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Abstract

Diabetes is a complex progressive metabolic disorder characterized by
hyperglycemia and caused by different etiopathogenic factors. Individuals with
diabetes have heterogeneous clinical representation and increased risk of micro- and
macrovascular complications. Diabetic retinopathy (DR) is the most frequent
microvascular complication of diabetes and one of the leading causes of blindness.
Currently, existing treatment modalities target a severe sight-threatening form of the
disease, proliferative DR (PDR), and are characterized by significant side effects. The
prevailing strategy for prevention or slowing down DR progression is glucose-lowering
therapy, which is not efficient enough and might be harming to older groups of patients.
Risk factors for PDR include duration of diabetes, hypertension, dyslipidemia, genetics
and environment, and their interplay. The adverse intrauterine environment,
particularly exposure to prenatal famine, was shown to play an important role in
predisposition to diverse metabolic disorders in adults such as type 2 diabetes (T2D),

hypertension, and cardiovascular diseases (CVD).

In this Ph.D. thesis, we aimed to study novel diabetes subgroups based on
pathophysiological characteristics of patients, highlighting subgroup(s) with an
elevated risk of diabetic complications, particularly PDR. Further, we aimed to
investigate the association of intrauterine exposure to famine with the risk of PDR in
adult individuals with T2D. Finally, we wanted to study the molecular mechanisms

linked to famine-related PDR.

In paper 1, we performed a k-means cluster analysis to identify novel subgroups
of individuals with new-onset and long-term diabetes, and estimated the risks of
diabetic complications using logistic regression. In paper 2, we evaluated effect of
intrauterine famine exposure on the risk of PDR in individuals with T2D using logistic
regression adjusted for established risk factors such as age, sex, duration of diabetes
and HbAlc. In paper 3, we performed candidate gene analysis using generalized
estimation equation (GEE) to study the effect of interaction between SNPs and

perinatal famine exposure on the risk of PDR. In paper 4, we performed genome-wide
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association (GWAS) and interaction (GWIS) studies using a linear mixed model

(LMM) to investigate molecular underpinnings of famine-related PDR.

In paper 1, we identified three subgroups with severe diabetes and two
subgroups with mild diabetes. The highest risk of PDR was observed in the severe
autoimmune diabetes (SAID) and severe insulin-deficient diabetes (SIDD) subgroups
and the lowest in the insulin-resistant obesity-related diabetes 2 (IROD2) subgroup. In
paper 2, we demonstrated that individuals with T2D, who were perinatally exposed to
famine had an elevated risk of PDR in adult life. In paper 3, we demonstrated a
significant association between famine-associated PDR and SNPs which were located
in genes with neuronal function. In paper 4, we identified diverse pathways potentially
linked to famine-related PDR, among them the most significant were lipid metabolism

and inflammation pathways.

In conclusion, we suggested that the altered development of neurovascular unit
in the retina due to exposure to intrauterine famine may increase susceptibility to PDR
later in life. Changes in metabolic adaptations during developmental programming
induced by adverse early life events may affect insulin secretion and lipid metabolism,
which consequently may increase predisposition to PDR under diabetes environment
in adulthood. We suggested that drugs targeting these mechanisms in addition to
glucose-lowering treatments may be beneficial for the prevention or slowing down the

progression to PDR in the early stages of the disease.
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1 Introduction

1.1 Diabetes

1.1.1 The global significance and epidemiology

Diabetes is one of the largest medical battles worldwide. International Diabetes
Federation (IDF) estimated that globally 463 million people between 20 and 79 years
of age were living with diabetes in 2019, and this number was estimated to rise to 700
million by 2045.! The main factors contributing to the increased diabetes prevalence
are believed to be aging of the global population, urbanization, and decreased physical
activity associated with obesity.! Some populations are at a higher risk of diabetes. In
2019 the highest prevalence has been reported in Middle East and North America
(12.2%), and at the lowest in Africa (4.7%), prevalence in Europe was reported as
6.3%. The largest numbers of people with diabetes live in China (116.4 million), India
(77.0 million), and the USA (31.0 million).! People diagnosed with diabetes have an
increased risk of micro- and macrovascular complications of diabetes: retinopathy,
nephropathy, neuropathy, and cardiovascular diseases. Diabetes also increases the risk
of cancer and mental illnesses including depression, Alzheimer disease, and dementia.>
> Development of these complications causes the decrease of quality and expectancy
of life, leading to 11.3% of deaths associated with diabetes in adults aged 20-79 years.!
In total, diabetes and its complications caused 4.2 million deaths in 2019, which is
12.8% of deaths in this age category.! Nearly 50% of individuals with diabetes globally
and approximately 60% in South-East Asia and Africa are undiagnosed, meaning that
these individuals are a high-risk group for diabetic complications without knowing
that.!'® Diabetes prevalence in Ukraine was reported to be 8.4% in 2019, however,

given a poor referral to the hospitals, this figure is most likely underestimated.”
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1.1.2 Diabetes classification

In 1978, diabetes was suggested as a group of disorders characterized by
hyperglycaemia and caused by different etiopathogenic factors.® Currently, the disease
is classified into several subtypes with different clinical representations. According to
the World Health Organisation (WHO) and the American Diabetes Association (ADA),
diagnosis of diabetes is based on blood glucose level: higher than 7 mmol/l for Fasting
Plasma Glucose (FPG), higher than 11.1 mmol/L for Oral Glucose Tolerance Test
(OGTT), or higher than 6.5% for glycated haemoglobin (HbA1c)."” Additional factors
should be considered in order to classify different diabetes subtypes. These factors
include age at onset, presence of obesity, presence of islet specific autoantibodies,

insulin secretion capacity, diabetes predisposition in family, and genetic tests.!%!!

Type 1 diabetes (T1D) accounts for 5-10% of all diabetes cases. Clinical
manifestation typically occurs in young people below 25 years of age but could affect
other age categories as well.!? It is an autoimmune disease characterized by the attack
and destruction of pancreatic B-cells by the immune system. As a result, it is believed
that T1D manifests when approximately 80% of pancreatic islets are lost and patients
become dependent on insulin treatment for their lifetime. The majority of individuals
with T1D (92%) demonstrate the presence of autoantibodies against B-cells.!* Among
several antibodies types, glutamic acid decarboxylase (GAD) antibodies are one of the

most frequent and are present in 90% of all antibody-positive individuals.'*

The largest part of all individuals with diabetes, 80-90%, are diagnosed with
type 2 diabetes (T2D). This type of diabetes usually develops after 35 years of age and
is typically characterized by obesity with abnormal fat distribution and insulin
resistance in combination with insufficient insulin secretion.!>! In individuals with
insulin resistance, cells fail to respond to insulin. This leads to decreased uptake of
glucose by the peripheral tissues and consequently, the concentration of glucose rises
in the bloodstream, leading to chronic hyperglycemia. Obesity imposes demands on

pancreatic B-cells to secrete more insulin to compensate for the degree of insulin
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resistance. Those individuals who fail to increase their insulin secretion will develop

T2D.

Although classical T1D and T2D have very different clinical representations, it
is challenging to distinguish some individuals with mixed characteristics of both
types.2®?! For instance, T1D might develop in adults aged 20-50 years, and in this case
individuals will likely be obese, and often have remaining functioning B-cell at
diagnosis.?’ Moreover, some individuals with a subtype of diabetes with characteristics
similar to T2D, Latent Autoimmune Diabetes in Adults (LADA), are positive for islet
antibodies.? LADA has a similar frequency as T1D, accounting for approximately
10% of individuals with adult diabetes.?? Therefore, to diagnose classical T2D it is
essential to exclude other forms of diabetes: adult T1D or LADA, gestational diabetes,
or monogenic forms of diabetes such as Maturity-Onset Diabetes of the Young
(MODY).'® The fact that currently T2D diagnosis is based on exclusions remains the
main issue and makes this type of diabetes the most challenging in treatment, despite

established and well-studied risk factors.

1.1.3 Risk factors for T2D

The major risk factors for T2D are obesity, age older than 45 years,
hypertension, sedentary lifestyle, genetic predisposition, and ethnicity.?> Obesity
(body-mass index [BMI] >30 kg/m?), being the strongest risk factor for T2D, plays an
important role in insulin resistance and contributes to younger age at onset of disease
and increased susceptibility of developing T2D in youth.?* Since insulin sensitivity
decreases and insulin resistance increases with age, T2D and aging are closely
correlated.?® Other risk factors for T2D include hypertension and its treatment 23, low
high-density lipoprotein (HDL) cholesterol®'-*3, high triglyceride level being suggested

as independent predictor of disease development.3+3°
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1.1.4 Heterogeneity of T2D

A variety of organs and tissues are involved in T2D pathogenesis: pancreas,
liver, skeletal muscle, kidneys, small intestine, adipose tissue, and brain.**> Diverse
pathophysiological factors including abnormalities of gut microbiota, inflammation,
and dysfunction of the immune system play an important role in T2D development.*
As a result of the complexity and heterogeneity of T2D, individuals with the disease
have different metabolic responses, diverse clinical presentations, and risks of diabetic

complications.*’

For instance, some individuals have abnormal glucose metabolism characterized
by impaired fasting glucose (IFG), and others by impaired glucose tolerance (IGT).*’
The fact that IFG is a product of insulin resistance in the liver and IGT is caused by
insulin resistance in muscular tissue highlights the diverse manifestation of
hyperglycemia.*>*4° In the study on the Whitehall II cohort it was shown that
individuals with hyperglycemia expressed by either IFG or IGT, or both measurements
together, have different cardiometabolic risks®® and generally have different
phenotypic characteristics including BMI, blood pressure, and B-cell function in
different time points before diagnosis.’®> Classically, age at onset of T2D was
considered to be 35-55 years of age, however currently the disease can be observed in
younger ages due to the increasing rates of obesity in young adults.?* Defining
BMI>30kg/m? as a risk factor for T2D is more applicable to the European ancestry,
while for East Asian individuals this value is lower (BMI>23kg/m?) due to a higher
susceptibility to T2D in this ethnicity.*” Even though hyperglycemia is the strongest
risk factor for microvascular complications, many studies suggested that for long-term
diabetes there are other factors that influence the disease and, as a result, individuals
with the same level of hyperglycemia have different risks of complications.>*>® These
factors include genetics, type of diabetes treatment, obesity, hypertension, also
environmental factors such as smoking and alcohol consumption, and general level of

life and health care.*
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Currently, the main strategy for T2D treatment at the first step is targeting
weight loss and suggesting modification of lifestyle with physical activity and diet.>*°
At the second step, for more severe cases, glucose-lowering therapy is prescribed. %!
However, despite the effectiveness of glucose-lowering therapy, in some cases it could
cause harmful side effects®? and due to diabetes heterogeneity, it has no consistent
effect on the progression of diabetes complications, especially in the high-risk
groups.’®93%4 Therefore, there is a great need for a patient-centered approach in
diabetes therapy, which would rely on specific characteristics of the individuals. There

have been several attempts to identify (classify) subgroups of patients with similar

characteristics with the aim to improve clinical decision support system.

1.1.5 Modeling heterogeneity of T2D into subgroups

One of the first approaches, which was trying to address the clinical complexity
of T2D and help clinicians to improve treatment effectiveness, was offered in 2010.
That was the “ABCDEFG” algorithm, which stands for Age, Bodyweight, presence of
Complications, Duration of disease, Empowerment Economics, degree of Frailty and

Geography.%-¢7

At the initial step, patients were categorized in groups based on age
(young, middle, old), then in groups based on disease duration (with cutoff 10 years)
and HbAlc levels (different cutoffs depending on age/duration groups), and then
recommendations for treatment were prescribed depending on the level of body weight,
risk of hypoglycemia and complications.®® Empowerment, in this case, was standing
for educating of patients on disease management, accounting for cognitive damage,

mental state (Frailty), and differences among ethnicities and geographical location

(Geography).®’

Another suggestion, called the “palette” model, was offered in 2017 by
McCarthy and had grounds in different molecular and pathophysiological factors
predisposing to diabetes development.®® This approach suggested examination of

patients based on main pathophysiological processes involved in diabetes progression:
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islet development, senescence, and replacement; islet function, and autoimmunity;
obesity and fat distribution; insulin resistance, and incretin activity. This is based on
well-recognized evidence that patients develop diabetes either due to cumulative
modest defects of several processes or due to severe defects in one particular process.
This view was supported by genetic studies showing increased risk of different
complications in individuals with different polygenic risk scores (PGRS) for described
processes.®*’> PGRS explains risk of developing the disease or the trait and is
calculated for each individual using their genetic information and the effect sizes from

corresponding GWASs.”

With the establishment of medical registries and the collection of large amounts
of clinical, biological, and genetic data of patients with T2D, several data-driven
approaches were offered with the aim to identify and characterize subgroups of T2D.
In 2015, Li et al. described three subgroups of individuals with T2D using topological
analysis of patient-patient networks and clinical data consisting of 73 variables
including laboratory measurements, vitals, medications, and diseases, however, the two
main players in the diabetes pathogenesis were missing: measurements of insulin
secretion and insulin resistance.” According to this approach, patients were assigned
to one group if they showed very similar characteristics across all variables used in the
analysis. The first subgroup was characterized by the highest serum glucose
concentration and BMI and was associated with an elevated risk of nephropathy and
diabetic retinopathy (DR). The second subgroup was characterized by the lowest
weight and by an increased risk of cancer malignancy and cardiovascular disease
(CVD). The third subgroup had the highest systolic blood pressure and the strongest
association with CVD, neurological disorders, allergies, and human immunodeficiency
virus infections. Authors also performed genetic analysis, suggesting biologically
relevant genes to be associated with specific subgroups and phenotypes typical for

them.”

In 2018, a novel classification algorithm was proposed in the study of
individuals with new-onset diabetes from several Scandinavian cohorts.” The authors

used the k-means clustering algorithm based on six clinical variables: GAD antibodies,
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HbAlc, BMI, age at onset, and insulin secretion and resistance measured with The
Homeostasis Model Assessment (HOMA2-B, and HOMAZ2-IR).”®"” Five subgroups of
patients with different clinical characteristics and complications prevalence were
identified in the analysis. The first subgroup, severe autoimmune diabetes (SAID), was
characterized by the presence of GAD antibodies, lower BMI, and higher HbAlc
compared to other subgroups. The second subgroup, severe insulin-deficient diabetes
(SIDD), included GAD-negative individuals and had the highest risk for DR, though
the clinical characteristics were very similar to the first subgroup. The third subgroup,
severe insulin-resistant diabetes (SIRD), was characterized by the highest insulin
resistance and obesity, and the highest risk for chronic kidney disease (CKD). The
fourth subgroup, mild obesity-related diabetes (MOD), also included obese individuals,
but in this subgroup insulin resistance was lower than in SIRD. And the fifth subgroup,
mild age-related diabetes (MARD), included the oldest patients with the mildest
characteristics of all phenotypes. Subgroups were successfully extrapolated to the
populations from China, North America, and Australia including cohorts with diabetes
duration within 7 years.”®” In the German Diabetes Study, after 5 years of diabetes
duration 23% of participants switched clusters, and the progression of complications
in subgroups was different compared to the newly diagnosed patients. A potential
explanation for this was the usage of glucose-lowering treatment and disease

progression.®

In the study of the Indian population from the INSPIRED cohort with young-
onset T2D with less than 5 years of diabetes duration, authors also applied k-means
clustering on a wider set of variables including waist circumference, serum
triglycerides, and HDL-cholesterol and c-peptide.®! Two of the subgroups were similar
to the original study (MARD and SIDD), and two novel subgroups with mixed
characteristics were proposed: Insulin Resistant Obese Diabetes (IROD), and
Combined Insulin Resistant and Deficient Diabetes (CIRDD) with an elevated risk of
DR and highest risk of CKD. The combination of insulin resistance and deficiency in
CIRDD cluster was explained by authors with differences in diabetes representation in

the Asian Indian population compared to Europeans. The Indian population is
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characterized by younger age and lower BMI at the onset of diabetes, because of higher

levels of abdominal fat, and increased insulin resistance specific for this population.®!

In another replication attempt in the mixed multiethnic cohort from the East
London Database, variables from the original study were not available at the primary
care and authors used age at diagnosis, sex, HbAlc, and BMI to describe subgroups.
MARD and MOD subgroups were replicated and the third subgroup, Severe
Hyperglycemic Diabetes (SHD), had the highest HbAlc and risk of microvascular
complications.®? Usage of the alternative variables for identification of diabetes
subgroups was also confirmed in the IMI-RHAPSODY study, where because of the
absence of fasting glucose, instead of HOMA authors used random or fasting c-peptide
and HDL cholesterol, HbAlc, and BMLI. First, the authors performed analysis without
HDL cholesterol and replicated the original four T2D subgroups. After adding HDL
cholesterol to the analysis, MARD was stratified into two subgroups: mild diabetes

(MD) and mild diabetes with high HDL cholesterol (MDH).%3

Despite the fact that described data-centered clustering approaches are
undoubtedly clinically important, it is not clear to what extent the variables used in the
analyses are causal for diabetes development. T2D has a complex nature and is
characterized by developing severity of symptoms in the course of the disease, different
age at onset, and heterogeneity of etiological mechanisms due to various biological
pathways being involved.** Common complex diseases are present in more than 1-5%
of the population and have polygenic nature, meaning that several genes with moderate
effects are involved in their pathogenesis.®> Studying the genetics of this complex
disease may help to understand the underlying mechanisms of its heterogeneity and
subtype-specific causal biological pathways, and consequently contribute to disease

prevention and treatment.
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1.1.6 Genetics of complex traits

The central aim of the studies on human genetics is to explain the genetic
architecture of the heritable trait or disease with the aim to improve knowledge on

disease etiology, prediction, and treatment.3

The genetic architecture comprises
characteristics of genetic variants, which are associated with a particular trait. These
characteristics include the type and the number of genetic variants, the magnitude of
their effect, and the effect of their interactions with each other and with the

environment.®¢

Various studies were performed during different decades to investigate the
genetic architecture of complex traits. Twin studies were conducted on monozygotic
and dizygotic twins, and were aimed at investigating the contribution of environment
and genetics on the trait or disease.’” Earlier genetic studies presumed previous
knowledge about possible disease-related genes and were focused on particular regions
or specific genes (genetic linkage and candidate gene studies). Genetic linkage studies
aimed to find the chromosomal position of a gene, which is segregating inside families
with apparent mendelian transmission. Even though these studies are best compatible
with monogenic disease, this approach was also used to study complex traits.
Candidate genes studies examined Single Nucleotide Polymorphisms (SNPs) located
in previously preselected genes based on their biological relevance for association with
the trait.®” Many promising associations between diseases and SNPs were found using
this approach. However, the use of the approach for complex traits was criticized for
failure to replicate findings in different studies due to small sample size, diverse

populations, and inability to include all possible causative genes into analysis.®’

The most used approach for studying complex traits genetics today is genome-
wide association studies (GWASs). GWAS is a hypothesis-free approach which
explores the entire genome through the effects of SNPs on a trait or disease.”>*! First
GWAS was conducted on macular degeneration in 2005.°> After this, in 2007, the
Welcome Trust Case Control Consortium (WTCCC) set the stage for many GWASSs to
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come, and this year is considered to be the start of the GWAS era. Since then, more
than 4,500 GWASs have been carried on 5,000 traits, reporting 55,000 unique loci, and
providing evidence that GWAS is a powerful tool for studying the genetics of complex
traits.! Since in GWAS studies the entire genome is tested for the association with a
trait, and therefore numerous statistical tests are performed, to decrease a rate of false-
positive results i.e. type 1 error, the significance threshold is adjusted for the multiple
testing correction. The standard genome-wide significant threshold is p=5x10® and is
calculated using Bonferroni correction for multiple testing by dividing 0.05 by one
million independent SNPs in the genome.”® Another cutoff for p-value significance in
GWAS is equal to p=10~ and used by the National Human Genome Research Institute
for the identification of putative associations.”* GWAS studies mainly focus on
studying common complex traits and the effects of common SNPs with minor allele
frequency (MAF) in a population not less than 0.05.>°° Therefore, the majority of
SNPs identified by GWASs are located in non-coding regions since most SNPs in
coding regions are rare (MAF<0.01) and as such require a large sample size to have
sufficient statistical power for identification the genome-wide significant signals (with
p<5x10%)°! This limitation is the most important challenge in detection of robust
associations. Lack of robust association is making the translation of GWAS results to

biological mechanisms underlying the disease even harder.’!

Before performing genetic studies, evidence that a trait has a strong genetic
component should be provided. This can be measured using heritability, a concept
defined as a proportion of variance in a trait that is explained by genetics.”” Missing
heritability, on the other side, is the topic that gained a lot of interest in genetic studies
in the last couple of decades. It is defined as a discrepancy between the broad-sense
heritability (a measure of the proportion of variance in the trait which is explained by
all genetic factors, including gene-gene interactions and dominant effects, and other
genetic variants),”® and narrow-based heritability, also known as SNP-based
heritability, defined as the proportion of variability in the trait, which is explained by
an additive effect of causal SNPs.” Possible explanations for the missing heritability

are: 1) overestimated heritability for twin studies; 2) not detected by GWAS effect of
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causal rare variants; 3) effects of gene-gene and gene-environment interactions on the

trait 100-102

Gene-environment interaction studies play an important role in complex
diseases. They increase accuracy in the assessment of both effects of genetic and
environmental factors, and give more insights to the biological understanding of the
disease and inputs to personalized medicine.'” These studies are based on the
hypothesis that depending on the environment, the same genotype can have different
effects on the trait, or, from another perspective, that environment can have different
effects on the trait depending on genotype.'” The environmental exposure can vary:
either physical exposure (ecological, radiation, undernutrition), biological (virus),
chemical (medications, toxic elements), behavioral (smoking, diet), or life events
(stress, trauma). Several models describe a possible relation between genotype and
environment on the trait:

a) the genotype increases the effect of environment on the trait, however, the

environment could also affect the trait without genotype;

b) the effect of genotype increases the effect of environment, and there is no

effect of this genotype in unexposed individuals;

¢) the environment exposure increases the effect of risk genotype, but there is

no effect of exposure in individuals without risk genotype;

d) there is the an effect on the trait only in individuals with both risk genotype

and under environmental exposure;

e) there is an effect of risk genotype and of environmental exposure, but the

effect of their interaction is much stronger.!%3-105
Numerous traits have been reported to be associated with gene-environment
interactions. For instance, significant gene-environment interaction effects were
demonstrated for smoking and bladder cancer,'* saturated fat and BMI,'?" different
environmental exposure and diverse psychiatric disorders'®, as well as diet and

physical activity and T2D.!%
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1.1.7 Genetic architecture of T2D

During the past decades, the genetics of T2D was extensively studied using twin
studies, linkage studies, candidate gene studies, GWASs, and whole-genome
sequencing studies. The fact that T2D has a strong genetic component was initially
confirmed by showing that the disease aggregates in families. The risk to develop T2D
was reported to be 40% higher for individuals who had one parent with T2D and 70%
higher if both parents had the disease.'!® Similarly, twin studies on T2D demonstrated
70% heritability in monozygotic and 20-30% in dizygotic twins.!!! It is important to
emphasize that high estimates of heritability are also partially related to the shared
environment in families and possibly to an elevated risk of obesity, which could run in

families. Therefore, real estimates for the heritability of T2D might be lower.!!?

Several linkage studies in large families with mendelian segregation reported
only regions spanning two genes for association with T2D: CAPNI0''*!'8 and
TCF7L2.1%12° Candidate gene studies demonstrated associations with the main
processes involved in T2D pathogenesis: glucose and lipid metabolism, 3-cell function,
insulin secretion, and signaling. Numerous important genes were discovered using this
approach: drug-target PPARG,'?""'?* [RS-1 and IRS-2 involved in insulin signaling,'*
126 FTO associated with obesity,'?%!?” KCNJI11 involved in insulin secretion,!?%1%
WFS-1 involved in B-cell function,'3%!3! and MODY-related genes such as HNFIA,
HNFIB, and HNF4A4.13213

First GWAS studies for T2D replicated results from linkage and candidate gene
studies and confirmed associations for TCF7L2, the most significant and the most
frequently replicated gene until now, and also for other genes.'**!* Even though many
common variants with modest effects were detected in numerus T2D GWAS studies,
only handful of them were successfully replicated. The question of the contribution of
rare variants with bigger effects to the pathogenesis and heritability of T2D has been
extensively debated.'® In the paper by Fuchsberger et al. in 2016 year, the authors
addressed this question by performing whole-genome sequencing study on the

European population (N=111,548) and showing that common variants explain a much
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bigger fraction of T2D variability compared to rare variants.!*! This notion was also
supported in the recent GWAS (N=898,130) on Europeans which was performed in
2018 and included analyses of common and rare variants.'*? Authors identified 403
SNPs nominally associated with T2D (p<107), of them, 245 were genome-wide
significant, including 135 novel associations. Genome-wide significant variants
(MAF<0.05) explained only 1.3% of variability having odds ratio (OR) in a range 1.08-
8.05 (N=80), while this number for SNPs with MAF>0.05 explained 16.3% of the
variability with OR in 1.03-1.37. Authors replicated previously known T2D genes
including several signals at TCF7L2 locus with OR from 1.05-1.36. Signals in the
genes FTO, MC4R, TMEMIS, SECI16B, and GNPDA?2 had significantly different
effects in BMI-adjusted and unadjusted models, highlighting that the main effect of
these SNPs on T2D was driven by obesity and confirming results from the previous
studies.!**-14¢ SNPs in genes TCF7L2, ARAPI, JAZF1 were suggested to be associated
with insulin secretion, and in GRBI4, PPARG, HMGAI, ZNF664 with a reduced

capacity of fat storage and adipose tissue.'*?

The transethnic meta-analysis, which can increase power for identification

7 included cohorts from the

causal variants that are shared among populations,'*
Japanese and European populations, and replicated 60 previously known independent
loci and found 28 novel loci.'*® The heterogeneous effect of T2D pathways was
confirmed and the importance of B-cell dysfunction was highlighted in pathway
analysis in both populations.!*® The most recent and the largest GWAS on T2D
included multi-ethnic cohorts with multiple populations (N=1,4 million). In addition to
the discovery of novel T2D variants, authors aimed to investigate the impact of already
known T2D variants in different populations and to identify the genetic variants
associated with T2D complications. In total, the authors reported 568 independent
genome-wide significant (p<5x10-®*) SNPs, 286 of them were novel. Among reported
associations, several signals were strongly associated with DR including GJAS,
TCF7L2, SLC1842, and SVILPI. Authors also showed that PGRS for T2D has a strong
association with diabetic complications, being the strongest for DR. Authors suggested

that PGRS will help to identify individuals with T2D with increased DR risk.'#
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Notably, a recent study by Nag et al. performed on UK biobank demonstrated no

evidence for gene-gene interactions influencing the risk of T2D.!>°

There were several attempts to classify and characterize the genetics of T2D
based on association with related traits and risk factors.®®7%!5! In the study by Udler et
al. in 2018 the authors proposed a soft clustering analysis, allowing each genetic variant
to be associated with one or more clusters. The authors identified five tissue-specific
clusters of T2D SNPs. Two clusters were associated with reduced insulin secretion,
three other clusters were associated with insulin resistance and represented different
traits: a) obesity; b) low BMI; ¢) low HDL-cholesterol and high triglycerides; d) low
triglycerides. Results were confirmed by demonstrating that individuals with high
PGRS for a particular cluster exhibit cluster-specific phenotype.”! The study by
Mansour et al. in 2020 aimed to reach a better understanding of etiology for each
diabetes subgroup offered by Ahlqvist et al.'>> Authors performed GWAS analysis in
the ANDIS cohort and identified that subgroups have different genetic backgrounds
and heritability. SIDD and MARD subgroups showed the strongest heritability, while
SIRD had the weakest estimates for heritability. PGRS for T2D SNPs had a strong
association with SIDD and MOD. This association was weaker for SAID and this
subgroup was significantly associated with PGRS for T1D. The SIRD was only one
subgroup where no associations with 7CF7L2 or PGRS for insulin secretion were

identified.”>!'%2

In summary, extensive studies on the genetics of T2D are making formidable
discoveries and providing novel insights into disease pathogenesis, however, there is
still a large part of missing heritability being unexplained (missing heritability).'*’
Additionally, more attention should be given to studying diabetes complications, and
especially prediction and treatment of individuals in high-risk groups for
complications. Genetic studies of specific diabetes subgroups will help to understand

the underlying biological mechanisms of each subgroup.
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1.2 Diabetic retinopathy

1.2.1 The global significance and prevalence of diabetic retinopathy

Diabetic retinopathy (DR) is a sight-threatening disease of the retina and the
most frequent microvascular complication of diabetes.!3!3* Overall, among all
individuals with diabetes, approximately 30% develop DR, and 5-10% develop sight-
threatening DR, but these estimates are largely dependent on the duration of
diabetes.!*>!¢ Individuals with TID develop DR almost twice as frequently compared
to those with T2D: 36.3% vs 19.4%.'57-158 Together with cataract, age-related macular
degeneration, glaucoma, uncorrected refractive, DR takes a leading place among the
causes of blindness in the working-age population in developed countries of Eastern
and Central Europe.'>*162 In 2002, the WHO estimated that DR caused approximately
15%-17% of the total blindness rate in Europe and the USA.!®* The contribution of DR
to the rate of blindness is estimated to increase as the number of people with T2D and
their life expectancy increase.'®® Number of people with blindness caused by DR
increased from 0,2 million to 0,4 million in 2015, and rates of severe vision impairment

increased from 1,4 million to 2,6 million in 2015.1¢

During the last decade, several reports suggested that the prevalence of DR was
decreasing in developed countries, possibly due to the regular screening and improved
systematic control of DR.!6:164.165 The latest and largest meta-analysis, which included
59 population-based studies, estimated that in 2020 the total number of individuals with
DR was 103.12 million globally, and with sight-threatening DR this number was 28.54
million.'%® Since the prevalence of individuals with diabetes increases, these numbers
are estimated to reach 160.50 million for DR and 44.82 million for vision-threatening
DR in 2045.1% The highest prevalence was seen in South East Asia (35.9% for DR and
14.4% for vision-threatening DR) and North America and the Caribbean (33.3% and
7.8%), and the lowest in South and Central America (13.3% and 5.8%).!¢ Among
Europeans, the prevalence was reported to be 18.7% for DR and 5.5% for vision-

threatening DR. 166
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1.2.2 Screening, diagnosis, classification, and treatment

The microvascular circulation in retinal tissue is affected in diabetes resulting in

structural changes.'®’

These changes induce microvascular degeneration and restricted
blood supply to vessels on the retina surface, which might lead to the formation of new
fragile vessels that are prone to bursting and bleeding, and as a consequence, to vision

168

loss.'*® DR is often associated with other vascular complications of diabetes, including

170 "and cardiovascular diseases'”!. Pathophysiology of DR

neuropathy,'%® nephropathy
involves retina blood vessels leakage, inflammation, and neuronal dysfunction in the
eye.'”? DR is a progressive disease and over time it may progress from mild to severe
stages depending on diabetes management, genetics, ethnicity, and environment.'®® It
is essential to categorize and describe stages of the disease severity in order to provide

the optimal therapy.'”

DR is clinically classified into two broad stages based on the level of
microvascular degeneration and related ischemic damage: non-proliferative diabetic
retinopathy (NPDR) and advanced, proliferative diabetic retinopathy (PDR).!%%!7* To
distinguish and standardize DR stages more precisely, several classification systems
were proposed. One of them was the Modified Airlie House Classification, which
compared stereo photographs in 7 standard photographic fields with the patient’s cases
in the fields.!” Later this classification was adjusted for use in the Early Treatment of
Diabetic Retinopathy Study (ETDRS), where DR was classified into 13 complex stages
ranging from level 10 (no retinopathy) to level 85 (severe vitreous hemorrhages or
detachment of retina or macula).!’® ETDRS was perfectly suited for research, but due
to its complexity, it was rarely used in the clinics.'”* To simplify the classification scale,
based on scientific evidence provided by the Wisconsin Epidemiologic Study of DR
(WESDR) and ETDRS, the International Clinical Disease Scale for DR was created.!””
According to this scale, there are five stages of DR:

- The first stage is called “no apparent retinopathy”, which represents a

healthy eye without any sights of DR.
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- The second stage is called “mild NPDR” and is characterized by a few
microaneurysms.

- The third stage is called “moderate NPDR” and is characterized by more
microaneurysms, bleeding vessels, and hemorrhages inside the retina.

- The fourth stage is “severe NPDR” characterized by more affected areas
compared to moderate NPDR, half of the cases at this stage usually require
laser treatment.!”®

- The fifth stage is proliferative DR (PDR), characterized by
neovascularization affecting the disc, the retina, the iris, the angle, the

vitreous, and hemorrhage or the tractional retinal detachment.!”’

