
concomitant use of nicotinamide, or neonatal injections
[127,128]. STZ-induced diabetes can last up to three months
[131]. However, mortality can be high due to STZ targeting
several organs. One rat study reported a 20% mortality rate
[132]. For older rats, the rates are even higher: 83% for 12 to
17-week-old rats and 91% for rats greater than or equal to
18 weeks old [133].

However, not all rodent strains are equally susceptible to
STZ-induced diabetes. Female C57Bl/6 J mice are resistant to
STZ; however, previous studies have increased dosage to suc-
cessfully induce diabetes [134–137]. Female Zucker diabetic
fatty rats and Balb cJ−1 mice also exhibit STZ resistance
[138,139].

6.1.2. Alloxan

Similar to STZ, alloxan is a glucose competitor that binds to
GLUT2, but alloxan is cytotoxic due to the production of
reactive oxygen species [129]. Alloxan can also affect the
liver and kidneys [129]. Its administration can be in one
high dose or multiple low doses adjusted by weight.
However, unlike STZ, alloxan can be administered sub-
cutaneously [131]. It has a high mortality rate in mice,
30–60%, likely due to its generation of reactive oxygen species
[131]. Alloxan is better suited for modelling T1DM than
T2DM [131]. Although less expensive per gram than STZ,
alloxan is less commonly used, partly due to having multiple
blood glucose response phases [131]. This makes the resulting
hyperglycaemia less stable but, even if stable hyperglycaemia
is achieved, its average duration is just 1 month [131]. Given
that mouse and rat gestation periods also last roughly one
month and that alloxan has a variable blood glucose
response, we do not recommend the use of alloxan to
model maternal diabetes. Like STZ, females of rodent strains
react differently to alloxan. Albino female rats have higher
susceptibility to alloxan-induced diabetes than males [140].

6.2. Dietary
Obesity is a T2DM risk factor and, in mice, a diet high in fat
and simple carbohydrates reproduces obesity as well as
T2DM [141]. Because islet destruction is not induced as in
T1DM, this model is only suitable for modelling T2DM. A
high-fat diet is typically used in conjunction with other
models of diabetes induction, such as STZ or strains of
animals genetically predisposed to obesity, such as Lepob/ob

mice [127,142]. These multifactorial models more faithfully
replicate the pathogenesis of T2DM in humans [143].

However, in females of some strains, such as C57Bl/6, mice
are resistant to glucose intolerance, hyperinsulinaemia, and
insulin resistance induced by a high-fat diet [144–146]. Further,
young BALB/c females are resistant to obesity caused by a
high-fat diet, although this changes as they age [147].

6.3. Genetic
Several strains of mice and rats have been developed to
address the different etiologies of diabetes. Strains exist that
model β cell destruction as seen in both T1DM and T2DM,
with the strains differing in the reason for their destruction,
and models for obesity as predisposed by T2DM [127].

Non-obese diabetic (NOD) mice, diabetes-prone Bio-
Breeding rats, and LEW.1AR1/-iddm rats are strains of
rodents that develop diabetes spontaneously due to auto-
immune processes and without an obesity factor, making
them ideal for T1DM studies [148–150]. GK rats are the
most commonly used non-obese non-insulin-dependent dia-
betes animal model, though β cell mass and the extent of
metabolic dysfunction differs between colonies, and females
have lower blood sugar levels than males [151–153]. By
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contrast, AKITA mice exhibit diabetes and its complications
not from autoimmunity, but from stress on the endoplasmic
reticulum of β cells caused by misfolded insulin [154,155].
While AKITA mice have been used for T2DM studies, they
are best used for T1DM, as their diabetic development is
still spontaneous. Importantly, NOD female mice exhibit a
higher incidence of T1DM than males [156].

Because obesity is a major risk factor for T2DM, several
strains of obesity-prone rodents have been developed. For
monogenic studies of diabetes, leptin-deficient Lepob/ob

mice or leptin receptor-deficient Lepdb/db mice, Zucker fatty
rats, and Zucker diabetic fatty rats are used [127]. For poly-
genic studies, KK mice, OLETF rats, NZO mice, TallyHo/
Jng mice and NoncNZO10/LtJ mice are used [127]. However,
OLETF female rats have a markedly lower incidence of
diabetes than males, and they do not suffer from renal
complications [157].

Transgenic mouse models of T2DM also exist. hIAPP
transgenic mice express the human transgene under the
rat II insulin promoter. In this mouse model, hIAPP
aggregates cause β cell death, which is an underlying patho-
logical hallmark of T2DM [158]. The human form is used
because rodent IAPP does not inherently form these aggre-
gates [159]. However, hIAPP females have a much lower
incidence of diabetes compared to males, occurring in
around 11% of female hIAPP mice but greater than 80%
of males [60].

6.4. Viral
Viruses have been proposed to lend susceptibility to T1DM
in humans [10]. Rodent models of virally induced
diabetes, caused by the virus either inducing autoimmunity
or directly infecting β cells, have been created using
Coxsackie B virus, encephalomyocarditis virus, Killham rat
virus and lymphocytic choriomeningitis virus under the rat
insulin promoter [10,127].
7. Relevance to maternal and fetal health
Defects in babies born to diabetic mothers, termed diabetic
embryopathies, are known to occur with both T1DM and
T2DM [160]. These include anorectal atresia/stenosis,
caudal dysgenesis, congenital heart defects, costovertebral
segmentation defects, holoprosencephaly, longitudinal birth
defects, microtia/anotia/hemifacial microsomia, neural tube
defects, renal aplasia and dysplasia, sirenomelia, thymus
aplasia and urorectal septum malformations [161–172].
Other embryopathies that have been reported include bifid
tongue, cleft lip/palate, facial dysmorphism, hydrocephaly,
congenital hypertrophic cardiopathy and septo-optic dyspla-
sia [161,173–179]. Spontaneous abortions are also possible
[180]. Pregnancy loss rates are similar for both T1DM and
T2DM-affected pregnant mothers, but they differ in their
causes [181]. Mothers with T1DM tend to lose their fetus
from embryopathies and neonatal prematurity complications
linked to lack of glycemic control during early pregnancy
[181–183]. Conversely, mothers with T2DM are more likely
to lose their fetus because of stillbirth, birth asphyxia and
chorioamnionitis [181]. Maternal obesity and hyperglycaemia
are risk factors for chorioamnionitis, as is poverty, which
correlates with obesity [181,184–186].
Children born to mothers with T1DM are at risk of being
born via Caesarean section, increased perinatal mortality,
congenital anomalies, abnormal gestational size, shoulder
dystocia, hypoglycaemia (low blood glucose levels), poly-
cythaemia (increased red blood cell mass), hypocalcaemia
(low levels of calcium in the blood), respiratory distress syn-
drome, perinatal mortality and fetal death [11,160,187]. As
children born to mothers with T1DM age, they are more
likely to become obese, have glucose intolerance, and develop
T1DM or cardiovascular disease [12,13]. Children born to
mothers with T2DM are likewise at risk of congenital deform-
ities, hypoglycaemia, later development of T2DM, perinatal
mortality and fetal death [14,160,188,189].

Obesity is a major risk factor for T2DM, and it is more
prevalent in women than in men [190]. Moreover, maternal
obesity can cause complications in the child, such as birth
by Caesarean section, having a high birth weight contribut-
ing in part to the child’s own vulnerability to obesity, too
low of a birth weight, neural tube defects, heart defects,
oral clefts, skeletal anomalies, hypoglycaemia, hyperinsuli-
naemia and fetal death [191–196]. Long term, the child is
more likely to suffer from obesity [197].

Children born to GDM-affected mothers may be large for
their gestational age, to have shoulder dystocia, hypoglycae-
mia, hypocalcaemia and hyperbilirubinaemia [198]. Later in
life, they can become obese and suffer from glucose intoler-
ance and metabolic syndromes, including the development
of T2DM itself [197–199].

Because what is diagnosed as GDM may in fact be
early onset T2DM, whether GDM causes congenital birth
defects is controversial. Some studies have found that the
difference between GDM-affected mothers and non-diabetic
mothers in having children with birth defects is not
significant, while others have, the latter particularly when
considering women who may have had yet-undiagnosed
T2DM [174,200,201].

Adverse pregnancy outcomes affect not only the health of
the baby, but that of the mother (figure 4). Compared to non-
diabetic mothers, women with T1DM who become pregnant
are far more likely to suffer from hypertension; retinopathy;
nephropathy; preeclampsia; diabetic ketoacidosis; and hypo-
glycaemia, which severely affects 45% of T1DM-affected
pregnant women, particularly early in the pregnancy
[11,187]. Maternal complications of T2DM also include retino-
pathy, nephropathy, and preeclampsia [188]. Although GDM
resolves in approximately 90% of affected pregnancies, it is
likely to recur in future pregnancies [202]. Furthermore, a
GDM-affected woman is at risk of later developing T2DM
[203]. Cardiovascular disease and metabolic syndrome are
also common among women who have had GDM, and
both of these diseases have risk factors much like those
seen in diabetes: obesity, hypertension, insulin resistance
and dyslipidaemia [199]. Moreover, metabolic syndrome
can contribute to the onset of diabetes and cardiovascular
disease [199].

As of 2016, 0.9% of pregnancies in the USA occurred in
women with maternal diabetes. Notably, the percentage of
maternal diabetes has remained stable from previous years,
but the prevalence of GDM has been increasing [204]. Due
to the lack of consistent diagnostic criteria for GDM, the
exact number of GDM pregnancies may vary by measure,
but it is undeniable that the prevalence of such pregnancies
is increasing globally [199]. This is related in part to the
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similar worldwide increase in obesity, a risk factor for T2DM
and GDM [199].

GDM is preferably treated by a change in nutrition,
although physical activity, pharmacological agents and
blood glucose monitoring can also help [205]. The most
common pharmacologic of choice is insulin, though metfor-
min and glyburide are also approved for use in pregnant
women [24,205,206]. Though no birth defects have been
noted in babies born to women taking any of these three
drugs, long-term changes in the metabolism of the children
have not been well studied [206]. Studies comparing the treat-
ment of T2DM-affected and GDM-affected pregnant women
with metformin versus insulin have reported mixed results:
some have found metformin to be superior in achieving
normoglycaemia and reducing hypoglycaemic episodes,
whereas others have found maternal/fetal outcomes to be
similar between treatment with the two drugs [207,208]. In
simply treating GDM-affected women, however, a meta-
analysis concluded that metformin is better than insulin in
reducing weight gain and hypertension, and in maintaining
normoglycaemia, though fetal outcomes were similar for
both drugs [209]. Somewhat worryingly, metformin can
cross the placenta and result in fetal levels of metformin
nearly equal to that of the mother [210]. Metformin-exposed
neonates can be smaller at birth, but follow-up studies have
found that, by 9 years old, the children tend to be larger
than insulin-exposed children, with higher BMI [211,212].
The lag in their growth puts them at higher risk of developing
cardiac and metabolic diseases [211]. However, neurodeve-
lopment is similar between children whose mothers were
treated with metformin and mothers treated with insulin
[213]. Other long-term effects of metformin in offspring are
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unknown [206]. A meta-analysis comparing GDM-affected
women treated with glyburide versus insulin did not find
differences in adverse perinatal outcomes, but a more
recent meta-analysis found that neonates exposed in utero
to glyburide have a higher incidence of hypoglycaemia
[214,215]. Few studies have compared metformin to glybur-
ide, but in those that have, GDM-affected women treated
with glyburide had greater weight gain and had babies
with higher birth weight, macrosomia and large for their
gestational age [216].
rnal/rsob
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8. Future directions and unanswered
questions

An issue with most diabetes research in mice is that males are
overwhelmingly used, but as established, there are sex differ-
ences in the severity of disease complications in rodents, just
as there are in humans [217]. Likewise, in humans, the inci-
dence of diabetes in women across most age groups is
lower than that of men [4]. Why this is so has been attributed
to the protective role of ooestrogen, as ooestrogen deficiency
predisposes to risk factors of diabetes and T2DM itself;
further, following menopause, incidence of diabetes in
women rises [4,218]. In the context of maternal diabetes,
only female mice can be studied, making it important to
separate expectations between the sexes.

T2DM and GDM are multifactorial diseases, with modifi-
able lifestyle factors playing the greatest role in disease
manifestation. Prevention of T2DM and GDM by a healthy
lifestyle and diet remains the best approach, but certain
genes—particularly involved in insulin secretion, glucose
homeostasis and adipogenesis—have been identified as risk
factors [96–105,118]. Conversely, T1DM arises from auto-
immune dysfunction, with mutations in HLA posing
significant genetic predisposition to its development [78].
Clinical onset of T2DM and T1DM is not observed until
there has been a significant loss of β cell mass and/or func-
tion, thus pharmaceuticals that would prevent this would
prove the most beneficial. Cell death in T2DM is caused by
hyperglycaemia and hyperlipidaemia while in T1DM, it is
by the body’s own immune system; it remains unknown
how exactly these conditions induce apoptosis, but stress in
the endoplasmic reticulum has been implicated in both
T1DM and T2DM [61,219].

