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To my family

1t is better to be vaguely right than exactly wrong

C. Read (1898)






ABSTRACT

Aim: The purpose of this thesis was to identify a new agent in the subcutaneous
adipose tissue and assess its clinical potential in the context of type 2 diabetes.

Study I: Through a combination of microdialysis and mass-spectrometry, we
found increased galectin-1 levels in the subcutaneous adipose tissue in a small
experimental study of 15 men with and without type 2 diabetes.

Study II and Study III: Serum galectin-1 was also independently associated
with type 2 diabetes and body-mass index in of 989 individuals from the cross-
sectional population based SCAPIS pilot study. Furthermore, high serum-
levels of galectin-1 predicted an increased risk of incident type 2 diabetes in
4022 individuals from the longitudinal Malmd Diet and Cancer Study -
Cardiovascular Cohort, after adjustment for known risk factors.

Study IV: In addition, serum levels of galectin-1 were associated with all
major adipose tissue depots and presented a similar metabolic association
profile as circulating galectin-3 in 502 individuals from the cross-sectional
population-based POEM-study.

Study V: In a small experimental study of 25 individuals from the MD-
Lipolysis study, fasting serum galectin-1 correlated with insulin, and the lipid
metabolism markers glycerol and free fatty acids during an oral glucose
tolerance test, and adipose tissue LGALSI expression correlated with markers
of lipid metabolism. Modulation of galectin-1 activity in a cultured human
preadipocyte cell-line indicated effects on triglyceride content, and genetic
markers of lipid uptake, lipogenesis and glucose uptake during differentiation
to mature adipocytes.

Interpretation: Galectin-1 is altered in the blood in type 2 diabetes, and may

have a direct metabolic role in the adipose tissue and in type 2 diabetes
development.

Keywords: galectin-1, type 2 diabetes, human, adipose tissue
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SAMMANFATTNING PA SVENSKA

Typ 2 diabetes dr en progressiv sjukdom forknippad med 6kad dodlighet och
flera foljdsjukdomar. Livsstil och fetma har en betydande roll i utvecklingen
av typ 2 diabetes, eftersom fettviven har en central plats i kroppens
energihantering. Det dr idag ként att fettceller utsondrar olika proteiner som ett
svar pa vad som sker i kroppen. Galektin-1 &r ett protein som i djurforsok har
visat pd en mojlig betydelse for fettcellens energihantering. Kunskap om
kopplingen mellan galektin-1 i fettet hos ménniska och typ 2 diabetes, samt
dess funktionella aspekter i fettviven saknas dock. Syftet med det hér projektet
har varit att identifiera ett nytt protein i ménniska, utsondrat i fettvdven och
med koppling till typ 2 diabetes, samt utforska eventuella funktionella
aspekter.

Studie 1 jamforde darfor proteinutsondringsmonstret hos 7 mén med
nyupptickt typ 2 diabetes och 8 mén utan diabetes. Ett av de proteiner som
upptiacktes var galektin-1. Proteinnivderna av galektin-1 var forhdjda i
extracellularvétskan i fettet hos personer med typ 2 diabetes, och genuttrycket
var ockséd forhojt 1 fettceller frdn samma omrade. Vidare kunde man i andra
grupper se att genuttrycket paverkades vid fordndringar i energiintag, och att
stimulering med galektin-1 i fettceller minskade glukosupptaget hos cellerna.

Studie II undersokte vidare om galektin-1 i blodet kunde kopplas till fetma och
typ 2 diabetes oberoende av varandra i en befolkningsstudie pa 989 personer
fran SCAPIS-studien i Goteborg, vilket visade sig stimma. Vidare visade det
sig att hoga nivaer av galektin-1 i blodet kunde relateras till en 6kad risk att
insjukna i typ 2 diabetes méanga ar senare i Studie III, ddr 4022 personer fran
Malmé Kost Cancer-studien undersoktes. I Studie III visade det sig ocksa att
galektin-1 forefaller skydda vissa personer med typ 2 diabetes fran njurskador
genom en Mendeliansk randomiseringsstudie pa deltagare i ANDIS-kohorten
i Skéne.

Studie IV undersokte kopplingarna mellan galektin-1, kroppsfett och
dmnesomsittning i 502 personer frin POEM-studien i Uppsala. Studien
bekriftade ett ndra samband mellan galektin-1 och fettviven, samt visade pa
kopplingar till blodsocker, insulinkédnslighet och fettsyrametabolism. Dir
fanns ocksa likheter mellan de metabola kopplingarna for galektin-1 och ett
annat galectin-protein, galectin-3. I Studie V visade det sig ocksa att
genuttrycket for galektin-1 i fettvév korrelerade med genuttrycket for flera
gener som styr fettvdvens funktion, inklusive gener for fettupptag och
fettnedbrytning hos 25 personer med och utan diabetes. Blodnivierna av



galektin-1 kopplades ocksa till omséttning av glycerol och fria fettsyror efter
intag av en glukosbelastning. 1 laboratorieexperiment begransades
triglyceridinnehallet i1 fettceller som fatt mogna fram med en blockerad
galektin-1 signal, och genuttrycket for markdrer for fettupptag, fettsyrasyntes
och lipolys minskades.

Sammantaget kan man se att galektin-1 nivderna avviker i blodet hos personer
med med fetma och vid typ 2 diabetes. Galektin-1 dr ocksé kopplat till en 6kad
risk for typ 2 diabetes, och forefaller ha en direkt koppling till
dmnesomsittningen 1 fettvdven, bdde i1 experimentella studier och péa
befolkningsniva.
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1 INTRODUCTION

This thesis will examine the possible role of galectin-1 in type 2 diabetes, and
in the adipose tissue. Therefore, the following is a brief overview of some
important aspects of type 2 diabetes, adipose tissue, and galectin-1.