It is essential to perform regular screenings of individuals with diabetes to
diagnose retinopathy in earlier stages and to avoid or delay the progression to PDR.!7*
183 Diagnosis of DR is based on visual examination and detection of microvascular
damages on the patient’s retinal fundus photography.!” The best practice is when the
examination is performed by an ophthalmologist. In recent years Artificial Intelligence
(Al) using deep learning was proposed to perform DR diagnosis using an image
recognition algorithm.!84!87 Since in the early stages DR is not usually characterized
by any symptoms, a patient may not recognize the disease and it may be identified only
by examining the fundus photography. Currently, the recommendation for screening is

179.188 " and once per two years for

once per year from the time of diabetes diagnosis
patients with well-controlled diabetes and no signs of retinopathy'®’. The benefits of
regular screening were demonstrated in many countries especially considering the
evidence that treatment of the disease becomes more efficient the earlier it is

diagnosed 180,182,183,190-192

Currently, the main treatment alternatives are targeting the severe vision-
threatening stages of the disease using laser surgery and inhibitors of vascular
endothelial growth factor (VEGF).!*!* Although these approaches are efficient and
have improved over the last decade,'®>!°7 they still have limitations and strong side

effects. Laser treatment might cause visual field loss or impairment of color vision.'?®

UNIVERSITY OF BERGEN



30°

VEGF inhibition might cause local complications such as retinal detachment and harm

199

the remaining healthy retina."” Also, it might increase the risk of hypertension,

200201 These approaches do not address

proteinuria, ischemic cardiovascular disease.
the problem of DR prevention or slowing down the progression from early to more
severe stages, when treatment is the most effective. Currently, the most common
strategy for this is good management of diabetes and controlling for risk factors such

as hyperglycemia and hypertension.?*?

1.2.3 Risk factors

The strongest risk factors for DR are diabetes duration, hyperglycemia, and
hypertension.?? After six years of diabetes duration, 45% of individuals with T1D and
38% of individuals with T2D will develop DR.2°*2* These numbers increase after 20
years of duration and reaching 80% for T1D, about 80% for insulin-treated T2D, and
50% for T2D without insulin treatment.?°>2% Glycemic control, for now, remains the
primary strategy for slowing down retinopathy progression. A good glycemic control
(HbA1c<7%) in patients with T1D decreases the incidence of DR by 76% and
progression to PDR by 54%2%2, however, this target of glycemia is very difficult to
achieve. Intensive glucose-lowering therapy in individuals with T2D decreases the risk
of DR by 25% and the need for laser therapy by 29%.2” Control of blood pressure
(<150/85 mmHg) in T2D patients reduces the risk of progression to PDR by 34% 203,
Even though the association between plasma lipid and lipoproteins levels and DR is
less strong as with hypertension'**2%%-2!1 lipoproteins may play an important role in the
prevention or progression of DR. Patients who were treated with lipid-lowering drugs

have shown a slower progression of DR?'? and needed less laser treatment®!!,

nephropathy?!8,

Obesity?!*?!4 inflammation?!®, endothelial ~dysfunction,!62!7

hormones?'?, oxidative stress?’® and deficiency of vitamin D?*?! are additional

established risk factors for retinopathy.
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Despite the solid clinical evidence of the importance of the above-mentioned
risk factors in the pathogenesis of DR, controlling these risk factors might not always
be efficient for preventing or slowing down DR progression. The association between
risk and progression of DR and glucose control has not shown consistent results and
currently remains the topic of debate.??>??5 Additionally, glycemic control must be
adjusted individually depending on the risk of hypoglycemia. This is particularly
crucial for the older groups of patients since it could increase the risk of non-fatal and
fatal cardiovascular events.??® In the Veterans Affairs Diabetes Trial study, the effect
of intensive glycemic control was beneficial for younger patients, but harmful for the
older group.??” The ADVANCE study did not show any positive effect of glucose-
lowering treatment on DR.>” Moreover, in the Diabetes Control and Complications
Trial study, it was shown that glycemic exposure explains only 11% of the risk
reduction, meaning that 89% of the variation are explained by other factors.?”8
Furthermore, some patients with long-term diabetes do not develop DR or don’t
progress to PDR.??° Thus, in Joslin Medalist study, 43% of individuals with more than
50 years of T1D duration have not developed any symptoms of PDR.??’ Cumulatively,
these results suggest that other factors, such as genetics and environment, and their

interaction, play a significant role in the development and progression of DR.

1.2.4 Genetic architecture of DR

The fact that DR has a strong genetic component was supported by several
pieces of evidence. First, DR co-segregates in families and individuals with DR in the
families are 2-3 times more likely to develop DR than those without family members
with DR.%® Second, DR prevalence differs among ethnicities as was reviewed in
chapter 1.2.1. Third, no less important, remarkably some patients never develop severe
stages of DR despite the same severity and duration of diabetes as their counterparts.?*
Twin studies reported a strong co-segregation of DR among twins with T1D and
T2D.?!232 Heritability of any DR was estimated as 27%, and for PDR as 52%, which

means that PDR likely has a more robust genetic component.?332** Until now, there
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were not many estimates of SNP heritability for retinopathy. In GWAS from the
Genetics of Diabetes Audit and Research in Tayside Scotland (GoDARTS) cohort,

narrow-sense heritability for PDR was estimated as 7%.%%

Linkage analyses studies for DR were performed on multiple populations and
identified few linkage regions, however, no specific genes were suggested.?36-23
Multiple candidate gene studies for DR suggested several genes to be associated with
the disease: VEGFA, AKRIBI, AGER, ICAMI, MTHFR.?>*>*> Nevertheless, larger
sample size is needed to reach reproducible results. It was suggested that due to
different pathophysiological mechanisms in DR and PDR, different genes could be
associated with less and more severe forms of the disease.?* The main consistent and
the most frequently replicated result of candidate gene studies on PDR was the

discovery of VEGF gene family, which plays an essential role in neovascularization.?**
246

Until now, there were 11 GWASs performed for severe DR.233247-25¢ [p
comparison to studies in T2D, GWASs for severe DR did not provide consistent results
due to the insufficient sample size. Moreover, different studies report inconsistent
definitions of DR for both cases and controls. As mentioned in chapter 1.2.2, the golden
standard for the diagnosis of DR is relying on fundus photography examined by
ophthalmologist and then classified using International Clinical Disease Scale (ICDS)

247-252,254

for DR.!”7 However, only few studies were using this scale, and other studies

were relying on different classification scales.?3>233253236 Some studies used a wide

definition of severe retinopathy cases including individuals with PDR and diabetic

248,251

macular edema, or with severe NPDR,?*2# while other studies defined severe

DR as PDR?*":%5%252 Most of the studies used individuals with T2D with NPDR or
no/minor DR as controls, however, some of the studies also included non-diabetic

253

individuals as controls> or used an “extreme phenotype” approach choosing only

diabetic individuals with long duration and without any sign of DR?342%,
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Despite all these limitations, few promising genome-wide significant SNPs were
identified. One of them was found in the biggest GWAS for PDR in the European
population (N=4,666).2*> That was variant rs3913535 with (OR=1.55, 95% CI [1,48,
1,62], p=4.05x10”) in the NOX4, gene which is involved in the mediation of VEGF
receptor and was shown to increase neovascularization in the eye of a rat model for
retinopathy of prematurity.?S’ Another study reported genome-wide significant variant
19896052 with (1.67,[1.30, 2.15], p=4.15x10"®) at the GRB2 gene in the meta-analysis
combining European and Asian populations with type 1 and type 2 diabetes (N
discovery = 844 European, N replication=583 European+699 South Asian).>*’ This
gene was shown to be expressed in mice and human retina, and increased expression
of this gene was shown to be associated with retinal stress linked to neovascular

retinopathy in the mice model.>*

This gene is also involved in VEGF signaling, which
additionally confirms its biological relevance.?® In the study on the African population,
which is characterized by the elevated prevalence of PDR compared to other
ethnicities, Liu et al. were able to identify several genome-wide significant SNPs
associated with PDR, despite having a limited sample size N=360 but using an extreme
phenotype approach.?3® There were four genome-wide significant loci, and one of them
was replicated in African-Americans. This was variant rs11070992 with (1.28, [1.17,
1.40], p=4.23x10%) in protein-coding gene WDR72, which is associated with
hyperglycemia, and mRNA of this gene is expressed in the retina.?®® This gene was
suggested to be involved in the proliferation of new blood vessels in the retina.?*® Other
genes with genome-wide significant loci were HLA-B (rs1065386, 1.21, [1.14, 1.28],
p=3.0x10") and GAP43 (rs10560003, 1.86, [1.50, 2.31], p=2.1x10"*). Both these
genes are expressed in the retina and pancreas, and HLA-B is also associated with DR

in African and Caucasian T1D individuals.?¢!262

At present, there are two whole-exome sequencing (WES) studies for DR
reported. Both of them applied the “extreme phenotype approach” aiming to find large
effects of rare variants, but the sample size was still limited. By making cases and
controls more homogeneous, this approach decreases noise in the data and therefore
increases the statistical power.?> One of these studies in the Saudi Arabian (n=107)
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cohort identified protective genome-wide significant genes NME3 (p=1.55x10717),
LOC728688 (p=6.23x107'%), and FASTK (p=3.21x107®). However, not much is known
about these genes, and further research is needed to clarify their role in DR
pathogenesis.?** Another WES study in African Americans (n=70) identified 44 genes
(19 of them were novel), which reached a genome-wide significance level. The
researchers documented that a number of variants was located on VEGF-B and ApoB

genes previously associated with DR 2%

Today, the genetics of retinopathy remains elusive. The main obstacles that
hinder progress in this research field are the low statistical power due to the small
sample size, the heterogeneity of phenotype definition, and the complexity of the trait.
More studies with bigger sample sizes and standardized definitions of DR cases and
controls are needed to discover small genetic effects and to unravel gene-environment
and gene-gene interactions effects. Identification of new clinically relevant
pathogenetic pathways using genetic studies will help to understand the causal
mechanisms of the disease development and progression. This will contribute to
personalized treatment and prediction of DR at the early stages, which will consider

the heterogeneity of disease pathophysiology.2
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1.3 Role of intrauterine environment in adult disease

1.3.1 Developmental origins of health and disease

Developmental origins of health and disease (DOHaD) is a field of research that
emerged actively in 1980" and is aimed at investigating the effect of early life events

267 The original study by Barker et

on predisposition to chronic diseases in adult life.
al., that initiated this research theme, showed the correlation between birth weight in
infants and later death in adulthood from ischemic heart disease.?® This study led to
the theory that due to diverse intrauterine factors such as undernutrition, exposure to
infections, maternal stress, and hormonal deviations, fetus’ organ structure and
function, growth and metabolism can be impaired, and these changes might lead to
disease predisposition later in life.?®>2”> The importance of maternal experience on
future child life was discussed for a long time starting from the 1800'™.27327 Due to the
consequences of the severe economic crisis in 1930s, the impact of early life
environmental factors on long-term events in life was recognized as a significant factor
in humans and animals, in addition to the earlier suggested concept of inheritance.?’*
278 The Second World War, a “natural experiment” that resulted in extreme stress
exposure and starvation of thousands of people, initiated many human studies on the
influence of adverse environmental conditions in early life on disease development in

adults contributing significantly to the DOHaD research.?”*-8!

1.3.2 Intrauterine famine and adult diseases

The majority of the famine studies were performed in the Dutch Hunger Winter
(1944-1945) cohort capitalized on extensively and comprehensively collected data.?%
However, various populations were exposed to famine periods in history: the Chinese
famine in 1959-1961,%%? famines in Sweden (1867-1869)*3 and Finland (1866-
1868)?%4, seasonal famines in Bangladesh and Gambia (between 1949 and 1994)%3,
Siege of Leningrad of 1941-1944 (severe and long-lasting starvation period)*®¢, and

the Great Ukrainian Famine (1932-1933)**7. Based on these historical famine periods,
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numerous studies have reported associations of early life events with long-term
diseases. Association of LBW and intrauterine undernutrition was extensively

investigated in studies on Dutch famine.?82%-2%° Diverse metabolic conditions

282,294 282,294,295

including obesity,?*°*%* hypertension, systolic blood pressure, insulin-
glucose metabolism,”®® hyperglycemia,?” HDL and LDL cholesterol,>®® total
cholesterol and triglycerides,>” and CVD?*%3%! have demonstrated an association with
famine exposure in early life. Additionally, there is a strong consistent association of
famine exposure with approximately 2-fold increased risk of Schizophrenia in Dutch
and Chinese famine studies.’>3% Risk of T2D was extensively studied, showing
consistent association with prenatal famine exposure in several cohorts including
Chinese, Dutch and Ukrainian populations.?87-3%-30% The strong association of T2D and
early life events paved the way to several theories trying to explain the mechanisms
underlying the DOHaD phenomenon: how early life events could cause diseases in later

life.

1.3.3 Hypotheses underlying DOHaD

The “thrifty genotype” hypothesis was proposed by James Neel in 1962. He
suggested that diabetes was favored through the process of natural selection due to
“thrifty genes”, which were responsible for the effective storage of extra energy and
fat from food. Individuals who carried these genes were selected evolutionary as those
who have more chances to survive in poor nutrition conditions.’! This evolutionary
theory was criticized mainly because populations predisposed to obesity, such as
Pacific Islanders (one of the most obese and prone to diabetes population), did not have
a history of significant famine periods.’!!'*!> Additionally, if that were true, modern
hunter-gatherers would have become obese in the periods between famines, however,
historical data suggest an opposite.>'* The “thrifty phenotype” followed the “thrifty
genotype” hypothesis and was introduced by David Barker in 1992. Barker proposed
that limited nutrition during intrauterine development affected the growth of fetus by
diminishing insulin secretion and developing insulin resistance in order to survive

birth.3!4315 And these adaptational changes subsequently caused T2D and metabolic
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syndrome in adult life. The main criticism against this theory was particularly against

316,317

the focus on the LBW as a causal explanation and that growth-restricted infants

develop insulin resistance after birth, but not during intrauterine development.’!®

In 2005 the “thrifty phenotype” hypothesis was modified by Peter Gluckman

319321 This theory relies on the

into the “Predictive Adaptive Response” hypothesis.
form of “developmental plasticity” - the capacity of individuals with similar genotypes
to develop different phenotypes depending on early life environment.*?! In the case of
intrauterine famine, the fetus adjusts its developmental processes according to severe
undernutrition. As a result, later in life an individual is biologically prepared
(programmed) for conditions with limited nutrition and might react well if these
conditions are the same as predicted by programming. However, if future life is rich
with nutrients, the programmed body response will have a “mismatch” with real
conditions and this might lead to higher risks for metabolic disorders.?!?322324
Explanation of this theory relies on epigenetic regulations, heritable but reversible
phenomena, which induce changes in gene expression without changing the nucleotide
sequence and which could be induced by the environment.32>32¢ The results of the
Leningrad famine, where the level of nutrition was still poor after the famine, were in
support of this theory. In contrast to studies on Dutch famine, where nutrition after the
war was better, studies on the Leningrad famine did not show elevated risks for

metabolic diseases.?”

In summary, DOHaD is a wide and actively developing field. A variety of
phenotypes were studied in different cohorts and populations discovering new links
and associations. Particularly a strong association was seen between diabetes and
intrauterine famine across different populations and ethnicities. It was suggested that
famine could contribute to diabetes epidemics in China, and even might have an effect
through generations.>'>?” However, there were no studies on the association of famine
and diabetic vascular complications, particularly on DR. Interestingly, metabolic risk
factors for DR such as hypertension and hyperglycemia were shown to be associated

with perinatal famine. In this Ph.D. project, we hypothesized that intrauterine famine
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could influence the risk of severe DR in the Ukrainian population and studied

molecular mechanisms which may potentially underlie this association.
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2 Aims

The aims of the current Ph.D. project were:
1. To study novel diabetes subgroups in the Ukrainian population, particularly
subgroups with the high risk of proliferative diabetic retinopathy (Paper 1)
2. To study an effect of the extreme perinatal exposure to famine and the risk of
proliferative diabetic retinopathy in adulthood (Paper 2)
3. To investigate genetic risk factors for famine-linked risk of PDR (Papers 3, 4)
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3 Methodological considerations

Detailed materials and methods for each project are described in the respective
paper or manuscript. In this chapter, a brief description of the cohorts and discussion

of methods and their limitations will be provided.

3.1 Cohorts

The main aims of this Ph.D project were to study the influence of the intrauterine
famine on PDR, to investigate genetic risk factors of famine-related PDR, and to
investigate novel diabetes subgroups in the Ukrainian population. A large part of the
population in Ukraine experienced a man-made famine due to economic and political

problems in the country in 1932-1933.%7

Industrial eastern regions were exposed to
famine, in contrast to western regions of modern Ukraine, which were part of Poland
until 1939 and did not experience famine. In the current project, we used two cohorts
from the Ukrainian population, which included individuals with diabetes who were
born before, during, and after years of famine in exposed as well as in unexposed

regions.

3.1.1 The UNDR study

The Ukrainian National Diabetes Registry (UNDR) study is an entire Ukraine-
based registry of patients with diabetes who were visiting hospitals during the period
from 1999 to 2013.28 To study the association of intrauterine famine with PDR (paper
2), we selected individuals from four geographically and climatically similar regions.
There were two famine-exposed eastern regions and two unexposed western regions,
Chernihiv and Kyiv and Rivne and Volyn, respectively. In brief, the cohort included
individuals born between 1904 and 1977. In total, there were 101,095 individuals with
clinical data and information on diabetic complications after performing quality control

(QC) steps, of which 53,321 individuals were from famine-exposed and 47,774 were
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from unexposed regions. Diagnosis and stages of DR were based on visual examination
of fundus photography performed by ophthalmologists. PDR was defined as the
presence of either proliferative DR or blindness. A detailed cohort description and QC
steps were defined elsewhere.?®”32® Famine exposure in the UNDR was defined based
on region and year of birth. The study was approved by the ethics committee of
Komisarenko Institute of Endocrinology and Metabolism in Ukraine (Dnr3/2006-11-
10) and by the Norwegian ethics committee (Norway: 2019/28968).

3.1.2 The DOLCE study

The Diagnostic Optimization and Treatment of Diabetes and its Complications
in the Chernihiv Region (DOLCE) is a hospital- and primary healthcare-based study,
which includes patients with diabetes from Chernihiv town, the famine-exposed region
of Ukraine. In addition to anthropometric measurements, the DOLCE cohort also
included fasting blood glucose, plasma and serum samples, from which C-peptide,
insulin, lipids, and GAD antibodies were obtained. Insulin secretion (HOMA2-B) and
resistance (HOMA2-IR) were estimated using HOMA indexes based on fasting
glucose and c-peptide and using HOMA?2 calculator.”®’” Individuals from this cohort
were genotyped for candidate SNPs and GWAS using Infinium CoreExome24 vl
(Illumina) chip.’?® PDR was defined as either presence of PDR, blindness, or laser
treatment. This cohort was used in the analysis in Papers 1, 3, and 4.33° The study got
approval from the local ethics committees (approval number for Ukraine Dnr17/2011—

09—14; for Norway 2019/28968).
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3.2 Methods

3.2.1 Cluster analysis

To examine novel diabetes subgroups in the DOLCE cohort in Paper 1, we
applied clustering approach proposed by Ahlqvist et al. in patients with new-onset and
long-term diabetes.” First, we selected GAD-positive individuals and assigned them
to the subgroup with autoimmune diabetes (SAID). On the remaining individuals with
clinically diagnosed T2D, we performed k-means clustering on the same set of
variables as in the original paper: HbAlc, HOMA2-B, HOMA2-IR, BMI, and age at
onset.”> Before performing cluster analysis, we performed essential quality control
(QC) steps on the data (details in Paper 1). To avoid bias due to the higher impact of
units of measurements, variables were standardized (subtracted with the mean and

divided by standard deviation), male and female participants were analysed separately.

K-means clustering is an unsupervised machine learning algorithm that aims to
find a structure in the data based on the distance between the data points.**' First, the
algorithm randomly selects k points as centers of each cluster. In the next step, the
algorithm calculates the Euclidian distance of each data point to cluster centres based
on variables used for clustering and assigns each data point to the closest cluster. The
most important parameters which influence the cluster algorithm performance are the
number of clusters (k) and initial values of the cluster centres. Cluster algorithm
performs well and identifies structure in the data correctly when data points are more
similar inside clusters and differ significantly between clusters, and when the clusters

are stable.>?!

An important limitation of the current method used for the long-term diabetes
group was that variables used in the analysis do not remain stable through the diabetes
duration. For instance, GAD antibodies measured in years after diabetes duration could
be negative, even though they were positive at the onset of diabetes.?*>33* Despite the

GAD antibodies being the most frequent among all diabetes antibodies, if we would
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have information for other types of antibodies, it could identify more individuals with
autoimmune diabetes. Although the bias due to these issues would not be very
substantial, individuals with autoimmune or monogenic diabetes (because we did not
perform sequencing of MODY genes in our cohort) may be misclassified and analyzed
together with T2D. Moreover, all parameters used in the cluster analysis are
interdependent, and in the course of the disease interdependency between parameters
may change. For instance, with the progression of diabetes insulin secretion decreases,
and insulin resistance and HbA 1c usually increase. Additionally, these parameters are
dependent on nutrition, physical activity, diabetes treatment, and BMI. The HOMA
index calculation, which relies on c-peptide and fasting glucose, might also be biased
with disease duration due to changing c-peptide (Ahlqvist et al., Supplementary
Appendix, Figure S13).7

Limited sample size may also impact the performance of the clustering
algorithm. Even though there are no assumptions for sample size or data distribution
for the k-means clustering algorithm, a larger sample size can have an impact on the
number of clusters and a clearer separation between clusters. Therefore, an increased
sample size could lead to better algorithm performance and stronger cluster stability in

the DOLCE cohort.

3.2.2 Epidemiological analysis

We estimated the association of PDR and intrauterine famine exposure in the
UNDR cohort in Paper 2. Before performing statistical analyses, QC was performed
(details in Supplementary Materials for Paper 2). In the first step, we calculated the OR
for PDR in famine-exposed and unexposed regions for each year of birth using logistic
regression (Figure 1, A). In the second step, ORs for interaction term between famine
region and year of birth (YOB) were calculated for each year of birth in the entire
cohort using logistic regression (Figure 1, B). To avoid bias due to age by comparing
the risks of PDR in individuals with younger age as a reference, we used the following

age groups: individuals with YOB in 1929-1936 were compared to individuals with
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YOB before 1928, individuals with YOB in 1937-1946 were compared to individuals
with YOB 1936, and individuals with YOB after 1947 were compared to individuals
with YOB 1946 (Figure 1, B). We adjusted logistic regression for sex, duration of
diabetes, hypertension, and a year of diagnosis. HbA1c measurements were available
only for 18,507 (~13%) individuals, therefore we used this adjustment only in the

combined analysis.

In the combined analysis, we compared the prevalence and OR of PDR in
individuals born in famine years (YOB in 1932-1934, 1941-1945, 1947) vs non-famine
years before 1950 (YOB in 1904-1931, 1935-1940, 1946, 1948-1950) and after 1950,
separately in famine exposed and unexposed regions (Figure 1, C). We did not find a
significant difference in PDR risk between exposed and unexposed years in decades
before 1950, therefore we combined YOB into decades before 1950 (famine decades)
and after 1950 (non-famine decades). We defined YOB 1950 as a cutoff for decades of
famine exposure (Figure 1, D). Then we compared risks of PDR in individuals born in
famine (YOB<1950) vs non-famine decades (YOB>1950) separately in exposed and
unexposed regions to confirm that elevated risk of PDR is attributable to famine
exposure, but not to a decade of birth. We used logistic regression to calculate OR for
PDR adjusting it for sex, diabetes duration, age, HbAlc, and year of diagnosis. All

statistical analyses were performed using R software.3**

A.ORin B. OR for interaction term € Com_bined analysis with 12 el
exposed, between region and year of e e analysis:
e birth: after 1950: :
Tegions: >
Famine > 8
exposed: 3
i (S| 10291936 D= g 1932-1934 >1950
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o
[ 6 193798 £ 1941-1945
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Figure 1. Schematic analysis plan for Paper 2.
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This study design has some limitations. First, since we included in the analyses
individuals who were over 60 years old and who went through adverse events in early
life, we cannot exclude survival bias. Due to exposure to intrauterine famine, weaker
individuals could die and stronger individuals, who possibly carry genes responsible
for surviving in adverse conditions, could survive. Moreover, selective mortality could
also play a role, meaning that those who were suffering from the more severe famine
died earlier from the more severe representation of diabetes and other diseases, and

therefore we analyzed cases with a less severe famine exposure.

Unregistered population migration could also lead to a bias in the data, if
individuals who were born in unexposed regions and then migrated to famine regions
were analyzed as those exposed to famine. Additionally, in our study we did not have
information about registered calories intake, therefore, we could not define the severity
of the famine exposure. However, this limitation is related to all famine birth cohorts,
except the Dutch cohort where calories intake was registered.?*> Additionally, due to
the limited sample size, we could not perform stratified analysis by famine exposure in
different trimesters of pregnancy. This limitation might have impacted association
results of different phenotypes with intrauterine famine exposure depending on the

period of pregnancy and fetus development.®3

3.2.3 Candidate gene analysis

We used the candidate gene approach in Papers 1 and 3 in the DOLCE study.**

In Paper 1, we performed candidate gene analysis for 62 SNPs associated with T2D
(details in Paper 1, chapter Genetics) ** in 1,115 individuals with long-term diabetes
with the goal to investigate the association of genetic variants with novel diabetes
subgroups. For this, we used logistic regression adjusted for sex and age, using the

insulin-resistant obesity diabetes (IROD2) subgroup as a reference.
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In Paper 3, our aim was to investigate the effect of genetic risk factors in the
context of intrauterine famine exposure on the risk of developing PDR in adulthood for
3,583 individuals from the DOLCE cohort. We tested 76 candidate SNPs that were
associated with diabetes and related traits (details in Paper 3, chapter Genetics). Since
all individuals from the DOLCE cohort were from famine exposed region, we defined
famine exposure based on YOB (‘famine exposed’ for YOB before 1950, ‘not exposed’
for YOB after 1950, coded as 1 and 0 respectively). Before performing the genetic
association test, we performed QC of the data (details in Supplementary Materials of
Paper 3). We used the gene-environment interaction approach to test the hypothesis
that the effect of genetics on the risk of PDR might be mediated by intrauterine famine
exposure.'” Since we had family relatedness in the data, we used a generalized
estimation equation (GEE) adjusting for risk factors (sex, duration of diabetes, age, and

HbAlc) and correcting for family relationships.®’

It is important to account for
relatedness in genetic association studies to decrease the type 1 error rate which could
appear due to the correlation of phenotypes between individuals with shared genetic
background.**® The traditional regression model does not address this issue since it
assumes independence of all samples and therefore is not suitable for the analysis of

such data.

To test that SNPs have significantly different effects in famine-exposed and
unexposed groups, we analyzed the heterogeneity of effect sizes in these groups. First,
GEE was performed separately in famine exposed and unexposed groups, and then

339 we estimated the probability that variability

using Cochran's Q-test for heterogeneity
of effect sizes between groups was larger than variability inside the groups. To obtain
estimates for heterogeneity, we used I> index, which represents the proportion of
variability across studies due to actual difference and not due to chance. I> was
calculated based on results from Cochran’s Q-test using the formula:

12:Q_—df
0x100%

Where Q is Q-value, and df is degrees of freedom.’® All statistical analyses were

performed using R software and plink v. 1.07.33434!
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An important weakness of candidate gene analysis in our study was the limited
sample size (N=3,583 in Paper 3 and N=1,115 in Paper 1), which may increase rate of
type 2 error, i.e. false-negative results. To increase the sample size and power of the
study in paper 1, we included individuals with NPDR in the control group, in addition
to individuals without any DR. However, as the mean duration of diabetes in the
DOLCE cohort was only six years, these persons potentially could develop PDR later
with diabetes progression and therefore they could fail to be true controls. Therefore,
the genetic analysis could be biased. However, a similar definition of controls was used
in the recent GWAS on severe DR, where authors reported that approximately 50% of
the individuals without DR at baseline will develop DR in the first five years of diabetes

and 25% of individuals with NPDR will recover fully in the same period.?*>

Moreover, we compare individuals from significantly different age groups
which could bring bias due to more severe diabetes and comorbidities in older people
and therefore higher risk of PDR. However, this limitation is also relevant for the
majority of studies on famine exposures which were usually based on historical
cohorts, where data was collected at the time of exposure. Consequently, exposed and
unexposed groups were segregated by the timing of exposure in the gestation stage and
unexposed individuals were usually older or younger than exposed.’*? Additionally,
since people who were included in analyses were over 60 years old, we could not rule
out the potential effect of life events (stress, quality of food, toxins, climate, radiation,
smoking, alcohol, etc.), which could contribute additionally to the increased risk of the

disease.

3.2.4 Genome-wide association and interaction analysis

We performed genome-wide association (GWAS) and interaction (GWIS)
studies in the DOLCE cohort with the aim to investigate the association of SNPs with
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PDR (GWAS), and to test the effect of interaction between intrauterine famine and

genetics on PDR (GWIS) in Paper 4.

On 551,839 directly genotyped SNPs, we applied standard QC steps for GWAS
studies (details in Supplementary information in Paper 4).3** We excluded population
outliers and examined the population structure of our cohort, by performing a Principal
Component Analysis (PCA). PCA is a machine learning algorithm that aims to reduce
the dimensionality of the data by computing a new set of variables called “principal
components” (PC) that keep maximum variability of the data.>** This algorithm is
widely used in GWAS studies with the aim to estimate homogeneity of the sample and
sample ancestry. By plotting the first two PC, we demonstrated that individuals in the
DOLCE cohort closely overlap with the European ancestry meaning that the European
population can be used for imputation despite the potential diversity of the Ukrainian
genome.>* Imputation is a standard procedure for GWASs that predicts genotypes at
SNPs which were not directly genotyped in the sample, based on correlation and
linkage disequilibrium (LD) with directly genotyped variants.>*¢ This procedure
increases the statistical power of the association study by increasing genomic coverage
and is useful for performing meta-analysis combining cohorts genotyped on different
platforms.’*” We imputed SNPs on Michigan Imputation Server using the reference
panel with European population HRC r1.1 2016. After imputation, we filtered out SNPs
with low imputation score (INFOscore<0.4) and rare and low frequency SNPs

(MAF<0.05).

We ended up with 2,925 individuals included in the analyses (1,364 were
exposed to famine, and 1,561 unexposed), 91 (3%) of them had PDR. Since data for
HbAlc was not available for all individuals in the cohort, analysis with HbAlc
adjustment was performed additionally (N=2,925, Nuva1c=2,305). For GWAS, we used
linear mixed model (LMM) adjusting for sex, duration of diabetes, and age as fixed
effects and for Genetic Relationship Matrix (GRM) as a random effect to account for
population structure and cryptic relatedness in order to control for type 1 error rate.>*

The GRM reflects the genetic correlation between each pair of individuals in the dataset
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and is calculated based on SNP data.** LMM is commonly applied in human genetic
studies when there are clusters or correlations in the data, since it accounts for the
difference of effects within the groups (fixed effects) and between groups (random
effects).>® For GWIS we used LMM with interaction term adjusting for the main SNP
and famine exposure effects. We performed complementary analysis using logistic
regression and excluding related individuals (N=52), since LMM is known to produce
higher rate of type 1 error especially in situations with imbalanced case/control ratio.*>!
We adjusted the model for sex, age, diabetes duration, HbAlc and the first two PC to
account for population structure. GWAS and PCA were performed using GCTA
software,*? GWIS was performed in GEMMA software®>, QC steps and logistic

regression were performed using plink software.?*!

The main weakness of this study was the limited sample size. Due to a big
number of association tests and moderate effect size of common SNPs, GWAS studies
require a large sample size to be able to reach sufficient power to identify genome-wide
significant SNPs (with p<5x10®).33* This issue is even more important for genome-
wide interaction studies due to the higher number of statistical tests being performed.*3
Moreover, the duration of diabetes in the DOLCE cohort was short (mean 6 years),
therefore the prevalence of PDR in the cohort was low (3%). This can contribute to the
higher OR observed in our study as it is expected for common SNPs in GWASs where
the prevalence of outcome reported to be higher than 10%. Especially it concerns
GWIS since OR for the interaction term is calculated based on allele counts in cases
and controls in famine exposed and unexposed subgroups. Therefore, due to
stratification into eight cells, allele counts might be even more imbalanced compared
to OR for GWAS, where only 4 cells are compared. Additionally, an imbalanced case-
control design together with a limited sample size decreased the power of the genetic
analysis and led to stricter QC in our cohort. A low proportion of cases in the cohort
produced an insufficient number of minor allele counts (MAC) for SNPs with lower
MAF, and therefore the chi-square test could not be performed for these SNPs. Due to
this, SNPs with MAC<5 and MAF<0.1 were excluded from the analyses in each
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subgroup. With this filter, we possibly also excluded SNPs which could have a

significant association in cohorts with larger sample size and longer diabetes duration.