Despite identified diabetic predisposition genes, they
have not always been found across diverse populations.
There has also been difficulty in discerning the molecular
specifics by which these genes alter the probability of getting
diabetes, and in uncoupling the association of lifestyle factors
from the studies. SNPs in TCF7L2 have been found to be
strongly associated with the development of GDM, just as
they are in T2DM [220]. The trend of T2DM risk holds true
even across different races and ethnicities [221]. However,
how it contributes to diabetic risk is not well understood.
TCF7L2 is part of the Wnt signalling pathway, which is
involved in multiple developmental processes, including adi-
pogenesis [221]. The role of TCF7L2 and Wnt in the
regulation of adipogenesis is an area of ongoing study.
KCNJ11 encodes ATP-sensitive potassium channel proteins
found in pancreatic β cells [222]. SNPs in KCNJ11 have also
been identified as lending susceptibility to T2DM [222].
Mutations in KCNJ11 inhibit the ability of ATP to regulate
the potassium channel while enhancing stimulatory mag-
nesium, altering insulin secretion and ultimately causing
diabetes [222]. Exactly how this occurs remains to be under-
stood. Furthermore, not all SNPs in KCNJ11 have been
specifically associated with altered risk in all types of dia-
betes [222]. More investigation is needed to fully
understand how different SNPs impact function in diabetes.
GCK encodes glucokinase, an enzyme critical for glycolysis
and insulin regulation that is expressed in pancreatic β cells
[223]. It has been identified as a GDM risk factor in White
women, but at least one study did not find it to be the case
in North Indian women [224]. Recently, MTNR1B has been
implicated in several diverse populations to affect β cell
activity by reducing insulin secretion [36,225]. The specifics
of how this can potentially result in diabetes remain to be
studied. CDKAL1 has also been identified as a gene that
increases diabetic onset in White and non-White populations
[36]. Though it has mostly been studied for its downstream
effects on the translation of insulin, obesity has also been
found to downregulate its mRNA levels in mouse adipose
tissue, as CDKAL1 loss affects adipose mitochondrial
function [226]. How this is accomplished is unclear.

Though there are a few approved drugs for use in diabetic
pregnant women, more long-term follow up studies in their
children are needed, particularly for those drugs that can
cross the placenta. Because ooestrogen has shown to have a
protective effect against diabetes, ooestrogen receptors are
an attractive potential pharmaceutical target [227]. However,
sex differences in metabolic regulation have not been fully
characterized, and the inherent hormonal and metabolic
changes in pregnancy, coupled with diabetes pose additional
challenges.

Because the yolk sac and later the placenta are the sites of
maternal–fetal nutrient exchange, and the diet of the mother
can influence the availability of nutrients for the developing
fetus, genes involved in glucose and fatty acid metab-
olism—as affected in diabetes—that are active in the yolk
sac and placenta are of primary interest as potential thera-
peutic targets [228,229]. In rats, hyperglycaemia induces
vascularization defects in the yolk sac, concomitant with
embryopathies in the embryo [230,231]. The content of
almost all types of fatty acids in yolk sacs from hyperglycae-
mic rats is higher than the amount found in embryos [232].
Conversely, the morphology of placentas from diabetic
mothers do not differ from placentas from non-diabetic
mothers, but they do histopathologically [233–235]. Rat
embryos with in vitro or in vivo addition of arachidonic
acid, a long-chain fatty acid, or with myo-inositol, a sugar
alcohol, reduce the incidence of neural tube defects
[232,236,237]. Arachidonic acid is created from precursor
fatty acids, and in diabetic rats, this process is defective;
human studies have reported the same [238,239]. Myo-
inositol, which has insulin-like properties, improves glucose
uptake and inhibits lipolysis in treated cells, and reduces
insulin resistance in women with GDM [240,241]. How
arachidonic acid and myo-inositol supplementation
achieve these embryopathy-reducing effects in a hyper-
glycaemic environment is unclear, but because arachidonic
acid is enriched in phosphatidylinositol, and phospholipid
metabolism by PI3-K is requisite in insulin signalling as is
the inositol phosphoglycan pathway, it could be that insuffi-
cient levels of arachidonic acid and inositol in diabetics
affect insulin signalling [242–244].
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In the last few decades, there has been increased interest
in novel therapeutics, such as antibody treatment and gene
therapy. Antibody treatment has yielded promising results
in humans. In T1DM patients, anti-CD3 therapy has been
shown to reverse hyperglycaemia and improve insulin pro-
duction up to a year after injection; anti-C20 therapy has
been shown to delay β cell degradation, though it does not
halt the disease; and anti-CD2 therapy has been shown to
improve β cell function, even a year after therapy ended
[245–247]. The challenge has been in maintaining the positive
effects long-term and eradicating the root cause of the dis-
ease. For T2DM, antibodies against amyloid polypeptide
have been developed, blocking aggregate formation and
reducing T2DM symptoms; however, this has only been
tested in mice [248]. None of these antibodies have been
tested in pregnant women, but ethical concerns arise in
such possible studies. Gene therapy for diabetes has success-
fully reversed the obese and consequent diabetic phenotype
in Lepob/ob mice, and in NOD mice, gene therapy has been
shown to return blood glucose to normal levels in 80% of
mice [249,250]. Trials of human gene transfer to treat T1DM
have been approved in humans [251].
9. Conclusion
Environmental, lifestyle and genetic factors contribute to dia-
betes mellitus, a metabolic disease affecting insulin
production and usage that can be further categorized by
the molecular characterization of disease onset. T1DM is an
autoimmune disease caused by the body destroying its own
insulin-producing pancreatic β cells [10]. T2DM is typically
acquired due to poor diet and subsequent insulin resistance,
leading to dangerous increases in blood glucose, ultimately
killing pancreatic β cells [51]. GDM can be acquired during
pregnancy due to natural changes in maternal metabolism,
but T2DM can then develop in the mother after pregnancy
[36]. Regardless of the type of diabetes a pregnant woman
has, whether onset during pregnancy or present prior to it,
adverse health outcomes in her and her child are more
likely to occur compared to non-diabetic mothers, and a
baby born to a diabetic mother is more likely to develop
diabetes [11,191,199]. With the global rise in diabetes and
the high costs of diabetic pharmaceuticals, both health and
economic crises loom.

Mice and rats are the most common animal models of dia-
betes. There are chemical, dietary, genetic and viral methods
of studying diabetes, each with varying efficiency and
analogy to disease progression in humans. When not focused
on GDM or maternal diabetes, most of these studies use male
rodents, proving problematic when applied to female rodents
because of sex differences in disease severity and conse-
quences in both rodents and humans [217]. Furthermore,
several strains of female rodents, or female rodents under
chemical or dietary treatment, exhibit resistance to develop-
ing diabetes [60,137–140,144–146,153,157]. Reproductive
ability in some rodent strains used for diabetic studies can
also be affected [119–125].

In humans, lifestyle factors contributing to T2DM and
GDM have been clearly established [91,109,110]. Ongoing
studies are attempting to discern the roles of identified
genes, such as TCF7L2, KCNJ11, GCK, MTNR1B and
CDKAL1, most of which are involved in adipogenesis, insulin
secretion or glucose metabolism [221–223,225,226]. However,
there is a great need to replicate these studies in non-White
populations, particularly because the prevalence of diabetes
is increasing more in non-Western countries [94]. Though
there are drugs that can be used to treat diabetes during preg-
nancy, the safety and efficacy of most oral medications remain
to be elucidated in this population. Of the diabetes medi-
cations that are currently used, the long-term effects on the
child are not well known [24,206]. Diabetic antibody thera-
peutics are a rather new treatment with good short-term
outcomes, but they have not been tested in pregnant
women [245–247]. Diabetic gene therapy is another potential
treatment, though clinical trials remain to establish their
safety and efficacy in people, much less in pregnant
women. Because diabetes in pregnancy puts the child at
risk of diabetes development, finding safer, more cost-effec-
tive treatment options that target genes or molecular
etiologies across ethnically diverse pregnant women can
help halt the recursive, increasing trend of diabetes.
Data accessibility. The data are provided in electronic supplementary
material [252].

Authors’ contributions. C.G.C.: conceptualization, writing—original draft,
writing—review and editing; R.J.P.: conceptualization, supervision,
writing—review and editing.

Both authors gave final approval for publication and agreed to be
held accountable for the work performed therein.

Conflict of interest declaration. We declare we have no competing interests.

Funding. This work is supported by the Mike Hogg fund and the
NICHD grant nos. R01-HD099252 and R01-HD098131 (R.J.P.)
grants. R.J.P. is a CPRIT Scholar in Cancer Research.
Acknowledgements. We wish to thank all members of the laboratory for
feedback on the manuscript.
References
1. Sharpey-Schäfer EA. 1916 The endocrine organs.
London, UK: Longmans, Green and Co.

2. Metz R. 1960 The effect of blood glucose
concentration on insulin output. Diabetes 9, 89–93.
(doi:10.2337/diab.9.2.89)

3. Wild S, Roglic G, Green A, Sicree R, King H. 2004
Global prevalence of diabetes: estimates for the year
2000 and projections for 2030. Diabetes Care 27,
1047–1053. (doi:10.2337/diacare.27.5.1047)
4. Sun H et al. 2022 IDF diabetes atlas: global, regional
and country-level diabetes prevalence estimates for
2021 and projections for 2045. Diabetes Res. Clin. Pract.
183, 109119. (doi:10.1016/j.diabres.2021.109119)

5. World Health Organization. 2021 Diabetes. See
https://www.who.int/news-room/fact-sheets/detail/
diabetes.

6. Bhutani J, Bhutani S. 2014 Worldwide burden
of diabetes. Indian J. Endocrinol. Metab.
18, 868–870. (doi:10.4103%2F2230-8210.
141388)

7. Bardenheier BH, Imperatore G, Devlin HM, Kim SY, Cho P,
Geiss LS. 2015 Trends in pre-pregnancy diabetes among
deliveries in 19 US states, 2000–2010. Am. J. Prev. Med.
48, 154–161. (doi:10.1016/j.amepre.2014.08.031)

8. Lawrence JM, Contreras R, Chen W, Sacks DA. 2008
Trends in the prevalence of preexisting diabetes and
gestational diabetes mellitus among a racially/

http://dx.doi.org/10.2337/diab.9.2.89
http://dx.doi.org/10.2337/diacare.27.5.1047
http://dx.doi.org/10.1016/j.diabres.2021.109119
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/diabetes
http://dx.doi.org/10.4103%2F2230-8210.141388
http://dx.doi.org/10.4103%2F2230-8210.141388
https://doi.org/10.1016/j.amepre.2014.08.031


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

12
ethnically diverse population of pregnant women,
1999–2005. Diabetes Care 31, 899–904. (doi:10.
2337/dc07-2345)

9. Chivese T et al. 2022 IDF diabetes atlas: the
prevalence of pre-existing diabetes in pregnancy - a
systematic review and meta-analysis of studies
published during 2010–2020. Diabetes Res. Clin.
Pract. 183, 109049. (doi:10.1016/j.diabres.2021.
109049)

10. Norris JM, Johnson RK, Stene LC. 2020 Type 1
diabetes—early life origins and changing
epidemiology. Lancet Diabetes Endocrinol. 8,
226–238. (doi: 10.1016/S2213-8587(19)
30412-7)

11. McCance DR, Casey C. 2019 Type 1 diabetes in
pregnancy. Endocrinol. Metab. Clin. 48, 495–509.
(doi:10.1016/j.ecl.2019.05.008)

12. Magon N, Chauhan M. 2012 Pregnancy in type 1
diabetes mellitus: how special are special issues?
North Am. J. Med. Sci. 4, 250–256. (doi:10.4103/
1947-2714.97202)

13. Weiss PA, Scholz HS, Haas J, Tamussino KF, Seissler
J, Borkenstein MH. 2000 Long-term follow-up of
infants of mothers with type 1 diabetes: evidence
for hereditary and nonhereditary transmission of
diabetes and precursors. Diabetes Care 23,
905–911. (doi:10.2337/diacare.23.7.905)

14. Dabelea D, Hanson RL, Lindsay RS, Pettitt DJ,
Imperatore G, Gabir MM, Roumain J, Bennett PH,
Knowler WC. 2000 Intrauterine exposure to diabetes
conveys risks for type 2 diabetes and obesity: a
study of discordant sibships. Diabetes 49,
2208–2211. (doi:10.2337/diabetes.49.12.2208)

15. Nathan DM. 2015 Diabetes - advances in diagnosis
and treatment. JAMA 314, 1052–1062. (10.1001/
jama.2015.9536)

16. Sabetsky V, Ekblom J. 2010 Insulin: a new era for an
old hormone. Pharmacol. Res. 61, 1–4. (doi:10.
1016/j.phrs.2009.07.010)

17. Cheung NW. 2009 The management of gestational
diabetes. Vasc. Health Risk Manag. 5, 153–164.
(doi:10.2147/vhrm.s3405)

18. Doder Z, Vanechanos D, Oster M, Landgraf W, Lin S.
2015 Insulin glulisine in pregnancy: experience from
clinical trials and post-marketing surveillance. Eur.
Endocrinol. 11, 17–20. (doi:10.17925/EE.2015.11.01.
17)

19. Koren R, Toledano Y, Hod M. 2015 The use of
insulin detemir during pregnancy: a safety
evaluation. Expert Opin. Drug Saf. 14, 593–599.
(doi:10.1517/14740338.2015.1013533)

20. Donner T, Sarkar S. 2019 Insulin – pharmacology,
therapeutic regimens, and principles of intensive
insulin therapy. See https://www.ncbi.nlm.nih.gov/
books/NBK278938/.

21. Sprio E, Lucotti P, Iadarola C, Bellingeri C, Beneventi
F, Lovati E. 2020 Use of insulin degludec in
pregnancy: two case reports and a literature review.
Endocr. Metab. Sci. 1, 100064. (doi:10.1016/j.
endmts.2020.100064)

22. Jethwani P, Saboo B, Jethwani L, Chawla R,
Maheshwari A, Agarwal S, Jaggi S. 2021 Use of
insulin glargine during pregnancy: a review.
Diabetes Metab. Syndr. Clin. Res. Rev. 15, 379–384.
(doi:10.1016/j.dsx.2021.01.012)

23. Tahrani AA, Barnett AH, Bailey CJ. 2016
Pharmacology and therapeutic implications of
current drugs for type 2 diabetes mellitus. Nat. Rev.
Endocrinol. 12, 566–592. (doi:10.1038/nrendo.2016.
86)

24. Cesta CE et al. 2019 Antidiabetic medication use
during pregnancy: an international utilization study.
BMJ Open Diabetes Res. Care 7, e000759. (doi:10.
1136/bmjdrc-2019-000759)

25. Dall TM, Yang W, Halder P, Pang B, Massoudi M,
Wintfield N, Semilla AP, Franz J, Hogan PF. 2014
The economic burden of elevated blood glucose
levels in 2012: diagnosed and undiagnosed
diabetes, gestational diabetes mellitus, and
prediabetes. Diabetes Care 37, 3172–3179. (doi:10.
2337/dc14-1036)

26. Mulcahy AW, Schwam D, Edenfield N. 2020
Comparing insulin prices in the US to other
countries. See https://aspe.hhs.gov/sites/default/
files/migrated_legacy_files//196281/Comparing-
Insulin-Prices.pdf.

27. World Health Organization. 2016 Global report on
diabetes. Washington, DC: World Health
Organization.

28. Rony HR. 1937 Observations on ‘Prediabetes’.
Endocrinology 21, 195–201. (doi:10.1210/endo-21-
2-195)

29. Centers for Disease Control and Prevention. 2020
National Diabetes Statistics Report, 2020. U.S. Dept
of Health and Human Services. See https://www.
cdc.gov/diabetes/pdfs/data/statistics/national-
diabetes-statistics-report.pdf.

30. American Diabetes Association. 2019 Classification
and diagnosis of diabetes: standards of medical care
in diabetes—2019. Diabetes Care 42(Supplement
1), S13–S28. (doi:10.2337/dc19-S002)

31. Sapra A, Bhandari P. 2021 Diabetes mellitus.
See https://www.ncbi.nlm.nih.gov/books/
NBK551501/.

32. Cerf ME. 2013 Beta cell dysfunction and insulin
resistance. Front. Endocrinol. 4, 37. (doi:10.3389/
fendo.2013.00037)

33. Petersen MC, Shulman GI. 2018 Mechanisms of
insulin action and insulin resistance. Physiol. Rev.
98, 2133–2223. (doi:10.1152/physrev.00063.2017)

34. Leibiger IB, Leibiger B, Berggren P-O. 2008 Insulin
signaling in the pancreatic β-cell. Annu. Rev. Nutr.
28, 233–251. (doi:10.1146/annurev.nutr.28.061807.
155530)

35. Metzger BE et al. 2007 Summary and
recommendations of the Fifth International
Workshop-Conference on Gestational Diabetes
Mellitus. Diabetes Care 30(Suppl 2), S251–S260.
(doi:10.2337/dc07-s225)

36. McIntyre HD, Catalano P, Zhang C, Desoye G,
Mathiesen ER, Damm P. 2019 Gestational diabetes
mellitus. Nat. Rev. Disease Primers 5, 1–19. (doi:10.
1038/s41572-019-0098-8)

37. World Health Organization. 2014 Diagnostic criteria
and classification of hyperglycaemia first detected in
pregnancy: a World Health Organization Guideline.
Diabetes Res. Clin. Pract. 103, 341–363. (doi:10.
1016/j.diabres.2013.10.012)

38. Casagrande SS, Linder B, Cowie CC. 2018 Prevalence
of gestational diabetes and subsequent type 2
diabetes among U.S. women. Diabetes Res. Clin.
Pract. 141, 200–208. (doi:10.1016/j.diabres.2018.
05.010)

39. Bonifacio E. 2015 Predicting Type 1 diabetes using
biomarkers. Diabetes Care 38, 989–996. (doi:10.
2337/dc15-0101)

40. Eyth E, Naik R. 2021 Hemoglobin A1C. See https://
www.ncbi.nlm.nih.gov/books/NBK549816/.

41. Genuth SM, Palmer JP, Nathan DM. 2018
Classification and diagnosis of diabetes. In Diabetes
in America (ed. CC Cowie et al.), 3rd edn. Bethesda,
MD: National Institute of Diabetes and Digestive
and Kidney Diseases.

42. Pihoker C, Gilliam LK, Hampe CS, Lernmark A. 2005
Autoantibodies in diabetes. Diabetes 54(Suppl 2),
S52–S61. (doi:10.2337/diabetes.54.suppl_2.s52)

43. Blaak EE et al. 2012 Impact of postprandial
glycaemia on health and prevention of disease.
Obes. Rev. 13, 923–984. (doi:10.1111/j.1467-789X.
2012.01011.x)

44. Marchetti P, Suleiman M, De Luca C, Baronti W, Bosi
E, Tesi M, Marselli L. 2020 A direct look at the
dysfunction and pathology of the β cells in human
type 2 diabetes. Semin. Cell Dev. Biol. 103, 83–93.
(doi:10.1016/j.semcdb.2020.04.005)

45. Foster DW, McGarry JD. 1983 The metabolic
derangements and treatment of diabetic
ketoacidosis. N Engl. J. Med. 309, 159–169. (doi:10.
1056/NEJM198307213090307)

46. Müller WA, Faloona GR, Aguilar-Parada E, Unger RH.
1970 Abnormal alpha-cell function in diabetes.
Response to carbohydrate and protein ingestion. N
Engl. J. Med. 283, 109–115. (doi:10.1056/
NEJM197007162830301)

47. Makrell DJ, Sokal JE. 1969 Antagonism between
the effects of insulin and glucagon on the isolated
liver. Diabetes 18, 724–732. (doi:10.2337/diab.18.
11.724)

48. Dhatariya KK, Glaser NS, Codner E, Umpierrez GE.
2020 Diabetic ketoacidosis. Nat. Rev. Disease Primers
6, 40. (10.1038/s41572-020-0165-1)

49. McGarry JD, Foster DW. 1977 Hormonal control of
ketogenesis. Biochemical considerations. Arch.
Intern. Med. 137, 495–501.

50. Boden G. 1996 Fatty acids and insulin resistance.
Diabetes Care 19, 394–395. (doi:10.2337/diacare.19.
4.394)

51. Marrif HI, Al-Sunousi SI. 2016 Pancreatic β cell mass
death. Front. Pharmacol. 7, 83. (doi:10.3389/fphar.
2016.00083)

52. Bach JF. 1995 Insulin-dependent diabetes mellitus
as a beta-cell targeted disease of
immunoregulation. J. Autoimmun. 8, 439–463.
(doi:10.1016/0896-8411(95)90001-2)

53. Mandrup-Poulsen T. 1996 The role of interleukin-
1 in.the pathogenesis of IDDM. Diabetologia 39,
1005–1029. (doi:10.1007/BF00400649)

54. Tabatabaie T, Vasquez-Weldon A, Moore DR, Kotake
Y. 2003 Free radicals and the pathogenesis of type 1

http://dx.doi.org/10.2337/dc07-2345
http://dx.doi.org/10.2337/dc07-2345
http://dx.doi.org/10.1016/j.diabres.2021.109049
http://dx.doi.org/10.1016/j.diabres.2021.109049
http://dx.doi.org/10.1016/S2213-8587(19)30412-7
http://dx.doi.org/10.1016/S2213-8587(19)30412-7
http://dx.doi.org/10.1016/j.ecl.2019.05.008
http://dx.doi.org/10.4103/1947-2714.97202
http://dx.doi.org/10.4103/1947-2714.97202
http://dx.doi.org/10.2337/diacare.23.7.905
http://dx.doi.org/10.2337/diabetes.49.12.2208
http://dx.doi.org/10.1001/jama.2015.9536
http://dx.doi.org/10.1001/jama.2015.9536
http://dx.doi.org/10.1016/j.phrs.2009.07.010
http://dx.doi.org/10.1016/j.phrs.2009.07.010
http://dx.doi.org/10.2147/vhrm.s3405
https://doi.org/10.17925/EE.2015.11.01.17
https://doi.org/10.17925/EE.2015.11.01.17
http://dx.doi.org/10.1517/14740338.2015.1013533
https://www.ncbi.nlm.nih.gov/books/NBK278938/
https://www.ncbi.nlm.nih.gov/books/NBK278938/
http://dx.doi.org/10.1016/j.endmts.2020.100064
http://dx.doi.org/10.1016/j.endmts.2020.100064
http://dx.doi.org/10.1016/j.dsx.2021.01.012
http://dx.doi.org/10.1038/nrendo.2016.86
http://dx.doi.org/10.1038/nrendo.2016.86
http://dx.doi.org/10.1136/bmjdrc-2019-000759
http://dx.doi.org/10.1136/bmjdrc-2019-000759
http://dx.doi.org/10.2337/dc14-1036
http://dx.doi.org/10.2337/dc14-1036
https://aspe.hhs.gov/sites/default/files/migrated_legacy_files//196281/Comparing-Insulin-Prices.pdf
https://aspe.hhs.gov/sites/default/files/migrated_legacy_files//196281/Comparing-Insulin-Prices.pdf
https://aspe.hhs.gov/sites/default/files/migrated_legacy_files//196281/Comparing-Insulin-Prices.pdf
http://dx.doi.org/10.1210/endo-21-2-195
http://dx.doi.org/10.1210/endo-21-2-195
https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf
https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf
https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf
http://dx.doi.org/10.2337/dc19-S002
https://www.ncbi.nlm.nih.gov/books/NBK551501/
https://www.ncbi.nlm.nih.gov/books/NBK551501/
http://dx.doi.org/10.3389/fendo.2013.00037
http://dx.doi.org/10.3389/fendo.2013.00037
http://dx.doi.org/10.1152/physrev.00063.2017
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155530
http://dx.doi.org/10.1146/annurev.nutr.28.061807.155530
http://dx.doi.org/10.2337/dc07-s225
http://dx.doi.org/10.1038/s41572-019-0098-8
http://dx.doi.org/10.1038/s41572-019-0098-8
http://dx.doi.org/10.1016/j.diabres.2013.10.012
http://dx.doi.org/10.1016/j.diabres.2013.10.012
http://dx.doi.org/10.1016/j.diabres.2018.05.010
http://dx.doi.org/10.1016/j.diabres.2018.05.010
http://dx.doi.org/10.2337/dc15-0101
http://dx.doi.org/10.2337/dc15-0101
https://www.ncbi.nlm.nih.gov/books/NBK549816/
https://www.ncbi.nlm.nih.gov/books/NBK549816/
http://dx.doi.org/10.2337/diabetes.54.suppl_2.s52
http://dx.doi.org/10.1111/j.1467-789X.2012.01011.x
http://dx.doi.org/10.1111/j.1467-789X.2012.01011.x
http://dx.doi.org/10.1016/j.semcdb.2020.04.005
http://dx.doi.org/10.1056/NEJM198307213090307
http://dx.doi.org/10.1056/NEJM198307213090307
http://dx.doi.org/10.1056/NEJM197007162830301
http://dx.doi.org/10.1056/NEJM197007162830301
http://dx.doi.org/10.2337/diab.18.11.724
http://dx.doi.org/10.2337/diab.18.11.724
http://dx.doi.org/10.1038/s41572-020-0165-1
http://dx.doi.org/10.2337/diacare.19.4.394
http://dx.doi.org/10.2337/diacare.19.4.394
http://dx.doi.org/10.3389/fphar.2016.00083
http://dx.doi.org/10.3389/fphar.2016.00083
http://dx.doi.org/10.1016/0896-8411(95)90001-2
http://dx.doi.org/10.1007/BF00400649


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

13
diabetes: beta-cell cytokine-mediated free radical
generation via cyclooxygenase-2. Diabetes 52,
1994–1999. (doi:10.2337/diabetes.52.8.1994)

55. Lukic ML, Stosic-Grujicic S, Ostojic N, Chan WL, Liew
FY. 1991 Inhibition of nitric oxide generation affects
the induction of diabetes by streptozocin in mice.
Biochem. Biophys. Res. Commun. 178, 913–920.
(doi:10.1016/0006-291x(91)90978-g)

56. Klöppel G, Löhr M, Habich K, Oberholzer M, Heitz
PU. 1985 Islet pathology and the pathogenesis of
type 1 and type 2 diabetes mellitus revisited. Survey
Synth. Pathol. Res. 4, 110–125. (doi:10.1159/
000156969)

57. MedlinePlus. 2022 Diabetes Type 1. See https://
medlineplus.gov/diabetestype1.html.

58. Kahn CR. 1978 Insulin resistance, insulin
insensitivity, and insulin unresponsiveness: a
necessary distinction. Metabolism 27(12 Suppl 2),
1893–1902. (doi:10.1016/s0026-0495(78)80007-9)

59. Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S,
Eizirik DL. 2005 Mechanisms of pancreatic beta-cell
death in type 1 and type 2 diabetes: many
differences, few similarities. Diabetes 54(Suppl 2),
S97–S107. (doi:10.2337/diabetes.54.suppl_2.s97)

60. Verchere CB, D’Alessio DA, Palmiter RD, Weir GC,
Bonner-Weir S, Baskin DG, Kahn SE. 1996 Islet
amyloid formation associated with hyperglycemia in
transgenic mice with pancreatic beta cell expression
of human islet amyloid polypeptide. Proc. Natl
Acad. Sci. USA 93, 3492–3496. (doi:10.1073/pnas.
93.8.3492)

61. Harding HP, Ron D. 2002 Endoplasmic reticulum
stress and the development of diabetes: a review.
Diabetes 51(Suppl 3), S455–S461. (doi:10.2337/
diabetes.51.2007.s455)

62. Ihara Y, Toyokuni S, Uchida K, Odaka H, Tanaka T,
Ikeda H, Hiai H, Seino Y, Yamada Y. 1999
Hyperglycemia causes oxidative stress in pancreatic
beta-cells of GK rats, a model of type 2 diabetes.
Diabetes 48, 927–932. (doi:10.2337/diabetes.48.4.
927)