3.2.5 Gene and gene-set analyses

To observe the cumulative effect of SNPs on PDR with the goal to increase
power by decreasing the number of statistical tests, we performed gene and gene-set
enrichment tests based on p-values from GWAS and GWIS in Paper 4. In gene analysis,
SNPs were assigned to genes based on genomic position, and then the association of
phenotype and gene was tested based on SNPs summary statistics. Then, gene-set
analysis (pathway analysis) combined genes in pathways and tested the association of
pathways and phenotype. In our project, we used Gene Ontology (GO) terms and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.**¢37 Analysis was
performed using MAGMA software.*3

3.2.6 DNA methylation and gene expression lookups

To look at potential epigenetic effects, in Paper 3, we performed DNA
methylation analysis on our data and look-ups in publicly available databases. We
executed methylation analysis separately in famine-exposed and unexposed
participants from the DOLCE study (in total n=51) to investigate possible epigenetic
changes which might be induced by famine exposure. We also did a lookup in the
publicly available mother-child database ALSPAC to investigate potential methylome
QTL effects and to deposit tissue biobank GTEX database to investigate gene

expression for our top SNPs in different cohorts.33%-3¢0

3.2.7 Correction for multiple testing

When performing numerous statistical tests, it is essential to avoid false-positive

361

results i.e. type 1 error by accounting for multiple testing corrections.”®' There are
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several methods to adjust p-values for multiple testing, the most popular of them are
Bonferroni correction, Holm-Bonferroni method (or False Discovery Rate, FDR),

362

Hochberg’s procedure, and Dunnet’s correction.’®* For genetic analyses in papers 1, 3,

and 4, we used Bonferroni correction, which is the strictest and the most conservative

363 In this method, the adjusted p-value is

method commonly used in genetic studies.
calculated by the division by the number of independent tests. For pathway analyses in
paper 4, we used different thresholds for gene analysis and for gene-set pathways
analyses dividing 0.05 by a number of genes, numbers of pathways in GO, and KEGG
respectively. In paper 1, for the analysis of risks of diabetes complications we adjusted
p-values using the Benjamini & Hochberg (or FDR) method. This method at first step
ranks all p-values in the data and relies on the following formula:

0.05xN

L

FDR;=

where N is the total number of tests, and i is a number in ranking for this p-value.%
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4 Summary of the papers

4.1 Paper 1: Novel Reclassification of Adult Diabetes Is Useful
to Distinguish Stages of B-Cell Function Linked to the Risk
of Vascular Complications: The DOLCE Study From
Northern Ukraine

The aim of the first study was to describe the novel diabetes subgroups in the
Ukrainian cohort and to assess performance of the clustering algorithm in the cohort
with long-term diabetes. We used the clustering approach published by Alquist et al.,
which performs clustering of diabetes patients in five novel diabetes subgroups based
on six affordable clinical variables and which was successfully replicated in several
populations.” We used the DOLCE cohort, which included individuals with new-onset
(N=887, meantSD, mean duration=1.1£1.1 years) and long-term (N=1,253,
duration=11.0£6.9 years) diabetes. We performed k-means cluster analysis and
estimated the risk and prevalence of complications for new-onset and long-term
diabetes groups. Additionally, we performed genetic analysis for 76 candidate SNPs
reported in DIAGRAM GWAS meta-analyses to find associations with the severity of

diabetes and complications.**¢

Subgroups in the new-onset group of patients from the DOLCE cohort had similar
characteristics as in the original study. However, in the long-term group novel diabetes
subgroups differed from the original characteristics. The prevalence of severe
autoimmune (SAID) and severe insulin-deficient (SIDD) diabetes subgroups in the
long-term diabetes group was approximately twice as high compared to the new-onset
group. These two severe subgroups were similar to the equal new-onset diabetes
subgroups, characterized with the lowest insulin secretion HOMA2-B, highest HbAlc,
and low age at onset. In long-term diabetes, we did not differentiate the original insulin

resistance subgroup (SIRD) and obesity diabetes (MOD) subgroups, in contrast we had
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two subgroups with admixed characteristics. Severe insulin resistance obesity diabetes
1 (IROD1) in long-term diabetes had, similarly to the original SIRD, the highest insulin
resistance HOMAZ2-IR, however, insulin secretion was lower. The severe insulin
resistance obesity diabetes 2 (IROD2) subgroup had likewise elevated insulin
resistance as IROD1, however insulin secretion was higher, and HbAlc was lower. In
contrast to other studies, the IROD1 subgroup was not characterized by the highest
prevalence of CKD while the SIDD subgroup was characterized by the highest
prevalence of all complications including CKD. There was an important observation
that despite high HOMAZ2-IR, the IROD2 subgroup had a low prevalence and risks of
all microvascular complications (Figure 2.1, 2.2). Therefore, we used this group as a
reference in genetic analysis and showed an association of rs7903146 in TCF7L2 with

more severe diabetes phenotypes and risk of complications.

Altogether Ukrainian new-onset subgroup had a more severe representation of
diabetes and less frequently prescribed insulin treatment compared to the ANDIS
cohort. Lower insulin secretion in DOLCE may be partially explained by exposure to
famine in 1932-33 in Ukraine. Individuals who were born in these years and were
exposed to famine in utero could have a malformation of the pancreas which could lead
to a reduced number of B-cells and consequently affect insulin secretion later in life.
The elevated prevalence of PDR in the SAID and SIDD clusters emphasises
importance of insulin secretion additionally to hyperglycemia in retinopathy
pathogenesis. Therefore, we suggest that it might be beneficial for individuals from
SIDD subgroup to prescribe insulin treatment on earlier stages of diabetes to preserve
B-cell function and to delay progression to PDR. Additionally, the IROD2 subgroup in
long-term diabetes with preserved B-cell function and low risk of complications may

represent an interesting group for investigation of possible protective mechanisms.
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Figure 2.1. Clinical characteristics of the clusters. (4) Individuals with new-onset adult
diabetes with less than 3 years of disease duration (n = 887). (B) Individuals with long-term
adult diabetes with more than 3 years of disease duration (n = 1,253).
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Figure 2.2. Prevalence of macro- and microvascular complications in different clusters of
adult patients with the new-onset and long-term diabetes. (4) Individuals with new-onset adult
diabetes with less than 3 years of disease duration (n = 887). (B) Individuals with long-term
adult diabetes with more than 3 years of disease duration (n = 1,253).
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4.2 Paper 2: Perinatal famine is associated with excess risk of

proliferative retinopathy in patients with type 2 diabetes

In Paper 2, the aim was to investigate effects of the intrauterine exposure to
famine on the risk of PDR in patients with T2D from Ukraine. We used the UNDR
study (N=101,095) which included individuals born in famine-exposed and unexposed

regions.

We demonstrated that individuals who were exposed to intrauterine famine
during the Holodomor had 1.76-fold (p=0.019) increased risks of PDR, and those who
were born during WWI had 3.02-fold (p=0.001) increased risk of PDR compared to
individuals from unexposed regions (Figure 3). These results were independent of sex,
diabetes duration, and year of diagnosis. In conclusion, we demonstrated that exposure
to famine during intrauterine development is associated with the increased risk of PDR
in adulthood and this was independent from HbAlc. Further studies will help to

understand the biological underpinnings of this association.
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Figure 3. Cross-over odds ratios for PDR in adulthood stratified by the years of birth (the
UNDR study). Odds ratios depicted as curves above the reference line (which equals one)
denote elevated risk of PDR in famine- exposed regions. Years of birth marked in red on the
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X-axis indicate periods of exposure to the Holodomor at conception (1932—1933) and WWII
(1941-1945) famines.

4.3 Paper 3: Neuronal dysfunction is linked to the famine-
associated risk of proliferative retinopathy in patients with

type 2 diabetes

The aim of paper 3 was to investigate molecular mechanisms behind the
association of exposure to intrauterine famine and increased risk of PDR in adult
individuals with T2D. We used the DOLCE cohort (n=3,583) and tested 76 candidate
SNPs for association with PDR under famine exposure using gene-environment

interaction.

We found a significantly elevated risk for PDR in variants located in ADRA24
PCSK9, and CYP2C19%*2, and a significantly decreased risk for the variant in PROX1
gene (Table 1). Association of ADRA2A was significant after Bonferroni correction.
For studying the functional effects, we modelled glucose starvation in embryonic
retinal cells and demonstrated increased expression of Adra2a and Pcsk9, but
decreased ProxI genes. In conclusion, famine exposure during intrauterine
development may trigger a risk of PDR in adulthood in individuals with T2D and this
risk may be related to the function of neurons. The results of our study highlight the
importance of neuronal damage as a potential early effect of PDR, which could trigger
disease development later in adult life under a diabetes environment. We suggest that
neuroprotective drugs may be effective in the early stages of the disease and may

contribute to prevention or protection from development of more severe forms of DR.
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Exposed to famine Unexposed Interaction Effect size heterogeneity
Gene SNP
OR (90% CI) OR (90% CI) p-value r Qep
ADRA2A4 rs10885122 3.67 (1.77 - 7.63) 0.45(0.28 - 0.71) 0.003 94 0.00006*
PCSK9 12479409 2.27 (1.26 - 4.06) 0.59 (0.37 - 0.94) 0.021 89 0.00313
PROXI 1340874 0.54 (0.32-0.89) 1.57 (1.05 - 2.35) 0.045 87 0.00642
CYP2C19*2 | 1s4244285 2.87(1.23 - 6.68) 0.48 (0.23 - 0.99) 0.040 86 0.00826

Table 1. Genetic variants and the risk of PDR for offspring to parents exposed and unexposed
to famine in the DOLCE cohort. *significant after Bonferroni correction.

4.4 Paper 4: Genome-wide association and interaction analyses

for severe diabetic retinopathy

The aim of paper 4 was to investigate the molecular underpinnings of famine-
related PDR by performing GWAS and GWIS studies. We used the DOLCE cohort
with individuals from the famine-exposed region of Northern Ukraine who were born
in decades with and without famine exposure. First, we performed association tests
using an MLM adjusted for the risk factors and GRM. Then, based on p-values from

the association tests, we performed gene and gene-set (pathway) enrichment analyses.

In GWAS, the strongest SNP 1s3795299 (p=1.05x10) located in the protein-
coding gene IL22RA1, which was also the top hit in the gene analysis (p=3.19x107).
The strongest association in the gene-set analysis was a response to ketones
(p=1.27x10*) in GO terms and base excision repair (p=2.0x10?) in KEGG pathways.
In GWIS the strongest SNP was intronic variant rs1506783 (p=1.29x107) located in
the PAPPA2 gene. The most biologically interesting was rs2230805 (p=4.44x107%)
located on the protein-coding ABCAI gene, which also reached borderline genome-
wide significance in the gene analysis with p=4.31x10%. For GWIS the strongest

pathway was DNA binding (p=1.76x10) in GO terms and tryptophan metabolism (p=

£
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1.27x10#) and glycerolipid metabolism (p=5.45x10"*) pathway in KEGG pathways. In
conclusion, we identified pathways that particularly underlined the importance of lipid
metabolism and inflammatory processes in the PDR development for individuals

exposed to intrauterine famine.
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5 Discussion

By studying novel diabetes subgroups in the Ukrainian population, we confirmed
the highest prevalence and risk of PDR in the severe insulin-deficient subgroup
(SIDD). We also demonstrated that the lowest prevalence of PDR was in the insulin-
resistance obesity diabetes 2 (IROD2) subgroup, which was characterised by the
highest insulin secretion in long-term diabetes. We suggested that increased PDR risk
may be associated with decrease insulin secretion additionally to hyperglycaemia. We
identified an association between PDR and intrauterine exposure to famine in
individuals with T2D suggesting that early life events could act as a trigger and increase
the risk of PDR under diabetes environment in adult life. When investigating possible
molecular links between the association of exposure to famine and PDR, we obtained
results that supported the hypothesis that intrauterine factors could have an impact on
neurodegenerative processes later in life and this may facilitate the development of
PDR. Additionally, inflammation and lipid metabolism pathways were highlighted as
the most significant contributors in the development of PDR based on GWAS results

in a population with T2D that was perinatally exposed to famine.

5.1 Importance of novel diabetes subgroups for identification of

individuals with a high risk of PDR

In paper 1, we performed a cluster analysis in the Ukrainian cohort of individuals
with diabetes aiming to identify the subgroups at a high risk of progression to vascular
diabetic complications and to assess the performance of suggested approach in
individuals with long-term diabetes.**® We used the clustering approach proposed by
Ahlqvist et al., which relies on the main known clinical parameters involved in disease
pathogenesis: autoimmunity, insulin secretion or B-cell function, insulin resistance,
obesity, and aging.”” As a result, we classified adult patients with diabetes into

subgroups based on the underlying pathophysiology. Advantageous to the previously
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offered data-driven approach,’* this method used measurement of B-cell function,
which reflects the central defect in diabetes.*¢ All variables used in the analysis are
affordable, not expensive to measure at clinical practice, and have strong prior evidence

of being associated with the risk of diabetes development.363-366

The key finding of this cluster analysis was that the method has suggested two
severe subgroups of T2D: insulin deficient and insulin resistant, which were linked to
an increased risk of retinopathy and nephropathy. In addition, two mild subgroups of
obese and elderly patients have been highlighted. Results of our analysis and other
studies have demonstrated that these clusters of correlated phenotypes are well-
replicated. However, these subgroups might change over time while the disease
progresses, as well as the risk of associated complications.®” To address this question,
we performed analyses of cluster characteristics in patients with new-onset and long-

term diabetes separately.

In the DOLCE cohort, the results of the cluster analysis in the long-term T2D
group with the mean of 11 years diabetes duration showed to be somewhat different
from the new-onset diabetes group. The SIDD cluster, similarly to other studies in the
German, North American, Chinese, and Indian populations, was characterized by the
highest prevalence of PDR, but also by the highest prevalence of neuropathy and
CKD.”#3! In patients with long-term diabetes, we could not differentiate original SIRD
and MOD subgroups. In contrast, we found two insulin-resistant subgroups with
admixed characteristics of SIRD and MOD. The insulin-resistant obese diabetes
(IROD1) was comparable to the similar cluster in the Indian cohort and was
characterized by lower insulin secretion compared to ANDIS, higher abdominal
adiposity, and a high risk of CKD.?! The most interesting finding lies in the fact that
we identified a subgroup of insulin-resistant obese diabetes (IROD2), which despite
the high insulin resistance had preserved -cell function, lower HbAlc, and the lowest
risks of microvascular complications. Our findings suggested that in years following

the diagnosis the subgroups’ characteristics may be modified by biochemical processes
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in the body due to disease progression and treatment, and thus it would be reasonable

to perform clustering across the different periods of disease duration.

The DOLCE cohort has certain population-specific differences. Since medical
insurance is not a regular practice in Ukraine, persons who have signs of diabetes could
postpone visits to the hospital and be diagnosed with diabetes at later stages, when the
complications have developed into more severe forms.”*¢” The late referral of patients
to the hospitals may result in an even longer actual duration of diabetes than reported.
Different approaches to treatment and prescribed medications in Ukrainian hospitals
may also have an effect on patients’ characteristics, especially for individuals with
long-term diabetes duration.” The genetic makeup of the Ukrainian population may
differ from European cohorts.’#-*8 Moreover, part of individuals from the DOLCE

cohort was exposed to famine during early life,**

which could contribute to a higher
susceptibility and more severe diabetes presentation characterized by increased risks
of complications, particularly CVD and possibly PDR.?7328369370 [t would be
interesting to perform a cluster analysis on the Dutch population, which has a more
similar healthcare system and level of life to Scandinavian countries, but was also

exposed to famine.?”!

The clustering algorithm, therefore, needs to be optimized to account for
differences in relationships between the clinical parameters due to population-specific
and other ascertainment-associated factors. The k-means -clustering algorithm
presumes that all variables have the same weight and the same impact on the outcome
(formation of clusters). However, dependency and influence of parameters might
change when the disease progresses, as was mentioned in chapter 3.2.1. Additionally,
in distinct populations impact of variables could be different. Therefore, it would be
interesting to perform clustering assigning various degrees of importance to variables
and consequently to regulate the contribution of the variables to the cluster formation.
This could be done by using different scales of measurements for variables in k-means
clustering algorithm.?”> Thus, for example, in our cohort from the Chernihiv region of
Northern Ukraine insulin secretion may be the most important parameter. In the Indian

population, which is generally characterized by higher insulin resistance and visceral
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obesity, these two variables could get more weight compared to the Caucasian
population. Nevertheless, the difficulty and potential inaccuracies in defining the
weight of the variables would be an issue that could also bring bias to the formation of
subgroups. A deeper understanding of disease pathogenesis in different populations is

essential for the correct application of this method.

In summary, identification of severe clusters such as insulin deficient subgroup
enables the detection of individuals at a high risk of developing microvascular
complications, particularly retinopathy. In addition to our results, the SIDD subgroup
was characterized by an increased risk of DR in ANDIS and in other studies, suggesting
that this group is characterized by early onset of DR.7>783! We further support this
finding by demonstrating a low risk and prevalence of PDR in the subgroup with the
highest insulin secretion, IROD2. Genetically, the significant association of the IROD2
subgroup with the lower frequency of the risk allele of rs7903146 in TCF7L2, a key
gene linked to 3-cell dysfunction, underlines the predisposition of this variant to severe
T2D phenotypes and diabetes complications. This is in line with the results of the recent
GWAS for T2D in the Japanese population, which demonstrated that PGRs for T2D is
strongly associated with diabetes complications and particularly the significant

association was detected for rs7903146 with DR.'4?

The association of the severe insulin-deficient subgroup (SIDD) with an
elevated risk of PDR, and, an opposite, lowest risk of PDR in the subgroup with the
highest insulin secretion (IROD2) supports the fact that B-cell secretory failure is a
strong risk factor for DR additionally to hyperglacemia.’’?2™ And it was even
suggested that B-cell replacement may be efficient for the prevention of DR or from its
progression to more severe sight-threatening forms (PDR).3”+37> Therefore, it would be
beneficial to identify the SIDD subgroup with severe insulin deficiency in early stages
of diabetes. The early initiation of insulin treatment in patients from this subgroup may
prevent accelerated -cell dysfunction and may prevent or delay progression to PDR.
Interestingly, recent omics analyses from the Rhapsody consortia demonstrated the link

of the severe insulin-deficient group to defects in leptin and growth pathways.’’® This
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demonstrates the potential involvement of developmental pathologies in the

pathophysiology of diabetic retinopathy and perhaps other vascular complications.

5.2 What mechanisms are triggering the progression of severe

DR? Role of perinatal exposure to famine.

In paper 2, we demonstrated an association of the extreme intrauterine exposure
to starvation (famine) and the increased risk of PDR in adulthood in individuals with
T2D. The period of fetus development from conception to birth, when organs are
developing and growing, is a critical time for the determination of future health.?6” It is
well documented that early life events such as intrauterine starvation, maternal stress,
exposure to extremely cold weather or to toxic food, etc have an impact on metabolic
conditions in adult life. As was mentioned in chapter 1.3.2., many complex disorders
in adult life were shown to be associated with diverse intrauterine exposures,
particularly exposure to severe undernutrition. Several theories explaining this
association were offered, starting from the evolutionary “thrifty genotype” hypothesis
310 following the “thrifty phenotype” hypothesis®!®, and the Predictive Adaptive
Response hypothesis.**! ~ Hence, the important question to address is: which
mechanisms are driving PDR predisposition in patients with T2D from Ukraine who

were exposed to famine during intrauterine development?

There could be several different potential mechanisms or a combination of them,
which could drive this association (Figure 4). According to the “thrifty phenotype”
hypothesis, due to the lack of nutrients in conditions of intrauterine exposure to famine,
a fetus’ pancreatic -cell mass and function are reduced and the fetus adaptationally
develops insulin resistance.>'® Since insulin is a major fetal growth hormone, these
events may result in intrauterine growth retardation and, consequently, organs and
tissues malformation and LBW of the infant.3!* Moreover, maternal body weight and

size are proportionally associated with fetus’ weight,?’!3”” which means that the more
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severe conditions of famine the mother experiences, the more severely the fetus weight
can be affected. LBW may be one of the potential mechanisms explaining the increased

risk of PDR (Figure 4). Indeed, many adult disorders, including CVD, impaired glucose

382 383,384

tolerance 378, T2D 379381 hypertension 3%, and end-stage renal failure were
reported to be associated with LBW. An increased predisposition to these diseases and
the more severe forms of them, being risk factors for PDR, may contribute to the
progression of PDR. For instance, more severe T2D characterized by an earlier age at
onset and higher HbAc, is a risk factor for progression of DR to PDR. Hypertension,

being a risk factor for DR,*"7 could also increase the odds of faster deterioration of DR

385,386 )387

, or risk of developing proliferative hypertensive retinopathy (Figure 4
Interestingly, our results have shown that the association of PDR and intrauterine

famine is independent of HbA 1¢ and hypertension (Paper 2, Fig.1C). 32

LBW may also have a direct effect on DR without influencing disease
progression through mediating risk factors (Figure 4). LBW was shown to be associated
with retinopathy of prematurity.’$%3% Moreover, reduced retina microvascular density
in newborn kids was suggested to be associated with LBW.3%%%! Growth-related
alterations in utero may contribute to the formation of fragile vessels, which could lead
to developing more severe forms of DR under T2D exposure later in life. Nonetheless,
the association between retinopathy and LBW in individuals with T2D has been
inconclusive.’>3% In addition, in the Dutch cohort LBW was observed only in
individuals who were exposed to intrauterine famine in the first two trimesters of
pregnancy.?® Interestingly, adult disease such as intima-media thickness was shown to
be associated with lower maternal calories intake independently of birth weight.>** This
evidence suggests that LBW is not the only potential explanation for this association

and other factors and mechanisms may play an important role.

As described in chapter 1.3.3, according to the PAR hypothesis, metabolic
processes are programmed during intrauterine development in an adaptative manner to
environmental factors. If in adult life a “mismatch” to changes of the environment
happens, an individual increases a chance of developing metabolic disorders.?’? Hence,

UNIVERSITY OF BERGEN [




65

which mechanisms may drive the “intrauterine programming” predisposition to severe
PDR? In other words, how developmental plasticity could influence the risk of PDR
development in adulthood many years after intrauterine exposure to severe

undernutrition with or without alteration in birth weight?

One explanation that deserves attention is tissue and organ-specific adaptations
in metabolism during intrauterine development which may lead to lifelong irreversible
changes in organ structure (Figure 4).>’> During gestation and early postnatal life every
organ has a critical period of active development characterized by the differentiation
and maturation of its tissues.?’!*%3-37 While famine exposure affects the maternal
environment during the period important for fetal organ formation, it could also alter
organ development.*'® The programming could also be a result of altered fetus’ and
placenta’ hormonal concentrations which modify the sensitivity of various tissues to
these hormones (Figure 4).2723%3% Ag a consequence, due to these alterations, the
function of the organ in the future adult life may be compromised. For instance, such
intrauterine environments as undernutrition and hypoxia were shown to be associated
with a decreased nephrons number and therefore, an increased risk of hypertension and
renal disease in adulthood.**® Additionally, intrauterine undernutrition was shown to
have an impact on a number of pancreatic B-cell and islet vascularization, and

consequently increased risk for impaired glucose tolerance in adulthood.*"!

Therefore, if famine exposure affects the mother on 7-10 weeks of gestation when

402 In this case, vessels

the fetus’ retina is developing, it may influence retina structure.
of the retina may be underdeveloped and have less density, and therefore may be more
prone to further damages caused by external factors (such as high glucose levels). It
may also affect the neuronal unit. Underdeveloped neurons and vessels in the retina
may form a weak interconnectivity and in a diabetes environment later in life could
exert high susceptibility to disruption of the entire NVU. These events consequently

may increase predisposition to microvascular abnormalities and neovascularization

causing the more severe forms of DR (Figure 4).
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Another potential mechanism involved in the disruption of NVU in adulthood
could be epigenetics. There is solid evidence that epigenetics may change the
development of different phenotypes depending on early life exposure and that effect
may last not only in utero but also in adult life. Studies on Dutch famine revealed that
methylation of several genes was decreased even 60 years after famine exposure.*%3-405
Epigenetics was suggested as a potential mechanism, which underlies the increased
risk of metabolic disorders after famine exposure in early life.**® It was shown that
epigenetic dysregulation may have an impact on the onset, latency period, and
progression of neurodegenerative disorders.*'’4%® The 'Latent Early-life Associated
Regulation' (LEARnN) model suggests that altered expression of genes caused by the
specific environment during intrauterine development could have an impact on
neurobiological disorders in adulthood, particularly in the situations when additional
environmental factors, such as stress or head trauma, or poor diet in adult life, trigger
the disease.*”® Moreover, the intrauterine insult on neuronal unit may have an impact
on neurodegeneration later in life.*' Altered gene expression may impact
neurodegeneration in the retina (Figure 4), the important mechanism in pathogenesis

of PDR, which will be described in detail in the next chapter 5.3.
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Figure 4. Potential mechanisms which may trigger the progression of PDR under perinatal
famine exposure. Red lines represent direct effects and blue dash lines represent indirect

effects.
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5.3 Role of the neuronal unit in PDR pathogenesis after

intrauterine famine exposure

In paper 3, our results of candidate gene analysis suggested that neuronal
damage due to intrauterine starvation may be an early event that increases risks of PDR
for individuals who develop diabetes later in life.>?® DR was traditionally classified as
a microvascular disease since the major damages and abnormalities are related to the
defects of blood vessels. In our study, we strengthen the link of neurodegeneration as
a potentially early event in pathogenesis of PDR.!%® Thus, what is the importance of
neuronal unit and neurodegenerative processes in PDR pathogenesis? And through
which molecular mechanisms the exposure to famine in utero might induce

neurodegenerative processes in many years in adult life?

Recent studies illustrated that the neurovascular unit (NVU) plays a significant
role in DR pathogenesis.*!!*!® The retinal NVU is characterized by a physical and
biochemical relationship between neuronal and vascular units (Figure 5).4!74!8 The
neuronal unit includes mainly retinal ganglion cells, glial cells, and other neuronal cells
and is responsible for energy balance and communication between cells.?6**!! The
vascular unit includes endothelial cells and pericytes (Figure 5) and maintains vascular
integrity.!** The process when factors such as hyperglycemia impairs the structure and
function of retinal neuronal cells is called neurodegeneration, and it was already
described and studied in 1990.4"° Miiller cell is the core of the neurovascular unit in the
eye and the most frequent type of retinal glial cells that plays a central role in retina
metabolism, nutrition, and signals transmission.*’ When the connection between the
Miiller cells and the vascular unit is affected, neovascularization in the retina is
induced.*?! Miiller cells start to produce more VEGF, which have a neuroprotective

422 However, an uncontrolled amount of VEGF

function and help neurons to survive.
might induce vessel leakage, which is one of the most crucial events in the early stages
of diabetic retinopathy.*?>#? Neurodegeneration was observed in the retina of
individuals with diabetes even without any microvascular abnormalities.*****> Thus,
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neurodegeneration was suggested to be an early sign of DR which consequently may
lead to the damage of the vascular unit of the retina, and was suggested to be useful in

modelling for DR prediction, !94#12:416:426

The potential evidence that the intrauterine environment can impact
neurodegeneration in the retina in adult life may be explained by the connection
between the brain and retina. The retina and the brain frequently show similar
pathologies and have similarities in their neuronal structure.*?”4?® Retina belongs to the
Central Nervous System (CNS) and shares with it similar biological properties,
anatomic features, and embryologic origins.**”#* Since the retina is an extension of the
CNS, the examination of the eye was offered as a non-invasive method to the diagnosis
of CNS diseases.*?’ Biological pathways involved in neurodegenerative processes in

429 Ina

the brain have also been identified in neurodegeneration in DR pathogenesis.
very recent paper, it was suggested that DR has common biological pathways with
neurodegenerative Alzheimer’s disease, referring to the fact that both diseases have

neurodegenerative nature.**

Interestingly, it was shown that the first processes, which lead to such

431432 and Parkinson®! diseases start

neurodegenerative brain disorders as Huntington
as far back as during early embryonic development. Additionally, studies on the Dutch
and Chinese famines provided solid evidence that neurodegenerative disorders such as
Alzheimer disease, dementia, and schizophrenia, despite the fact that they develop in
adulthood, are strongly associated with adverse events in early life including
intrauterine exposure to famine.”"#33433 It is not surprising, since compared to the adult
brain, the developing brain is more vulnerable to exposure.***#7 In animal models, it
was shown that maternal exposure to adverse events such as exposure to powerful
medicines or bacteria could induce neuronal loss and apoptosis in the brain of fetus
rats.**34% Thus, extensive studies on intrauterine exposure and brain disorders might

shed light on common mechanisms involved in the development of neuronal pathology

in retinal disease.
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Our findings support the hypothesis that famine exposure could affect neuronal
function in utero and then later in life in the presence of other risk factors, it could
trigger neurodegeneration and consequently increase the risk of neuronal disorders.
Studying the influence of genetics on the risk of PDR in individuals exposed to extreme
intrauterine undernutrition helped us to identify mechanisms and genes (such as
ADRA2A4, PCSK9, PROXI), which could be involved in the pathogenesis of
compromised formation and function of neuronal unit in PDR. Our findings suggest
that regular screening and detailed assessments of the neuronal unit could be useful for
prediction of PDR at early stages, and consequently have a preventive value in
progression to more severe forms of DR. A better understanding of the neuronal unit

of the retina will help to improve the treatment and prediction of DR at earlier stages.
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Figure 5. The neurovascular unit of the retina. A) Neurovascular unit of the healthy retina.
B) Disturbance of the vascular unit in the retina due to neurodegenerative processes during
diabetic retinopathy. Neurodegeneration induces elevated production of VEGF, which leads
to neovascularization. The genes ADRA2A, PCSKY, PROXI, which are expressed in neuronal
tissue, were top signals in paper 2.
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5.4 Biological pathways potentially involved in the famine-

related PDR

In paper 4, by performing GWAS and GWIS studies we found diverse pathways
potentially associated with the risk of PDR and famine-related PDR. The most
significant and biologically interesting were the pathways related to lipid metabolism
and inflammation derived from the interaction model. Additionally, one of the
strongest hits in the interaction model was located in the protein-coding gene ABCAI,
which is involved in lipid metabolism. This gene was borderline genome-wide
significant in the gene analysis for GWIS. These findings indicate the importance of
lipid metabolism in PDR pathogenesis, but also the heterogeneous nature of PDR and

highlight the complexity of the disease and the variety of biological pathways involved.

In fact, DR is a highly heterogeneous disease and is described by a complex
interplay of biological processes triggered by hyperglycemia.'*® Genetic and epigenetic
factors, elevated production of free radicals, VEGF, inflammation, end products of
severe glycosylation may influence the disease development.'®® Roughly 30 cell types,
which are almost all cell types in the retina, are affected due to diabetes.!***° The ADA
defined DR as an extremely tissue-specific neurovascular complication of diabetes
which is described by disturbance of interconnection between several types of retinal
cells.**! Even though neurodegeneration was suggested to be an important event for
DR, it is not always an early sign of disease and some individuals do not express signs
of neurodegeneration at the onset of DR.*** This fact additionally highlights the

heterogeneous nature of DR.

In our GWIS results, we found inflammatory pathways among the top pathways
for famine-related risk of PDR. Indeed, DR pathogenesis involves not only vascular
and neuronal mechanisms but also inflammatory pathways.** Inflammation is
responsible for structural and molecular modifications in the retina, however
underlying molecular mechanisms for this connection are not yet completely studied.***

Notably, Adamis et al. even offered to consider DR as a low-grade inflammatory

£
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disease.*** In the Diabetic Retinopathy Genomics (DRGen) Study it was shown that
genetic variants involved in inflammatory pathways may be involved in DR
pathogenesis.**> Additionally, the role of inflammation in DR was supported in the
study by Meleth et al., where authors have shown that elevated level of serum
inflammatory markers is associated with the severity of DR.#*¢ The role of the locally
produced inflammation markers in the development of microvascular diabetes
complications was also supported in the review by Kaul et al.*4” Moreover, in a recent
Chinese famine study, inflammatory markers were shown to be elevated in the adult
population exposed to intrauterine famine and were offered to be a mediator of the

increased risk of liver disease.**?

In our results from the pathway analysis based on GWIS, we supported the
notion that lipid metabolism is playing a role in DR pathogenesis and progression.**’
A few decades ago, cross-sectional studies have shown an association between the

''and drugs were

severity of DR and cholesterol level.*° Lipid-lowering dietary®
offered as protection against DR development and progression, showing different
degrees of effectiveness in several studies.*?*5 Markedly, lipid-lowering strategies as
a treatment recommendation against DR may be especially efficient for individuals
who were prenatally exposed to famine and as a result in adulthood may be more prone

to elevated cholesterol levels.?*

Notably, the strongest SNP from our GWIS results is located in ABCA1, a gene
which reached borderline significance in the gene analysis. In support of our findings,
in the Dutch famine study ABCAl was among the top signals showing an increased
level of methylation in individuals exposed to intrauterine famine compared to
unexposed in approximately 60 years after exposure.*™* This gene may play an
important role in DR pathogenesis due to several reasons. ABCA/ is a member of an
ATP-binding cassette transporters, known to be involved in transporting a number of
molecules across intra- and extracellular membranes.*” ABCA1 is described to mediate
the efflux of cholesterol and phospholipids to apolipoprotein Al (apoAl) and
apolipoprotein E (apoE).*%4%" Since apoE metabolism is an important process in
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Alzheimer disease, ABCA I was offered to play an essential role in disease pathogenesis
and in neurodegeneration via its control of apoE metabolism.*¢!463 It was also
suggested that ABCAI may have an effect on the increased risk of T2D through
elevated cholesterol levels in B-cells.*! Mice studies have shown that ABCAI may be

32464465 \which is

involved in insulin secretion and pancreatic B-cells dysfunction
suggested to be associated with increased risk of DR as was mentioned in chapter 5.1.
Notably, ABCAI was suggested to play an important role in retina neovascularization
and expression levels of this gene were found to be elevated in individuals with PDR 466
Since abnormal cholesterol metabolism is closely associated with the development of
DR, ABCA1 was found to be an attractive therapeutic target for DR.4*6467 In conclusion,
main results of the paper 4 highlight the importance of lipid metabolism in the
pathogenesis of PDR and specifically further support the ABCAI gene as a possible

therapeutic target.
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6 Conclusions

The main aims of this thesis were to investigate novel diabetes subgroups and to
study the effects of intrauterine exposure to famine and genetic risk factors for PDR in

the Ukrainian population.