63. Grill V, Björklund A. 2001 Overstimulation and beta-
cell function. Diabetes 50(Suppl 1), S122–S124.
(doi:10.2337/diabetes.50.2007.s122)

64. Bishoyi A, Roham P, Rachineni K, Save S, Hazari M,
Sharma S, Kumar A. 2021 Human islet amyloid
polypeptide (hIAPP) - a curse in type II diabetes
mellitus: insights from structure and toxicity studies.
Biol. Chem. 402, 133–153. (doi:10.1515/hsz-2020-
0174)

65. Harris MI, Klein R, Welborn TA, Knuiman MW. 1992
Onset of NIDDM occurs at least 4–7 yr before
clinical diagnosis. Diabetes Care 15, 815–819.
(doi:10.2337/diacare.15.7.815)

66. MedlinePlus. 2022 Diabetes Type 2. Retrieved 12
February 2022 from https://medlineplus.gov/
diabetestype2.html.

67. Lain KY, Catalano PM. 2007 Metabolic changes in
pregnancy. Clin. Obstet. Gynecol. 50, 938–948.
(doi:10.1097/GRF.0b013e31815a5494)

68. Catalano PM, Huston L, Amini SB, Kalhan SC. 1999
Longitudinal changes in glucose metabolism during
pregnancy in obese women with normal glucose
tolerance and gestational diabetes mellitus.
Am. J. Obstet. Gynecol. 180, 903–916. (doi:10.1016/
s0002-9378(99)70662-9)

69. Catalano PM, Tyzbir ED, Wolfe RR, Calles J, Roman
NM, Amini SB, Sims EA. 1993 Carbohydrate
metabolism during pregnancy in control subjects
and women with gestational diabetes.
Am. J. Physiol. 264(1 Pt 1), E60–E67. (doi:10.1152/
ajpendo.1993.264.1.E60)

70. Catalano PM. 2014 Trying to understand gestational
diabetes. Diabetic Med. 31, 273–281. (doi:10.1111/
dme.12381)

71. Okuno S, Akazawa S, Yasuhi I, Kawasaki E,
Matsumoto K, Yamasaki H, Matsuo H, Yamaguchi Y,
Nagataki S. 1995 Decreased expression of the GLUT4
glucose transporter protein in adipose tissue during
pregnancy. Hormone Metab. Res. 27, 231–234.
(doi:10.1055/s-2007-979946)

72. Winkler G et al. 2002 Tumor necrosis factor system
in insulin resistance in gestational diabetes. Diabetes
Res. Clin. Pract. 56, 93–99. (doi:10.1016/s0168-
8227(01)00355-2)

73. Mayo Clinic. 2020 Gestational diabetes. See https://
www.mayoclinic.org/diseases-conditions/
gestational-diabetes/symptoms-causes/syc-
20355339.

74. Cardwell CR et al. 2010 Maternal age at birth and
childhood type 1 diabetes: a pooled analysis of 30
observational studies. Diabetes 59, 486–494.
(doi:10.2337/db09-1166)

75. Magnus MC et al. 2018 Paternal and maternal
obesity but not gestational weight gain is
associated with type 1 diabetes. Int. J. Epidemiol.
47, 417–426. (doi:10.1093/ije/dyx266)

76. Waernbaum I, Dahlquist G, Lind T. 2019 Perinatal
risk factors for type 1 diabetes revisited: a
population-based register study. Diabetologia 62,
1173–1184. (doi:10.1007/s00125-019-4874-5)

77. Rewers M, Stene LC, Norris JM. 2018 Risk factors for
Type 1 diabetes. In Diabetes in America (ed. CC
Cowie et al.), 3rd edn. Bethesda, MD: National
Institute of Diabetes and Digestive and Kidney
Diseases.

78. Cudworth AG, Woodrow JC. 1975 Evidence for HL-A-
linked genes in "juvenile" diabetes mellitus. Br.
Med. J. 3, 133–135. (doi:10.1136/bmj.3.5976.133)

79. Shiina T, Hoshimichi K, Inoko H, Kulski JK. 2009 The
HLA genomic loci map: expression, interaction,
diversity and disease. J. Hum. Genet. 54, 15–39.
(doi:10.1038/jhg.2008.5)

80. Censin JC, Nowak C, Cooper N, Bergsten P, Todd JA,
Fall T. 2017 Childhood adiposity and risk of type 1
diabetes: a Mendelian randomization study. PLoS
Med. 14, e1002362. (doi:10.1371/journal.pmed.
1002362)

81. Lamb MM, Frederiksen B, Seifert JA, Kroehl M,
Rewers M, Norris JM. 2015 Sugar intake is
associated with progression from islet
autoimmunity to type 1 diabetes: the diabetes
autoimmunity study in the young. Diabetologia 58,
2027–2034. (doi:10.1007%2Fs00125-015-3657-x)

82. Frederiksen B, Kroehl M, Lamb MM, Seifert J,
Barriga K, Eisernbarth GS, Rewers M, Norris JM.
2013 Infant exposures and development of type 1
diabetes mellitus: the Diabetes Autoimmunity Study
in the Young (DAISY). JAMA Pediatrics 167,
808–815. (doi:10.1001%2Fjamapediatrics.2013.317)

83. Lamb MM, Miller M, Seifert JA, Frederiksen B,
Kroehl M, Rewers M, Norris JM. 2015 The effect of
childhood cow’s milk intake and HLA-DR genotype
on risk of islet autoimmunity and type 1 diabetes:
the Diabetes Autoimmunity Study in the Young
(DAISY). Pediatr. Diabetes 16, 31–38. (doi:10.
1111%2Fpedi.12115)

84. Funda DP, Kaas A, Bock T, Tlaskalová-Hogenová H,
Buschard K. 1999 Gluten-free diet prevents diabetes
in NOD mice. Diabetes Metab. Res. Rev. 15,
323–327. (doi:10.1002/(sici)1520-7560(199909/
10)15:5<323::aid-dmrr53>3.0.co;2-p)

85. Mariño E et al. 2017 Gut microbial metabolites limit
the frequency of autoimmune T cells and protect
against type 1 diabetes. Nat. Immunol. 18,
552–562. (doi:10.1038/ni.3713)

86. Antvorskov JC et al. 2018 Association between
maternal gluten intake and type 1 diabetes in
offspring: national prospective cohort study in
Denmark. BMJ (Clinical Research ed.) 362, k3547.
(doi:10.1136/bmj.k3547)

87. Lund-Blix NA, Tapia G, Mårild K, Brantsaeter AL,
Njølstad PR, Joner G, Skrivarhaug T, Størdal K, Stene
LC. 2020 Maternal and child gluten intake and
association with type 1 diabetes: The Norwegian
Mother and Child Cohort Study. PLoS Med. 17,
e1003032. (doi:10.1371/journal.pmed.1003032)

88. Green J, Casabonne D, Newton R. 2004 Coxsackie B
virus serology and type 1 diabetes mellitus: a
systematic review of published case-control studies.
Diabetic Med. 21, 507–514. (doi:10.1111/j.1464-
5491.2004.01182.x)

89. Laitinen OH et al. 2014 Coxsackievirus B1 is
associated with induction of β-cell autoimmunity
that portends type 1 diabetes. Diabetes 63,
446–455. (doi:10.2337/db13-0619)

90. Leslie RD et al. 2021 Adult-onset type 1 diabetes:
current understanding and challenges. Diabetes Care
44, 2449–2456. (doi:10.2337/dc21-0770)

91. Bellou V, Belbasis L, Tzoulaki I, Evangelou E. 2018 Risk
factors for type 2 diabetes mellitus: an exposure-wide
umbrella review of meta-analyses. PLoS ONE 13,
e0194127. (doi:10.1371/journal.pone.0194127)

92. Sami W, Ansari T, Butt NS, Ab Hamid MR. 2017
Effect of diet on type 2 diabetes mellitus: a review.
Int. J. Health Sci. 11, 65–71.

93. Kopp W. 2019 How western diet and lifestyle drive
the pandemic of obesity and civilization diseases.
Diabetes, Metab. Syndr. Obesity 12, 2221–2236.
(10.2147/DMSO.S216791)

94. Shaw JE, Sicree RA, Zimmet PZ. 2010 Global
estimates of the prevalence of diabetes for 2010
and 2030. Diabetes Atlas 87, 4–14. (doi:10.1016/j.
diabres.2009.10.007)

95. Gaskin DJ, Thorpe RJ, McGinty EE, Bower K, Rohde
C, Young JH, LaVeist TA, Dubay L. 2014 Disparities
in diabetes: the nexus of race, poverty, and place.
Am. J. Public Health 104, 2147–2155. (doi:10.2105/
AJPH.2013.301420)

http://dx.doi.org/10.2337/diabetes.52.8.1994
http://dx.doi.org/10.1016/0006-291x(91)90978-g
http://dx.doi.org/10.1159/000156969
http://dx.doi.org/10.1159/000156969
https://medlineplus.gov/diabetestype1.html
https://medlineplus.gov/diabetestype1.html
http://dx.doi.org/10.1016/s0026-0495(78)80007-9
http://dx.doi.org/10.2337/diabetes.54.suppl_2.s97
http://dx.doi.org/10.1073/pnas.93.8.3492
http://dx.doi.org/10.1073/pnas.93.8.3492
http://dx.doi.org/10.2337/diabetes.51.2007.s455
http://dx.doi.org/10.2337/diabetes.51.2007.s455
http://dx.doi.org/10.2337/diabetes.48.4.927
http://dx.doi.org/10.2337/diabetes.48.4.927
http://dx.doi.org/10.2337/diabetes.50.2007.s122
http://dx.doi.org/10.1515/hsz-2020-0174
http://dx.doi.org/10.1515/hsz-2020-0174
http://dx.doi.org/10.2337/diacare.15.7.815
https://medlineplus.gov/diabetestype2.html
https://medlineplus.gov/diabetestype2.html
http://dx.doi.org/10.1097/GRF.0b013e31815a5494
http://dx.doi.org/10.1016/s0002-9378(99)70662-9
http://dx.doi.org/10.1016/s0002-9378(99)70662-9
http://dx.doi.org/10.1152/ajpendo.1993.264.1.E60
http://dx.doi.org/10.1152/ajpendo.1993.264.1.E60
http://dx.doi.org/10.1111/dme.12381
http://dx.doi.org/10.1111/dme.12381
http://dx.doi.org/10.1055/s-2007-979946
http://dx.doi.org/10.1016/s0168-8227(01)00355-2
http://dx.doi.org/10.1016/s0168-8227(01)00355-2
https://www.mayoclinic.org/diseases-conditions/gestational-diabetes/symptoms-causes/syc-20355339
https://www.mayoclinic.org/diseases-conditions/gestational-diabetes/symptoms-causes/syc-20355339
https://www.mayoclinic.org/diseases-conditions/gestational-diabetes/symptoms-causes/syc-20355339
https://www.mayoclinic.org/diseases-conditions/gestational-diabetes/symptoms-causes/syc-20355339
http://dx.doi.org/10.2337/db09-1166
http://dx.doi.org/10.1093/ije/dyx266
http://dx.doi.org/10.1007/s00125-019-4874-5
http://dx.doi.org/10.1136/bmj.3.5976.133
http://dx.doi.org/10.1038/jhg.2008.5
http://dx.doi.org/10.1371/journal.pmed.1002362
http://dx.doi.org/10.1371/journal.pmed.1002362
http://dx.doi.org/10.1007%2Fs00125-015-3657-x
http://dx.doi.org/10.1001%2Fjamapediatrics.2013.317
http://dx.doi.org/10.1111%2Fpedi.12115
http://dx.doi.org/10.1111%2Fpedi.12115
http://dx.doi.org/10.1002/(sici)1520-7560(199909/10)15:5%3C323::aid-dmrr53%3E3.0.co;2-p
http://dx.doi.org/10.1002/(sici)1520-7560(199909/10)15:5%3C323::aid-dmrr53%3E3.0.co;2-p
http://dx.doi.org/10.1038/ni.3713
http://dx.doi.org/10.1136/bmj.k3547
http://dx.doi.org/10.1371/journal.pmed.1003032
http://dx.doi.org/10.1111/j.1464-5491.2004.01182.x
http://dx.doi.org/10.1111/j.1464-5491.2004.01182.x
http://dx.doi.org/10.2337/db13-0619
http://dx.doi.org/10.2337/dc21-0770
http://dx.doi.org/10.1371/journal.pone.0194127
http://dx.doi.org/10.2147/DMSO.S216791
http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://dx.doi.org/10.1016/j.diabres.2009.10.007
https://doi.org/10.2105/AJPH.2013.301420
https://doi.org/10.2105/AJPH.2013.301420


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

14
96. Horikawa Y et al. 2000 Genetic variation in the gene
encoding calpain-10 is associated with type 2
diabetes mellitus. Nat. Genet. 26, 163–175. (doi:10.
1038/79876)

97. Grant SF et al. 2006 Variant of transcription factor
7-like 2 (TCF7L2) gene confers risk of type 2
diabetes. Nat. Genet. 38, 320–323. (doi:10.1038/
ng1732)

98. Altshuler D et al. 2000 The common PPARgamma
Pro12Ala polymorphism is associated with
decreased risk of type 2 diabetes. Nat. Genet. 26,
76–80. (doi:10.1038/79216)

99. Laakso M, Malkki M, Kekäläinen P, Kuusisto J, Deeb
SS. 1994 Insulin receptor substrate-1 variants in
non-insulin-dependent diabetes. J. Clin. Invest. 94,
1141–1146. (doi:10.1172/JCI117429)

100. Withers DJ et al. 1998 Disruption of IRS-2 causes
type 2 diabetes in mice. Nature 391, 900–904.
(doi:10.1038/36116)

101. Gloyn AL et al. 2003 Large-scale association studies
of variants in genes encoding the pancreatic beta-
cell KATP channel subunits Kir6.2 (KCNJ11) and
SUR1 (ABCC8) confirm that the KCNJ11 E23 K
variant is associated with type 2 diabetes.
Diabetes 52, 568–572. (doi:10.2337/diabetes.
52.2.568)

102. Sandhu MS et al. 2007 Common variants in WFS1
confer risk of type 2 diabetes. Nat. Genet. 39,
951–953. (doi:10.1038/ng2067)

103. Yamagata K et al. 1996 Mutations in the hepatocyte
nuclear factor-1alpha gene in maturity-onset
diabetes of the young (MODY3). Nature 384,
455–458. (doi:10.1038/384455a0)

104. Horikawa Y et al. 1997 Mutation in hepatocyte
nuclear factor-1 beta gene (TCF2) associated with
MODY. Nat. Genet. 17, 384–385. (doi:10.1038/
ng1297-384)

105. Silander K et al. 2004 Genetic variation near the
hepatocyte nuclear factor-4 alpha gene predicts
susceptibility to type 2 diabetes. Diabetes 53,
1141–1149. (doi:10.2337/diabetes.53.4.1141)

106. Köbberling J, Tillil H. 1982 Empirical risk figures for
first-degree relatives of non-insulin dependent
diabetics. In The genetics of diabetes mellitus (eds J
Köbberling, R Tattersall), pp. 201–209. New York,
NY: Academic Press.