In paper 1, we confirmed that subgroups in individuals with new-onset diabetes
were similar to the original Scandinavian study. In long-term diabetes, our results
demonstrated that SAID and SIDD subgroups were similar to the original publication
and were characterized by low insulin secretion and high HbA1lc. However, SIRD and
MOD clusters were difficult to differentiate. We identified two severe insulin
resistance obese diabetes subgroups (IROD1 and IROD2), which were characterised
by increased insulin resistance and differed from each other by insulin secretion and
HbAlc levels. The IROD2 subgroup in contrast to IROD1 was characterized by high
insulin secretion, low HbAlc, and low risks of all complications. An important
observation was that prevalence and risk of PDR were highest in subgroups that were
characterized with the lowest insulin secretion (SAID and SIDD), and the lowest risk
of PDR was in the subgroup with the highest insulin secretion IROD2. These
observations prompt us to suggest that early insulin treatment in the SIDD subgroup

may prevent progression to PDR.

In paper 2, we demonstrated the association of intrauterine exposure to famine
and the risk of PDR in adult individuals with T2D. Notably, this association seemed to
be independent of HbAlc. In paper 3, we further investigated possible molecular
mechanisms behind this association. We found a significant association of SNPs,
located in genes with neuronal function and famine-related risk of PDR. Our main
conclusion was that exposure to famine in early life may act as a trigger and increase
the risk of neurodegeneration in many years after exposure in adult individuals with
T2D. We suggested that neuroprotective drugs may be beneficial for the treatment of

DR in the early stages and may slow down the progression of the disease to PDR.
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Especially this treatment may be important for individuals born with low birth weight

or premature.

In paper 4 we found several important pathways that may be potentially
involved in PDR pathogenesis. Inflammatory and lipid metabolism pathways were
among the top results. We concluded that lipid metabolism may be an essential process
for PDR development especially for individuals exposed to famine prenatally. An
additional significant finding was the borderline genome-wide significant association
of ABCA1 with PDR. This gene is involved in lipid metabolism and was reported to be
associated with neurodegenerative diseases and the severity of DR. We suggest that

this gene may be an efficient therapeutic target for DR treatment.

In summary, by investigating the effects of the adverse intrauterine environment
on the risk of PDR in adulthood, our results shed the light on supporting evidence that
normal priming of neurons and vessels during early life might be a critical mechanism.
The effects of disturbed developmental programming might involve abnormalities in
lipid metabolism and insulin secretion, but also an immune response, predisposing to
the occurrence of specific diabetes clusters linked to the elevated risk of PDR. We
suggest that drugs targeting these pathways may be beneficial for DR treatment in the

early stages and prevention from development to PDR.
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7 Future perspectives

The clustering algorithm, which was used in this Ph.D. project to identify novel
diabetes subgroups, utilized classical clinical factors and metabolic pathways known
to predict diabetes development. However, it would be interesting to improve the
algorithm using a broader selection of variables including additional biomarkers,
genetic information (for instance, PGRS for T2D), and environmental factors
associated with diabetes risk. A combination of several environmental factors such as
diet, physical activity, treatment, stress, smoking, educational attainment, etc, may be
used as one variable through constriction of the environment relationship matrix.
Further studies on insights into the heterogeneity of diabetes may help to understand
the possible optimal model and combination of variables that should be used in the
clustering analysis. This algorithm may provide better precision for different diabetes

subgroups, improve diabetes treatment and management of complications.

PDR is a complex disease characterized by microvascular damage and
neurodegeneration. Even though neurodegeneration was proposed to be an early event
in PDR pathogenesis, this process is not always assessed in individuals at disease onset
nor when DR progresses, which makes it difficult to assess its contribution. Hence, to
distinguish subgroups of PDR that are more prone to neuronal or vascular damage, sub-
phenotyping of PDR may be beneficial for disease management and treatment. This
can be achieved by extensive phenotyping, which includes Optical Coherence
Tomography (OCT) with information on structural changes in the retina, vascular and
neuronal layers thickness, length, density, and diameter. Identification of PDR
subgroups with different pathophysiology would help to characterize and understand

the genetic background of vascular and neuronal forms of the disease.

Today, the genetics of PDR remains elusive, and it is essential to discover the
genetic architecture of the disease. Moreover, it would be interesting to understand the
interplay between clinical risk factors, genetic predisposition, environment, and

combination of these factors contributing to the disease progression. As we stand now,
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more genetic studies including examining the role of rare variants, gene-gene, and
gene-environment interactions should be done. It is crucial to collect more genetic data
in cohorts with information about PDR and with longer diabetes duration to have
sufficient statistical power to identify the causal variants. Meta-analyses in different
populations with harmonized definitions of cases and controls should be done and will
help to increase the power of GWAS. To verify the role of the predictive adaptive
response hypothesis in the susceptibility to PDR, it would be interesting to investigate
the risk of PDR depending on nutrition level in adult life in individuals exposed to
intrauterine famine. Further, a genome-wide interaction study with a matrix that
combines several environments could be done. Taken together, genetic studies with a
large sample size, detailed phenotyping of cohorts in different populations, and
harmonization of phenotypes definition, will bring new insights into the understanding

of the pathophysiology of the development and progress of retinopathy.

UNIVERSITY OF BERGEN (7



78

References

10.

11.
12.

13.

14.

15.

16.

Saeedi P, Petersohn I, Salpea P, et al. Global and regional diabetes prevalence
estimates for 2019 and projections for 2030 and 2045: Results from the International
Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res Clin Pract.
2019;157:107843.

UK Prospective Diabetes Study (UKPDS). VIII. Study design, progress and
performance. Diabetologia. 1991;34(12):877-890.

Gregg EW, Sattar N, Ali MK. The changing face of diabetes complications. Lancet
Diabetes Endocrinol. 2016;4(6):537-547.

Cummings DM, Kirian K, Howard G, et al. Consequences of Comorbidity of
Elevated Stress and/or Depressive Symptoms and Incident Cardiovascular Outcomes
in Diabetes: Results From the REasons for Geographic And Racial Differences in
Stroke (REGARDS) Study. Diabetes Care. 2016;39(1):101-109.

Pruzin JJ, Nelson PT, Abner EL, Arvanitakis Z. Review: Relationship of type 2
diabetes to human brain pathology. Neuropathol Appl Neurobiol. 2018;44(4):347-
362.

Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al. IDF Diabetes Atlas: Global
estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract.
2017;128:40-50.

Stuart RM, Khan O, Abeysuriya R, et al. Diabetes care cascade in Ukraine: an
analysis of breakpoints and opportunities for improved diabetes outcomes. BMC
Health Serv Res. 2020;20(1):409.

Fajans SS, Cloutier MC, Crowther RL. The Banting Memorial Lecture 1978. Clinical
and etiologic heterogeneity of idiopathic diabetes mellitus. Diabetes.
1978;27(11):1112-1125.

American Diabetes A. Diagnosis and classification of diabetes mellitus. Diabetes
Care. 2014;37 Suppl 1:S81-90.

Petersmann A, Muller-Wieland D, Muller UA, et al. Definition, Classification and
Diagnosis of Diabetes Mellitus. Exp Clin Endocrinol Diabetes. 2019;127(S 01):S1-
S7.

Panczel P. [Diagnosis of diabetes mellitus]. Orv Hetil. 2006;147(26):1223-1228.
Mobasseri M, Shirmohammadi M, Amiri T, Vahed N, Hosseini Fard H, Ghojazadeh
M. Prevalence and incidence of type 1 diabetes in the world: a systematic review and
meta-analysis. Health Promot Perspect. 2020;10(2):98-115.

Kordonouri O, Charpentier N, Hartmann R. GADA positivity at onset of type 1
diabetes is a risk factor for the development of autoimmune thyroiditis. Pediatr
Diabetes. 2011;12(1):31-33.

Bingley PJ, Bonifacio E, Williams AJ, Genovese S, Bottazzo GF, Gale EA.
Prediction of IDDM in the general population: strategies based on combinations of
autoantibody markers. Diabetes. 1997;46(11):1701-1710.

Stumvoll M, Goldstein BJ, van Haeften TW. Type 2 diabetes: principles of
pathogenesis and therapy. Lancet. 2005;365(9467):1333-1346.

Fitipaldi H, McCarthy MI, Florez JC, Franks PW. A Global Overview of Precision
Medicine in Type 2 Diabetes. Diabetes. 2018;67(10):1911-1922.

Weyer C, Bogardus C, Mott DM, Pratley RE. The natural history of insulin secretory
dysfunction and insulin resistance in the pathogenesis of type 2 diabetes mellitus. J
Clin Invest. 1999;104(6):787-794.

UNIVERSITY OF BERGEN




79

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wild S, Roglic G, Green A, Sicree R, King H. Global prevalence of diabetes:
estimates for the year 2000 and projections for 2030. Diabetes Care.
2004;27(5):1047-1053.

King H, Aubert RE, Herman WH. Global burden of diabetes, 1995-2025: prevalence,
numerical estimates, and projections. Diabetes Care. 1998;21(9):1414-1431.

Tuomi T, Santoro N, Caprio S, Cai M, Weng J, Groop L. The many faces of
diabetes: a disease with increasing heterogeneity. Lancet. 2014;383(9922):1084-
1094.

Ahlqvist E, Prasad RB, Groop L. Subtypes of Type 2 Diabetes Determined From
Clinical Parameters. Diabetes. 2020;69(10):2086-2093.

Tuomi T, Carlsson A, Li H, et al. Clinical and genetic characteristics of type 2
diabetes with and without GAD antibodies. Diabetes. 1999;48(1):150-157.

Bellou V, Belbasis L, Tzoulaki I, Evangelou E. Risk factors for type 2 diabetes
mellitus: An exposure-wide umbrella review of meta-analyses. PLoS One.
2018;13(3):e0194127.

Hillier TA, Pedula KL. Characteristics of an adult population with newly diagnosed
type 2 diabetes: the relation of obesity and age of onset. Diabetes Care.
2001;24(9):1522-1527.

Meneilly GS, Elliott T. Metabolic alterations in middle-aged and elderly obese
patients with type 2 diabetes. Diabetes Care. 1999;22(1):112-118.

Sowers JR, Bakris GL. Antihypertensive therapy and the risk of type 2 diabetes
mellitus. N Engl J Med. 2000;342(13):969-970.

Nunnelee JD. Antihypertensive medications and the risk of incident type 2 diabetes. J
Vasc Nurs. 2006;24(4):137.

Mykkanen L, Kuusisto J, Pyorala K, Laakso M, Haffner SM. Increased risk of non-
insulin-dependent diabetes mellitus in elderly hypertensive subjects. J Hypertens.
1994;12(12):1425-1432.

Samuelsson O, Hedner T, Berglund G, Persson B, Andersson OK, Wilhelmsen L.
Diabetes mellitus in treated hypertension: incidence, predictive factors and the
impact of non-selective beta-blockers and thiazide diuretics during 15 years treatment
of middle-aged hypertensive men in the Primary Prevention Trial Goteborg, Sweden.
J Hum Hypertens. 1994;8(4):257-263.

Gurwitz JH, Field TS, Glynn RJ, et al. Risk factors for non-insulin-dependent
diabetes mellitus requiring treatment in the elderly. J Am Geriatr Soc.
1994,42(12):1235-1240.

Drew BG, Duffy SJ, Formosa MF, et al. High-density lipoprotein modulates glucose
metabolism in patients with type 2 diabetes mellitus. Circulation.
2009;119(15):2103-2111.

Brunham LR, Kruit JK, Pape TD, et al. Beta-cell ABCA1 influences insulin
secretion, glucose homeostasis and response to thiazolidinedione treatment. Nat Med.
2007;13(3):340-347.

Fryirs MA, Barter PJ, Appavoo M, et al. Effects of high-density lipoproteins on
pancreatic beta-cell insulin secretion. Arterioscler Thromb Vasc Biol.
2010;30(8):1642-1648.

Zhao J, Zhang Y, Wei F, et al. Triglyceride is an independent predictor of type 2
diabetes among middle-aged and older adults: a prospective study with 8-year
follow-ups in two cohorts. J Transl Med. 2019;17(1):403.

Park B, Lee HS, Lee YJ. Triglyceride glucose (TyG) index as a predictor of incident
type 2 diabetes among nonobese adults: a 12-year longitudinal study of the Korean
Genome and Epidemiology Study cohort. Trans! Res. 2021;228:42-51.

UNIVERSITY OF BERGEN (}
N




80°

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Lee SH, Kwon HS, Park YM, et al. Predicting the development of diabetes using the
product of triglycerides and glucose: the Chungju Metabolic Disease Cohort (CMC)
study. PLoS One. 2014;9(2):¢90430.

Chamroonkiadtikun P, Ananchaisarp T, Wanichanon W. The triglyceride-glucose
index, a predictor of type 2 diabetes development: A retrospective cohort study. Prim
Care Diabetes. 2020;14(2):161-167.

Sung KC, Reaven G. Fasting plasma triglyceride concentration: A possible approach
to identify increased risk of statin-induced type 2 diabetes. Diab Vasc Dis Res.
2015;12(5):373-376.

von Eckardstein A, Sibler RA. Possible contributions of lipoproteins and cholesterol
to the pathogenesis of diabetes mellitus type 2. Curr Opin Lipidol. 2011;22(1):26-32.
DeFronzo RA. Lilly lecture 1987. The triumvirate: beta-cell, muscle, liver. A
collusion responsible for NIDDM. Diabetes. 1988;37(6):667-687.

DeFronzo RA, Ferrannini E, Simonson DC. Fasting hyperglycemia in non-insulin-
dependent diabetes mellitus: contributions of excessive hepatic glucose production
and impaired tissue glucose uptake. Metabolism. 1989;38(4):387-395.

Pendergrass M, Bertoldo A, Bonadonna R, et al. Muscle glucose transport and
phosphorylation in type 2 diabetic, obese nondiabetic, and genetically predisposed
individuals. Am J Physiol Endocrinol Metab. 2007;292(1):E92-100.

Groop LC, Bonadonna RC, DelPrato S, et al. Glucose and free fatty acid metabolism
in non-insulin-dependent diabetes mellitus. Evidence for multiple sites of insulin
resistance. J Clin Invest. 1989;84(1):205-213.

DeFronzo RA, Gunnarsson R, Bjorkman O, Olsson M, Wahren J. Effects of insulin
on peripheral and splanchnic glucose metabolism in noninsulin-dependent (type II)
diabetes mellitus. J Clin Invest. 1985;76(1):149-155.

Defronzo RA. Banting Lecture. From the triumvirate to the ominous octet: a new
paradigm for the treatment of type 2 diabetes mellitus. Diabetes. 2009;58(4):773-
795.

Schwartz SS, Epstein S, Corkey BE, Grant SF, Gavin JR, 3rd, Aguilar RB. The Time
Is Right for a New Classification System for Diabetes: Rationale and Implications of
the beta-Cell-Centric Classification Schema. Diabetes Care. 2016;39(2):179-186.
Kodama K, Tojjar D, Yamada S, Toda K, Patel CJ, Butte AJ. Ethnic differences in
the relationship between insulin sensitivity and insulin response: a systematic review
and meta-analysis. Diabetes Care. 2013;36(6):1789-1796.

Bock G, Chittilapilly E, Basu R, et al. Contribution of hepatic and extrahepatic
insulin resistance to the pathogenesis of impaired fasting glucose: role of increased
rates of gluconeogenesis. Diabetes. 2007;56(6):1703-1711.

Silvia P, Simona Z, Ernesto M, Raffaella B. "H" for Heterogeneity in the Algorithm
for Type 2 Diabetes Management. Curr Diab Rep. 2020;20(5):14.

Faerch K, Witte DR, Tabak AG, et al. Trajectories of cardiometabolic risk factors
before diagnosis of three subtypes of type 2 diabetes: a post-hoc analysis of the
longitudinal Whitehall II cohort study. Lancet Diabetes Endocrinol. 2013;1(1):43-51.
Faerch K, Vaag A, Holst JJ, Hansen T, Jorgensen T, Borch-Johnsen K. Natural
history of insulin sensitivity and insulin secretion in the progression from normal
glucose tolerance to impaired fasting glycemia and impaired glucose tolerance: the
Inter99 study. Diabetes Care. 2009;32(3):439-444.

Perreault L, Bergman BC, Playdon MC, Dalla Man C, Cobelli C, Eckel RH.
Impaired fasting glucose with or without impaired glucose tolerance: progressive or
parallel states of prediabetes? Am J Physiol Endocrinol Metab. 2008;295(2):E428-
435.

UNIVERSITY OF BERGEN




81

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Weyer C, Bogardus C, Pratley RE. Metabolic characteristics of individuals with
impaired fasting glucose and/or impaired glucose tolerance. Diabetes.
1999;48(11):2197-2203.

Intensive blood-glucose control with sulphonylureas or insulin compared with
conventional treatment and risk of complications in patients with type 2 diabetes
(UKPDS 33). UK Prospective Diabetes Study (UKPDS) Group. Lancet.
1998;352(9131):837-853.

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year follow-up of
intensive glucose control in type 2 diabetes. N Engl J Med. 2008;359(15):1577-1589.
Group AS, Gerstein HC, Miller ME, et al. Long-term effects of intensive glucose
lowering on cardiovascular outcomes. N Engl J Med. 2011;364(9):818-828.

Group AC, Patel A, MacMahon S, et al. Intensive blood glucose control and vascular
outcomes in patients with type 2 diabetes. N Engl J Med. 2008;358(24):2560-2572.
Duckworth W, Abraira C, Moritz T, et al. Glucose control and vascular
complications in veterans with type 2 diabetes. N Engl J Med. 2009;360(2):129-139.
Diabetes Prevention Program Research G, Knowler WC, Fowler SE, et al. 10-year
follow-up of diabetes incidence and weight loss in the Diabetes Prevention Program
Outcomes Study. Lancet. 2009;374(9702):1677-1686.

Li G, Zhang P, Wang J, et al. The long-term effect of lifestyle interventions to
prevent diabetes in the China Da Qing Diabetes Prevention Study: a 20-year follow-
up study. Lancet. 2008;371(9626):1783-1789.

Effect of intensive blood-glucose control with metformin on complications in
overweight patients with type 2 diabetes (UKPDS 34). UK Prospective Diabetes
Study (UKPDS) Group. Lancet. 1998;352(9131):854-865.

Action to Control Cardiovascular Risk in Diabetes Study G, Gerstein HC, Miller ME,
et al. Effects of intensive glucose lowering in type 2 diabetes. N Engl J Med.
2008;358(24):2545-2559.

Abraira C, Colwell J, Nuttall F, et al. Cardiovascular events and correlates in the
Veterans Affairs Diabetes Feasibility Trial. Veterans Affairs Cooperative Study on
Glycemic Control and Complications in Type II Diabetes. Arch Intern Med.
1997;157(2):181-188.

Cantrell RA, Alatorre CI, Davis EJ, et al. A review of treatment response in type 2
diabetes: assessing the role of patient heterogeneity. Diabetes Obes Metab.
2010;12(10):845-857.

Pozzilli P, Leslie RD, Chan J, et al. The A1C and ABCD of glycaemia management
in type 2 diabetes: a physician's personalized approach. Diabetes Metab Res Rev.
2010;26(4):239-244.

Khazrai YM, Buzzetti R, Del Prato S, Cahn A, Raz I, Pozzilli P. The addition of E
(Empowerment and Economics) to the ABCD algorithm in diabetes care. J Diabetes
Complications. 2015;29(4):599-606.

Maddaloni E, D'Onofrio L, Pozzilli P. Frailty and geography: should these two
factors be added to the ABCDE contemporary guide to diabetes therapy? Diabetes
Metab Res Rev. 2016;32(2):169-175.

McCarthy MI. Painting a new picture of personalised medicine for diabetes.
Diabetologia. 2017;60(5):793-799.

Scott RA, Scott LJ, Magi R, et al. An Expanded Genome-Wide Association Study of
Type 2 Diabetes in Europeans. Diabetes. 2017;66(11):2888-2902.

Mahajan A, Wessel J, Willems SM, et al. Refining the accuracy of validated target
identification through coding variant fine-mapping in type 2 diabetes. Nat Genet.
2018;50(4):559-571.

UNIVERSITY OF BERGEN




82

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

1.

82.

83.

84.

85.

86.

87.

88.

Udler MS, Kim J, von Grotthuss M, et al. Type 2 diabetes genetic loci informed by
multi-trait associations point to disease mechanisms and subtypes: A soft clustering
analysis. PLoS Med. 2018;15(9):¢1002654.

van Zuydam NR, Ahlqvist E, Sandholm N, et al. A Genome-Wide Association Study
of Diabetic Kidney Disease in Subjects With Type 2 Diabetes. Diabetes.
2018;67(7):1414-1427.

Choi SW, Mak TS, O'Reilly PF. Tutorial: a guide to performing polygenic risk score
analyses. Nat Protoc. 2020;15(9):2759-2772.

Li L, Cheng WY, Glicksberg BS, et al. Identification of type 2 diabetes subgroups
through topological analysis of patient similarity. Sci Transl Med.
2015;7(311):311ral74.

Ahlqvist E, Storm P, Kérdjamaiki A, et al. Novel subgroups of adult-onset diabetes
and their association with outcomes: a data-driven cluster analysis of six variables.
The Lancet Diabetes & Endocrinology. 2018;6(5):361-369.

Levy JC, Matthews DR, Hermans MP. Correct homeostasis model assessment
(HOMA) evaluation uses the computer program. Diabetes care. 1998;21(12):2191.
HOMAC Calculator. HOMA Calculator. UniversityofOxford.
https://www.dtu.ox.ac.uk/homacalculator/. Accessed.

Dennis JM, Shields BM, Henley WE, Jones AG, Hattersley AT. Disease progression
and treatment response in data-driven subgroups of type 2 diabetes compared with
models based on simple clinical features: an analysis using clinical trial data. Lancet
Diabetes Endocrinol. 2019;7(6):442-451.

Zou X, Zhou X, Zhu Z, Ji L. Novel subgroups of patients with adult-onset diabetes in
Chinese and US populations. Lancet Diabetes Endocrinol. 2019;7(1):9-11.

Zaharia OP, Strassburger K, Strom A, et al. Risk of diabetes-associated diseases in
subgroups of patients with recent-onset diabetes: a 5-year follow-up study. Lancet
Diabetes Endocrinol. 2019;7(9):684-694.

Anjana RM, Baskar V, Nair ATN, et al. Novel subgroups of type 2 diabetes and their
association with microvascular outcomes in an Asian Indian population: a data-
driven cluster analysis: the INSPIRED study. BMJ Open Diabetes Res Care.
2020;8(1).

Mathur R, Hull SA, Hodgson S, Finer S. Characterisation of type 2 diabetes
subgroups and their association with ethnicity and clinical outcomes: a UK real-
world data study using the East London Database. medRxiv.
2021:2021.2008.2026.21262657.

Slieker RC, Donnelly LA, Fitipaldi H, et al. Replication and cross-validation of type
2 diabetes subtypes based on clinical variables: an IMI-RHAPSODY study.
Diabetologia. 2021;64(9):1982-1989.

Boyle EA, Li Y1, Pritchard JK. An Expanded View of Complex Traits: From
Polygenic to Omnigenic. Cell. 2017;169(7):1177-1186.

Goddard ME, Kemper KE, MacLeod IM, Chamberlain AJ, Hayes BJ. Genetics of
complex traits: prediction of phenotype, identification of causal polymorphisms and
genetic architecture. Proc Biol Sci. 2016;283(1835).

Timpson NJ, Greenwood CMT, Soranzo N, Lawson DJ, Richards JB. Genetic
architecture: the shape of the genetic contribution to human traits and disease. Nat
Rev Genet. 2018;19(2):110-124.

Boomsma D, Busjahn A, Peltonen L. Classical twin studies and beyond. Nat Rev
Genet. 2002;3(11):872-882.

Pulst SM. Genetic linkage analysis. Arch Neurol. 1999;56(6):667-672.

UNIVERSITY OF BERGEN




83

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Tabor HK, Risch NJ, Myers RM. Candidate-gene approaches for studying complex
genetic traits: practical considerations. Nat Rev Genet. 2002;3(5):391-397.

Chang M, He L, Cai L. An Overview of Genome-Wide Association Studies. Methods
Mol Biol. 2018;1754:97-108.

Loos RJF. 15 years of genome-wide association studies and no signs of slowing
down. Nat Commun. 2020;11(1):5900.

Klein RJ, Zeiss C, Chew EY, et al. Complement factor H polymorphism in age-
related macular degeneration. Science. 2005;308(5720):385-389.

International HapMap C, Frazer KA, Ballinger DG, et al. A second generation human
haplotype map of over 3.1 million SNPs. Nature. 2007;449(7164):851-861.
MacArthur J, Bowler E, Cerezo M, et al. The new NHGRI-EBI Catalog of published
genome-wide association studies (GWAS Catalog). Nucleic acids research. 2016;45.
MacArthur J, Bowler E, Cerezo M, et al. The new NHGRI-EBI Catalog of published
genome-wide association studies (GWAS Catalog). Nucleic Acids Res.
2017;45(D1):D896-D901.

Kent JW, Jr. Rare variants, common markers: synthetic association and beyond.
Genet Epidemiol. 2011;35 Suppl 1:S80-84.

Hill WG, Mackay TF. D. S. Falconer and Introduction to quantitative genetics.
Genetics. 2004;167(4):1529-1536.

Mayhew AJ, Meyre D. Assessing the Heritability of Complex Traits in Humans:
Methodological Challenges and Opportunities. Curr Genomics. 2017;18(4):332-340.
Yang J, Zeng J, Goddard ME, Wray NR, Visscher PM. Concepts, estimation and
interpretation of SNP-based heritability. Nat Genet. 2017;49(9):1304-1310.

Eichler EE, Flint J, Gibson G, et al. Missing heritability and strategies for finding the
underlying causes of complex disease. Nat Rev Genet. 2010;11(6):446-450.

Vineis P, Pearce N. Missing heritability in genome-wide association study research.
Nat Rev Genet. 2010;11(8):589.

Kaprio J. Twins and the mystery of missing heritability: the contribution of gene-
environment interactions. J Intern Med. 2012;272(5):440-448.

Ottman R. Gene-environment interaction: definitions and study designs. Prev Med.
1996;25(6):764-770.

Ottman R. An epidemiologic approach to gene-environment interaction. Genet
Epidemiol. 1990;7(3):177-185.

Susser MW. Causal Thinking in the Health Sciences: Concepts and Strategies in
Epidemiology. 1973.

Terry PD, Umbach DM, Taylor JA. APEI genotype and risk of bladder cancer:
evidence for effect modification by smoking. Int J Cancer. 2006;118(12):3170-3173.
Casas-Agustench P, Arnett DK, Smith CE, et al. Saturated fat intake modulates the
association between an obesity genetic risk score and body mass index in two US
populations. J Acad Nutr Diet. 2014;114(12):1954-1966.

Musci RJ, Augustinavicius JL, Volk H. Gene-Environment Interactions in
Psychiatry: Recent Evidence and Clinical Implications. Curr Psychiatry Rep.
2019;21(9):81.

Kido Y. Gene-environment interaction in type 2 diabetes. Diabetol Int. 2017;8(1):7-
13.

Kobberling J, Tattersall R. The genetics of diabetes mellitus. Vol 47: Academic
Press; 1982.

Kaprio J, Tuomilehto J, Koskenvuo M, et al. Concordance for type 1 (insulin-
dependent) and type 2 (non-insulin-dependent) diabetes mellitus in a population-
based cohort of twins in Finland. Diabetologia. 1992;35(11):1060-1067.

UNIVERSITY OF BERGEN




84

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Ali O. Genetics of type 2 diabetes. World J Diabetes. 2013;4(4):114-123.

Horikawa Y, Oda N, Cox NJ, et al. Genetic variation in the gene encoding calpain-10
is associated with type 2 diabetes mellitus. Nat Genet. 2000;26(2):163-175.

Lynn S, Evans JC, White C, et al. Variation in the calpain-10 gene affects blood
glucose levels in the British population. Diabetes. 2002;51(1):247-250.
Orho-Melander M, Klannemark M, Svensson MK, Ridderstrale M, Lindgren CM,
Groop L. Variants in the calpain-10 gene predispose to insulin resistance and
elevated free fatty acid levels. Diabetes. 2002;51(8):2658-2664.

Elbein SC, Chu W, Ren Q, et al. Role of calpain-10 gene variants in familial type 2
diabetes in Caucasians. J Clin Endocrinol Metab. 2002;87(2):650-654.

Baier LJ, Permana PA, Yang X, et al. A calpain-10 gene polymorphism is associated
with reduced muscle mRNA levels and insulin resistance. J Clin Invest.
2000;106(7):R69-73.

Garant MJ, Kao WH, Brancati F, et al. SNP43 of CAPN10 and the risk of type 2
Diabetes in African-Americans: the Atherosclerosis Risk in Communities Study.
Diabetes. 2002;51(1):231-237.

Duggirala R, Blangero J, Almasy L, et al. Linkage of type 2 diabetes mellitus and of
age at onset to a genetic location on chromosome 10q in Mexican Americans. 4m J
Hum Genet. 1999;64(4):1127-1140.

Grant SF, Thorleifsson G, Reynisdottir I, et al. Variant of transcription factor 7-like 2
(TCF7L2) gene confers risk of type 2 diabetes. Nat Genet. 2006;38(3):320-323.
Ruchat SM, Weisnagel SJ, Vohl MC, Rankinen T, Bouchard C, Perusse L. Evidence
for interaction between PPARG Prol2Ala and PPARGC1A Gly482Ser
polymorphisms in determining type 2 diabetes intermediate phenotypes in
overweight subjects. Exp Clin Endocrinol Diabetes. 2009;117(9):455-459.

Ringel J, Engeli S, Distler A, Sharma AM. Pro12Ala missense mutation of the
peroxisome proliferator activated receptor gamma and diabetes mellitus. Biochem
Biophys Res Commun. 1999;254(2):450-453.

Clement K, Hercberg S, Passinge B, et al. The Prol15GIn and Pro12Ala PPAR
gamma gene mutations in obesity and type 2 diabetes. Int J Obes Relat Metab
Disord. 2000;24(3):391-393.

Clausen JO, Hansen T, Bjorbaek C, et al. Insulin resistance: interactions between
obesity and a common variant of insulin receptor substrate-1. Lancet.
1995;346(8972):397-402.

Gaulton KJ, Willer CJ, Li Y, et al. Comprehensive association study of type 2
diabetes and related quantitative traits with 222 candidate genes. Diabetes.
2008;57(11):3136-3144.

Le Fur S, Le Stunff C, Bougneres P. Increased insulin resistance in obese children
who have both 972 IRS-1 and 1057 IRS-2 polymorphisms. Diabetes. 2002;51 Suppl
3:5304-307.

Fawcett KA, Barroso I. The genetics of obesity: FTO leads the way. Trends Genet.
2010;26(6):266-274.

Phani NM, Guddattu V, Bellampalli R, et al. Population specific impact of genetic
variants in KCNJ11 gene to type 2 diabetes: a case-control and meta-analysis study.
PLoS One. 2014;9(9):¢107021.

Gloyn AL, Weedon MN, Owen KR, et al. Large-scale association studies of variants
in genes encoding the pancreatic beta-cell KATP channel subunits Kir6.2 (KCNJ11)
and SUR1 (ABCCS) confirm that the KCNJ11 E23K variant is associated with type 2
diabetes. Diabetes. 2003;52(2):568-572.

UNIVERSITY OF BERGEN




85

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

14e6.

147.

Sandhu MS, Weedon MN, Fawcett KA, et al. Common variants in WFS1 confer risk
of type 2 diabetes. Nat Genet. 2007;39(8):951-953.

Franks PW, Rolandsson O, Debenham SL, et al. Replication of the association
between variants in WFS1 and risk of type 2 diabetes in European populations.
Diabetologia. 2008;51(3):458-463.

Furuta H, Furuta M, Sanke T, et al. Nonsense and missense mutations in the human
hepatocyte nuclear factor-1 beta gene (TCF2) and their relation to type 2 diabetes in
Japanese. J Clin Endocrinol Metab. 2002;87(8):3859-3863.

Muller YL, Infante AM, Hanson RL, et al. Variants in hepatocyte nuclear factor
4alpha are modestly associated with type 2 diabetes in Pima Indians. Diabetes.
2005;54(10):3035-3039.

Zeggini E, Scott LJ, Saxena R, et al. Meta-analysis of genome-wide association data
and large-scale replication identifies additional susceptibility loci for type 2 diabetes.
Nat Genet. 2008;40(5):638-645.

Sladek R, Rocheleau G, Rung J, et al. A genome-wide association study identifies
novel risk loci for type 2 diabetes. Nature. 2007;445(7130):881-885.

Zeggini E, Weedon MN, Lindgren CM, et al. Replication of genome-wide
association signals in UK samples reveals risk loci for type 2 diabetes. Science.
2007;316(5829):1336-1341.

Diabetes Genetics Initiative of Broad Institute of H, Mit LU, Novartis Institutes of
BioMedical R, et al. Genome-wide association analysis identifies loci for type 2
diabetes and triglyceride levels. Science. 2007;316(5829):1331-1336.

Voight BF, Scott LJ, Steinthorsdottir V, et al. Twelve type 2 diabetes susceptibility
loci identified through large-scale association analysis. Nat Genet. 2010;42(7):579-
589.

Rung J, Cauchi S, Albrechtsen A, et al. Genetic variant near IRS1 is associated with
type 2 diabetes, insulin resistance and hyperinsulinemia. Nat Genet.
2009;41(10):1110-1115.