107. Groop L et al. 1996 Metabolic consequences of a
family history of NIDDM (the Botnia study):
evidence for sex-specific parental effects. Diabetes
45, 1585–1593. (doi:10.2337/diab.45.11.1585)

108. Ma RCW, Tutino GE, Lillycrop KA, Hanson MA, Tam
WH. 2015 Maternal diabetes, gestational diabetes
and the role of epigenetics in their long term
effects on offspring. Prog. Biophys. Mol. Biol. 118,
55–68. (doi:10.1016/j.pbiomolbio.2015.02.010)

109. Solomon CG et al. 1997 A prospective study of
pregravid determinants of gestational diabetes
mellitus. JAMA 278, 1078–1083.

110. Zhang C, Solomon CG, Manson JE, Hu FB. 2006 A
prospective study of pregravid physical activity and
sedentary behaviors in relation to the risk for
gestational diabetes mellitus. Arch. Intern. Med.
166, 543–548. (doi:10.1001/archinte.166.5.543)
111. Martin AO, Simpson JL, Ober C, Freinkel N. 1985
Frequency of diabetes mellitus in mothers of
probands with gestational diabetes: possible
maternal influence on the predisposition to
gestational diabetes. Am. J. Obstet. Gynecol. 151,
471–475. (doi:10.1016/0002-9378(85)90272-8)

112. Savona-Ventura C, Chircop M. 2003 Birth weight
influence on the subsequent development of
gestational diabetes mellitus. Acta Diabetol. 40,
101–104. (doi:10.1007/s005920300013)

113. Williams MA, Qiu C, Dempsey JC, Luthy DA. 2003
Familial aggregation of type 2 diabetes and chronic
hypertension in women with gestational diabetes
mellitus. J. Reprod. Med. 48, 955–962.

114. Retnakaran R, Kramer CK, Ye C, Kew S, Hanley AJ,
Connelly PW, Sermer M, Zinman B. 2015 Fetal sex
and maternal risk of gestational diabetes mellitus:
the impact of having a boy. Diabetes Care 38,
844–851. (doi:10.2337/dc14-2551)

115. Hinkle SN, Buck Louis GM, Rawal S, Zhu Y, Albert
PS, Zhang C. 2016 A longitudinal study of
depression and gestational diabetes in pregnancy
and the postpartum period. Diabetologia 59,
2594–2602. (doi:10.1007/s00125-016-4086-1)

116. Smarr MM, Grantz KL, Zhang C, Sundaram R,
Maisog JM, Barr DB, Louis GM. 2016 Persistent
organic pollutants and pregnancy complications. Sci.
Total Environ. 551–552, 285–291. (doi:10.1016/j.
scitotenv.2016.02.030)

117. Zhang C, Sundaram R, Maisog J, Calafat AM, Barr
DB, Buck Louis GM. 2015 A prospective study of
prepregnancy serum concentrations of
perfluorochemicals and the risk of gestational
diabetes. Fertil. Steril 103, 184–189. (doi:10.1016/j.
fertnstert.2014.10.001)

118. Zhang C, Bao W, Rong Y, Yang H, Bowers K, Yeung
E, Kiely M. 2013 Genetic variants and the risk of
gestational diabetes mellitus: a systematic review.
Hum. Reprod. Update 19, 376–390. (doi:10.1093/
humupd/dmt013)

119. Chelich AM, Edmonds ES. 1981 Copulatory behavior
and reproductive capacity of the genetically obese
female Zucker rat. Physiol. Behav. 27, 331–335.
(doi:10.1016/0031-9384(81)90276-6)

120. Zucker LM, Zucker TF. 1961 Fatty, a new mutation
in the rat. J. Hered. 52, 275–278. (doi:10.1093/
oxfordjournals.jhered.a107093)

121. Pinto-Souza AR, Firetto C, Pérez-Arana G, Lechuga-
Sancho AM, Prada-Oliveira JA. 2016 Differences in
the estrous cycles of Goto-Kakizaki and Wistar rats.
Lab. Anim. (NY) 45, 143–148. (doi:10.1038/laban.
980)

122. Watanobe H, Yoneda M, Kohsaka A, Kakizaki Y,
Suda T, Schiöth HB. 2001 Normalization of
circulating leptin levels by fasting improves the
reproductive function in obese OLETF female rats.
Neuropeptides 35, 45–49. (doi:10.1054/npep.2000.
0842)

123. Garris DR, West RL, Pekala PH. 1986 Ultrastructural
and metabolic changes associated with reproductive
tract atrophy and adiposity in diabetic female mice.
Anat. Record 216, 359–366. (doi:10.1002/ar.
1092160304)
124. Malik NM, Carter ND, Murray JF, Scaramuzzi RJ,
Wilson CA, Stock MJ. 2001 Leptin requirement for
conception, implantation, and gestation in the
mouse. Endocrinology 142, 5198–5202. (doi:10.
1210/endo.142.12.8535)

125. Bielschowsky F, Bielschowsky M. 1956 The New
Zealand strain of obese mice; their response
to stilboestrol and to insulin. Aust. J. Exp. Biol.
Med. Sci. 34, 181–198. (doi:10.1038/icb.
1956.22)

126. Vavra JJ, Deboer C, Dietz A, Hanka LJ, Sokolski WT.
1959 Streptozotocin, a new antibacterial antibiotic.
Antibiot. Annu. 7, 230–235.

127. King AJF. 2012 The use of animal models in
diabetes research. Br. J. Pharmacol. 166, 877–894.
(10.1111/j.1476-5381.2012.01911.x)

128. Wu J, Yan L-J. 2015 Streptozotocin-induced type 1
diabetes in rodents as a model for studying
mitochondrial mechanisms of diabetic β cell
glucotoxicity. Diabetes Metab. Syndr. Obesity 8,
181–188. (10.2147/DMSO.S82272)

129. Lenzen S. 2008 The mechanisms of alloxan- and
streptozotocin-induced diabetes. Diabetologia 51,
216–226. (doi:10.1007/s00125-007-0886-7)

130. Sandler S, Swenne I. 1983 Streptozotocin, but not
alloxan, induces DNA repair synthesis in mouse
pancreatic islets in vitro. Diabetologia 25, 444–447.
(doi:10.1007/bf00282526)

131. Ighodaro OM, Adeosun AM, Akinloye OA. 2017
Alloxan-induced diabetes, a common model for
evaluating the glycemic-control potential of
therapeutic compounds and plants extracts in
experimental studies. Medicina 53, 365–374.
(doi:10.1016/j.medici.2018.02.001)

132. Deeds MC, Anderson JM, Armstrong AS, Gastineau
DA, Hiddinga HJ, Jahangir A, Eberhardt NL, Kudva
YC. 2011 Single dose streptozotocin-induced
diabetes: considerations for study design in islet
transplantation models. Lab. Anim. 45, 131–140.
(10.1258/la.2010.010090)

133. Wang-Fischer Y, Garyantes T. 2018 Improving the
reliability and utility of streptozotocin-induced rat
diabetic model. J. Diabetes Res. 2018, 14. (doi:10.
1155/2018/8054073)

134. Kim J, Kim YY, Nguyen PTT, Nam H, Suh JG. 2020
Sex differences in glucose metabolism of
streptozotocin-induced diabetes inbred mice
(C57BL/6 J). Appl. Biol. Chem. 63, 1–8. (doi:10.
1186/s13765-020-00547-5)

135. Leiter EH. 1982 Multiple low-dose streptozotocin-
induced hyperglycemia and insulitis in C57BL mice:
influence of inbred background, sex, and thymus.
Proc. Natl Acad. Sci. USA 79, 630–634. (doi:10.
1073/pnas.79.2.630)

136. Kolb H. 1987 Mouse models of insulin dependent
diabetes: low-dose streptozocin-induced diabetes
and nonobese diabetic (NOD) mice. Diabetes Metab.
Revi. 3, 751–778. (doi:10.1002/dmr.5610030308)

137. Saadane A, Lessieur EM, Du Y, Liu H, Kern TS. 2020
Successful induction of diabetes in mice
demonstrates no gender difference in development
of early diabetic retinopathy. PLoS ONE 15, 9.
(doi:10.1371/journal.pone.0238727)

http://dx.doi.org/10.1038/79876
http://dx.doi.org/10.1038/79876
http://dx.doi.org/10.1038/ng1732
http://dx.doi.org/10.1038/ng1732
http://dx.doi.org/10.1038/79216
http://dx.doi.org/10.1172/JCI117429
http://dx.doi.org/10.1038/36116
http://dx.doi.org/10.2337/diabetes.52.2.568
http://dx.doi.org/10.2337/diabetes.52.2.568
http://dx.doi.org/10.1038/ng2067
http://dx.doi.org/10.1038/384455a0
http://dx.doi.org/10.1038/ng1297-384
http://dx.doi.org/10.1038/ng1297-384
http://dx.doi.org/10.2337/diabetes.53.4.1141
http://dx.doi.org/10.2337/diab.45.11.1585
http://dx.doi.org/10.1016/j.pbiomolbio.2015.02.010
http://dx.doi.org/10.1001/archinte.166.5.543
http://dx.doi.org/10.1016/0002-9378(85)90272-8
http://dx.doi.org/10.1007/s005920300013
http://dx.doi.org/10.2337/dc14-2551
http://dx.doi.org/10.1007/s00125-016-4086-1
http://dx.doi.org/10.1016/j.scitotenv.2016.02.030
http://dx.doi.org/10.1016/j.scitotenv.2016.02.030
http://dx.doi.org/10.1016/j.fertnstert.2014.10.001
http://dx.doi.org/10.1016/j.fertnstert.2014.10.001
http://dx.doi.org/10.1093/humupd/dmt013
http://dx.doi.org/10.1093/humupd/dmt013
http://dx.doi.org/10.1016/0031-9384(81)90276-6
http://dx.doi.org/10.1093/oxfordjournals.jhered.a107093
http://dx.doi.org/10.1093/oxfordjournals.jhered.a107093
http://dx.doi.org/10.1038/laban.980
http://dx.doi.org/10.1038/laban.980
http://dx.doi.org/10.1054/npep.2000.0842
http://dx.doi.org/10.1054/npep.2000.0842
http://dx.doi.org/10.1002/ar.1092160304
http://dx.doi.org/10.1002/ar.1092160304
http://dx.doi.org/10.1210/endo.142.12.8535
http://dx.doi.org/10.1210/endo.142.12.8535
http://dx.doi.org/10.1038/icb.1956.22
http://dx.doi.org/10.1038/icb.1956.22
http://dx.doi.org/10.1111/j.1476-5381.2012.01911.x
http://dx.doi.org/10.2147/DMSO.S82272
http://dx.doi.org/10.1007/s00125-007-0886-7
http://dx.doi.org/10.1007/bf00282526
http://dx.doi.org/10.1016/j.medici.2018.02.001
http://dx.doi.org/10.1258/la.2010.010090
http://dx.doi.org/10.1155/2018/8054073
http://dx.doi.org/10.1155/2018/8054073
http://dx.doi.org/10.1186/s13765-020-00547-5
http://dx.doi.org/10.1186/s13765-020-00547-5
http://dx.doi.org/10.1073/pnas.79.2.630
http://dx.doi.org/10.1073/pnas.79.2.630
http://dx.doi.org/10.1002/dmr.5610030308
http://dx.doi.org/10.1371/journal.pone.0238727


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

15
138. Clark JB, Palmer CJ, Shaw WN. 1983 The diabetic
Zucker fatty rat. Proceedings of the society for
experimental biology and medicine. Soc. Exp. Biol.
Med. (New York, N.Y.) 173, 68–75. (doi:10.3181/
00379727-173-41611)

139. Zunino SJ, Simons LF, Sambrook JF, Gething MJ.
1994 Interleukin-1 promotes hyperglycemia and
insulitis in mice normally resistant to
streptozotocin-induced diabetes. Am. J. Pathol. 145,
661–670.

140. Beach EF, Bradshaw PJ, Blatherwick NR. 1951
Alloxan diabetes in the albino rat as influenced by
sex. Am. J. Physiol. 166, 364–373. (doi:10.1152/
ajplegacy.1951.166.2.364)

141. Surwit RS, Kuhn CM, Cochrane C, McCubbin JA,
Feinglos MN. 1988 Diet-induced type ii diabetes in
C57BL/6 J mice. Diabetes 37, 1163–1167. (doi:10.
2337/diab.37.9.1163)

142. Gheibi S, Khasfi K, Ghaseim A. 2017 A practical
guide for induction of type-2 diabetes in rat:
Incorporating a high-fat diet and streptozotocin.
Biomed. Pharmacother. 95, 605–613. (doi:10.1016/
j.biopha.2017.08.098)

143. Lian J, Xiang Y, Guo L, Hu W, Ji W, Gong B. 2007
The use of high-fat/carbohydrate diet-fed and
streptozotocin-treated mice as a suitable animal
model of type 2 diabetes mellitus. Scand. J. Lab.
Anim. Sci. 34, 21–29. (doi:10.23675/sjlas.v34i1.115)

144. Pettersson US, Waldén TB, Carlsson PO, Jansson L,
Phillipson M. 2012 Female mice are protected
against high-fat diet induced metabolic syndrome
and increase the regulatory T cell population in
adipose tissue. PLoS ONE 7, e46057. (doi:10.1371/
journal.pone.0046057)

145. Tortoriello DV, McMinn J, Chua SC. 2004 Dietary-
induced obesity and hypothalamic infertility in
female DBA/2 J mice. Endocrinology 145,
1238–1247. (doi:10.1210/en.2003-1406)

146. Hwang LL et al. 2010 Sex differences in high-fat
diet-induced obesity, metabolic alterations and
learning, and synaptic plasticity deficits in mice.
Obesity (Silver Spring, Md.) 18, 463–469. (doi:10.
1038/oby.2009.273)

147. Nishikawa S, Yasoshima A, Doi K, Nakayama H,
Uetsuka K. 2007 Involvement of sex, strain and age
factors in high fat diet-induced obesity in C57BL/6 J
and BALB/cA mice. Exp. Anim. 56, 263–272.
(doi:10.1538/expanim.56.263)

148. Mullen Y. 2017 Development of the nonobese
diabetic mouse and contribution of animal models
for understanding type 1 diabetes. Pancreas 46,
455–466. (doi:10.1097/MPA.0000000000000828)

149. Bortell R, Yang C. 2012 The BB rat as a model of
human type 1 diabetes. In Animal models in
diabetes research (eds HG Joost, H Al-Hasani, A
Schürmann), pp. 31–44. Totowa, NJ: Humana Press.

150. Lenzen S et al. 2001 The LEW.1AR1/Ztm-iddm rat: a
new model of spontaneous insulin-dependent
diabetes mellitus. Diabetologia 44, 1189–1196.
(doi:10.1007/s001250100625)

151. Galli J, Li LS, Glaser A, Östenson CG, Jiao H, Fakhrai-
Rad H, Jacob HJ, Lander ES, Luthman H. 1996
Genetic analysis of non-insulin dependent diabetes
mellitus in the GK rat. Nat. Genet. 12, 31–37.
(doi:10.1038/ng0196-31)

152. Guest PC. 2018 Characterization of the Goto-Kakizaki
(GK) rat model of type 2 diabetes. In Pre-clinical
models, vol. 1916 (ed. PC Guest), pp. 203–211.
Totowa, NJ: Humana Press. (doi:10.1007/978-1-
4939-8994-2_19)

153. Díaz A, López-Grueso R, Gambini J, Monleón D,
Mas-Bargues C, Abdelaziz KM, Viña J, Borrás C.
2019 Sex differences in age-associated type 2
diabetes in rats—role of estrogens and oxidative
stress. Oxidative Med. Cell. Longevity 2019, 13.
(doi:10.1155/2019/6734836)

154. Yoshioka M, Kayo T, Ikeda T, Koizumi A. 1997 A
novel locus, Mody4, Distal to D7Mitl89 on
chromosome 7 determines early-onset NIDDM in
Nonobese C57BL/6 (Akita) mutant mice.
Diabetes 46. 887–894. (doi:10.2337/diab.
46.5.887)

155. Oyadomari S, Koizumi A, Takeda K, Gotoh T, Akira S,
Araki E, Mori M. 2002 Targeted disruption of the
Chop gene delays endoplasmic reticulum stress–
mediated diabetes. J. Clin. Invest. 109, 525–532.
(doi:10.1172/JCI14550)

156. Makino S, Kunimoto K, Muraoka Y, Mizushima Y,
Katagiri K, Tochino Y. 1980 Breeding of a non-
obese, diabetic strain of mice. Jikken Dobutsu 29,
1–13. (doi:10.1538/expanim1978.29.1_1)

157. Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi
M, Natori T. 1992 Spontaneous long-term
hyperglycemic rat with diabetic complications.
Otsuka Long-Evans Tokushima Fatty (OLETF) strain.
Diabetes 41, 1422–1428. (doi:10.2337/diab.41.11.
1422)

158. D’Alessio DA, Verchere CB, Kahn SE, Hoagland V,
Baskin DG, Palmiter RD, Ensinck JW. 1994 Pancreatic
expression and secretion of human islet amyloid
polypeptide in a transgenic mouse. Diabetes 43,
1457–1461. (doi:10.2337/diab.43.12.1457)

159. Höppener JWM, Oosterwijk C, van Hulst KL, Verbeek
JS, Capel PJ, de Koning EJ, Clark A, Jansz HS, Lips
CJ. 1994 Molecular physiology of the islet amyloid
polypeptide (IAPP)/amylin gene in man, rat, and
transgenic mice. J. Cell. Biochem. 55(Suppl), 39–53.
(doi:10.1002/jcb.240550006)

160. Balsells M, García-Patterson A, Gich I, Corcoy R.
2009 Maternal and fetal outcome in women with
type 2 versus type 1 diabetes mellitus: a systematic
review and metaanalysis. J. Clin. Endocrinol. Metab.
94, 4284–4291. (doi:10.1210/jc.2009-1231)

161. Castori M. 2013 Diabetic embryopathy: a
developmental perspective from fertilization to
adulthood. Mol. Syndromol. 4, 74–86. (doi:10.1159/
000345205)

162. Zwink N, Jenetzky E, Brenner H. 2011 Parental risk
factors and anorectal malformations: systematic
review and meta-analysis. Orphanet J. Rare Dis. 6,
25. (doi:10.1186/1750-1172-6-25)

163. Mills JL. 1982 Malformations in infants of diabetic
mothers. Teratology 25, 385–394. (doi:10.1002/tera.
1420250316)

164. Ramos-Arroyo MA, Rodriguez-Pinilla E, Cordero JF.
1992 Maternal diabetes: the risk for specific birth
defects. Eur. J. Epidemiol. 8, 503–508. (doi:10.1007/
BF00146367)

165. Barr Jr M, Hanson JW, Currey K, Sharp S, Toriello H,
Schmickel RD, Wilson GN. 1983 Holoprosencephaly
in infants of diabetic mothers. J. Pediatr. 102,
565–568. (doi:10.1016/s0022-3476(83)80185-1)

166. Mastroiacovo P, Corchia C, Botto LD, Lanni R,
Zampino G, Fusco D. 1995 Epidemiology and
genetics of microtia-anotia: a registry based study
on over one million births. J. Med. Genet. 32,
453–457. (doi:10.1136/jmg.32.6.453)

167. Ewart-Toland A, Yankowitz J, Winder A, Imagire R,
Cox VA, Aylsworth AS, Golabi M. 2000
Oculoauriculovertebral abnormalities in children of
diabetic mothers. Am. J. Med. Genet. 90, 303–309.
(doi:10.1002/(SICI)1096-8628(20000214)90:4<303::
AID-AJMG8>3.0.CO;2-Q)

168. Phelan SA, Ito M, Loeken MR. 1997 Neural tube
defects in embryos of diabetic mice: role of the Pax-
3 gene and apoptosis. Diabetes 46, 1189–1197.
(doi:10.2337/diab.46.7.1189)

169. Davis EM, Peck JD, Thompson D, Wild RA, Langlois
P. 2010 Maternal diabetes and renal agenesis/
dysgenesis. Birth defects research. Part A. Clin. Mol.
Teratol. 88, 722–727. (doi:10.1002/bdra.20702)

170. Lynch SA, Wright C. 1997 Sirenomelia, limb
reduction defects, cardiovascular malformation,
renal agenesis in an infant born to a diabetic
mother. Clin. Dysmorphol. 6, 75–80.

171. Frías JL, Frías JP, Frías PA, Martínez-Frías ML. 2007
Infrequently studied congenital anomalies as clues
to the diagnosis of maternal diabetes mellitus.
Am. J. Med. Genet. A 143A, 2904–2909. (doi:10.
1002/ajmg.a.32071)

172. Gripp KW, Barr Jr M, Anadiotis G, McDonald-McGinn
DM, Zderic SA, Zackai EH. 1999 Aphallia as part of
urorectal septum malformation sequence in an
infant of a diabetic mother. Am. J. Med. Genet. 82,
363–367. (doi:10.1002/(SICI)1096-
8628(19990219)82:5<363::AID-AJMG1>3.0.CO;2-Q)

173. James AW, Culver K, Hall B, Golabi M. 2007 Bifid
tongue: a rare feature associated with infants of
diabetic mother syndrome. Am. J. Med. Genet. A
143A, 2035–2039. (doi:10.1002/ajmg.a.31877)

174. Åberg A, Westbom L, Källén B. 2001 Congenital
malformations among infants whose mothers had
gestational diabetes or preexisting diabetes. Early
Hum. Dev. 61, 85–95. (doi:10.1016/s0378-
3782(00)00125-0)

175. Ramos-Arroyo MA, Rodriguez-Pinilla E, Cordero JF.
1992 Maternal diabetes: the risk for specific birth
defects. Eur. J. Epidemiol. 8, 503–508. (doi:10.1007/
BF00146367)

176. Johnson JP, Carey JC, Gooch III WM, Petersen J,
Beattie JF. 1983 Femoral hypoplasia-unusual facies
syndrome in infants of diabetic mothers. J. Pediatr.
102, 866–872. (doi:10.1016/s0022-3476(83)80013-
4)

177. Anderson JL, Waller DK, Canfield MA, Shaw GM,
Watkins ML, Werler MM. 2005 Maternal obesity,
gestational diabetes, and central nervous system
birth defects. Epidemiology (Cambridge, MA) 16,
87–92. (doi:10.1097/01.ede.0000147122.97061.bb)

http://dx.doi.org/10.3181/00379727-173-41611
http://dx.doi.org/10.3181/00379727-173-41611
http://dx.doi.org/10.1152/ajplegacy.1951.166.2.364
http://dx.doi.org/10.1152/ajplegacy.1951.166.2.364
http://dx.doi.org/10.2337/diab.37.9.1163
http://dx.doi.org/10.2337/diab.37.9.1163
http://dx.doi.org/10.1016/j.biopha.2017.08.098
http://dx.doi.org/10.1016/j.biopha.2017.08.098
http://dx.doi.org/10.23675/sjlas.v34i1.115
http://dx.doi.org/10.1371/journal.pone.0046057
http://dx.doi.org/10.1371/journal.pone.0046057
http://dx.doi.org/10.1210/en.2003-1406
http://dx.doi.org/10.1038/oby.2009.273
http://dx.doi.org/10.1038/oby.2009.273
http://dx.doi.org/10.1538/expanim.56.263
http://dx.doi.org/10.1097/MPA.0000000000000828
http://dx.doi.org/10.1007/s001250100625
http://dx.doi.org/10.1038/ng0196-31
http://dx.doi.org/10.1007/978-1-4939-8994-2_19
http://dx.doi.org/10.1007/978-1-4939-8994-2_19
https://doi.org/10.1155/2019/6734836
http://dx.doi.org/10.2337/diab.46.5.887
http://dx.doi.org/10.2337/diab.46.5.887
http://dx.doi.org/10.1172/JCI14550
http://dx.doi.org/10.1538/expanim1978.29.1_1
http://dx.doi.org/10.2337/diab.41.11.1422
http://dx.doi.org/10.2337/diab.41.11.1422
http://dx.doi.org/10.2337/diab.43.12.1457
http://dx.doi.org/10.1002/jcb.240550006
http://dx.doi.org/10.1210/jc.2009-1231
http://dx.doi.org/10.1159/000345205
http://dx.doi.org/10.1159/000345205
http://dx.doi.org/10.1186/1750-1172-6-25
http://dx.doi.org/10.1002/tera.1420250316
http://dx.doi.org/10.1002/tera.1420250316
http://dx.doi.org/10.1007/BF00146367
http://dx.doi.org/10.1007/BF00146367
http://dx.doi.org/10.1016/s0022-3476(83)80185-1
http://dx.doi.org/10.1136/jmg.32.6.453
http://dx.doi.org/10.1002/(SICI)1096-8628(20000214)90:4%3C303::AID-AJMG8%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1096-8628(20000214)90:4%3C303::AID-AJMG8%3E3.0.CO;2-Q
http://dx.doi.org/10.2337/diab.46.7.1189
http://dx.doi.org/10.1002/bdra.20702
http://dx.doi.org/10.1002/ajmg.a.32071
http://dx.doi.org/10.1002/ajmg.a.32071
http://dx.doi.org/10.1002/(SICI)1096-8628(19990219)82:5%3C363::AID-AJMG1%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1096-8628(19990219)82:5%3C363::AID-AJMG1%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/ajmg.a.31877
http://dx.doi.org/10.1016/s0378-3782(00)00125-0
http://dx.doi.org/10.1016/s0378-3782(00)00125-0
https://doi.org/10.1007/BF00146367
https://doi.org/10.1007/BF00146367
http://dx.doi.org/10.1016/s0022-3476(83)80013-4
http://dx.doi.org/10.1016/s0022-3476(83)80013-4
http://dx.doi.org/10.1097/01.ede.0000147122.97061.bb


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

16
178. Tyrala EE. 1996 The infant of the diabetic mother.
Obstet. Gynecol. Clin. North Am. 23, 221–241.
(doi:10.1016/s0889-8545(05)70253-9)