Grarup N, Sandholt CH, Hansen T, Pedersen O. Genetic susceptibility to type 2
diabetes and obesity: from genome-wide association studies to rare variants and
beyond. Diabetologia. 2014;57(8):1528-1541.

Fuchsberger C, Flannick J, Teslovich TM, et al. The genetic architecture of type 2
diabetes. Nature. 2016;536(7614):41-47.

Mabhajan A, Taliun D, Thurner M, et al. Fine-mapping type 2 diabetes loci to single-
variant resolution using high-density imputation and islet-specific epigenome maps.
Nat Genet. 2018;50(11):1505-1513.

Frayling TM, Timpson NJ, Weedon MN, et al. A common variant in the FTO gene is
associated with body mass index and predisposes to childhood and adult obesity.
Science. 2007;316(5826):889-894.

Loos RJ, Lindgren CM, Li S, et al. Common variants near MC4R are associated with
fat mass, weight and risk of obesity. Nat Genet. 2008;40(6):768-775.

Kang J, Guan RC, Zhao Y, Chen Y. Obesity-related loci in TMEM 18, CDKALI1 and
FAIM2 are associated with obesity and type 2 diabetes in Chinese Han patients.
BMC Med Genet. 2020;21(1):65.

Fu LW, Zhang MX, Gao LW, Mi J. [Association between SEC16B polymorphisms
and body mass index variation or risk of obesity: a Meta-analysis]. Zhonghua Liu
Xing Bing Xue Za Zhi. 2016;37(9):1288-1295.

Magi R, Horikoshi M, Sofer T, et al. Trans-ethnic meta-regression of genome-wide
association studies accounting for ancestry increases power for discovery and
improves fine-mapping resolution. Hum Mol Genet. 2017;26(18):3639-3650.

UNIVERSITY OF BERGEN




86

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Suzuki K, Akiyama M, Ishigaki K, et al. Identification of 28 new susceptibility loci
for type 2 diabetes in the Japanese population. Nat Genet. 2019;51(3):379-386.
Vujkovic M, Keaton JM, Lynch JA, et al. Discovery of 318 new risk loci for type 2
diabetes and related vascular outcomes among 1.4 million participants in a multi-
ancestry meta-analysis. Nat Genet. 2020;52(7):680-691.

Nag A, McCarthy MI, Mahajan A. Large-Scale Analyses Provide No Evidence for
Gene-Gene Interactions Influencing Type 2 Diabetes Risk. Diabetes.
2020;69(11):2518-2522.

Dimas AS, Lagou V, Barker A, et al. Impact of type 2 diabetes susceptibility variants
on quantitative glycemic traits reveals mechanistic heterogeneity. Diabetes.
2014;63(6):2158-2171.

Dina Mansour Aly OPD, Rashmi B Prasad, Annemari Kérdjamaki, Rebecka Hjort,
Mikael Akerlund, Anubha Mahajan, Miriam S. Udler, Jose C Florez, Mark I
McCarthy, Regeneron Genetics Center, Julia Brosnan, Olle Melander, Sofia
Carlsson, Ola Hansson, Tiinamaija Tuomi, Leif Groop, Emma Ahlqvist. Aetiological
differences between novel subtypes of diabetes derived from genetic associations.
2020.

Nentwich MM, Ulbig MW. Diabetic retinopathy - ocular complications of diabetes
mellitus. World J Diabetes. 2015;6(3):489-499.

Yau JW, Rogers SL, Kawasaki R, et al. Global prevalence and major risk factors of
diabetic retinopathy. Diabetes Care. 2012;35(3):556-564.

Wong TY, Klein R, Islam FM, et al. Diabetic retinopathy in a multi-ethnic cohort in
the United States. Am J Ophthalmol. 2006;141(3):446-455.

Zhang X, Saaddine JB, Chou CF, et al. Prevalence of diabetic retinopathy in the
United States, 2005-2008. JAMA. 2010;304(6):649-656.

Thomas RL, Halim S, Gurudas S, Sivaprasad S, Owens DR. IDF Diabetes Atlas: A
review of studies utilising retinal photography on the global prevalence of diabetes
related retinopathy between 2015 and 2018. Diabetes Res Clin Pract.
2019;157:107840.

Katsarou A, Gudbjornsdottir S, Rawshani A, et al. Type 1 diabetes mellitus. Nat Rev
Dis Primers. 2017;3:17016.

Bourne RRA, Flaxman SR, Braithwaite T, et al. Magnitude, temporal trends, and
projections of the global prevalence of blindness and distance and near vision
impairment: a systematic review and meta-analysis. Lancet Glob Health.
2017;5(9):e888-e897.

Flaxman SR, Bourne RRA, Resnikoff S, et al. Global causes of blindness and
distance vision impairment 1990-2020: a systematic review and meta-analysis.
Lancet Glob Health. 2017;5(12):e1221-e1234.

Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. 2010;376(9735):124-
136.

Congdon NG, Friedman DS, Lietman T. Important causes of visual impairment in the
world today. JAMA. 2003;290(15):2057-2060.

Resnikoff S, Pascolini D, Etya'ale D, et al. Global data on visual impairment in the
year 2002. Bull World Health Organ. 2004;82(11):844-851.

Claessen H, Kvitkina T, Narres M, et al. Markedly Decreasing Incidence of
Blindness in People With and Without Diabetes in Southern Germany. Diabetes
Care. 2018;41(3):478-484.

Klein R, Klein BE. Are individuals with diabetes seeing better?: a long-term
epidemiological perspective. Diabetes. 2010;59(8):1853-1860.

UNIVERSITY OF BERGEN




87

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Teo ZL, Tham YC, Yu M, et al. Global Prevalence of Diabetic Retinopathy and
Projection of Burden through 2045: Systematic Review and Meta-analysis.
Ophthalmology. 2021.

Shin ES, Sorenson CM, Sheibani N. Diabetes and retinal vascular dysfunction. J
Ophthalmic Vis Res. 2014;9(3):362-373.

Wong TY, Cheung CM, Larsen M, Sharma S, Simo R. Diabetic retinopathy. Nat Rev
Dis Primers. 2016;2:16012.

Joshi D, Khan MA, Singh A. A clinical study of the association and risk factors for
lower limb neuropathy in patients with diabetic retinopathy. J Family Med Prim
Care. 2020;9(4):1891-1895.

He F, Xia X, Wu X, Yu X, Huang F. Diabetic retinopathy in predicting diabetic
nephropathy in patients with type 2 diabetes and renal disease: a meta-analysis. In:
Springer; 2013.

Kawasaki R, Tanaka S, Tanaka S, et al. Risk of cardiovascular diseases is increased
even with mild diabetic retinopathy: the Japan Diabetes Complications Study.
Ophthalmology. 2013;120(3):574-582.

Cunha-Vaz JG. Studies on the pathophysiology of diabetic retinopathy. The blood-
retinal barrier in diabetes. Diabetes. 1983;32 Suppl 2:20-27.

Javitt JC, Aiello LP. Cost-effectiveness of detecting and treating diabetic retinopathy.
Ann Intern Med. 1996;124(1 Pt 2):164-1609.

Wu L, Fernandez-Loaiza P, Sauma J, Hernandez-Bogantes E, Masis M.
Classification of diabetic retinopathy and diabetic macular edema. World J Diabetes.
2013;4(6):290-294.

Diabetic retinopathy study. Report Number 6. Design, methods, and baseline results.
Report Number 7. A modification of the Airlie House classification of diabetic
retinopathy. Prepared by the Diabetic Retinopathy. Invest Ophthalmol Vis Sci.
1981;21(1 Pt 2):1-226.

Grading diabetic retinopathy from stereoscopic color fundus photographs--an
extension of the modified Airlie House classification. ETDRS report number 10.
Early Treatment Diabetic Retinopathy Study Research Group. Ophthalmology.
1991;98(5 Suppl):786-806.

Wilkinson CP, Ferris FL, 3rd, Klein RE, et al. Proposed international clinical diabetic
retinopathy and diabetic macular edema disease severity scales. Ophthalmology.
2003;110(9):1677-1682.

Ferris F. Early photocoagulation in patients with either type I or type II diabetes.
Trans Am Ophthalmol Soc. 1996;94:505-537.

Stefansson E, Bek T, Porta M, Larsen N, Kristinsson JK, Agardh E. Screening and
prevention of diabetic blindness. Acta Ophthalmol Scand. 2000;78(4):374-385.
Scanlon PH. The English national screening programme for sight-threatening
diabetic retinopathy. J Med Screen. 2008;15(1):1-4.

Thomas RL, Dunstan F, Luzio SD, et al. Incidence of diabetic retinopathy in people
with type 2 diabetes mellitus attending the Diabetic Retinopathy Screening Service
for Wales: retrospective analysis. BMJ. 2012;344:e874.

Agardh E, Tababat-Khani P. Adopting 3-year screening intervals for sight-
threatening retinal vascular lesions in type 2 diabetic subjects without retinopathy.
Diabetes Care. 2011;34(6):1318-1319.

Olafsdottir E, Stefansson E. Biennial eye screening in patients with diabetes without
retinopathy: 10-year experience. Br J Ophthalmol. 2007;91(12):1599-1601.

UNIVERSITY OF BERGEN




88"

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Hsieh YT, Chuang LM, Jiang YD, et al. Application of deep learning image
assessment software VeriSee for diabetic retinopathy screening. J Formos Med
Assoc. 2021;120(1 Pt 1):165-171.

Wang J, Bai Y, Xia B. Simultaneous Diagnosis of Severity and Features of Diabetic
Retinopathy in Fundus Photography Using Deep Learning. /EEE J Biomed Health
Inform. 2020;24(12):3397-3407.

Sarao V, Veritti D, Lanzetta P. Automated diabetic retinopathy detection with two
different retinal imaging devices using artificial intelligence: a comparison study.
Graefes Arch Clin Exp Ophthalmol. 2020;258(12):2647-2654.

Grzybowski A, Brona P. Analysis and Comparison of Two Artificial Intelligence
Diabetic Retinopathy Screening Algorithms in a Pilot Study: IDx-DR and Retinalyze.
J Clin Med. 2021;10(11).

Scanlon PH, Foy C, Chen FK. Visual acuity measurement and ocular co-morbidity in
diabetic retinopathy screening. Br J Ophthalmol. 2008;92(6):775-778.
Taylor-Phillips S, Mistry H, Leslie R, et al. Extending the diabetic retinopathy
screening interval beyond 1 year: systematic review. Br J Ophthalmol.
2016;100(1):105-114.

Leese GP, Morris AD, Olson J. A national retinal screening programme for diabetes
in Scotland. Diabet Med. 2003;20(12):962-964.

Thomas RL, Dunstan FD, Luzio SD, et al. Prevalence of diabetic retinopathy within
a national diabetic retinopathy screening service. Br J Ophthalmol. 2015;99(1):64-68.
Andersen N, Hjortdal JO, Schielke KC, et al. The Danish Registry of Diabetic
Retinopathy. Clin Epidemiol. 2016;8:613-619.

Ai X, YuP,HouY, et al. A review of traditional Chinese medicine on treatment of
diabetic retinopathy and involved mechanisms. Biomed Pharmacother.
2020;132:110852.

Stitt AW, Curtis TM, Chen M, et al. The progress in understanding and treatment of
diabetic retinopathy. Prog Retin Eye Res. 2016;51:156-186.

Rohan TE, Frost CD, Wald NJ. Prevention of blindness by screening for diabetic
retinopathy: a quantitative assessment. BMJ. 1989;299(6709):1198-1201.
Photocoagulation treatment of proliferative diabetic retinopathy. Clinical application
of Diabetic Retinopathy Study (DRS) findings, DRS Report Number 8. The Diabetic
Retinopathy Study Research Group. Ophthalmology. 1981;88(7):583-600.

Everett LA, Paulus YM. Laser Therapy in the Treatment of Diabetic Retinopathy and
Diabetic Macular Edema. Curr Diab Rep. 2021;21(9):35.

Deschler EK, Sun JK, Silva PS. Side-effects and complications of laser treatment in
diabetic retinal disease. Semin Ophthalmol. 2014;29(5-6):290-300.

Falavarjani KG, Nguyen QD. Adverse events and complications associated with
intravitreal injection of anti-VEGF agents: a review of literature. Eye (Lond).
2013;27(7):787-794.

Simo R, Sundstrom JM, Antonetti DA. Ocular Anti-VEGF therapy for diabetic
retinopathy: the role of VEGF in the pathogenesis of diabetic retinopathy. Diabetes
Care. 2014;37(4):893-899.

Hayman SR, Leung N, Grande JP, Garovic VD. VEGF inhibition, hypertension, and
renal toxicity. Curr Oncol Rep. 2012;14(4):285-294.

Mohamed Q, Gillies MC, Wong TY. Management of diabetic retinopathy: a
systematic review. JAMA. 2007;298(8):902-916.

Younis N, Broadbent DM, Vora JP, Harding SP, Liverpool Diabetic Eye S. Incidence
of sight-threatening retinopathy in patients with type 2 diabetes in the Liverpool
Diabetic Eye Study: a cohort study. Lancet. 2003;361(9353):195-200.

UNIVERSITY OF BERGEN




&9

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Younis N, Broadbent DM, Harding SP, Vora JP. Incidence of sight-threatening
retinopathy in Type 1 diabetes in a systematic screening programme. Diabet Med.
2003;20(9):758-765.

Klein R, Klein BE, Moss SE. The Wisconsin epidemiological study of diabetic
retinopathy: a review. Diabetes Metab Rev. 1989;5(7):559-570.

Romero-Aroca P, Sagarra-Alamo R, Basora-Gallisa J, Basora-Gallisa T, Baget-
Bernaldiz M, Bautista-Perez A. Prospective comparison of two methods of screening
for diabetic retinopathy by nonmydriatic fundus camera. Clin Ophthalmol.
2010;4:1481-1488.

Stratton IM, Kohner EM, Aldington SJ, et al. UKPDS 50: risk factors for incidence
and progression of retinopathy in Type II diabetes over 6 years from diagnosis.
Diabetologia. 2001;44(2):156-163.

Group UPDS. Tight blood pressure control and risk of macrovascular and
microvascular complications in type 2 diabetes: UKPDS 38. BMJ: British Medical
Journal. 1998;317(7160):703.

Lloyd CE, Klein R, Maser RE, Kuller LH, Becker DJ, Orchard TJ. The progression
of retinopathy over 2 years: the Pittsburgh Epidemiology of Diabetes Complications
(EDC) Study. J Diabetes Complications. 1995;9(3):140-148.

Lyons TJ, Jenkins AJ, Zheng D, et al. Diabetic retinopathy and serum lipoprotein
subclasses in the DCCT/EDIC cohort. Invest Ophthalmol Vis Sci. 2004;45(3):910-
918.

Chew EY, Klein ML, Ferris FL, 3rd, et al. Association of elevated serum lipid levels
with retinal hard exudate in diabetic retinopathy. Early Treatment Diabetic
Retinopathy Study (ETDRS) Report 22. Arch Ophthalmol. 1996;114(9):1079-1084.
Beulens JW, Patel A, Vingerling JR, et al. Effects of blood pressure lowering and
intensive glucose control on the incidence and progression of retinopathy in patients
with type 2 diabetes mellitus: a randomised controlled trial. Diabetologia.
2009;52(10):2027-2036.

Henricsson M, Nystrom L, Blohmé G, et al. The incidence of retinopathy 10 years
after diagnosis in young adult people with diabetes. Diabetes care. 2003;26(2):349-
354.

LuJ, Hou X, Zhang L, et al. Association between body mass index and diabetic
retinopathy in Chinese patients with type 2 diabetes. Acta diabetologica.
2015;52(4):701-708.

Tang J, Kern TS. Inflammation in diabetic retinopathy. Progress in retinal and eye
research. 2011;30(5):343-358.

Sasongko MB, Wong TY, Nguyen TT, Shaw JE, Jenkins AJ, Wang JJ. Novel versus
traditional risk markers for diabetic retinopathy. Diabetologia. 2012;55(3):666-670.
Nguyen TT, Alibrahim E, Islam FM, et al. Inflammatory, hemostatic, and other novel
biomarkers for diabetic retinopathy: the multi-ethnic study of atherosclerosis.
Diabetes Care. 2009;32(9):1704-1709.

Wong CW, Wong TY, Cheng CY, Sabanayagam C. Kidney and eye diseases:
common risk factors, etiological mechanisms, and pathways. Kidney Int.
2014;85(6):1290-1302.

Wozniak SE, Gee LL, Wachtel MS, Frezza EE. Adipose tissue: the new endocrine
organ? A review article. Digestive diseases and sciences. 2009;54(9):1847-1856.
Madsen-Bouterse SA, Kowluru RA. Oxidative stress and diabetic retinopathy:
pathophysiological mechanisms and treatment perspectives. Reviews in Endocrine
and Metabolic Disorders. 2008;9(4):315-327.

UNIVERSITY OF BERGEN




90"

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Pludowski P, Holick MF, Pilz S, et al. Vitamin D effects on musculoskeletal health,
immunity, autoimmunity, cardiovascular disease, cancer, fertility, pregnancy,
dementia and mortality—a review of recent evidence. Autoimmunity reviews.
2013;12(10):976-989.

Maa AY, Sullivan BR. Relationship of hemoglobin A1C with the presence and
severity of retinopathy upon initial screening of Type II diabetes mellitus. Am J
Ophthalmol. 2007;144(3):456-457.

Nittala MG, Keane PA, Zhang K, Sadda SR. Risk factors for proliferative diabetic
retinopathy in a Latino American population. Retina. 2014;34(8):1594-1599.

Sartore G, Chilelli NC, Burlina S, Lapolla A. Association between glucose variability
as assessed by continuous glucose monitoring (CGM) and diabetic retinopathy in
type 1 and type 2 diabetes. Acta Diabetol. 2013;50(3):437-442.

Penman A, Hancock H, Papavasileiou E, et al. Risk Factors for Proliferative Diabetic
Retinopathy in African Americans with Type 2 Diabetes. Ophthalmic Epidemiol.
2016;23(2):88-93.

Ismail-Beigi F, Craven T, Banerji MA, et al. Effect of intensive treatment of
hyperglycaemia on microvascular outcomes in type 2 diabetes: an analysis of the
ACCORD randomised trial. Lancet. 2010;376(9739):419-430.

Azad N, Agrawal L, Emanuele NV, et al. Association of blood glucose control and
pancreatic reserve with diabetic retinopathy in the Veterans Affairs Diabetes Trial
(VADT). Diabetologia. 2014;57(6):1124-1131.

Lachin JM, Genuth S, Nathan DM, Zinman B, Rutledge BN, Group DER. Effect of
glycemic exposure on the risk of microvascular complications in the diabetes control
and complications trial--revisited. Diabetes. 2008;57(4):995-1001.

Sun JK, Keenan HA, Cavallerano JD, et al. Protection from retinopathy and other
complications in patients with type 1 diabetes of extreme duration: the joslin 50-year
medalist study. Diabetes Care. 2011;34(4):968-974.

Clustering of long-term complications in families with diabetes in the diabetes
control and complications trial. The Diabetes Control and Complications Trial
Research Group. Diabetes. 1997;46(11):1829-1839.

Leslie RD, Pyke DA. Diabetic retinopathy in identical twins. Diabetes.
1982;31(1):19-21.

Pyke DA, Tattersall RB. Diabetic retinopathy in identical twins. Diabetes.
1973;22(8):613-618.

Arar NH, Freedman BI, Adler SG, et al. Heritability of the severity of diabetic
retinopathy: the FIND-Eye study. Invest Ophthalmol Vis Sci. 2008;49(9):3839-3845.
Hietala K, Forsblom C, Summanen P, Groop PH, FinnDiane Study G. Heritability of
proliferative diabetic retinopathy. Diabetes. 2008;57(8):2176-2180.

Meng W, Shah KP, Pollack S, et al. A genome-wide association study suggests new
evidence for an association of the NADPH Oxidase 4 (NOX4) gene with severe
diabetic retinopathy in type 2 diabetes. Acta Ophthalmol. 2018;96(7):e811-e819.
Imperatore G, Hanson RL, Pettitt DJ, Kobes S, Bennett PH, Knowler WC. Sib-pair
linkage analysis for susceptibility genes for microvascular complications among
Pima Indians with type 2 diabetes. Pima Diabetes Genes Group. Diabetes.
1998;47(5):821-830.

Looker HC, Nelson RG, Chew E, et al. Genome-wide linkage analyses to identify
Loci for diabetic retinopathy. Diabetes. 2007;56(4):1160-1166.

Hallman DM, Boerwinkle E, Gonzalez VH, Klein BE, Klein R, Hanis CL. A
genome-wide linkage scan for diabetic retinopathy susceptibility genes in Mexican

UNIVERSITY OF BERGEN




91

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Americans with type 2 diabetes from Starr County, Texas. Diabetes.
2007;56(4):1167-1173.

Lindholm E, Bakhtadze E, Sjogren M, et al. The -374 T/A polymorphism in the gene
encoding RAGE is associated with diabetic nephropathy and retinopathy in type 1
diabetic patients. Diabetologia. 2006;49(11):2745-2755.

Abhary S, Burdon KP, Laurie KJ, et al. Aldose reductase gene polymorphisms and
diabetic retinopathy susceptibility. Diabetes Care. 2010;33(8):1834-1836.

Simoes MJ, Lobo C, Egas C, et al. Genetic variants in [CAM1, PPARGCI1A and
MTHEFR are potentially associated with different phenotypes of diabetic retinopathy.
Ophthalmologica. 2014;232(3):156-162.

Opatrilova R, Kubatka P, Caprnda M, et al. Nitric oxide in the pathophysiology of
retinopathy: evidences from preclinical and clinical researches. Acta Ophthalmol.
2018;96(3):222-231.

Zeng Y, Dai F, Yang K, Tang Y, Xu M, Zhou Y. Association between a vascular
endothelial growth factor gene polymorphism (rs2146323) and diabetic retinopathy:
a meta-analysis. BMC Ophthalmol. 2015;15:163.

Petrovic D. Candidate genes for proliferative diabetic retinopathy. Biomed Res Int.
2013;2013:540416.

Priscakova P, Minarik G, Repiska V. Candidate gene studies of diabetic retinopathy
in human. Mol Biol Rep. 2016;43(12):1327-1345.

Awata T, Inoue K, Kurihara S, et al. A common polymorphism in the 5'-untranslated
region of the VEGF gene is associated with diabetic retinopathy in type 2 diabetes.
Diabetes. 2002;51(5):1635-1639.

Fu YP, Hallman DM, Gonzalez VH, et al. Identification of Diabetic Retinopathy
Genes through a Genome-Wide Association Study among Mexican-Americans from
Starr County, Texas. J Ophthalmol. 2010;2010.

Grassi MA, Tikhomirov A, Ramalingam S, Below JE, Cox NJ, Nicolae DL.
Genome-wide meta-analysis for severe diabetic retinopathy. Hum Mol Genet.
2011;20(12):2472-2481.

Burdon KP, Fogarty RD, Shen W, et al. Genome-wide association study for sight-
threatening diabetic retinopathy reveals association with genetic variation near the
GRB2 gene. Diabetologia. 2015;58(10):2288-2297.

Tandon A, Chen CJ, Penman A, et al. African Ancestry Analysis and Admixture
Genetic Mapping for Proliferative Diabetic Retinopathy in African Americans. Invest
Ophthalmol Vis Sci. 2015;56(6):3999-4005.

Graham PS, Kaidonis G, Abhary S, et al. Genome-wide association studies for
diabetic macular edema and proliferative diabetic retinopathy. BMC Med Genet.
2018;19(1):71.

Pollack S, Igo RP, Jr., Jensen RA, et al. Multiethnic Genome-Wide Association
Study of Diabetic Retinopathy Using Liability Threshold Modeling of Duration of
Diabetes and Glycemic Control. Diabetes. 2019;68(2):441-456.

Huang YC, Lin JM, Lin HJ, et al. Genome-wide association study of diabetic
retinopathy in a Taiwanese population. Ophthalmology. 2011;118(4):642-648.

Sheu WH, Kuo JZ, Lee IT, et al. Genome-wide association study in a Chinese
population with diabetic retinopathy. Hum Mol Genet. 2013;22(15):3165-3173.
Awata T, Yamashita H, Kurihara S, et al. A genome-wide association study for
diabetic retinopathy in a Japanese population: potential association with a long
intergenic non-coding RNA. PLoS One. 2014;9(11):e111715.

Liu C, Chen G, Bentley AR, et al. Genome-wide association study for proliferative
diabetic retinopathy in Africans. NP.J Genom Med. 2019;4:20.

UNIVERSITY OF BERGEN




92°

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Wang H, Yang Z, Jiang Y, Hartnett ME. Endothelial NADPH oxidase 4 mediates
vascular endothelial growth factor receptor 2-induced intravitreal neovascularization
in a rat model of retinopathy of prematurity. Mol Vis. 2014;20:231-241.

Shen W, Fruttiger M, Zhu L, et al. Conditional Mullercell ablation causes
independent neuronal and vascular pathologies in a novel transgenic model. J
Neurosci. 2012;32(45):15715-15727.

Anselmi F, Orlandini M, Rocchigiani M, et al. c-ABL modulates MAP kinases
activation downstream of VEGFR-2 signaling by direct phosphorylation of the
adaptor proteins GRB2 and NCK1. Angiogenesis. 2012;15(2):187-197.

Paterson AD, Waggott D, Boright AP, et al. A genome-wide association study
identifies a novel major locus for glycemic control in type 1 diabetes, as measured by
both A1C and glucose. Diabetes. 2010;59(2):539-549.

Aspriello SD, Zizzi A, Spazzafumo L, et al. Effects of enamel matrix derivative on
vascular endothelial growth factor expression and microvessel density in gingival
tissues of periodontal pocket: a comparative study. J Periodontol. 2011;82(4):606-
612.

Raache R, Hennachi R, Amroune H, et al. [Susceptibility genes, HLA and diabetic
retinopathy in the Algerian population]. J Fr Ophtalmol. 2013;36(3):247-254.
Barnett 1J, Lee S, Lin X. Detecting rare variant effects using extreme phenotype
sampling in sequencing association studies. Genet Epidemiol. 2013;37(2):142-151.
Shtir C, Aldahmesh MA, Al-Dahmash S, et al. Exome-based case-control association
study using extreme phenotype design reveals novel candidates with protective effect
in diabetic retinopathy. Hum Genet. 2016;135(2):193-200.

Ung C, Sanchez AV, Shen L, et al. Whole exome sequencing identification of novel
candidate genes in patients with proliferative diabetic retinopathy. Vision Res.
2017;139:168-176.

Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current understanding, mechanisms,
and treatment strategies. JCI Insight. 2017;2(14).

Wadhwa PD, Buss C, Entringer S, Swanson JM. Developmental origins of health and
disease: brief history of the approach and current focus on epigenetic mechanisms.
Semin Reprod Med. 2009;27(5):358-368.

Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and
death from ischaemic heart disease. Lancet. 1989;2(8663):577-580.

Barker DJ. Fetal origins of coronary heart disease. BMJ. 1995;311(6998):171-174.
Barker DJ, Forsen T, Uutela A, Osmond C, Eriksson JG. Size at birth and resilience
to effects of poor living conditions in adult life: longitudinal study. BMJ.
2001;323(7324):1273-1276.

Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-
life conditions on adult health and disease. N Engl J Med. 2008;359(1):61-73.

Mandy M, Nyirenda M. Developmental Origins of Health and Disease: the relevance
to developing nations. Int Health. 2018;10(2):66-70.

Shildrick M. Maternal Imagination: Reconceiving First Impressions. Rethinking
History. 2000;4(3):243-260.

Hanson C. 4 cultural history of pregnancy : pregnancy, medicine, and culture, 1750-
2000. Houndmills, Basingstoke, Hampshire ; New York: Palgrave Macmillan; 2004.
Smith GD, Kuh D. Commentary: William Ogilvy Kermack and the childhood origins
of adult health and disease. International Journal of Epidemiology. 2001;30(4):696-
703.

UNIVERSITY OF BERGEN




93

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

Walton A, Hammond FR. The maternal effects on growth and conformation in Shire
horse-Shetland pony crosses. Proceedings of The Royal Society B: Biological
Sciences. 1938;125:311-335.

Pickens DK. Daniel J. Kevles. In the Name of Eugenics: Genetics and the Uses of
Human Heredity. New York: Alfred A. Knopf. 1985. Pp. x, 426. $22.95. The
American Historical Review. 1986;91(3):632-633.

Heredity Produced: At the Crossroads of Biology, Politics, and Culture, 1500-1870.
The MIT Press; 2007.

Antonov AN. Children born during the siege of Leningrad in 1942. J Pediatr.
1947;30(3):250-259.

Smith CA. Effects of maternal under nutrition upon the newborn infant in Holland
(1944-1945). J Pediatr. 1947;30(3):229-243.

Schulz LC. The Dutch Hunger Winter and the developmental origins of health and
disease. Proceedings of the National Academy of Sciences. 2010;107(39):16757-
16758.

Huang C, Li Z, Wang M, Martorell R. Early life exposure to the 1959-1961 Chinese
famine has long-term health consequences. J Nutr. 2010;140(10):1874-1878.

Kaati G, Bygren LO, Edvinsson S. Cardiovascular and diabetes mortality determined
by nutrition during parents' and grandparents' slow growth period. Eur J Hum Genet.
2002;10(11):682-688.

Kannisto V, Christensen K, Vaupel JW. No increased mortality in later life for
cohorts born during famine. Am J Epidemiol. 1997;145(11):987-994.

Moore SE, Cole TJ, Poskitt EM, et al. Season of birth predicts mortality in rural
Gambia. Nature. 1997;388(6641):434.

Koupil I, Plavinskaja S, Parfenova N, Shestov DB, Danziger PD, Vagero D. Cancer
mortality in women and men who survived the siege of Leningrad (1941-1944). Int J
Cancer. 2009;124(6):1416-1421.

Lumey LH, Khalangot MD, Vaiserman AM. Association between type 2 diabetes
and prenatal exposure to the Ukraine famine of 1932-33: a retrospective cohort study.
Lancet Diabetes Endocrinol. 2015;3(10):787-794.

Lumey LH. Decreased birthweights in infants after maternal in utero exposure to the
Dutch famine of 1944-1945. Paediatr Perinat Epidemiol. 1992;6(2):240-253.
Malnutrition and Starvation in Western Netherlands September 1944-July 1945. Part
1. Part II: Appendices. Journal of the American Medical Association.
1950;142(11):857-858.

Ravelli GP, Stein ZA, Susser MW. Obesity in young men after famine exposure in
utero and early infancy. N Engl J Med. 1976;295(7):349-353.

Ravelli AC, van Der Meulen JH, Osmond C, Barker DJ, Bleker OP. Obesity at the
age of 50 y in men and women exposed to famine prenatally. Am J Clin Nutr.
1999;70(5):811-816.

Jiang H, Yu Y, Li L, Xu W. Exposure to the Great Famine in Early Life and the Risk
of Obesity in Adulthood: A Report Based on the China Health and Nutrition Survey.
Nutrients. 2021;13(4).

Yang Z, Zhao W, Zhang X, et al. Impact of famine during pregnancy and infancy on
health in adulthood. Obes Rev. 2008;9 Suppl 1:95-99.

Stein AD, Zybert PA, van der Pal-de Bruin K, Lumey LH. Exposure to famine
during gestation, size at birth, and blood pressure at age 59 y: evidence from the
Dutch Famine. Eur J Epidemiol. 2006;21(10):759-765.

UNIVERSITY OF BERGEN




94°

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.
315.

Painter RC, de Rooij SR, Bossuyt PM, et al. Blood pressure response to
psychological stressors in adults after prenatal exposure to the Dutch famine. J
Hypertens. 2006;24(9):1771-1778.

Ravelli AC, van der Meulen JH, Michels RP, et al. Glucose tolerance in adults after
prenatal exposure to famine. Lancet. 1998;351(9097):173-177.

LiY,HeY, QiL, et al. Exposure to the Chinese famine in early life and the risk of
hyperglycemia and type 2 diabetes in adulthood. Diabetes. 2010;59(10):2400-2406.
Roseboom TJ, van der Meulen JH, Osmond C, Barker DJ, Ravelli AC, Bleker OP.
Plasma lipid profiles in adults after prenatal exposure to the Dutch famine. Am J Clin
Nutr. 2000;72(5):1101-1106.

Shen L, Li C, Wang Z, et al. Early-life exposure to severe famine is associated with
higher methylation level in the IGF2 gene and higher total cholesterol in late
adulthood: the Genomic Research of the Chinese Famine (GRECF) study. Clin
Epigenetics. 2019;11(1):88.

Zhang Y, Ying Y, Zhou L, Fu J, Shen Y, Ke C. Exposure to Chinese famine in early
life modifies the association between hyperglycaemia and cardiovascular disease.
Nutr Metab Cardiovasc Dis. 2019;29(11):1230-1236.

Forsdahl A. Are poor living conditions in childhood and adolescence an important
risk factor for arteriosclerotic heart disease? Br J Prev Soc Med. 1977;31(2):91-95.
SMITH CA. Famine and Human Development: The Dutch Hunger Winter 1944-
1945. American Journal of Diseases of Children. 1976;130(2):222-223.

Hoek HW, Susser E, Buck KA, Lumey LH, Lin SP, Gorman JM. Schizoid
personality disorder after prenatal exposure to famine. Am J Psychiatry.
1996;153(12):1637-1639.

St Clair D, Xu M, Wang P, et al. Rates of adult schizophrenia following prenatal
exposure to the Chinese famine of 1959-1961. JAMA. 2005;294(5):557-562.

Xu MQ, Sun WS, Liu BX, et al. Prenatal malnutrition and adult schizophrenia:
further evidence from the 1959-1961 Chinese famine. Schizophr Bull.
2009;35(3):568-576.

Liu H, Chen X, Shi T, et al. Association of famine exposure with the risk of type 2
diabetes: A meta-analysis. Clin Nutr. 2020;39(6):1717-1723.

LiJ, Liu S, Li S, et al. Prenatal exposure to famine and the development of
hyperglycemia and type 2 diabetes in adulthood across consecutive generations: a
population-based cohort study of families in Suihua, China. Am J Clin Nutr.
2017;105(1):221-227.

Stein AD, Obrutu OE, Behere RV, Yajnik CS. Developmental undernutrition,
offspring obesity and type 2 diabetes. Diabetologia. 2019;62(10):1773-1778.

van Abeelen AF, Elias SG, Bossuyt PM, et al. Famine exposure in the young and the
risk of type 2 diabetes in adulthood. Diabetes. 2012;61(9):2255-2260.

Neel JV. Diabetes mellitus: a "thrifty" genotype rendered detrimental by "progress"?
Am J Hum Genet. 1962;14:353-362.

Baschetti R. Diabetes epidemic in newly westernized populations: is it due to thrifty
genes or to genetically unknown foods? J R Soc Med. 1998;91(12):622-625.
Hawley NL, McGarvey ST. Obesity and diabetes in Pacific Islanders: the current
burden and the need for urgent action. Curr Diab Rep. 2015;15(5):29.

Speakman JR. A nonadaptive scenario explaining the genetic predisposition to
obesity: the "predation release" hypothesis. Cell Metab. 2007;6(1):5-12.

Hales CN, Barker DJ. The thrifty phenotype hypothesis. Br Med Bull. 2001;60:5-20.
Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus: the thrifty
phenotype hypothesis. Diabetologia. 1992;35(7):595-601.

UNIVERSITY OF BERGEN (




95

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.
330.

331.
332.

333.

334.

Huxley R, Neil A, Collins R. Unravelling the fetal origins hypothesis: is there really
an inverse association between birthweight and subsequent blood pressure? Lancet.
2002;360(9334):659-665.

Gluckman PD, Hanson MA. Living with the past: evolution, development, and
patterns of disease. Science. 2004;305(5691):1733-1736.

Reusens B, Remacle C. Programming of impaired insulin secretion versus
sensitivity: cause or effect? Adv Exp Med Biol. 2009;646:125-131.

Gluckman PD, Hanson MA, Spencer HG. Predictive adaptive responses and human
evolution. Trends Ecol Evol. 2005;20(10):527-533.

Gluckman PD, Hanson MA, Spencer HG, Bateson P. Environmental influences
during development and their later consequences for health and disease: implications
for the interpretation of empirical studies. Proceedings of the Royal Society B:
Biological Sciences. 2005;272(1564):671-677.

Bateson P, Gluckman P, Hanson M. The biology of developmental plasticity and the
Predictive Adaptive Response hypothesis. J Physiol. 2014;592(11):2357-2368.
Bateson P. Fetal experience and good adult design. Int J Epidemiol. 2001;30(5):928-
934,

Hanson M, Gluckman P. The human camel: the concept of predictive adaptive
responses and the obesity epidemic. Practical Diabetes International.
2003;20(8):267-268.

Godfrey KM, Lillycrop KA, Burdge GC, Gluckman PD, Hanson MA. Epigenetic
mechanisms and the mismatch concept of the developmental origins of health and
disease. Pediatr Res. 2007;61(5 Pt 2):5R-10R.

Tammen SA, Friso S, Choi SW. Epigenetics: the link between nature and nurture.
Mol Aspects Med. 2013;34(4):753-764.

Bateson P, Gluckman P. Plasticity and robustness in development and evolution.
International Journal of Epidemiology. 2012;41(1):219-223.

Zimmet P, Shi Z, El-Osta A, Ji L. Epidemic T2DM, early development and
epigenetics: implications of the Chinese Famine. Nat Rev Endocrinol.
2018;14(12):738-746.

Fedotkina O, Luk A, Jain R, et al. Perinatal famine is associated with excess risk of
proliferative retinopathy in patients with type 2 diabetes. Acta Ophthalmol. 2021.
[Mlumina. Infintum™ CoreExome-24 v1.4 BeadChip.

Fedotkina O, Sulaieva O, Ozgumus T, et al. Novel Reclassification of Adult Diabetes
Is Useful to Distinguish Stages of beta-Cell Function Linked to the Risk of Vascular
Complications: The DOLCE Study From Northern Ukraine. Front Genet.
2021;12:637945.

Jain AK, Dubes RC. Algorithms for clustering data. Prentice-Hall, Inc.; 1988.
Tridgell DM, Spiekerman C, Wang RS, Greenbaum CJ. Interaction of onset and
duration of diabetes on the percent of GAD and IA-2 antibody-positive subjects in
the type 1 diabetes genetics consortium database. Diabetes Care. 2011;34(4):988-
993.

Zanone MM, Catalfamo E, Pietropaolo SL, et al. Glutamic acid decarboxylase and
ICAS512/TA-2 autoantibodies as disease markers and relationship to residual beta-cell
function and glycemic control in young type 1 diabetic patients. Metabolism.
2003;52(1):25-29.

R: A language and environment for statistical computing. R Foundation for
Statistical

Computing. [computer program]. Version version 3.6.22021.

UNIVERSITY OF BERGEN




96’

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

Roseboom TJ, van der Meulen JH, Ravelli AC, Osmond C, Barker DJ, Bleker OP.
Effects of prenatal exposure to the Dutch famine on adult disease in later life: an
overview. Mol Cell Endocrinol. 2001;185(1-2):93-98.

Morris AP, Voight BF, Teslovich TM, et al. Large-scale association analysis
provides insights into the genetic architecture and pathophysiology of type 2
diabetes. Nat Genet. 2012;44(9):981-990.

Generalized Estimation Equation Solver [computer program]. Version 4.13-202019.
McArdle PF, O'Connell JR, Pollin TI, et al. Accounting for relatedness in family
based genetic association studies. Hum Hered. 2007;64(4):234-242.

Cochran WG. The Combination of Estimates from Different Experiments.
Biometrics. 1954;10(1):101-129.

Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-
analyses. BMJ. 2003;327(7414):557-560.

Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set for whole-genome
association and population-based linkage analyses. The American Journal of Human
Genetics. 2007;81(3):559-575.

Lumey LH, Stein AD, Susser E. Prenatal famine and adult health. Annu Rev Public
Health. 2011;32:237-262.

Marees AT, de Kluiver H, Stringer S, et al. A tutorial on conducting genome-wide
association studies: Quality control and statistical analysis. Int J Methods Psychiatr
Res. 2018;27(2):¢1608.

Jolliffe IT, Cadima J. Principal component analysis: a review and recent
developments. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences. 2016;374(2065):20150202.

Oleksyk TK, Wolfsberger WW, Weber AM, et al. Genome diversity in Ukraine.
Gigascience. 2021;10(1).

Marchini J, Howie B. Genotype imputation for genome-wide association studies. Nat
Rev Genet. 2010;11(7):499-511.

Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method
for genome-wide association studies by imputation of genotypes. Nat Genet.
2007;39(7):906-913.

Voight BF, Pritchard JK. Confounding from cryptic relatedness in case-control
association studies. PLoS Genet. 2005;1(3):e32.

Yang J, Lee SH, Wray NR, Goddard ME, Visscher PM. GCTA-GREML accounts
for linkage disequilibrium when estimating genetic variance from genome-wide
SNPs. Proc Natl Acad Sci U S A. 2016;113(32):E4579-4580.

Dandine-Roulland C, Perdry H. The Use of the Linear Mixed Model in Human
Genetics. Hum Hered. 2015;80(4):196-206.

Zhou W, Nielsen JB, Fritsche LG, et al. Efficiently controlling for case-control
imbalance and sample relatedness in large-scale genetic association studies. Nat
Genet. 2018;50(9):1335-1341.

Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool for genome-wide
complex trait analysis. Am J Hum Genet. 2011;88(1):76-82.

Zhou X, Stephens M. Genome-wide efficient mixed-model analysis for association
studies. Nat Genet. 2012;44(7):821-824.

Hong EP, Park JW. Sample size and statistical power calculation in genetic
association studies. Genomics Inform. 2012;10(2):117-122.

McAllister K, Mechanic LE, Amos C, et al. Current Challenges and New
Opportunities for Gene-Environment Interaction Studies of Complex Diseases. Am J
Epidemiol. 2017;186(7):753-761.

UNIVERSITY OF BERGEN




97

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 2000;28(1):27-30.

Gene Ontology C. The Gene Ontology resource: enriching a GOId mine. Nucleic
Acids Res. 2021;49(D1):D325-D334.

de Leeuw CA, Mooij JM, Heskes T, Posthuma D. MAGMA: generalized gene-set
analysis of GWAS data. PLoS Comput Biol. 2015;11(4):e1004219.

Golding J, Pembrey M, Jones R, Team AS. ALSPAC--the Avon Longitudinal Study
of Parents and Children. I. Study methodology. Paediatr Perinat Epidemiol.
2001;15(1):74-87.

Consortium GT. Human genomics. The Genotype-Tissue Expression (GTEx) pilot
analysis: multitissue gene regulation in humans. Science. 2015;348(6235):648-660.
Noble WS. How does multiple testing correction work? Nat Biotechnol.
2009;27(12):1135-1137.

Cangur S, Ankarali H, Pasin O. Comparing Performances of Multiple Comparison
Methods in Commonly Used 2 x C Contingency Tables. Interdiscip Sci.
2016;8(4):337-345.

Armstrong RA. When to use the Bonferroni correction. Ophthalmic Physiol Opt.
2014;34(5):502-508.

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society:
Series B (Methodological). 1995;57(1):289-300.

Tanabe H, Masuzaki H, Shimabukuro M. Novel strategies for glycaemic control and
preventing diabetic complications applying the clustering-based classification of
adult-onset diabetes mellitus: A perspective. Diabetes Res Clin Pract.
2021;180:109067.

Lyssenko V, Jonsson A, Almgren P, et al. Clinical risk factors, DNA variants, and
the development of type 2 diabetes. New England Journal of Medicine.
2008;359(21):2220-2232.

Vasilevskaya NS, Bailo OV. Medical insurance as a direction of reforming the health
system in Ukraine. Wiad Lek. 2019;72(5 cz 1):897-902.

Martin AR, Gignoux CR, Walters RK, et al. Human Demographic History Impacts
Genetic Risk Prediction across Diverse Populations. Am J Hum Genet.
2017;100(4):635-649.

DuR, Zheng R, Xu Y, et al. Early-Life Famine Exposure and Risk of Cardiovascular
Diseases in Later Life: Findings From the REACTION Study. J Am Heart Assoc.
2020;9(7):e014175.

Zhang Y, Liu X, Wang M, et al. Risk of Hyperglycemia and Diabetes after Early-
Life Famine Exposure: A Cross-Sectional Survey in Northeastern China. Int J
Environ Res Public Health. 2018;15(6).

Bleker LS, de Rooij SR, Painter RC, Ravelli AC, Roseboom TJ. Cohort profile: the
Dutch famine birth cohort (DFBC)- a prospective birth cohort study in the
Netherlands. BMJ Open. 2021;11(3):e042078.

Kaufman L, Rousseeuw P. Finding Groups in Data: An Introduction To Cluster
Analysis. 1990.

Boz M, Scheen AJ, Gerard PL, Castillo MJ, Lefebvre PJ. Retinopathy, but not
neuropathy, is influenced by the level of residual endogenous insulin secretion in
type 2 diabetes. Diabete Metab. 1995;21(5):353-359.

Kuo JZ, Guo X, Klein R, et al. Association of fasting insulin and C peptide with
diabetic retinopathy in Latinos with type 2 diabetes. BM.J Open Diabetes Res Care.
2014;2(1):e000027.

UNIVERSITY OF BERGEN




98"

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

Ipp E. Diabetic Retinopathy and Insulin Insufficiency: Beta Cell Replacement as a
Strategy to Prevent Blindness. Front Endocrinol (Lausanne). 2021;12:734360.
Slieker RC, Donnelly LA, Fitipaldi H, et al. Distinct Molecular Signatures of Clinical
Clusters in People With Type 2 Diabetes: An IMI-RHAPSODY Study. Diabetes.
2021;70(11):2683-2693.

Gluckman PD, Hanson MA. Maternal constraint of fetal growth and its
consequences. Semin Fetal Neonatal Med. 2004;9(5):419-425.

Hales CN, Barker DJ, Clark PM, et al. Fetal and infant growth and impaired glucose
tolerance at age 64. BMJ. 1991;303(6809):1019-1022.

Phipps K, Barker DJ, Hales CN, Fall CH, Osmond C, Clark PM. Fetal growth and
impaired glucose tolerance in men and women. Diabetologia. 1993;36(3):225-228.
Harder T, Rodekamp E, Schellong K, Dudenhausen JW, Plagemann A. Birth weight
and subsequent risk of type 2 diabetes: a meta-analysis. Am J Epidemiol.
2007;165(8):849-857.

Lindsay RS, Dabelea D, Roumain J, Hanson RL, Bennett PH, Knowler WC. Type 2
diabetes and low birth weight: the role of paternal inheritance in the association of
low birth weight and diabetes. Diabetes. 2000;49(3):445-449.

Huxley RR, Shiell AW, Law CM. The role of size at birth and postnatal catch-up
growth in determining systolic blood pressure: a systematic review of the literature. J
Hypertens. 2000;18(7):815-831.

Painter RC, Roseboom TJ, van Montfrans GA, et al. Microalbuminuria in adults after
prenatal exposure to the Dutch famine. J Am Soc Nephrol. 2005;16(1):189-194.
Lackland DT, Bendall HE, Osmond C, Egan BM, Barker DJ. Low birth weights
contribute to high rates of early-onset chronic renal failure in the Southeastern United
States. Arch Intern Med. 2000;160(10):1472-1476.

Gillow JT, Gibson JM, Dodson PM. Hypertension and diabetic retinopathy--what's
the story? Br J Ophthalmol. 1999;83(9):1083-1087.

Smith SA, Tamhane S. ACP Journal Club. Review: Intensive blood pressure control
reduces retinopathy in diabetes. Ann Intern Med. 2015;162(12):JC7.

Stryjewski TP, Papakostas TD, Vavvas D. Proliferative Hypertensive Retinopathy.
JAMA Ophthalmol. 2016;134(3):345-346.

Shah VA, Yeo CL, Ling YL, Ho LY. Incidence, risk factors of retinopathy of
prematurity among very low birth weight infants in Singapore. Ann Acad Med
Singap. 2005;34(2):169-178.

Lundgren P, Kistner A, Andersson EM, et al. Low birth weight is a risk factor for
severe retinopathy of prematurity depending on gestational age. PLoS One.
2014;9(10):e109460.

Chapman N, Mohamudally A, Cerutti A, et al. Retinal vascular network architecture
in low-birth-weight men. J Hypertens. 1997;15(12 Pt 1):1449-1453.

Kandasamy Y, Smith R, Wright IM, Hartley L. Relationship between birth weight
and retinal microvasculature in newborn infants. J Perinatol. 2012;32(6):443-447.
Fiess A, Lamparter J, Raum P, et al. Birth Weight and Diabetic Retinopathy: Results
From the Population-Based Gutenberg Health Study (GHS). Ophthalmic Epidemiol.
2021;28(2):122-130.

Liew G, Wang JJ, Klein R, et al. Birth weight is not related to risk of diabetic
retinopathy in type 2 diabetes: the Atherosclerosis Risk in Communities Study. Curr
Eye Res. 2008;33(2):193-198.

Gale CR, Jiang B, Robinson SM, Godfrey KM, Law CM, Martyn CN. Maternal diet
during pregnancy and carotid intima-media thickness in children. Arterioscler
Thromb Vasc Biol. 2006;26(8):1877-1882.

UNIVERSITY OF BERGEN (




99

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

Cameron N, Demerath EW. Critical periods in human growth and their relationship
to diseases of aging. Am J Phys Anthropol. 2002;Suppl 35:159-184.

Gluckman PD, Hanson MA. Developmental origins of disease paradigm: a
mechanistic and evolutionary perspective. Pediatr Res. 2004;56(3):311-317.
Bateson P, Barker D, Clutton-Brock T, et al. Developmental plasticity and human
health. Nature. 2004;430(6998):419-421.

Langley-Evans SC, McMullen S. Developmental origins of adult disease. Med Princ
Pract. 2010;19(2):87-98.

Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal
nutrition and cardiovascular disease in adult life. Lancet. 1993;341(8850):938-941.
Woods LL, Weeks DA, Rasch R. Programming of adult blood pressure by maternal
protein restriction: role of nephrogenesis. Kidney Int. 2004;65(4):1339-1348.
Remacle C, Dumortier O, Bol V, et al. Intrauterine programming of the endocrine
pancreas. Diabetes Obes Metab. 2007;9 Suppl 2:196-209.

Hendrickson A. Development of Retinal Layers in Prenatal Human Retina. Am J
Ophthalmol. 2016;161:29-35 e21.

Heijmans BT, Tobi EW, Stein AD, et al. Persistent epigenetic differences associated
with prenatal exposure to famine in humans. Proc Natl Acad Sci U S A.
2008;105(44):17046-17049.

Tobi EW, Lumey LH, Talens RP, et al. DNA methylation differences after exposure
to prenatal famine are common and timing- and sex-specific. Hum Mol Genet.
2009;18(21):4046-4053.

Tobi EW, Slieker RC, Luijk R, et al. DNA methylation as a mediator of the
association between prenatal adversity and risk factors for metabolic disease in
adulthood. Sci Adv. 2018;4(1):eaa04364.

Tobi EW, Goeman JJ, Monajemi R, et al. DNA methylation signatures link prenatal
famine exposure to growth and metabolism. Nat Commun. 2014;5:5592.

Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic regulation in psychiatric
disorders. Nat Rev Neurosci. 2007;8(5):355-367.

Delgado-Morales R, Agis-Balboa RC, Esteller M, Berdasco M. Epigenetic
mechanisms during ageing and neurogenesis as novel therapeutic avenues in human
brain disorders. Clin Epigenetics. 2017;9:67.

Lahiri DK, Maloney B, Zawia NH. The LEARn model: an epigenetic explanation for
idiopathic neurobiological diseases. Mol Psychiatry. 2009;14(11):992-1003.

Modgil S, Lahiri DK, Sharma VL, Anand A. Role of early life exposure and
environment on neurodegeneration: implications on brain disorders. Trans!
Neurodegener. 2014;3:9.

Simo R, Stitt AW, Gardner TW. Neurodegeneration in diabetic retinopathy: does it
really matter? Diabetologia. 2018;61(9):1902-1912.

Simo R, Hernandez C, European Consortium for the Early Treatment of Diabetic R.
Neurodegeneration in the diabetic eye: new insights and therapeutic perspectives.
Trends Endocrinol Metab. 2014;25(1):23-33.

Haider SZ, Sadanandan NP, Joshi PG, Mehta B. Early Diabetes Induces Changes in
Mitochondrial Physiology of Inner Retinal Neurons. Neuroscience. 2019;406:140-
149.

Jonsson KB, Frydkjaer-Olsen U, Grauslund J. Vascular Changes and
Neurodegeneration in the Early Stages of Diabetic Retinopathy: Which Comes First?
Ophthalmic Res. 2016;56(1):1-9.

UNIVERSITY OF BERGEN




100°

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

Sohn EH, van Dijk HW, Jiao C, et al. Retinal neurodegeneration may precede
microvascular changes characteristic of diabetic retinopathy in diabetes mellitus.
Proc Natl Acad Sci U S A. 2016;113(19):E2655-2664.

Simo R, Hernandez C. Novel approaches for treating diabetic retinopathy based on
recent pathogenic evidence. Prog Retin Eye Res. 2015;48:160-180.

Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med.
2012;366(13):1227-1239.

Gardner TW, Davila JR. The neurovascular unit and the pathophysiologic basis of
diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol. 2017;255(1):1-6.

Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG, Gardner TW. Neural
apoptosis in the retina during experimental and human diabetes. Early onset and
effect of insulin. J Clin Invest. 1998;102(4):783-791.

Sorrentino FS, Allkabes M, Salsini G, Bonifazzi C, Perri P. The importance of glial
cells in the homeostasis of the retinal microenvironment and their pivotal role in the
course of diabetic retinopathy. Life Sci. 2016;162:54-59.

Coughlin BA, Feenstra DJ, Mohr S. Muller cells and diabetic retinopathy. Vision
Res. 2017;139:93-100.

Le YZ. VEGF production and signaling in Muller glia are critical to modulating
vascular function and neuronal integrity in diabetic retinopathy and hypoxic retinal
vascular diseases. Vision Res. 2017;139:108-114.

Wang J, Xu X, Elliott MH, Zhu M, Le YZ. Muller cell-derived VEGF is essential for
diabetes-induced retinal inflammation and vascular leakage. Diabetes.
2010;59(9):2297-2305.

Carrasco E, Hernandez C, de Torres I, Farres J, Simo R. Lowered cortistatin
expression is an early event in the human diabetic retina and is associated with
apoptosis and glial activation. Mol Vis. 2008;14:1496-1502.

Garcia-Ramirez M, Hernandez C, Villarroel M, et al. Interphotoreceptor retinoid-
binding protein (IRBP) is downregulated at early stages of diabetic retinopathy.
Diabetologia. 2009;52(12):2633-2641.

Abcouwer SF, Gardner TW. Diabetic retinopathy: loss of neuroretinal adaptation to
the diabetic metabolic environment. Ann N Y Acad Sci. 2014;1311:174-190.
London A, Benhar I, Schwartz M. The retina as a window to the brain-from eye
research to CNS disorders. Nat Rev Neurol. 2013;9(1):44-53.

Marchesi N, Fahmideh F, Boschi F, Pascale A, Barbieri A. Ocular
Neurodegenerative Diseases: Interconnection between Retina and Cortical Areas.
Cells. 2021;10(9).

Sundstrom JM, Hernandez C, Weber SR, et al. Proteomic Analysis of Early Diabetic
Retinopathy Reveals Mediators of Neurodegenerative Brain Diseases. Invest
Ophthalmol Vis Sci. 2018;59(6):2264-2274.

Little K, Llorian-Salvador M, Scullion S, et al. Common pathways in dementia and
diabetic retinopathy: understanding the mechanisms of diabetes-related cognitive
decline. Trends Endocrinol Metab. 2021.

Thibaut F. Psychiatric disorders: neurodevelopmental disorders, neurodegenerative
disorders, or both? Dialogues Clin Neurosci. 2018;20(4):251-252.

Ring KL, An MC, Zhang N, et al. Genomic Analysis Reveals Disruption of Striatal
Neuronal Development and Therapeutic Targets in Human Huntington's Disease
Neural Stem Cells. Stem Cell Reports. 2015;5(6):1023-1038.

de Rooij SR, Wouters H, Yonker JE, Painter RC, Roseboom TJ. Prenatal
undernutrition and cognitive function in late adulthood. Proc Natl Acad Sci U S A.
2010;107(39):16881-16886.

UNIVERSITY OF BERGEN




101

434.

435.

436.

437.

438.

439.

440.

441.

442.

443,

444,

445.

446.

447.

448.

449.

450.

451.

452.

Kang Y, Zhang Y, Feng Z, et al. Nutritional Deficiency in Early Life Facilitates
Aging-Associated Cognitive Decline. Curr Alzheimer Res. 2017;14(8):841-849.
Wang C, Zhang Y. Schizophrenia in mid-adulthood after prenatal exposure to the
Chinese Famine of 1959-1961. Schizophr Res. 2017;184:21-25.

Johnston MV, Nakajima W, Hagberg H. Mechanisms of hypoxic neurodegeneration
in the developing brain. Neuroscientist. 2002;8(3):212-220.

Watve MG, Yajnik CS. Evolutionary origins of insulin resistance: a behavioral
switch hypothesis. BMC Evol Biol. 2007;7:61.

Ahlbom E, Gogvadze V, Chen M, Celsi G, Ceccatelli S. Prenatal exposure to high
levels of glucocorticoids increases the susceptibility of cerebellar granule cells to
oxidative stress-induced cell death. Proc Natl Acad Sci U S A. 2000;,97(26):14726-
14730.

Ling Z, Gayle DA, Ma SY, et al. In utero bacterial endotoxin exposure causes loss of
tyrosine hydroxylase neurons in the postnatal rat midbrain. Mov Disord.
2002;17(1):116-124.

Lutty GA. Effects of diabetes on the eye. Invest Ophthalmol Vis Sci.
2013;54(14):ORSF81-87.

Solomon SD, Chew E, Duh EJ, et al. Diabetic Retinopathy: A Position Statement by
the American Diabetes Association. Diabetes Care. 2017;40(3):412-418.

Simo R, Hernandez C, Porta M, et al. Effects of Topically Administered
Neuroprotective Drugs in Early Stages of Diabetic Retinopathy: Results of the
EUROCONDOR Clinical Trial. Diabetes. 2019;68(2):457-463.

Semeraro F, Cancarini A, dell'Omo R, Rezzola S, Romano MR, Costagliola C.
Diabetic Retinopathy: Vascular and Inflammatory Disease. J Diabetes Res.
2015;2015:582060.

Adamis AP. Is diabetic retinopathy an inflammatory disease? Br J Ophthalmol.
2002;86(4):363-365.

Cabrera AP, Mankad RN, Marek L, et al. Genotypes and Phenotypes: A Search for
Influential Genes in Diabetic Retinopathy. /nt J Mol Sci. 2020;21(8).

Meleth AD, Agron E, Chan CC, et al. Serum inflammatory markers in diabetic
retinopathy. Invest Ophthalmol Vis Sci. 2005;46(11):4295-4301.

Kaul K, Hodgkinson A, Tarr JM, Kohner EM, Chibber R. Is inflammation a common
retinal-renal-nerve pathogenic link in diabetes? Curr Diabetes Rev. 2010;6(5):294-
303.

Yan S, Ruan J, Wang Y, Xu J, Sun C, Niu Y. Association of Prenatal Famine
Exposure With Inflammatory Markers and Its Impact on Adulthood Liver Function
Across Consecutive Generations. Frontiers in Nutrition. 2022;8(993).

Busik JV. Lipid metabolism dysregulation in diabetic retinopathy. J Lipid Res.
2021;62:100017.

Kissebah AH, Kohner EM, Lewis B, Siddiq YK, Lowy C, Fraser TR. Plasma-lipids
and glucose/insulin relationship in non-insulin-requiring diabetics with and without
retinopathy. Lancet. 1975;1(7916):1104-1108.

Van Eck WF. The effect of a low fat diet on the serum lipids in diabetes and its
significance in diabetic retinopathy. Am J Med. 1959;27:196-211.

Chew EY, Davis MD, Danis RP, et al. The effects of medical management on the
progression of diabetic retinopathy in persons with type 2 diabetes: the Action to
Control Cardiovascular Risk in Diabetes (ACCORD) Eye Study. Ophthalmology.
2014;121(12):2443-2451.

UNIVERSITY OF BERGEN




102°

453.

454.

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

Gerstein HC, Ambrosius WT, Danis R, et al. Diabetic retinopathy, its progression,
and incident cardiovascular events in the ACCORD trial. Diabetes Care.
2013;36(5):1266-1271.

Chew EY, Ambrosius WT. Update of the ACCORD Eye Study. N Engl J Med.
2011;364(2):188-189.

Keech AC, Mitchell P, Summanen PA, et al. Effect of fenofibrate on the need for
laser treatment for diabetic retinopathy (FIELD study): a randomised controlled trial.
Lancet. 2007;370(9600):1687-1697.

Sala-Vila A, Diaz-Lopez A, Valls-Pedret C, et al. Dietary Marine omega-3 Fatty
Acids and Incident Sight-Threatening Retinopathy in Middle-Aged and Older
Individuals With Type 2 Diabetes: Prospective Investigation From the PREDIMED
Trial. JAMA Ophthalmol. 2016;134(10):1142-1149.

He P, Gelissen IC, Ammit AJ. Regulation of ATP binding cassette transporter A1l
(ABCAD1) expression: cholesterol-dependent and - independent signaling pathways
with relevance to inflammatory lung disease. Respir Res. 2020;21(1):250.

Frambach SJCM, de Haas R, Smeitink JAM, Rongen GA, Russel FGM, Schirris TJJ.
Brothers in Arms: ABCA1- and ABCG1-Mediated Cholesterol Efflux as Promising
Targets in Cardiovascular Disease Treatment. Pharmacological Reviews.
2020;72(1):152-190.

Cui X, Chopp M, Zhang Z, et al. ABCA1/ApoE/HDL Pathway Mediates GW3965-
Induced Neurorestoration After Stroke. Stroke. 2017;48(2):459-467.

Smith JD, Le Goff W, Settle M, et al. ABCA1 mediates concurrent cholesterol and
phospholipid efflux to apolipoprotein A-1. J Lipid Res. 2004;45(4):635-644.
Koldamova R, Fitz NF, Lefterov I. ATP-binding cassette transporter Al: from
metabolism to neurodegeneration. Neurobiol Dis. 2014;72 Pt A:13-21.

Elali A, Rivest S. The role of ABCB1 and ABCA1 in beta-amyloid clearance at the
neurovascular unit in Alzheimer's disease. Front Physiol. 2013;4:45.

Karasinska JM, de Haan W, Franciosi S, et al. ABCA1 influences neuroinflammation
and neuronal death. Neurobiol Dis. 2013;54:445-455.

Koseki M, Matsuyama A, Nakatani K, et al. Impaired insulin secretion in four
Tangier disease patients with ABCA1 mutations. J Atheroscler Thromb.
2009;16(3):292-296.

Vergeer M, Brunham LR, Koetsveld J, et al. Carriers of loss-of-function mutations in
ABCAL1 display pancreatic beta-cell dysfunction. Diabetes Care. 2010;33(4):869-
874.

Yu HS, Hong EH, Shin YU, Koh SH, Cho H. ATP-binding cassette subfamily A-1
(ABCAJ1) levels are increased in the aqueous humour of proliferative diabetic
retinopathy patients. Acta Ophthalmol. 2021;99(3):e442-e443.

Zhang X, Wang K, Zhu L, Wang Q. Reverse Cholesterol Transport Pathway and
Cholesterol Efflux in Diabetic Retinopathy. J Diabetes Res. 2021;2021:8746114.

UNIVERSITY OF BERGEN




103

Papers I-IV












'.‘ frontiers
in Genetics

ORIGINAL RESEARCH
published: 02 July 2021
doi: 10.3389/fgene.2021.637945

OPEN ACCESS

Edited by:
Ayman Hussein,
University of Khartoum, Sudan

Reviewed by:

Zhipeng Liu,

Purdue University, United States
Said El Shamieh,

Beirut Arab University, Lebanon

*Correspondence:
Valeriya Lyssenko
Valeriya.Lyssenko@uib.no

Specialty section:

This article was submitted to
Human and Medical Genomics,
a section of the journal
Frontiers in Genetics

Received: 04 December 2020
Accepted: 03 June 2021
Published: 02 July 2021

Citation:

Fedotkina O, Sulaieva O,

Ozgumus T, Cherviakova L,

Khalimon N, Svietleisha T, Buldenko T,
Ahlquist E, Asplund O, Groop L,
Nilsson PM and Lyssenko V (2021)
Novel Reclassification of Adult
Diabetes Is Useful to Distinguish
Stages of p-Cell Function Linked

to the Risk of Vascular Complications:
The DOLCE Study From Northern
Ukraine. Front. Genet. 12:637945.
doi: 10.3389/fgene.2021.637945

Check for
updates

Novel Reclassification of Adult
Diabetes Is Useful to Distinguish
Stages of §-Cell Function Linked to
the Risk of Vascular Complications:
The DOLCE Study From Northern
Ukraine

Olena Fedotkina’, Oksana Sulaieva??, Turkuler Ozgumus’, Liubov Cherviakova?,
Nadiya Khalimon?, Tetiana Svietleisha®, Tetiana Buldenko?, Emma Ahlqvist2,
Olof Asplund?, Leif Groop?, Peter M. Nilsson? and Valeriya Lyssenko2*

" Department of Clinical Science, Center for Diabetes Research, University of Bergen, Bergen, Norway, ? Lund University
Diabetes Center, Department of Clinical Sciences, Lund University, Skane University Hospital, Malmo, Sweden, * Medical
Laboratory CSD, Kyiv, Ukraine, * Chernihiv Regional Hospital, Chernihiv, Ukraine, ® City Hospital Mo. 2, Chernihiv, Ukraine,
¢ City Hospital No., Chernihiv, Ukraine, ” Department of Health Care of Chernihiv Regional State Administration, Chernihiv,
Ukraine

Background: Presently, persons with diabetes are classified as having type 1 (T1D)
or type 2 diabetes (T2D) based on clinical diagnosis. However, adult patients exhibit
diverse clinical representations and this makes treatment approaches challenging to
personalize. A recent Scandinavian study proposed a novel classification of adult
diabetes into five clusters based on disease pathophysiology and risk of vascular
complications. The current study aimed to characterize new subgroups of adult diabetes
using this strategy in a defined population from northern Ukraine.