179. Donat JF. 1981 Septo-optic dysplasia in an infant of
a diabetic mother. Arch. Neurol. 38, 590–591.
(doi:10.1001/archneur.1981.00510090084012)

180. Kitzmiller JL, Buchanan TA, Kjos S, Combs CA,
Ratner RE. 1996 Pre-conception care of diabetes,
congenital malformations, and spontaneous
abortions. Diabetes Care 19, 514–541. (doi:10.2337/
diacare.19.5.514)

181. Cundy T, Gamble G, Neale L, Elder R, McPherson P,
Henley P, Rowan J. 2007 Differing causes of
pregnancy loss in type 1 and type 2 diabetes.
Diabetes Care 30, 2603–2607. (doi:10.2337/dc07-
0555)

182. Towner D, Kjos SL, Leung B, Montoro MM, Xiang A,
Mestman JH, Buchanan TA. 1995 Congenital
malformations in pregnancies complicated by
NIDDM. Diabetes Care 18, 1446–1451. (doi:10.2337/
diacare.18.11.1446)

183. Miller E, Hare JW, Cloherty JP, Dunn PJ, Gleason RE,
Soeldner JS, Kitzmiller JL. 1981 Elevated maternal
hemoglobin A1c in early pregnancy and major
congenital anomalies in infants of diabetic mothers.
N Engl. J. Med. 304, 1331–1334. (doi:10.1056/
NEJM198105283042204)

184. Kabiru W, Raynor BD. 2004 Obstetric outcomes
associated with increase in BMI category during
pregnancy. Am. J. Obstet. Gynecol. 191, 928–932.
(doi:10.1016/j.ajog.2004.06.051)

185. Scholl TO, Sowers M, Chen X, Lenders C. 2001
Maternal glucose concentration influences fetal
growth, gestation, and pregnancy complications.
Am. J. Epidemiol. 154, 514–520. (doi:10.1093/aje/
154.6.514)

186. Naeye RL, Blanc WA. 1970 Relation of poverty and
race to antenatal infection. N Engl. J. Med. 283,
555–560. (doi:10.1056/NEJM197009102831102)

187. Persson M, Norman M, Hanson U. 2009 Obstetric
and perinatal outcomes in type 1 diabetic
pregnancies: a large, population-based study.
Diabetes Care 32, 2005–2009. (doi:10.2337/dc09-
0656)

188. Feig DS, Palda VA. 2002 Type 2 diabetes in
pregnancy: a growing concern. Lancet (London,
England) 359, 1690–1692. (doi:10.1016/S0140-
6736(02)08599-9)

189. Cundy T, Gamble G, Townend K, Henley PG,
MacPherson P, Roberts AB. 2000 Perinatal mortality
in Type 2 diabetes mellitus. Diabetic Med. 17,
33–39. (doi:10.1046/j.1464-5491.2000.00215.x)

190. Kautzky-Willer A, Harreiter J, Pacini G. 2016 Sex and
gender differences in risk, pathophysiology and
complications of type 2 diabetes mellitus. Endocr.
Rev. 37, 278–316. (doi:10.1210/er.2015-1137)

191. Williams CB, Mackenzie KC, Gahagan S. 2014 The
effect of maternal obesity on the offspring. Clin.
Obstet. Gynecol. 57, 508–515. (doi:10.1097/GRF.
0000000000000043)

192. McDonald SD, Han Z, Mulla S, Beyene J, Knowledge
Synthesis Group. 2010 Overweight and obesity in
mothers and risk of preterm birth and low birth
weight infants: systematic review and meta-
analyses. BMJ (Clinical Research ed.) 341, c3428.
(doi:10.1136/bmj.c3428)

193. Rasmussen SA, Chu SY, Kim SY, Schmid CH, Lau J.
2008 Maternal obesity and risk of neural tube
defects: a metaanalysis. Am. J. Obstet. Gynecol.
198, 611–619. (doi:10.1016/j.ajog.2008.
04.021)

194. Brite J, Laughon SK, Troendle J, Mills J. 2014
Maternal overweight and obesity and risk of
congenital heart defects in offspring. Int. J. Obesity
38, 878–882. (doi:10.1038/ijo.2013.244)

195. Blanco R, Colombo A, Suazo J. 2015 Maternal
obesity is a risk factor for orofacial clefts: a meta-
analysis. Br. J. Oral Maxillofac. Surg. 53, 699–704.
(doi:10.1016/j.bjoms.2015.05.017)

196. Ramachenderan J, Bradford J, McLean M. 2008
Maternal obesity and pregnancy complications: a
review. Aust. N Z J. Obstet. Gynaecol. 48, 228–235.
(doi:10.1111/j.1479-828X.2008.00860.x)

197. Page KA, Luo S, Wang X, Chow T, Alves J, Buchanan
TA, Xiang AH. 2019 Children exposed to maternal
obesity or gestational diabetes mellitus during early
fetal development have hypothalamic alterations
that predict future weight gain. Diabetes Care 42,
1473–1480. (doi:10.2337/dc18-2581)

198. Catalano PM. 2010 The impact of gestational
diabetes and maternal obesity on the mother and
her offspring. J. Dev. Origins Health Disease 1,
208–215. (doi:10.1017/S2040174410000115)

199. Kampmann U, Madsen LR, Skajaa GO, Iversen DS,
Moeller N, Oversen P. 2015 Gestational diabetes: a
clinical update. World J. Diabetes 6, 1065–1072.
(doi:10.4239/wjd.v6.i8.1065)

200. Balsells M, García-Patteson A, Gich I, Corcoy R. 2012
Major congenital malformations in women with
gestational diabetes mellitus: a systematic review
and meta-analysis. Diabetes Metab. Res. Rev. 28,
252–257. (doi:10.1002/dmrr.1304)

201. Farrell T, Neale L, Cundy T. 2002 Congenital
anomalies in the offspring of women with type 1,
type 2 and gestational diabetes. Diabetic Med. 19,
322–326. (doi:10.1046/j.1464-5491.2002.00700.x)

202. Kjos SL, Buchanan TA, Greenspoon JS, Montoro M,
Bernstein GS, Mestman JH. 1990 Gestational
diabetes mellitus: the prevalence of glucose
intolerance and diabetes mellitus in the first two
months post partum. Am. J. Obstet. Gynecol. 163(1
Pt 1), 93–98. (doi:10.1016/s0002-9378(11)90676-0)

203. Bellamy L, Casas JP, Hingorani AD, Williams D. 2009
Type 2 diabetes mellitus after gestational diabetes:
a systematic review and meta-analysis. Lancet 373,
1773–1779. (doi:10.1016/S0140-6736(09)60731-5)

204. Deputy NP, Kim SY, Conrey EJ, Bullard KM. 2018
Prevalence and changes in preexisting diabetes and
gestational diabetes among women who had a live
birth — United States, 2012–2016. Morb. Mortal.
Wkly Rep. 67, 1201–1207. (doi:10.15585/mmwr.
mm6743a2)

205. Kim C. 2010 Gestational diabetes: risks,
management, and treatment options.
Int. J. Women’s Health 2, 339–351. (doi:10.2147%
2FIJWH.S13333)
206. Society of Maternal-Fetal Medicine (SMFM)
Publications Committee. 2018 SMFM Statement:
pharmacological treatment of gestational diabetes.
AJOG 218, PB2–PB4. (doi:10.1016/j.ajog.2018.
01.041)

207. Hickman MA, McBride R, Boggess KA, Strauss R.
2013 Metformin compared with insulin in the
treatment of pregnant women with overt diabetes:
a randomized controlled trial. Am. J. Perinatol. 30,
483–490. (doi:10.1055/s-0032-1326994)

208. Refuerzo JS, Gowen R, Pedroza C, Hutchinson M,
Blackwell SC, Ramin S. 2015 A pilot randomized,
controlled trial of metformin versus insulin in
women with type 2 diabetes mellitus during
pregnancy. Am. J. Perinatol. 32, 163–170. (10.1055/
s-0034-1378144)

209. Feng Y, Yang H. 2017 Metformin – a potentially
effective drug for gestational diabetes mellitus: a
systematic review and meta-analysis. J. Matern.
Fetal Neonatal Med. 30, 1874–1881. (doi:10.1080/
14767058.2016.1228061)

210. Charles B, Norris R, Xiao X, Hague W. 2006
Population pharmacokinetics of metformin in late
pregnancy. Ther. Drug Monit. 28, 67–72. (10.1097/
01.ftd.0000184161.52573.0e)

211. Tarry-Adkins JL, Aiken CE, Ozanne SE. 2019
Neonatal, infant, and childhood growth following
metformin versus insulin treatment for gestational
diabetes: a systematic review and meta-analysis.
PLoS Med. 16, e1002848. (doi:10.1371/journal.
pmed.1002848)

212. Rowan JA, Rush EC, Plank LD, Lu J, Obolonkin V,
Coat S, Hague WM. 2018 Metformin in gestational
diabetes: the offspring follow-up (MiG TOFU): body
composition and metabolic outcomes at 7–9 years
of age. BMJ Open Diabetes Res. Care 6, e000456.
(10.1136/ bmjdrc-2017-000456)

213. Wouldes TA, Battin M, Coat S, Rush EC, Hague WM,
Rowan JA. 2016 Neurodevelopmental outcome at 2
years in offspring of women randomised to
metformin or insulin treatment for gestational
diabetes. Archives Disease Childhood 101,
F488–F493. (doi:10.1136/archdischild-2015-309602)

214. Moretti ME, Rezvani M, Koren G. 2008 Safety of
glyburide for gestational diabetes: a meta-analysis
of pregnancy outcomes. Ann. Pharmacother. 42,
483–490. (doi:10.1345/aph.1K577)

215. Song R, Chen L, Chen Y, Si X, Liu Y, Liu Y, Irwin DM,
Feng W. 2017 Comparison of glyburide and insulin
in the management of gestational diabetes: a
meta-analysis. PLoS ONE 12, e0182488. (doi:10.
1371/journal.pone.0182488)

216. Balsells M, García-Patterson A, Solà I, Roqué M, Gich
I, Corcoy R. 2015 Glibenclamide, metformin, and
insulin for the treatment of gestational diabetes: a
systematic review and meta-analysis.
BMJ (Clinical Research ed.) 350, h102. (doi:10.
1136/bmj.h102)

217. Beery AK, Zucker I. 2011 Sex bias in neuroscience
and biomedical research. Neurosci. Biobehav. Rev.
35, 565–572. (doi:10.1016/j.neubiorev.2010.07.002)

218. Mauvais-Jarvis F, Clegg DJ, Hevener AL. 2013 The
role of estrogens in control of energy balance and

http://dx.doi.org/10.1016/s0889-8545(05)70253-9
http://dx.doi.org/10.1001/archneur.1981.00510090084012
http://dx.doi.org/10.2337/diacare.19.5.514
http://dx.doi.org/10.2337/diacare.19.5.514
http://dx.doi.org/10.2337/dc07-0555
http://dx.doi.org/10.2337/dc07-0555
http://dx.doi.org/10.2337/diacare.18.11.1446
http://dx.doi.org/10.2337/diacare.18.11.1446
http://dx.doi.org/10.1056/NEJM198105283042204
http://dx.doi.org/10.1056/NEJM198105283042204
http://dx.doi.org/10.1016/j.ajog.2004.06.051
http://dx.doi.org/10.1093/aje/154.6.514
http://dx.doi.org/10.1093/aje/154.6.514
http://dx.doi.org/10.1056/NEJM197009102831102
http://dx.doi.org/10.2337/dc09-0656
http://dx.doi.org/10.2337/dc09-0656
http://dx.doi.org/10.1016/S0140-6736(02)08599-9
http://dx.doi.org/10.1016/S0140-6736(02)08599-9
http://dx.doi.org/10.1046/j.1464-5491.2000.00215.x
http://dx.doi.org/10.1210/er.2015-1137
http://dx.doi.org/10.1097/GRF.0000000000000043
http://dx.doi.org/10.1097/GRF.0000000000000043
http://dx.doi.org/10.1136/bmj.c3428
http://dx.doi.org/10.1016/j.ajog.2008.04.021
http://dx.doi.org/10.1016/j.ajog.2008.04.021
http://dx.doi.org/10.1038/ijo.2013.244
http://dx.doi.org/10.1016/j.bjoms.2015.05.017
http://dx.doi.org/10.1111/j.1479-828X.2008.00860.x
http://dx.doi.org/10.2337/dc18-2581
http://dx.doi.org/10.1017/S2040174410000115
http://dx.doi.org/10.4239/wjd.v6.i8.1065
http://dx.doi.org/10.1002/dmrr.1304
http://dx.doi.org/10.1046/j.1464-5491.2002.00700.x
http://dx.doi.org/10.1016/s0002-9378(11)90676-0
http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://dx.doi.org/10.15585/mmwr.mm6743a2
http://dx.doi.org/10.15585/mmwr.mm6743a2
http://dx.doi.org/10.2147%2FIJWH.S13333
http://dx.doi.org/10.2147%2FIJWH.S13333
http://dx.doi.org/10.1016/j.ajog.2018.01.041
http://dx.doi.org/10.1016/j.ajog.2018.01.041
http://dx.doi.org/10.1055/s-0032-1326994
http://dx.doi.org/10.1055/s-0034-1378144
http://dx.doi.org/10.1055/s-0034-1378144
http://dx.doi.org/10.1080/14767058.2016.1228061
http://dx.doi.org/10.1080/14767058.2016.1228061
http://dx.doi.org/10.1097/01.ftd.0000184161.52573.0e
http://dx.doi.org/10.1097/01.ftd.0000184161.52573.0e
http://dx.doi.org/10.1371/journal.pmed.1002848
http://dx.doi.org/10.1371/journal.pmed.1002848
http://dx.doi.org/10.1136/ bmjdrc-2017-000456
http://dx.doi.org/10.1136/archdischild-2015-309602
http://dx.doi.org/10.1345/aph.1K577
http://dx.doi.org/10.1371/journal.pone.0182488
http://dx.doi.org/10.1371/journal.pone.0182488
http://dx.doi.org/10.1136/bmj.h102
http://dx.doi.org/10.1136/bmj.h102
http://dx.doi.org/10.1016/j.neubiorev.2010.07.002


royalsocietypublishing.org/journal/rsob
Open

Biol.12:220135

17
glucose homeostasis. Endocr. Rev. 34, 309–338.
(doi:10.1210/er.2012-1055)