Methods: We analyzed 2,140 patients with established diabetes from the DOLCE study
(n = 887 with new-onset diabetes and n = 1,253 with long duration). We used the
k-means approach to perform clustering analyses using BMI, age at onset of diabetes,
HbA1¢, insulin secretion (HOMA2-B), and insulin resistance (HOMAZ2-IR) indices and
glutamic acid decarboxylase antibodies (GADA) levels. Risks of macro- (myocardial
infarction or stroke) and microvascular [retinopathy, chronic kidney disease (CKD) and
neuropathy] complications and associations of genetic variants with specific clusters
were studied using logistic regression adjusted for age, sex, and diabetes duration.

Results: Severe autoimmune diabetes (SAID, 11 and 6%) and severe insulin-deficient
diabetes (SIDD, 25 and 14%) clusters were twice as prevalent in patients with long-term
as compared to those with new-onset diabetes. Patients with long duration in both SAID
and SIDD clusters had highest risks of proliferative retinopathy, and elevated risks of
CKD. Long-term insulin-resistant obese diabetes 1 (IROD1) subgroup had elevated risks
of CKD, while insulin-resistant obese diabetes 2 (IROD2) cluster exhibited the highest
HOMA2-B, lowest HbA+., and lower prevalence of all microvascular complications as
compared to all other clusters. Genetic analyses of IROD2 subgroup identified reduced
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frequency of the risk alleles in the TCF7L2 gene as compared to all other clusters,
cumulatively and individually (o = 0.0001).

Conclusion: The novel reclassification algorithm of patients with adult diabetes was
reproducible in this population from northern Ukraine. It may be beneficial for the patients
in the SIDD subgroup to initiate earlier insulin treatment or other anti-diabetic modalities
to preserve B-cell function. Long-term diabetes cases with preserved g-cell function and
lower risk for microvascular complications represent an interesting subgroup of patients
for further investigations of protective mechanisms.

Keywords: clustering, p-cell function,

INTRODUCTION

Diabetes represents a global health problem, affecting today
more than 400 million people worldwide, which is estimated
to increase up to 600 million by 2030 (IDF, 2019). Diabetes
in adults, of which type 2 diabetes (T2D) being the most
common type, comprises around 90% of all diabetes cases.
The incidence and prevalence of adult diabetes are more
rapidly increasing in the low- and middle-income countries
(IDF, 2019). The official prevalence of diabetes in Ukraine
was reported to rise by about 25% from 2007 to 2019,
reaching 8.4% in 2019 (Khalangot and Tronko, 2007; IDF,
2019). This situation is particularly alarming because nearly
an equal number of people have undiagnosed diabetes in
Ukraine meaning that the prevalence rate is doubled in real
life (IDF, 2019; Mankovsky, 2020). Diabetes is one of the
leading causes of blindness, end-stage renal disease, limb
amputation, heart disease, stroke, liver cirrhosis, and premature
death in working age adults (IDF, 2019). Numerous clinical
and genetic studies demonstrated that adult diabetes is a
highly heterogeneous metabolic disease with diverse underlying
mechanisms (Tuomi et al, 2014; McCarthy, 2017). Lack
of pathophysiology-based classification hampers personalized
therapy targeting specific complications of diabetes (Fitipaldi
et al, 2018). This shortcoming was recently addressed in a
Scandinavian cohort of patients with newly diagnosed adult
diabetes, by applying an unbiased unsupervised clustering
approach to propose a reclassification of the disease (Ahlqvist
et al, 2018). Based on six clinically affordable parameters
including glycated hemoglobin (HbA ), body-mass index (BMI),
age at diabetes onset, insulin resistance, insulin secretion
calculated using homeostasis model assessment (HOMA2),
and glutamic acid decarboxylase antibody (GADA) levels, a
new five-cluster classification scheme for adult diabetes was
proposed. These clusters reflected essential pathophysiological
mechanisms in the disease and were named accordingly as
severe autoimmune diabetes (SAID), severe insulin-deficient
diabetes (SIDD), severe insulin-resistant diabetes (SIRD), mild
obesity-related diabetes (MOD), and mild age-related diabetes
(MARD). This novel classification has now been validated in
a number of studies across Europe and Asia, emphasizing
the robustness of the approach (Dennis et al., 2019; Zaharia
et al, 2019; Zou et al, 2019) even though there was
some ethnic heterogeneity reported in an Asian-Indian study

adult diak

ions, g

(Anjana et al, 2020). The suggested clustering approach is
attractive for clinical practice because of the opportunity to
predict the risks of diabetic complications at diagnosis and
tailor patients’ therapy accordingly (Ahlqvist et al, 2018;
Zaharia et al., 2019).

The aim of the present study was to assess the prognostic value
of the new reclassification approach by Ahlqvist et al. (Ahlqvist
et al., 2018) for the first time in an East-European population
from Ukraine including patients with newly diagnosed and long-
term adult diabetes.

PARTICIPANTS AND METHODS
Study Cohort

The Diagnostic Optimization and Treatment of Diabetes
and its Complications in the Chernihiv Region, Ukraine
(DOLCE) is a hospital- and primary health care-based
study of individuals with diabetes and their healthy
relatives, including total of 6,095 participants. The cohort
consists of 785 persons with T1D, 4,297 with T2D, 62
with unspecified diabetes, and 951 healthy first- or second-
degree relatives. All participants completed a questionnaire
supervised by an endocrinologist and a trained diabetes nurse,
which covered the person’s medical history and included
information of family history of diabetes, anthropometric
measurements (weight, height, and blood pressure), alcohol
intake, smoking, diabetes medication, antihypertensive
and lipid-lowering treatments. Information of prevalent
cardiovascular events, neuropathy, chronic kidney disease,
and stages of retinopathy was reported by primary care
physicians using patients’ hospital discharge records as
primary source and was used as data entry into the DOLCE
database at the screening visit. Fasting blood samples were
drawn for plasma glucose and HbA;. measurements.
Additional plasma and serum samples were stored at —
80°C for C-peptide, insulin, lipids, and glutamic acid
decarboxylase antibodies (GADA) measurements, which
were performed at the Department of Clinical Chemistry,
Scania University Hospital, Malmo, Sweden. A written informed
consent form was obtained from every participant. The
DOLCE study was approved by the local ethics committees
(approval number for Ukraine Dnrl7/2011-09-14; for
Norway 2019/28968).
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Measurements and Calculations

C-peptide concentrations were measured with an electro-
chemiluminescence immunoassay on Cobas e411 (Roche
Diagnostics, Mannheim, Germany) or a radioimmunoassay
(Human C-peptide RIA; Linco, St Charles, MO, United States;
or Peninsula Laboratories, Belmont, CA, United States). GADA
were measured with an ELISA from the samples collected
at the screening visit. Test results greater than or equal to 5
U/ml were considered as positive. The radio binding assays
had 62-88% sensitivity and 91-99% specificity, and the ELISA
assay had 72% sensitivity and 99% specificity (Combinatorial
Autoantibody or Diabetes/Islet Autoantibody Standardization
Programs 1998-2013). B-cell function (HOMA2-B) and insulin
resistance (HOMA2-IR) were assessed with Homoeostasis Model
Assessment 2 (HOMAZ2) and were calculated with the HOMA2
calculator using C-peptide and fasting glucose measurements
(Levy et al., 1998; HOMACalculator, 2020). Data values for BMI,
HOMA2-B, and HOMA2-IR with more than three standard
deviations were excluded. Only individuals with age at diabetes
diagnosis older than 18 years and complete information on BMI,
age at onset, HbA;., HOMA2-B, HOMA2-IR, sex, duration
of diabetes, and complication status were included in the final
analysis (n = 2,140).

Definition of Diabetic Complications
Proliferative diabetic retinopathy (PDR) was defined as having
one of the following conditions: (a) proliferative retinopathy,
(b) laser treatment, or (c) blindness of either one or both of
the eyes. Stages of PDR were based on fundus photographs
and were evaluated by ophthalmologists. Chronic kidney
disease (CKD) was defined as having at least one of the
following conditions: (a) estimated glomerular filtration rate
less than 60 mL/min/1.73 m? (eGFR < 60), (b) clinically
documented diagnosis of nephropathy, dialysis, or end-
stage renal disease (ESRD). eGFR was calculated using
Modification of Diet in Renal Disease (MDRD) formula as:
186 x (Creatinine/88.4) =115 x (age)™0293 x 0.742 for female
participants; 186 x (Creatinine/88.4)~ 115 x  (age)=%-203
for male participants (Mula-Abed et al, 2012). Neuropathy
was defined as clinically diagnosed peripheral neuropathy.
Cardiovascular diseases were defined as either presence of
myocardial infarction or stroke using International Classification
of Diseases (ICD)-10 codes 121, 124, and 161-164, respectively.

Statistical Analysis

In SAID cluster we included individuals with positive GADA.
SIDD, SIRD, MOD, and MARD cluster analysis was performed
on individuals who were negative for GADA antibodies (where
GADA measurements were available) using previously defined
parameters by Ahlqvist et al. (Ahlqvist et al., 2018): HbA;,
BMI, age at onset of diabetes, HOMA2-B, and HOMA2-IR. The
analyses were done in two groups of patients: (i) long-term
diabetes with more than 3 years of disease duration and (ii)
new-onset diabetes with less than 3 years of disease duration
to harmonize with the Swedish ANDIS cohort employed as the
reference (Ahlgvist et al., 2018). The analyses were performed

using k-means clustering on the centered and scaled values. We
used “kmeansruns” function from R package fpc v2.2-8 with
4 as the assigned number of clusters and default parameters:
krange = 4, criterion = "asw," iter.max = 100, runs = 100,
alpha = 0.001, critout = FALSE (Hennig, 2020). Male and female
patients were analyzed separately to avoid sex bias, and results
were merged afterward. Risks for diabetic complications in each
cluster were calculated using logistic regression adjusted for
age, sex, and diabetes duration with the MARD cluster used as
reference. To adjust for multiple phenotype testing, we calculated
a false discovery rate (FDR). FDR was calculated using p.adjust
function implemented in the “stats” package in R (R Core Team,
2021). FDR < 0.05 was considered statistically significant.

Genetics

Genotyping of DNA samples was available only in patients
with clinically defined T2D using Infinjum Core Exome
Chip InfiniumCoreExome-24v1-1 (https://www.illumina.com).
Imputation was done using Michigan Imputation Server and
Reference Panel HRC rl.1 2016. Standard quality control steps
for Genome-Wide Association Studies (GWAS) were applied
(Marees et al., 2018). We analyzed SNPs associated with T2D,
which were previously reported in the DIAGRAM GWAS meta-
analysis (Morris et al., 2012). Logistic regression adjusted for
sex and age was used to study associations between the insulin
resistant obese diabetes 2 cluster and the genetic variants as
compared with all other clusters in patients with long-term
diabetes. SAID cluster was not included in the genetic analysis
due to small sample size of individuals with genotypes in this
group (n = 26). Bonferroni correction was used to adjust for
multiple testing in genetic association tests. P < 0.05 was
considered statistically significant.

RESULTS

The clinical characteristics and prevalence of macro- and
microvascular complications in adult patients with (a) new-onset
and with (b) long-term diabetes are shown in Table 1.

New-Onset Adult Diabetes

There were 887 (36% men) with new-onset diabetes (years,
1.1 &+ 1.1). Oral glucose-lowering treatment was reported for
42.6% of the patients, while insulin treatment was initiated in
8.8% of the patients. The prevalence of PDR was 0.7%, and CKD
was 12.4%. Peripheral neuropathy was reported in 34.3%, while
non-fatal CVD occurred in 8.6% of the individuals (Table 1).

Long-Term Adult Diabetes

There were 1,253 persons (34% men) with long diabetes duration
(mean + SD, years, 11.0 £ 6.9). BMI in this group was similar to
the new-onset diabetes group (kg/m?, 30.9 & 5.3 and 30.7 & 5.6).
Oral glucose-lowering treatment was reported for 51.6% of the
patients, while insulin treatment was initiated in 27.7% of the
patients. Glycemic control was observed to be worse in patients
with long-term diabetes (HbA %, 9.0 &= 2.0 and 7.9 & 2.1) than
in those with new-onset disease. As expected, insulin secretion
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TABLE 1 | Clinical characteristics of patients with adult diabetes in
the DOLCE study.

Phenotype New-onset Long-term
N (men, %) 887 (36%) 1,253 (34%)
Age at visit, years 56.9 (12.5) 61.2 (10.0)
Age at onset of diabetes, years 55.8(12.4) 50.1 (10.8)
Diabetes duration, years 1(1.1) 11.0(6.9)
HbA1c,% 9(2.1) 9.0 (2.0)
HbA+z, mmol/mol 62.9 (23.4) 74.4(21.3)
BMI, kg/m? 30.7 (5.6) 30.9 (5.3)
Waist, cm 97.4 (14.3) 99.1 (12.7)
HOMA2-B 81.1 (44.6) 63.9 (45.9)
HOMA2-IR 4(1.2) 2(1.3)
C-peptide, nmol/I 0.9(0.5) 0.8 (0.5)
Without treatment, % 46.9% 121%
Tablets, % 42.6% 51.6%
Insulin, % 8.8% 27.7%
Tablets and insulin,% 1.7% 8.5%
Sulfonylurea, % 27% 45%
PDR,% 0.7% 5.5%
CKD,% 12.4% 26.7%
Neuropathy, % 34.3% 85.6%
CVD,% 8.6% 14.9%

Data are represented as mean + (SD).

HOMA2-B, homoeostatic model assessment 2 estimates of p-cell function;
HOMA2-IR, homoeostatic model assessment 2 estimates of insulin resistance;
PDR, proliferative diabetic retinopathy; CKD, chronic kidney disease; CVD,
cardiovascular disease.

estimated with HOMA2-B was lower in the persons with long-
term diabetes (%, 63.9 £ 45.9 and 81.1 + 44.6) as compared to
those with new-onset (Table 1). The prevalence of PDR was 5.5%,
CKD was 26.7%, peripheral neuropathy was 85.6%, and non-fatal
CVD was 14.9% (Table 1).

Characteristics of Different Clusters in
Patients With Adult Diabetes

Descriptive characteristics and frequency of the clusters in
the patients with long-term and new-onset adult diabetes are
presented in Figures 1, 2 and Supplementary Table 1.

Severe autoimmune diabetes (SAID) was twice prevalent in
patients with long-term (11 and 6%) as compared to those with
new-onset diabetes (Figure 1). Of these, in total 74 (37 and 43%)
had clinical diagnosis as T2D. Individuals in this cluster had
low BMI, younger age at diagnosis, and the lowest HOMA2-B
and HOMA2-IR as compared to other clusters (Figure 2 and
Supplementary Table 1). Individuals with SAID most frequently
had insulin treatment, particularly among those with the long-
term diabetes (84.1 and 58.8%), while oral antidiabetic treatment
was more frequent in the new-onset group (9.4 and 27.5%)
(Supplementary Table 1).

Severe insulin-deficient diabetes (SIDD) was almost twice as
prevalent in the patients with long diabetes duration than in those
with new-onset diabetes (25 and 14%) (Figure 1). This cluster was
characterized by low insulin secretion as shown by HOMA2-B,
relatively low BMI and the high HbA;, than the other clusters

(Figure 2 and Supplementary Table 1). The frequency of insulin
therapy alone (42.6 and 25.6%) or in combination with oral anti
glycemic medications (17.9 and 4.1%) was higher than in all other
clusters apart from SAID for the patients with long-term and
new-onset disease (Supplementary Table 1).

Severe insulin-resistant diabetes (SIRD) cluster occurred with
27% frequency in patients with new-onset diabetes (Figure 1).
This cluster in the new-onset group was characterized by the
highest insulin-resistance index HOMA2-IR (%, 3.4 & 1.1) and
HOMA2-B (%, 121.7 + 42.2), elevated BMI and lower HbA;,
(Figure 2 and Supplementary Table 1). The insulin resistant
obese patients with long-term diabetes differed from the original
SIRD individuals. They exhibit similarly elevated HOMA2-
IR (%, 3.5 £ 1.1) while insulin secretion index HOMA2-B
was lower (%, 65.7 £+ 27.8) and therefore we named this
cluster insulin resistant obese diabetes 1 (IROD1) (Figure 2
and Supplementary Table 1). IRODI1 cluster also showed
the highest waist circumference among all clusters, reflecting
the presence of an abdominal adiposity (Supplementary
Table 1). Oral anti-glycemic treatment was common in long-
term and new-onset groups (72.2 and 48.3%), however, long-
term IRODI reported more frequent use of sulfonylurea (61%).
In addition, half of the individuals with new-onset diabetes
(49.1%) and only 8.6% with long-term did not receive any anti-
diabetic medications.

Mild obesity-related diabetes (MOD) cluster in new-onset
group occurred with the frequency of 7% and was the smallest
after SAID cluster (Figure 1). This group in the new-onset
group was characterized by elevated BMI (kg/m?, 34.0 & 4.9),
HOMAZ2-IR (%, 3.3 & 1.2), and moderately elevated HOMA2-
B index (%, 66.9 £ 23.8). Patients with long-term diabetes
in this cluster showed elevated BMI (kg/m?, 32.0 & 4.5) and
HOMAZ2-IR (%, 3.1 & 1.1), but did not match their original
MOD counterparts in the new-onset group by markedly elevated
HOMAZ2-B index (%, 139.4 £ 38.8), and therefore we named
them insulin resistant obese diabetes 2 (IROD2) (Figure 2
and Supplementary Table 1). Patients in both groups received
often oral anti-hyperglycemic treatment (64.7 and 70.8%), or
were controlled with diet and/or lifestyle intervention (27.9
and 23.6%) of long-term and new-onset diabetes, respectively
(Supplementary Table 1).

Finally, mild age-related diabetes (MARD) was the largest
cluster in both long-term and new-onset adult diabetes (27 and
46%) (Figure 1). This cluster was by definition characterized
by the highest age at disease diagnosis (years, 59.7 &= 11.7 and
59.9 £ 11.7) and had similar characteristics across the two
patients’ groups (Figure 2 and Supplementary Table 1).

Risk of Diabetes Complications in

Different Clusters

We assessed the risk of macro- and microvascular complications
of diabetes in each cluster using MARD as reference group, and
adjusted for age, sex, and diabetes duration. In this cross-sectional
study, patients with new-onset adult diabetes had few PDR
events, and therefore analysis was not performed to calculate
PDR risk in these patients. Only few cases (4.2%) had CKD
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FIGURE 1 | Frequency distribution of clusters in the DOLCE study. (A) Individuals with new-onset adult diabetes with less than 3 years of disease duration (n = 887).
(B) Individuals with long-term adult diabetes with more than 3 years of disease duration (n = 1,253).
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FIGURE 2 | Clinical characteristics of the clusters. (A) Individuals with new-onset adult diabetes with less than 3 years of disease duration (n = 887). (B) Individuals
with long-term adult diabetes with more than 3 years of disease duration (n = 1,253). SAID, severe autoimmune diabetes; SIDD, severe insulin-deficient diabetes;
SIRD, severe insulin-resistant diabetes; MOD, mild obesity-related diabetes; MARD, mild age-related diabetes; IROD1 and 2, insulin-resistant obese diabetes 1 and
2; HOMA2-B, homoeostatic model assessment two estimates of B-cell function; HOMA2-IR, homoeostatic model assessment two estimates of insulin resistance.

in MOD cluster with the new onset diabetes (Figure 3 and
Supplementary Table 1). Similar to the reference ANDIS study
(Ahlqvist et al.,, 2018), in long-term group the SAID cluster was
characterized with high prevalence of PDR (10.9%) with OR
of 9.32-fold (95% CI, 2.15-40.46, p = 0.003) relative to MARD
cluster. Prevalence of CVD in this cluster was detected to be lower
than in the other clusters (5.8%). The SIDD cluster had similarly
to SAID high prevalence and increased risk of PDR (11%, OR
2.42, 95% CI, 0.96- 6.07, p = 0.06) relative to MARD cluster
(Figure 3, Table 2, and Supplementary Table 1). Prevalence
of CKD was found to be elevated in all severe clusters, i.e.,
SAID (29.7%), SIDD (32%), and insulin-resistant obese diabetes 1
(IROD1) (30.2%) conferring an increased risk of 2.59-fold (1.34-
5.00, p = 0.005), 2.03-fold (1.21- 3.40, p =7.1 X 1073), and 1.63-
fold (1.08 -2.46, p = 0.02) relative to MARD in patients with long
diabetes duration. In contrast to ANDIS, neuropathy prevalence
was high across all clusters, but the relative risk was highest in
SIDD cluster (OR 13.60, 95% CI 5.20-35.50, p = 1.10 x 10~7). In

general, the IROD2 cluster exhibited the lowest prevalence of all
microvascular complications, particularly CKD and neuropathy.

Genetic Analyses

We analyzed variants reported in the DIAGRAM GWAS meta-
analyses (Morris et al., 2012) to provide insights on the key T2D
SNPs associated with protective phenotype of insulin resistant
obese (IROD2) cluster in patients with long-term diabetes relative
to all other clusters (excluding SAID due to the lack of genetic
information in this cluster). The top SNP was rs7903146 in
TCF7L2 (OR, 95%CI; 0.54, 0.39-0.74, p = 0.0001), which showed
significantly lower frequency of the risk T-allele in IROD2
than in IRODI1 (p = 0.008), SIDD (p = 0.001) and MARD
(p = 0.0003) (Table 3). The same directionality for lower risk
allele frequencies in IROD2 was also found for KCNQI locus
(rs163184,0.67,0.52-0.88, p = 0.003), NOTCH2locus (rs1493694,
0.49, 0.30- 0.80, p = 0.004), locus in the gene related to
cell-matrix interplay ADAMTS9 (rs6795735: 0.72, 0.56— 0.93,
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FIGURE 3 | Prevalence of macro- and microvascular complications in different clusters of adult patients with the new-onset and long-term diabetes. (A) Individuals
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duration (n = 1,253). PDR, proliferative diabetic retinopathy; CKD, chronic kidney disease; CVD, cardiovascular disease.

TABLE 2 | Risk of macro- and microvascular complications in different clusters in long-term adult diabetes relative to MARD.

Complications SAID SIDD IROD1 IROD2

OR (95% Cl) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
PDR 9.32(2.15,40.46)  0.003* 2.42 (0.96, 6.07) 0.06 0.53 (0.16, 1.79) 0.31 0.73 (0.23, 2.32) 0.59
CKD 2.59 (1.34, 5.00) 0.005* 2.03 (1.21, 3.40) 71 x 1078 1.63(1.08, 2.46) 0.02* 0.85 (0.53, 1.39) 0.52
Neuropathy 3.30 (1.29, 8.43) 0.01* 13.60(5.20,85.50) 1.0 x 10°7*  2.08(1.28,3.37) 3.0x 1073  0.70(0.45,1.09) 0.12
cvD 0.61(0.25, 1.51) 0.3 1.13 (0.60, 2.11) 0.71 1.11(0.68, 1.8) 0.68 1.44 (0.87, 2.36) 0.15

PDR, proliferative diabetic retinopathy; CKD, chronic kidney disease; CVD, cardiovascular disease; OR, Odds Ratios; 95% Cl, 95% confidence intervals; and p-values
were calculated using logistic regression adjusted for sex, age, and diabetes duration.

*Significant after adjustment for the multiple testing using FDR (<0.05).

p = 0.012), loci in genes ZFANDG6 (rs11634397: 0.73, 0.56-
0.94, p = 0.016), and ZFAND3 (rs4299828: 0.73, 0.54- 0.99,
p = 0.042). On the contrary, higher frequencies were observed
for the risk alleles of SNPs in the gene related to cell signaling
PTPRD (rs16927668: 1.40, 1.03-1.91, p = 0.033). However, after
adjustment for multiple testing using Bonferroni correction, only
variant rs7903146 in TCF7L2 remained statistically significant
(P'Value IROD2ys.allclusters = 0.008, P’Value IROD2vs.SIDD = 0.048,
p-value rop2vs.MarD = 0.002) (Table 3).

DISCUSSION

The findings from this observational study demonstrate that
the novel approach using SAID, SIDD, SIRD, MOD, and
MARD clustering of diabetes subgroups (Ahlqvist et al., 2018)
is replicated in the patients with adult diabetes from northern
Ukraine. In accordance with the published studies, the SIDD
cluster had the highest prevalence of retinopathy and neuropathy,
and the insulin resistant subgroups were linked to high risk

of CKD. In contrast to Scandinavian and German populations
(Ahlqvist et al., 2018; Zaharia et al, 2019) and similar to
the insulin-deficient insulin-resistant subgroup in a recently
published Asian-Indian cohort (Anjana et al, 2020), SIDD
cluster in this cohort also showed high risk of CKD. With
longer duration of diabetes, the clusters might change, and
insulin resistant obese cases could be challenging to match to
the original SIRD and MOD cluster of corresponding new-
onset diabetes. In general, patients with long-term diabetes
and preserved f-cell function demonstrated better glycemic
control measured by HbA;, and lower risk of all microvascular
complications than expected.

An important observation was lower insulin secretion in
patients from northern Ukraine with new-onset adult diabetes
compared to the Swedish ANDIS cohort. The history of Ukraine
during the first half of the 20" century could contribute to
this difference. It has been previously reported that children
born to parents exposed to the Ukrainian Holodomor famine
(1932-1933) showed increased risk of developing T2D later in
life (Lumey et al., 2015). Early life exposure to starvation might
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TABLE 3 | Top T2D SNPs nominally associated with IROD2 cluster in individuals with long-term diabetes.

SNP Gene Chr BP Risk allele RAF  IROD2 vs. all clusters IROD2 vs. IROD1 IROD2 vs. SIDD IROD2 vs. MARD
OR (95% P-value OR (95% P-value OR (95% P-value OR (95% P-value
cl) <)} )] cl)
rs7903146  TCF7L2 10 114758349 T 0.28 0.54(0.39, 0.0001* 0.61(0.42, 0.008 0.54(0.37, 0.001* 0.45(0.31, 0.0003"
0.74) 0.88) 0.77) 0.65)
rs163184 KCNQT 11 2847069 G 0.50 0.67 (0.52, 0.003 0.60(0.44, 0.001 0.74(0.54, 0.059 0.71(0.52, 0.036
0.88) 0.82) 1.01) 0.98)
rs10923931 NOTCH2 1 120517959 T 0.13 0.49(0.30, 0.004 0.52(0.29, 0.020 0.50(0.29, 0.014 0.45(0.26, 0.004
0.80) 0.90) 0.87) 0.78)
rs6795735 ADAMTS9 3 64705365 C 0.59 0.72(0.56, 0.012 0.68(0.50, 0.015 0.78(0.58, 0.113 0.72(0.58, 0.033
0.93) 0.93) 1.06) 0.97)
rs11634397 ZFAND6 15 80432222 G 0.66 0.73(0.56, 0.016 0.71(0.51, 0.041 0.70(0.51, 0.025 0.76(0.56, 0.081
0.94) 0.99) 0.96) 1.08)
rs16927668 PTPRD 9 8369533 T 0.18 1.40(1.03, 0.033 1.45(1.00, 0.047 1.53(1.04, 0.032 1.25(0.85, 0.255
1.91) 2.10) 2.24) 1.82)
rs4299828 ZFAND3 6 38177667 A 0.81 0.73(0.54, 0.042 065(0.46, 0.018 0.80(0.55 0.227 0.79(0.55, 0.195
0.99) 0.93) 1.15) 1.13)
rs459193  ANKRD55 5 55806751 G 0.72 1.36 (1.01, 0.044 1.30(0.90, 0.159 1.32(0.92, 0.128 1.44(1.01, 0.045
1.84) 1.86) 1.88) 2.07)

Association of T2D SNPs with IROD2 cluster as case group. OR and 95% Cl were calculated using logistic regression adjusted for sex and age.

Chr, chromosome; BF, base pair; RAF, risk allele frequency.

Number of individuals in the analyses IROD2 vs. all clusters: n = 837, IROD2 vs. IROD1: n = 357, IROD2 vs. SIDD: n = 355, IROD2 vs. MARD: n = 415.
*Significant after adjustment for the multiple testing using Bonferroni correction (p < 0.05).

exhibit detrimental effects, which might result in malformation
of the pancreas, thereby reducing the number of B-cells (B-cell
mass) and/or affecting the secretory activity of p-cells (B-cell
function) (Chen et al.,, 2017). The decrease in insulin output as
a consequence of the reduced B-cell mass could be caused by a
progressive B-cell death through established starvation-induced
processes on apoptosis and disrupted autophagy (Marrif and Al-
Sunousi, 2016). Thus, intrauterine programming may be related
to the restricted insulin secretory capacity of pancreatic islets as a
response to the demands imposed by increased insulin resistance
linked to obesity in adult life. This could contribute to more
severe manifestation of diabetes in the Ukrainian population.
Lower frequency of insulin therapy in Ukrainian patients with
new-onset diabetes in adults despite more profound insulin
secretory defects compared to the ANDIS cohort could indicate
that many more patients might benefit from early intensified
treatments targeting preservation of insulin secretion. Naturally,
discovering new ways to maintain or refine B-cell mass via
enhancing p-cell survival and/or reducing apoptosis is of specific
interest to investigate.

SIDD was the most severe cluster in this study, which
supported consistently documented high prevalence of
retinopathy across all published studies, and also showed
elevated prevalence of CKD. These results are opposite to ANDIS
and other cohorts (Ahlqvist et al., 2018; Zaharia et al., 2019;
Zou et al,, 2019) showing increased risk of CKD conferred to
SIRD cluster, but somewhat similar to the recently reported
findings in Asian-Indian population (Anjana et al, 2020)
demonstrating increased risk of CKD in the combined insulin-
deficient insulin-resistant cluster. One potential explanation
for this observation could reflect and support the above-
mentioned effects and malformations of organs as a consequence

of abnormal intrauterine programming, which may lead to
increased susceptibility to vascular complications in patients
with adult diabetes later in life. In support of this, studies
from the Dutch famine birth cohort have reported increased
risk of microalbuminuria in adults after prenatal exposure
to famine (Painter et al, 2005). Researchers suggested that
fetal undernutrition may lead to lower nephron endowment,
reduced number of glomeruli and consequently hyperfiltration,
which may cause glomerular damage and lead to a reduction
in renal function.

In line with study by Zaharia et.al of German patients
with adult diabetes (Zaharia et al,, 2019), the highest waist
circumference was observed in the IROD1 cluster of long-
term diabetes. From this perspective, the data suggest that
IRODL1 is associated with abdominal (visceral) type of adiposity
as compared to IROD2 in which subcutaneous adipose
tissue is prevailing fat deposition. Abdominal adiposity is
considered to be much unhealthier than subcutaneous fat
accumulation (Kahn et al., 2001) and associated with increased
insulin resistance, inflammation, atherosclerosis, and vascular
complications (Reijrink et al., 2019) as well as increased mortality
(Christakoudi et al., 2020). Similarly, in the German Diabetes
Study, the patients with newly diagnosed adult diabetes in
the SIRD cluster demonstrated the highest hepatocellular lipid
content and the highest prevalence of hepatic fibrosis at 5-year
follow-up (Zaharia et al., 2019). This supports the idea of visceral
obesity contributing to elevated risks of metabolic disorders and
vascular complications in SIRD.

An interesting finding of the clustering approach in long-
term adult diabetes was related to the IROD2 cluster with
preserved B-function. It is tempting to speculate that people
in the IROD2 cluster could have escaped starvation during the
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historical famines and thereby have had their B-cell function
preserved relative to the people who experienced undernutrition
during times of exposure. However, we do not have information
on caloric intake during famine periods; hence, this hypothesis
could only be tested in a population where such information
exists (e.g., Dutch famine birth cohort).

To shed light on possible underlying genetic factors of
associated with beta-cell function in IROD2 cluster, we compared
the frequency of established T2D variants (Morris et al., 2012).
The genetic results identified consistently lower frequency of risk
alleles at the TCF7L2 locus in IROD2 cluster compared to each
other cluster in this group of patients. Since 2007, polymorphisms
of TCF7L2, encoding for transcription factor-7-like 2, are
considered to be guilty of B-cells dysfunction and increased risk of
diabetes in different ethnic populations (Scott et al., 2007; Dimas
et al,, 2014). TCF7L2 is a member of the T-cell-specific high-
mobility group box-containing family of transcription factors,
that acts through Wnt-B-catenin dependent and independent
pathways (Karve et al, 2020) and coordinates expression of
various genes regulating cell cycle and fate determination. In
pancreas TCF7L2 was shown to play a crucial role in regulation of
B-cell survival and proliferation rate. Moreover, TCF7L2 controls
the expression of genes involved in insulin granule fusion at
the plasma membrane through syntaxin repression, affecting
insulin secretion levels (da Silva Xavier et al., 2009). According
to our results, TCF7L2 rs7903146, which is a lead among T2D
susceptibility loci (Hattersley, 2007), associated with more severe
T2D phenotypes, and the lower frequencies of the risk allele
appear to be associated with the protection against progression
toward several vascular complications. As rs7903146 has been
shown to reside in islet-selective open chromatin (Gaulton et al.,
2010), this clearly motivates further metabolic studies of this
group to identify epigenetic factors that play multifaced roles.

Second top signal in IROD2 group of long-term diabetes
suggested reduced frequency of the risk allele in the imprinting
gene KCNQI (rs 163,184) that has also been shown to be
expressed in the pancreatic p-cells and to act through impaired
islet function on the risk of future T2D (Jonsson et al., 2009).
KCNQI locus was first discovered as a top signal in the two
GWAS for T2D from Japan (Unoki et al., 2008; Yasuda et al.,
2008) and identified as a GWAS locus for parent-of-origin effects
in a large family-based study from Iceland (Kong et al., 2009).
Functional and analyses of imprinting status of this genomic
region suggested that metabolic effects conferred by the risk
alleles at the KCNQI locus target the cyclin-dependent kinase
inhibitor CDKNIC playing a key role in regulating pancreatic
B-cells proliferation and development (Kassem et al., 2001).
Expression of both KCNQI and CDKNIC demonstrated to
exhibit temporal effects in fetal and adult human pancreas and
islets emphasizing that the diabetes risk may be mediated in
early development (Travers et al., 2013). In line with this notion,
unbalanced placental expression of CDKNIC has been associated
with intrauterine growth retardation (McMinn et al., 2006).
This further supports the idea of possible contributing role of
intrauterine programming of reduced pancreatic p-cell function
in this population.