219. Engin F. 2016 ER stress and development of type 1
diabetes. J. Invest. Med. 64, 2–6. (doi:10.1097/JIM.
0000000000000229)

220. Papadopoulou A, Lynch KF, Shaat N, Håkansson R,
Ivarsson SA, Berntorp K, Agardh CD, Lernmark A,
DiPiS Study Group. 2012 Gestational diabetes
mellitus is associated with TCF7L2 gene
polymorphisms independent of HLA-DQB1*0602
genotypes and islet cell autoantibodies. Diabetic
Med. 28, 1018–1027. (doi:10.1111/j.1464-5491.
2011.03359.x)

221. del Bosque Plata L, Martínez Martínez E, Espinoza
Camacho MA, & Gragnoli C. 2021 The role of
TCF7L2 in.type 2 diabetes. Diabetes 70, 1220–1228.
(doi:10.2337/db20-0573)

222. Haghvirdizadeh P, Mohamed Z, Abdullah NA,
Haghvirdizadeh P, Haerian MS, Haerian BS. 2015
KCNJ11: genetic polymorphisms and risk of diabetes
mellitus. J. Diabetes Res. 2015, 9. (doi:10.1155/
2015/908152)

223. Osbak KK, Colclough K, Saint-Martin C, Beer NL,
Bellanné-Chantelot C, Ellard S, Gloyn AL. 2009
Update on mutations in glucokinase (GCK), which
causematurity-onset diabetes of the young,
permanent neonatal diabetes, and hyperinsulinemic
hypoglycemia. Hum. Mutat. 30, 1512–1526.
(doi:10.1002/humu.21110)

224. Siddiqui S, Waghdhare S, Gopi S, Bhargava A, Panda
M, Radha V, Mohan V, Dubey S, Jha S. 2018 GCK
gene screening and association of GCK variants with
gestational diabetes in North Indian population.
Clin. Med. Insights 11, 1–6. (doi:10.1177/
1179551418806896)

225. Staiger H et al. 2008 Polymorphisms within the
novel type 2 diabetes risk locus MTNR1B determine
b-cell function. PLoS ONE 3, e3962. (doi:10.1371/
journal.pone.0003962)

226. Palmer CJ et al. 2017 Cdkal1, a type 2
diabetes susceptibility gene, regulates
mitochondrial function in adipose tissue.
Mol. Metab. 6, 1212–1225. (doi:10.1016/j.
molmet.2017.07.013)

227. Tramunt B, Smati S, Grandgeorge N, Lenfant F,
Arnal JF, Montagner A, Gourdy P. 2020 Sex
differences in metabolic regulation and diabetes
susceptibility. Diabetologia 63, 453–461. (doi:10.
1007/s00125-019-05040-3)

228. Brett KE, Ferraro ZM, Yockell-Lelievre J, Gruslin A,
Adamo KB. 2014 Maternal-fetal nutrient transport
in pregnancy pathologies: the role of the placenta.
Int. J. Mol. Sci. 15, 16 153–16 185. (doi:10.3390/
ijms150916153)
229. Zohn IE, Sarkar AA. 2010 The visceral yolk sac
endoderm provides for absorption of nutrients to
the embryo during neurulation. Birth Defects Res. A
88, 593–600. (doi:10.1002/bdra.20705)

230. Reece EA, Pinter E, Homko C, Wu YK, Naftolin F.
1994 The yolk sac theory: closing the circle on why
diabetes-associated malformations occur. J. Soc.
Gynecol. Invest. 1, 3–13. (doi:10.1177/
107155769400100103)

231. Reece EA, Homko CJ, Wu YK, Wiznitzer A. 1998 The
role of free radicals and membrane lipids in
diabetes-induced congenital malformations. J. Soc.
Gynecol. Invest. 5, 178–187. (doi:10.1016/s1071-
5576(98)00008-2)

232. Pinter E, Reece EA, Ogburn Jr PL, Turner S, Hobbins
JC, Mahoney MJ, Naftolin F. 1988 Fatty acid content
of yolk sac and embryo in hyperglycemia-induced
embryopathy and effect of arachidonic acid
supplementation. Am. J. Obstet. Gynecol. 159,
1484–1490. (doi:10.1016/0002-9378(88)90579-0)

233. Mayhew TM, Jairam IC. 2000 Stereological
comparison of 3D spatial relationships involving villi
and intervillous pores in human placentas from
control and diabetic pregnancies. J. Anat. 197(Pt 2),
263–274. (doi:10.1046/j.1469-7580.2000.19720263.
x)

234. Asmussen I. 1982 Ultrastructure of the villi and fetal
capillaries of the placentas delivered by non-
smoking diabetic women (White group D). Acta
Pathol. Microbiol. Immunol. Scand. A 90, 95–101.
(doi:10.1111/j.1699-0463.1982.tb00069_90a.x)

235. Daskalakis G, Marinopoulos S, Krielesi V,
Papapanagiotou A, Papantoniou N, Mesogitis S,
Antsaklis A. 2008 Placental pathology in women
with gestational diabetes. Acta Obstet. Gynecol.
Scand. 87, 403–407. (doi:10.1080/
00016340801908783)

236. Goldman AS, Baker L, Piddington R, Marx B, Herold
R, Egler J. 1985 Hyperglycemia-induced
teratogenesis is mediated by a functional deficiency
of arachidonic acid. Proc. Natl Acad. Sci. USA 82,
8227–8231. (doi:10.1073/pnas.82.23.8227)

237. Reece EA, Khandelwal M, Wu YK, Borenstein M.
1997 Dietary intake of myo-inositol and neural tube
defects in offspring of diabetic rats. Am. J. Obstet.
Gynecol. 176, 536–539. (doi:10.1016/s0002-
9378(97)70543-x)

238. Eck MG, Wynn JO, Carter WJ, Faas FH. 1979 Fatty
acid desaturation in experimental diabetes mellitus.
Diabetes 28, 479–485. (doi:10.2337/diab.28.5.479)

239. Jones DB, Carter RD, Haitas B, Mann JI. 1983 Low
phospholipid arachidonic acid values in diabetic
platelets. British Med. J. (Clinical Research ed.) 286,
173–175. (doi:10.1136/bmj.286.6360.173)
240. Kim JN, Han SN, Kim HK. 2014 Phytic acid and
myo-inositol support adipocyte differentiation and
improve insulin sensitivity in 3T3-L1 cells. Nutr. Res.
(New York, N.Y.) 34, 723–731. (doi:10.1016/j.
nutres.2014.07.015)

241. Corrado F, D’Anna R, Di Vieste G, Giordano D,
Pintaudi B, Santamaria A, Di Benedetto A. 2011 The
effect of myoinositol supplementation on insulin
resistance in patients with gestational diabetes.
Diabetic Med. 28, 972–975. (doi:10.1111/j.1464-
5491.2011.03284.x)

242. Jones DR, Varela-Nieto I. 1999 Diabetes and the role
of inositol-containing lipids in insulin signaling.
Mole. Med. (Cambridge, MA) 5, 505–514. (doi:10.
1007/BF03401978)

243. Bevilacqua A, Bizzarri M. 2018 Inositols in insulin
signaling and glucose metabolism. Int. J. Endocrinol.
2018, 1968450. (doi:10.1155/2018/1968450)

244. Beemster P, Groenen P, Steegers-Theunissen R.
2002 Involvement of inositol in reproduction. Nutr.
Rev. 60, 80–87. (doi:10.1301/00296640260042748)

245. Herold KC et al. 2002 Anti-CD3 monoclonal antibody
in new-onset type 1 diabetes mellitus. New England
J. Med. 346, 1692–1698. (10.1056/NEJMoa012864)

246. Pescovitz MD et al. 2014 B-lymphocyte depletion
with rituximab and β-cell function: two-year
results. Diabetes Care 37, 453–459. (doi:10.2337/
dc13-0626)

247. Rigby MR et al. 2015 Alefacept provides sustained
clinical and immunological effects in new-onset
type 1 diabetes patients. J. Clin. Invest. 125,
3285–3296. (doi:10.1172/jci81722)

248. Vogt A-CS, Roesti ES, Mohsen MO, Leonchiks A,
Vogel M, Bachmann MF. 2021 Anti-IAPP
monoclonal antibody improves clinical symptoms in
a mouse model of type 2 diabetes. Vaccines 9,
1316. (doi:10.3390%2Fvaccines9111316)

249. Muzzin P, Eisensmith RC, Copeland KC, Woo SLC.
1996 Correction of obesity and diabetes in
genetically obese mice by leptin gene therapy. Proc.
Natl Acad. Sci. USA 93, 14 804–14 808. (doi:10.
1073/pnas.93.25.14804)

250. Mallol C et al. 2017 AAV-mediated pancreatic
overexpression of Igf1 counteracts progression
to autoimmune diabetes in mice. Mole. Metab.
6, 664–680. (doi:10.1016/j.molmet.2017.
05.007)

251. Ginn SL, Amaya AK, Alexander IE, Edelstein M,
Abedi MR. 2018 Gene therapy clinical trials
worldwide to 2017: an update. J. Gene Med. 20,
e3015. (doi:10.1002/jgm.3015)

252. González Corona C, Parchem RJ. 2022 Data from:
Maternal diabetes negatively impacts fetal health.
Figshare. (doi:10.6084/m9.figshare.c.6179347)

http://dx.doi.org/10.1210/er.2012-1055
http://dx.doi.org/10.1097/JIM.0000000000000229
http://dx.doi.org/10.1097/JIM.0000000000000229
http://dx.doi.org/10.1111/j.1464-5491.2011.03359.x
http://dx.doi.org/10.1111/j.1464-5491.2011.03359.x
http://dx.doi.org/10.2337/db20-0573
http://dx.doi.org/10.1155/2015/908152
http://dx.doi.org/10.1155/2015/908152
http://dx.doi.org/10.1002/humu.21110
http://dx.doi.org/10.1177/1179551418806896
http://dx.doi.org/10.1177/1179551418806896
http://dx.doi.org/10.1371/journal.pone.0003962
http://dx.doi.org/10.1371/journal.pone.0003962
http://dx.doi.org/10.1016/j.molmet.2017.07.013
http://dx.doi.org/10.1016/j.molmet.2017.07.013
http://dx.doi.org/10.1007/s00125-019-05040-3
http://dx.doi.org/10.1007/s00125-019-05040-3
http://dx.doi.org/10.3390/ijms150916153
http://dx.doi.org/10.3390/ijms150916153
http://dx.doi.org/10.1002/bdra.20705
http://dx.doi.org/10.1177/107155769400100103
http://dx.doi.org/10.1177/107155769400100103
http://dx.doi.org/10.1016/s1071-5576(98)00008-2
http://dx.doi.org/10.1016/s1071-5576(98)00008-2
http://dx.doi.org/10.1016/0002-9378(88)90579-0
http://dx.doi.org/10.1046/j.1469-7580.2000.19720263.x
http://dx.doi.org/10.1046/j.1469-7580.2000.19720263.x
http://dx.doi.org/10.1111/j.1699-0463.1982.tb00069_90a.x
http://dx.doi.org/10.1080/00016340801908783
http://dx.doi.org/10.1080/00016340801908783
http://dx.doi.org/10.1073/pnas.82.23.8227
http://dx.doi.org/10.1016/s0002-9378(97)70543-x
http://dx.doi.org/10.1016/s0002-9378(97)70543-x
http://dx.doi.org/10.2337/diab.28.5.479
http://dx.doi.org/10.1136/bmj.286.6360.173
http://dx.doi.org/10.1016/j.nutres.2014.07.015
http://dx.doi.org/10.1016/j.nutres.2014.07.015
http://dx.doi.org/10.1111/j.1464-5491.2011.03284.x
http://dx.doi.org/10.1111/j.1464-5491.2011.03284.x
http://dx.doi.org/10.1007/BF03401978
http://dx.doi.org/10.1007/BF03401978
http://dx.doi.org/10.1155/2018/1968450
http://dx.doi.org/10.1301/00296640260042748
http://dx.doi.org/10.1056/NEJMoa012864
http://dx.doi.org/10.2337/dc13-0626
http://dx.doi.org/10.2337/dc13-0626
http://dx.doi.org/10.1172/jci81722
http://dx.doi.org/10.3390%2Fvaccines9111316
http://dx.doi.org/10.1073/pnas.93.25.14804
http://dx.doi.org/10.1073/pnas.93.25.14804
http://dx.doi.org/10.1016/j.molmet.2017.05.007
http://dx.doi.org/10.1016/j.molmet.2017.05.007
http://dx.doi.org/10.1002/jgm.3015
http://dx.doi.org/10.6084/m9.figshare.c.6179347

	Maternal diabetes negatively impacts fetal health
	Introduction
	Types of diabetes
	Diabetes diagnosis
	General pathophysiology of diabetes
	Physiology of T1DM
	Physiology of T2DM
	Physiology of GDM

	Risk factors
	Risk factors for T1DM
	Risk factors for T2DM
	Risk factors for GDM

	Current methods of studying diabetes
	Chemicals
	Streptozotocin
	Alloxan

	Dietary
	Genetic
	Viral

	Relevance to maternal and fetal health
	Future directions and unanswered questions
	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