Several other genetic loci might deserve attention such
as consistently lower frequency of risk variants in NOTCH2
151493694 in IROD2 cluster. NOTCH2, which encodes for
neurogenic locus notch homolog protein 2, is known to be
responsible for regulating interactions between adjacent cells. It
was demonstrated that NOTCH2 is involved in insulin secretion
and sensitivity as well as growth and development of the
pancreas (Jonsson et al., 2013). The protein’s extracellular domain
consists of multiple EGF-like repeats while intracellular domain
is involved in cell signaling affecting a variety of developmental
processes controlling cell fate determination. Altered NOTCH2
expression was found to be related to diabetic complications
(Rasheed et al., 2017).

It is worth discussing that comparison of cluster
characteristics in patients with longer duration of diabetes
demonstrated that we for sure could not tell which of the two
insulin resistant obese clusters in long-term would match the
original SIRD and MOD. The original SIRD cluster in the
new-onset group was characterized by high HOMA2-IR and
HOMA2-B. In long-term diabetes, we could not observe the
original phenomenon of simultaneously elevated both indices.
To avoid confusion with the original clusters, we named the
groups IROD1 in which for the given high HOMA2-IR a reduced
HOMA2-B was observed, and IROD2 in which for the relatively
lower HOMA2-IR higher HOMA2-B was observed. One possible
explanation for the long-term HOMA-B changes in IRODI
group could be related to more frequent use of sulfonylurea
drugs (61 vs. 48%, p = 0.007), which increase insulin secretion in
short term but are considered to lead to lower insulin secretion
in long term (Maedler et al., 2005; Shin et al., 2012). Additionally,
these clusters differed in respect to the risk of complications with
IROD?2 having lowest prevalence of CKD. The IROD2 cluster was
characterized by better insulin secretion and reduced frequency
of the risk allele in the TCF7L2 gene in line with genetic data in
the SIRD cluster from ANDIS (Aly et al., 2020). These findings
emphasize that in long-term cases changes in HOMA2-IR and
HOMA2-B might occur and rather a general fit to the cluster
might be considered as opposed to the given preference to one of
these measures, and genetic information could be beneficial to
assign people to the original SIRD cluster.

Limitations

The analyses in the present study were conducted on the
patients with adult diabetes from a defined population of
northern Ukraine (Chernihiv and Kyiv regions) with a history
of Holodomor famine. Therefore, the findings might not
be generalized to the other regions of Ukraine. The cohort
comprised of adult patients with established diabetes, and the
blood sampling was conducted at the study visit instead of
the time of diagnosis, which limits the prognostic assessment
complications risk in this cross-sectional study. Follow-up data
would be required to determine if the difference between the
SIRD and MOD groups in new onset diabetes and the IROD1
and IROD2 groups are due to phenotype changes over time, and
in that case which of the two indices of insulin resistance and
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B-cell function (HOMA2-IR or HOMA2-B) in patients with long-
term would have a better fit to the original insulin resistant SIRD
and MOD clusters coined for ANDIS. An alternative explanation
is poor performance of the clustering algorithm due to the
relatively small cohort size. It has been seen also in ANDIS
that the MOD and SIRD clusters are the least stable but that a
larger sample size can improve stability and reproducibility of
the clusters. There were more women than men in this cohort,
which could potentially give gender-specific effects. However, all
analyses were separately performed in men and women, and
gave similar results. The Kj;eqn clustering algorithm used in the
current approach presumes that all the clustering variables have
the same weight. Nevertheless, giving variables different weights
or prioritizing importance or using another clustering algorithm
might improve the approach. All patients were recruited at
the primary health care centers or outpatient clinic, which
minimized the bias related to recruitment of severe diabetes
patients admitted to the hospital or being on ward. Although the
sample size is limited for genetic analyses, the power calculations
showed that significant effects (p < 0.00014) would be reached
for variants with the Genotype Relative Risk (disease probability
for individuals with 1 risk allele divided by disease probability for
individuals with 0 risk alleles) above 1,8 (Skol et al., 2006; Goncalo
Abecasis et al., 2017).

CONCLUSION

In conclusion, pathophysiology-based clustering is undoubtedly
beneficial for diagnosing different subtypes of adult diabetes
related to risk of micro- and macrovascular complications.
Assessment of GADA is prerequisite to correctly re-classify SAID
patients with adult diabetes, which in the clinical practice can
be misclassified as T2D. It can be a clear advantage for the
patients belonging to the SIDD cluster to start treatment with
insulin or other therapeutic modalities at an earlier stage in
order to preserve and maintain B-cell function. The persons
with long-term diabetes assigned to IROD2 cluster exhibited
preserved insulin secretion and lower risk for microvascular
complications. Thus, this cluster represents an interesting
subgroup of patients for further investigations of protective
mechanisms. The current diabetes cluster approach could be
further refined and optimized by including other new biomarkers
derived from ongoing omics studies.
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ABSTRACT.

Purpose: Intrauterine undernutrition is associated with increased risk of type 2 diabetes. Children born premature or small
for gestational age were reported to have abnormal retinal vascularization. However, whether intrauterine famine act as a
trigger for diabetes complications, including retinopathy, is unknown. The aim of the current study was to evaluate long-
term effects of perinatal famine on the risk of proliferative diabetic retinopathy (PDR).

Methods: We studied the risk for PDR among type 2 diabetes patients exposed to perinatal famine in two independent
cohorts: the Ukrainian National Diabetes Registry (UNDR) and the Hong Kong Diabetes Registry (HKDR). We analysed
individuals born during the Great Famine (the Holodomor, 1932-1933) and the WWII (1941-1945) famine in 101 095
(3601 had PDR) UNDR participants. Among 3021 (251 had PDR) HKDR participants, we studied type 2 diabetes patients
exposed to perinatal famine during the WWII Japanese invasion in 1942-1945.

Results: During the Holodomor and WWII, perinatal famine was associated with a 1.76-fold (p = 0.019) and 3.02-fold
(p = 0.001) increased risk of severe PDR in the UNDR. The risk for PDR was 1.66-fold elevated among individuals born in 1942
in the HKDR (p < 0.05). The associations between perinatal famine and PDR remained statistically significant after corrections
for HbAlc in available 18 507 UNDR (Paggitive interaction < 0-001) and in 3021 HKDR type 2 diabetes patients (p < 0.05).
Conclusion: In conclusion, type 2 diabetes patients, exposed to perinatal famine, have increased risk of PDR compared to
those without perinatal famine exposure. Further studies are needed to understand the underlying mechanisms and to
extend this finding to other diabetes complications.

Key words: diabetic retinopathy — famine — intrauterine exposure — microvasculature — type 2 diabetes — undernutrition
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Introduction

Patients with type 2 diabetes are at high
risk of vision-threatening retinopathy.
However, the underlying causal mech-
anisms are not well understood, and
current preventive and/or treatment
modalities are far from optimal. An
adverse foetal environment, associated
with low birth weight, has consistently
been associated with increased risk of
type 2 diabetes, overt cardiovascular
diseases and hypertension (Barker et al.
1989; Bonamy et al. 2005; Lawlor et al.
2005; Bonamy et al. 2007; Vaag et al.
2014; Vaiserman 2017). The underlying
pathogenic mechanisms behind corre-
lation between intrauterine undernour-
ishment and development of type 2
diabetes have been ascribed to the
shunting of energy resources to the
cerebral metabolism in order to secure
normal brain development at the
expenses of reduced glucose uptake
and utilization on the periphery (mus-
cle, adipose tissue and liver) (Kuzawa
1998). Thus, earlier studies by Barker
and colleagues reported reduced insulin
secretion in persons with low weight at
birth suggesting that undernutrition
during fetal life could impair the devel-
opment of pancreatic B-cells secreting
insulin (Hales et al. 1991; Robinson
et al. 1992). Recent studies also
reported decreased insulin-stimulated
glucose uptake as early as 25 years of
age in people born with low birth
weight (Jaquet et al. 2000). These
defects may arise as the result of
epigenetic changes occurring in fetal
life, including not the least immature
stem cells, permanently changing key
cell functions in all the affected organs
in type 2 diabetes throughout life (Vaag
et al. 2012; Vaag et al. 2014). Indeed,
perinatal exposure to famine was sug-
gested to contribute to the rapid
increase of type 2 diabetes prevalence
in China — the current epicentre of the
global diabetes epidemic (Zimmet et al.
2017). To this end, the Dutch hunger
winter (1944-1945), the Chinese famine
(1959-1961) and the Great Ukrainian
(1933-1934) famine studies consistently
confirmed the link between famine
exposure at or prior to birth and the
long-term adverse consequences in
adults such as hyperglycaemia, obesity,
dyslipidaemia, cardiovascular disease
and kidney dysfunction (Roseboom
et al. 2001; Lumey et al. 2015; Zimmet

et al. 2017). Famine-related undernu-
trition, particularly during late preg-
nancy, was associated with intrauterine
growth retardation (Stein et al. 1995).
Longitudinal studies of preterm or
born small for gestational age infants
documented abnormal and reduced
retinal vascularization (Kistner et al.
2002; Mitchell et al. 2008; Gopinath
et al. 2010). Interestingly, there are
even data to suggest that an adverse
intrauterine environment is associated
with microvascular dysfunctions per se,
including diabetic retinopathy (DR)
later in life (Hellstrom et al. 1998;
Clough & Norman 2011). Thus, type 2
diabetes patients exposed to famine or
undernutrition early in life may exhibit
a disproportionately increased risk of
DR compared with type 2 diabetes
patients who have not been exposed to
undernutrition early in life. However,
we are unaware of any previous studies
that have addressed this question.

Methods

Study populations

Ukrainian  National Diabetes
(UNDR)

Details of the data ascertainment in the
UNDR were reported elsewhere
(Lumey et al. 2015). All patients
attending healthcare centres and dia-
betic clinics were registered in the
UNDR database. Present analyses of
the UNDR involved 101 095 eligible
patients with type 2 diabetes born
during 1904-1977. Of these, 53 321
(34% men) were from two regions in
northern Ukraine (Chernihiv and
Kyiv) with a history of the Holodomor
famine in 1932-1933, and 47 774 (37%
men) were from two regions in western
Ukraine (Rivne and Volyn) who did
not experience the Holodomor famine,
as these regions were a part of Poland
until 1939. These northern Ukraine
regions were chosen for analysis
because there are geographically and
climatically similar, and populations
residing in these regions are ethnically
homogeneous and have similar socio-
economical and nutritional profiles to
western Ukraine regions. Patients from
the unexposed control regions had
similar clinical characteristics including
age at visit, age at onset and BMI, as
compared to the exposed regions.
However, they had less oral and insulin

Registry

treatments, and on average 1%
(7 mmol/mol) lower HbAlc. Both pop-
ulations experienced the WWII 1941—
1945 and the postwar 1947 famines.
Periods of famine exposure were
defined according to the population
counts from the Ukrainian national
census and were confirmed using the
birth year pyramids (Fig. S1), as pre-
viously reported (Lumey et al. 2015).
Type 2 diabetes was defined as the age
of onset over 40 years, or between 35
and 40 years, if patients did not receive
insulin treatment. Stages of DR were
based on fundus photography and were
recorded by ophthalmologists. Primary
care physicians recorded the informa-
tion about different stages of DR in the
UNDR cohort, with the first entry on
27 January 1999 and the last entry on
18 January 2013. Proliferative diabetic
retinopathy (PDR) was defined as the
presence of proliferative retinopathy,
or blindness in either eye. The institu-
tional review board of the Komis-
arenko Institute of Endocrinology and
Metabolism (Kyiv, Ukraine) approved
the use of anonymized data (approval
number for Ukraine: Dnr3/2006-11-
10), also study was approved by the
Norwegian ethics committee (approval
number for Norway: 2019/28968). A
flow chart with the selection of indi-
viduals for the analyses is presented in
Fig. S4A.

The Hong Kong Diabetes
(HKDR)

The HKDR was established in 1994
at the Diabetes and Endocrine Centre,
the Prince of Wales Hospital, Hong
Kong Special Administrative Region
(Luk et al. 2017). Patients with
physician-diagnosed ~ diabetes ~ who
attended the Centre for a comprehensive
evaluation of diabetes complications
were consecutively recruited. Referral
sources  included  hospital- and
community-based clinics. Detailed infor-
mation, including demographics, co-
morbidities and medication use, was
documented. Physical measurements,
including vital signs and anthropometric
parameters, were collected. The presence
of diabetic retinopathy was assessed by
fundus photography and interpreted by
trained endocrinologists. Advanced
diabetic retinopathy was defined by ful-
filling one or more of either: reduced
visual acuity, proliferative diabetic
retinopathy, preproliferative diabetic

Register




Acta OpHTHALMOLOGICA 2021

retinopathy, history of laser photocoag-
ulation or presence of laser scar, history
of vitrectomy. Fasting blood samples
were obtained for plasma glucose,
HbAc, lipids and renal function tests.
Written informed consent was obtained
from patients at study enrolment. The
HKDR was approved by the New Ter-
ritories East Cluster Clinical Research
Ethics Committee (reference number
2007.339). During the WWII period
(1941-1945), Hong Kong experienced
famine exposure as a consequence of
the Japanese invasion, which lasted for
three years and eight months. The data
set used in the present analyses included
3021 eligible participants from HKDR as
described in Fig. S4B.

Statistical analysis

The odds ratios (OR) of PDR associ-
ated with being born during the Holo-
domor and the consecutive WWII
exposure were calculated using logistic
regression adjusted for sex, duration of
diabetes, and year of diagnosis and
plotted for each individual year of
birth for the exposed and unexposed
populations. The OR of PDR for the
birth years 1929-1936 were plotted
with individuals born before or in
1928 as a reference group; for each
birth year during 1937-1946 with indi-
viduals born in 1936 as a reference
group; and for each birth year after
1947 using individuals born in 1946 as
a reference group. The hypothesis that
the risk of PDR was higher in the
exposed regions during famine periods
was tested by fitting the interaction
term between the year of birth (YOB)
and the region of birth using logistic
regression, adjusted for sex, duration
of diabetes and year of diagnosis
(VanderWeele & Knol 2014). Because
only 18 507 (~13%) of the UNDR
participants had HbAlc measure-
ments, subsequent episodes of the
Holodomor and the WWII famines
were combined into decades of births
before 1950 (exposed) and after 1950
(unexposed). A significant (p < 0.10)
interaction term (famine decades, Yes/
No x exposed regions, Yes/No)
between combined famine exposures
and the exposed regions indicated ele-
vated risk at specified time points
attributable to the famine. In the
HKDR, logistic regression was per-
formed to test the hypothesis whether
people born during the period of

WWII famine (1942-1945) had higher
odds of PDR as compared to the
reference group of those born in 1948
(economic recovery and political inde-
pendence of Hong Kong), adjusted for
gender, year of assessment, diabetes
duration and HbAlc (Carroll 2007).
All analyses were performed using R
software and Graph Prism (Adrian &
Dragulescu 2018; Wickham 2018;
Carey & Ripley 2019; Hadley Wick-
ham et al. 2019; Team RC 2020;
GraphPadPrism). All reported P-
values are two-sided (p < 0.05) (Van-
derWeele & Knol 2014).

Results

To evaluate the long-term effects of
perinatal famine on the risk of PDR,
we analysed the data on 101 095
patients with known type 2 diabetes
from the UNDR cohort. Populations
exposed to the Holodomor demon-
strated evident gaps for the births
during the years of famine exposure,
as illustrated by the demographic plots
stratified by the region and YOB
(Fig. S1). The overall prevalence of
PDR was 4.7% in the exposed popu-
lations (Chernihiv and Kyiv) and 2,2%
in the unexposed populations
(Rivne and Volyn) (Table 1). Demo-
graphic characteristics of age, age-
onset, BMI, diabetes duration and
HbA Ic for the exposed and unexposed
type 2 diabetes populations are shown
in Table . Exposed population
included less men (34.2% vs 37.3%,
p <0.0001), had higher HbAlc
(63.96 mmol/mol vs 57.19 mmol/mol,
p <0.0001) and exhibited higher fre-
quency of hypertension (71.1% vs
65.08%, p <0.0001). No differences
were observed between groups regard-
ing diabetes duration (Table 1). There
were statistically significant differences
in the clinical characteristics of
retinopathy cases in famine-exposed
and unexposed groups; however, these
differences were clinically insignificant
(Table S1).

The OR for PDR in type 2 diabetes
individuals born at the time of the
Holodomor and the WWII famine for
each YOB and the exposed and unex-
posed populations are shown in
Fig. 1A and Table S2a. The corre-
sponding OR from the interaction
analyses for each YOB for offspring
of individuals from the exposed com-
pared to the unexposed populations are

shown in Fig. 1B. Type 2 diabetes
individuals with perinatal famine dur-
ing the Holodomor, the WWII and the
postwar had significantly increased risk
of PDR in adulthood, with the highest
OR = 1.76 (90% Confidence Interval
(CI), 1.19-2.63, p =0.019) for the
YOB 1934; OR = 3.02 (90% CI, 1.75-
5.34, p = 0.001) for the YOB 1943; and
OR =1.76 (90% CI, 1.00-3.13,
p = 0.103) for the YOB 1947 (Fig. 1B,
Table S2a). Further adjustment for
seasonality and hypertension did not
change the clear association between
early famine exposure and develop-
ment of PDR (Fig. S3D,E). Notably,
the risks for PDR were also observed
to be high for persons born before
Holodomor (YOB in 1904-1931),
between prewar and WW2 famine
periods (YOB in 1935-1941) and after
WW2 famine (YOB in 1946, 1948—
1950) in exposed regions (Fig. S2B),
and therefore, the entire population
was further stratified for the combined
analyses by YOB <1950> (<1950
between and within famine periods, >
1950 non-famine, Fig. 1D). In the
combined analysis, individuals from
the exposed regions born during fam-
ine periods showed 1.63-fold (95% CI,
1.38-1.93, p=1.02 x 107%) increased
risk of PDR compared to individuals
from the unexposed regions with OR =
1.07 (95% CI, 0.84-1.37, p = 0.60),
Padditive interaction = 8.5 x 10710
(Fig. 1D). Adjustment for the HbAlc
levels in the subset of individuals with
available data (N =18 507) did not
change interaction results paqditive inter-
action = 0.009 (Fig. S2A). Clinical char-
acteristics of the replication HKDR
cohort are shown in the Table S3. The
OR for PDR associated with exposure
to famine as a consequence of the
Japanese invasion in Hong Kong dur-
ing WWII are shown for each year of
birth from 1939 to 1947 in Fig. 1C and
Table S2b. In line with the results in
the UNDR cohort, type 2 diabetes
offsprings of individuals exposed to
famine in the HKDR cohort showed
significantly increased risk of PDR
with the OR=1.66 (95% CI, 1.08-
2.53, p = 0.019) among those born in
1942 adjusted for gender, year of
assessment, diabetes duration and
HbAlc. These results support robust-
ness of the findings and suggest that
perinatal famine was associated with
excess risk of PDR in individuals with
type 2 diabetes.
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Table 1. Clinical characteristics of participants in the UNDR study during intrauterine famine, insult to

vessel abnormalities may already occur

Exposed to Unexposed to perinatally, which lead to vessels being
Phenotype All Holodomor Holodomor p-value .
more susceptible to damage and abnor-
Number of people (M, %) 101 095 53 321 (34.2) 47 774 (31.3) - mal functioning due to high glucose
(35.7) levels later in life. We thereby expand
Retinopathy (%) 3601 (3.5) 2552 (4.7) 1049 (2.2) <0.0001 the concept of early life developmental
Hypertension (%) 62 610 32275(71.1) 30 335 (65.08) <0.0001  programming to include the risk of
. (68.05) severe DR among patients with diag-
Age at baseline (years) 65.83 (10.88)  66.54 (10.61) 65.04 (11.12) <0.0001* nosed type 2 diabetes
Age of type 2 diabetes 58.82 (10.33)  58.82 (10.09) 58.82 (10.6) <0.0001 ¥p : .
diagnosis (years) The crude prevalence of visual
Duration of type 2 diabetes  7.25 (7.1) 7.91 (1.18) 6.5 (6.93) <0.0001+  impairment and blindness caused by
(vears) PDR has increased in recent years,
BMI (kg/m?) 28.82 (4.74)  28.73 (4.62) 28.91 (4.85) <0.0001 mainly due to the increase of type 2
Height (m) 166.56 (7.65)  166.36 (7.68) 166.75 (7.61) 0.50 diabetes in low- and middle-income
HbAlc (%) 7.44 (1.77) 8 (2.21) 7.38 (1.71) <0.0001 countries (Flaxman et al. 2()17)_ Nev-
SBP ) 1211579 14464 (194D 1412 (79 <ooopr  CrUcless, whether factors such as peri
mm/Hg 3. A X . . K <. . .. . .
DBP (mm/Hg) 86.42 (10.12)  87.05 (10.28) 85.81 (9.92) <0001  hatal undernutrition, triggering an
Treatment: diet 26% 15% 38% <0001  cpidemic of diabetes in these high-risk
Treatment: insulin 8% 7% 8% <0.0001  Populations, may also predispose to
Treatment: pills 58% 68% 47% <0.0001  the more severe diabetes progression
Treatment: pills and insulin 8% 10% 6% <0.0001 towards organ and vascular damage

are not well studied. Our data clearly

p-value was calculated using linear regression adjusted for sex, diabetes duration, age at visit and suggest that perinatal undernutrition

— 4

year of diagnosis.
* Sex adjusted p-values.

Discussion

In the present study, we explored the
hypothesis that the risks for PDR in
adulthood were higher in type 2 dia-
betes offspring of parents with expo-
sure to famine in the two independent
cohorts from the Ukrainian National
Diabetes Registry (UNDR) and the
Hong Kong Diabetes Register
(HKDR). A retrospective analysis of
the UNDR cohort indicated that being
born during the Great Ukrainian fam-
ine (the Holodomor, 1932-1933) was
associated with increased risk of PDR
in patients with type 2 diabetes inde-
pendently of disease duration, HbAlc
and year of diagnosis. Furthermore,
perinatal exposure to the WWII (1941—
1945) was associated with increased
risk of PDR in the populations with
previous exposure to the Holodomor
famine as oppose to the populations
that did not experience the Holodo-
mor. The link between exposure to
famine at birth in 1942 and increased
risk of PDR in adulthood was repli-
cated by studying patients with type 2
diabetes from the HKDR, who were
exposed at birth to the WWII famine as
a consequence of the Japanese invasion
in 1942-1945.

Type 2 diabetes is a multiple organ
disease involving defects in pancreatic

insulin secretion, hepatic glucose pro-
duction, muscle insulin action, adipose
tissue metabolism, gut incretin func-
tions, appetite regulation and CNS
functions, as well as vascular functions
influencing organ blood flow. Emerg-
ing research has shown that low birth
weight, occurring as the result of an
adverse intrauterine environment, may
contribute to the majority or all known
metabolic organ defects relevant to the
development of type 2 diabetes, and
even be present prior to the onset of
overt disease (Vaag et al. 2012; Vaag
et al. 2014). Thus, intrauterine growth
restriction may lead to alterations of
fetal programming in a number of
organs and functions including vascu-
lar endothelium and contribute to
mechanisms underpinning elevated
blood pressure in people with low
weight at birth (Gennser et al. 1988).
This, in turn, may increase propensity
of low birth infants to have increased
risks of vascular complications as
adults. By studying patients with diag-
nosed type 2 diabetes exposed to severe
famine at the time of birth in two
different nations, before and during the
WWII, we here report evidence that
susceptibility to adult PDR might be
programmed early in life by mecha-
nisms possibly not related to hypergly-
caemia. Our observations indicate that

may have a direct role in the program-
ming of vascular structure and/or func-
tions, predisposing to severe DR and
potentially other vascular complica-
tions later in life. In support of our
data, it is well established that prema-
turity and impaired foetal growth
adversely influence retinal microvascu-
larization in later life, as documented in
children and adults (Kistner et al. 2002;
Mitchell et al. 2008; Gopinath et al.
2010). In this regard, we have observed
a higher prevalence of hypertension in
exposed to the Holodomor population
in Ukraine than in unexposed. The
perinatal exposure to famine has earlier
been linked to hypertension in the
Dutch hunger winter (Stein et al.
2006), which is an established risk
factor for retinopathy in patients with
diabetes. It is therefore quite possible
that integrated biological mechanisms
underlying hyperglycaemia and ele-
vated blood pressure at least in part
could act as mediators of intrauterine
exposure to famine and diabetic
retinopathy in adulthood. Importantly,
it has been reported that type 2 dia-
betes patients born with low birth
weight exhibit excess mortality com-
pared with type 2 diabetes patients with
average birth weight (Leibson et al.
2005).

Our findings are likely to have direct
clinical implications and calls for repli-
cations and expansions to include other
diabetic vascular complications in the
current as well as in other cohorts. DR
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is commonly observed already at the
time of diagnosis in some type 2
diabetes patients, and our results raise

the question of how adverse perinatal
programming can contribute to this
finding. It furthermore raises the

Fig. 1. (A) Odds ratios of PDR in adulthood
stratified by the years of birth for exposed and
unexposed to the Holodomor regions (the
UNDR study). OR and 95% CI of PDR in
type 2 diabetes offspring of individuals from
the regions exposed to the Holodomor
(n =53 321, Chernihiv and Kyiv, red lines)
and unexposed (n = 47 774, Volyn and Rivne,
blue lines) from the UNDR stratified by the
year of birth. Logistic regression models for
PDR were adjusted for sex, diabetes duration
and year of diagnosis. (B) Cross-over odds
ratios for PDR in adulthood stratified by the
years of birth (the UNDR study). ORs and
90% CI for PDR obtained from interaction
analyses between the year and the region of
birth using a logistic regression adjusted for
sex, duration of diabetes and year of diagnosis.
Spline function was applied to interconnect
odds ratios for curve fitting (spline function,
stats package, R). Odds ratios depicted as
curves above the reference line (which equals
one) denote elevated risk of PDR in famine-
exposed regions. Years of birth marked in red
on the X-axis indicate periods of exposure to
the Holodomor at conception (1932-1933) and
WWII (1941-1945) famines. (C) Odds ratios of
PDR stratified by the year of birth in the
HKDR. Risks for PDR in the HKDR of
patients with type 2 diabetes. ORs and 95% CI
of PDR were calculated for each year of birth,
comparing with the reference group of those
born in 1948, using logistic regression adjusted
for gender, year of assessment, diabetes dura-
tion and HbAlc. (D) Odds ratios of PDR in
adulthood in the combined analysis of famine
and non-famine periods for exposed and
unexposed to the Holodomor regions (the
UNDR study). Association of the combined
exposure at the specified time points on the
prevalence of PDR in type 2 diabetes offspring
of individuals with a history of the Holodo-
mor. OR and 95% CI for the risk of PDR was
obtained using logistic regression adjusted for
sex and age, and duration of diabetes and year
of diagnosis. The impact of the combined
exposure to famine defined at specific time
points on the risk of PDR between individuals
from the regions exposed or unexposed to the
Holodomor was assessed using interaction
model and verified using /> heterogeneity test.

HKDR = Hong Kong Diabetes Registry;
PDR = proliferative  diabetic  retinopathy;
UNDR = Ukrainian  National  Diabetes

Registry.

question of whether glucose treatment
may be as efficacious to prevent pro-
gression of DR among patients with
type 2 diabetes exposed to an adverse
perinatal environment as those patients
without any early life nutritional or
development shortcomings or deficien-
cies. If our findings can be reproduced
and extended to other populations,
perinatal famine could be contem-
plated as a key factor not only for the
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development of DR but also for the
better understanding of the sub-
clusters in type 2 diabetes patients
(Ahlqvist et al. 2018).

Our study has some limitations and
strengths. Present observations suggest
that there might not be a clear cut for
prewar famine exposure in the regions
from northern Ukraine as Stalin terror
towards Ukrainian uprisings against
the Soviet-Russian regime started in
the early 1920s (Johnston 1986). Thus,
elevated risks for PDR indicate that
these regions might experience famine
as a continuum moving from the less to
severe or extreme exposures. However,
periods of Holodomor and WWII are
undoubtedly the most severe famine
exposures, which evidently were con-
firmed by the population loss as
demonstrated on the demographic
pyramids. The HKDR is a much
smaller data set, and a significant peak
for an association of famine with severe
DR during WWII year 1942 could be
observed by chance. However, this
peak is compatible with the highest
peaks observed during Holodomor and
WWII famine periods in the UNDR.
The association results in the Hong
Kong cohort might be more sensitive
and thereby powerful due to more
homogenous ascertainment as com-
pared to the possible heterogeneity
attributed to several sites included in
the UNDR. However, the UNDR has
a larger sample size and greater overall
power to detect famine effects. In the
UNDR cohort, we were also unable to
disassociate the cases of laser treatment
and blindness caused by other eye
diseases of the elderly, such as cataracts
and macular oedema. Nevertheless,
sensitivity analyses restricted to only
individuals with reports on concomi-
tant PDR and blindness resulted in
similar conclusions indicating a non-
significant contribution of the poten-
tially smaller part of other reasons
contributing to blindness (Fig. S3A).
This is comparable to the results in the
Hong Kong population where catar-
acts and macular oedema were
excluded from the analyses. Addition-
ally, we cannot examine any minor
effects of migration. However, such
effects would cause an underestimation
of the observed effects, why in fact the
associations between starvation expo-
sure and PDR development later in life
may be even higher than found in this

study. Finally, we cannot rule out the
possibility of a calendar effects or
effects unrelated to famine such as
different overall socio-economic cir-
cumstances, persistent psychological
stresses, medical treatments and other
factors, which could have detrimental
effects on normal course of the preg-
nancy in these rather specific time
periods. These factors could contribute
to observed differences in clinical risk
profiles between patients from exposed
and unexposed regions and thereby
could be considered mediators between
periods of famine and PDR.

In conclusion, these results indicate
that patients with type 2 diabetes
exposed to perinatal famine are at
increased risk of severe DR compared
with subjects with type 2 diabetes born
during periods without societal famine
exposures. Further studies are needed
to understand the underlying mecha-
nisms, as well as to confirm and extend
these findings to other diabetes com-
plications.

Data and Resource
Availability

The data sets generated during and/or
analysed during the current study are
available from the corresponding
author upon reasonable request.
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Figure S1. Demographic plots accord-
ing to the year of birth in the Ukraine
National Diabetes Registry (UNDR).

Figure S2. (A) Influence of perinatal
exposure to famine on the risk of
proliferative diabetic retinopathy in
adulthood in a subset of n = 18 507
individuals with the data on longterm
glycemia measured with HbAlc in the

UNDR study. (B) Risks for DR in the
combined analysis of YOB in the
exposed and unexposed to the Holo-
domor populations (UNDR).

Figure S3. (A) Cross-over odds ratios
for PDR in adulthood stratified by the
years of birth restricted to individuals
with concomitant proliferative
retinopathy and blindness (UNDR).
(B) Cross-over odds ratios for PDR in
adulthood stratified by the years of
birth, excluding blindness cases with-
out PDR diagnosis (UNDR study). (C)
Cross-over odds ratios for PDR in
adulthood stratified by the years of
birth and seasons for years of birth
with famine exposure (UNDR study).
(D) Cross-over odds ratios for PDR in
adulthood stratified by the years of
birth and adjusted for seasonality
(UNDR study). (E) Cross-over odds
ratios for PDR in adulthood stratified
by the years of birth and adjusted for
hypertension (UNDR study).

Figure S4. (A) Flowchart for quality
control and preparation dataset for anal-
ysis in the UNDR study. (B). Flowchart
for quality control and preparation data-
set for analysis in the Hong Kong Dia-
betes Registry (HKDR).

Table S1. Clinical characteristics of
participants in the UNDR study.
Table S2. (a) Crossover odds ratios for
the interaction between the year and
region of birth for prevalent prolifera-
tive diabetic retinopathy in the UNDR.
2b. OR for advanced DR for each year
of birth in the HKDR.

Table S3. Clinical characteristics of the
participants in the HKDR.

Table S4. Odds ratios of severe DR in
adulthood stratified by the years of
birth for exposed and unexposed to the
Holodomor regions (the UNDR
study).

Table S5. (a) Cross-over odds ratios for
PDR in adulthood stratified by the years
of birth excluding blindness cases with-
out PDR diagnosis (UNDR study). (b)
Cross-over odds ratios for PDR in
adulthood stratified by the years of birth
and seasons: January-June and July-
December for years of birth with famine
exposure (UNDR study). (c) Cross-over
odds ratios for PDR in adulthood strat-
ified by the years of birth and adjusted
for seasonality (UNDR study). (d)
Cross-over odds ratios for PDR in
adulthood stratified by the years of birth
and adjusted for hypertension (UNDR
study).
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Errata

Page 103 Incorrect “Paper I-III” — corrected to “Papers [-IV”

Page 151 in Paper 1, Figure 3 — below the picture is added legend “Source of images. Servier
Medical Art, https.//smart.servier.com/”
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