1.1 DIABETES

Diabetes has likely been known to man since ancient times. The greatest
scientific advances in the treatment of diabetes, including the importance of
early diagnostics, a restricted caloric diet, and the important role of insulin for
maintaining glucose control, were all discovered more than a century ago (1-
3). Definitions have changed over the years, and the definition used today is
adopted from the World Health Organization statement in 1998 (4). Additional
criteria with HbAlc measurements (5), and randomly measured elevated
glucose levels combined with typical symptoms of hyperglycaemia were later
added (6).

111 THE CURRENT DEFINITION OF DIABETES
ACCORDING TO THE AMERICAN DIABETES
ASSOCIATION (ADA) (7).

e Fasting plasma glucose > 7.0 mmol/I'

e 2-hour plasma glucose after a 75 g glucose load > 11.1
mmol/I!

e HbAlc > 48 mmol/mol'

e Plasma glucose > 11.1 mmol/l and clinical symptoms of
hyperglycemia

"Measured twice.

Figure 1. Diabetes is defined as a
state of recurring hyperglycemia
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1.1.2 SUBTYPES OF DIABETES

The heterogeneity of the diabetes disease was known before the discovery of
insulin (2). Today, we often stratify diabetes into two main subtypes, type 1
and type 2 diabetes, where type 1 is characterized by an impaired insulin
production, while type 2 is characterized by an impaired insulin response (8).
Other less common subtypes are the maturity onset diabetes in young
(MODY), and the latent autoimmune diabetes in adults (LADA) which affect
younger individuals (9, 10). Both are associated with low insulin secretion,
similar to type 1 diabetes, but with distinctly different underlying
pathophysiology (9, 10). Recently, there have been attempts to stratify the
diabetes disease into additional subtypes (11). This is important, as it can easily
be argued that the underlying pathophysiology behind an individual first
diagnosed with type 2 diabetes as an obese 40-year old, or a normal weight 80-
year old individual is not necessarily the same. Separation into different
subcategories with simple clinical measures could improve risk-stratification
and help guide between treatment alternatives. This could improve clinical
practice, as there are currently several treatment regimens supported by similar
evidence.

These newer proposed subtypes are not yet accepted in clinical practice, nor
defined by specific cut-offs applicable to the general clinician. However, they
have been replicated in several studies (12, 13), and present with different risks
of adverse outcomes (11, 13). In this new classification, the diabetes disease is
divided into 5 subcategories, where 4 categories could be considered
stratifications of the traditional insulin resistant type 2 diabetes, and the final
represents individuals with autoimmune diabetes. The five categories are
labelled severe insulin-deficient diabetes (SIDD), severe insulin-resistant
diabetes (SIRD), mild obesity-related diabetes (MOD), mild age-related
diabetes (MARD) and severe autoimmune diabetes (SAID). While individuals
with SIRD have a higher risk of diabetes kidney disease as well as liver fibrosis
(11, 13), individuals with SAID present a higher risk of retinopathy (11).
Hereon, this thesis will only focus on type 2 diabetes unless otherwise stated.

1.1.3 CONSEQUENCES OF DIABETES

Diabetes is a lethal condition, and elevated blood glucose can lead to premature
death both in the acute phase and, if maintained, over time. The treatment of
diabetes can also lead to other serious adverse events. Clinically,
hypoglycaemia caused by too aggressive treatment can be a significant risk
associated with premature death, especially in older individuals with
cardiovascular comorbidities (14).
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Diabetes is a systemic disease, affecting all organs in the body. Over time,
manifest symptoms will occur throughout the body, with associated increased
suffering, disabilities, costs and mortality. Ischaemic heart disease and cerebral
stroke are the most, and third most common global causes of estimated years
of life lost (15). This highlights the significance of reports demonstrating that
individuals with diabetes are twice as likely to develop coronary heart disease,
and 50% more likely to suffer an ischaemic stroke compared to individuals
without diabetes (16).

Kidney disease is also a common consequence of type 2 diabetes, and will
occur in at least half of all diabetes patients over time (17). Although the
number of individuals progressing to end-stage renal disease has decreased,
diabetes is still the leading cause for this outcome (18). Half of all individuals
with diabetes will eventually also develop neuropathy (19), with consequences
including a loss of sensory function in limbs, erectile dysfunction,
gastroparesis and autonomic dysregulation. For some, neuropathy is manifest
at the time of diabetes diagnosis, and progression is seen even in patients with
good metabolic control (19).

Increased risks of peripheral artery disease, neuropathy and foot ulcers in
diabetes together add up to a severely increased risk of lower limb amputation.
It is estimated that half of all amputations in the United States are attributed to
diabetes, with some studies even reporting numbers as high as 90% of all
amputations (20). One third of all individuals with diabetes will also present
with diabetic retinopathy. Although screening programs in many countries
have improved early detection and intervention, diabetic retinopathy is still the
leading cause of blindness in individuals of working-age (21). While these
statistics include both type 1 and type 2 diabetes cases combined, the majority
of all amputations and retinopathies occur in type 2 diabetes due to the higher
prevalence of the disease (21, 22). Diabetes also increases the risk of several
cancer forms, including liver cancers and pancreatic cancers (23), and presents
close associations with Alzheimer’s disease and other forms of dementia (24,
25).

The broad consequences of diabetes throughout the body, and the sometimes
very early manifestations of complications highlight the importance of
preventive action, routines for early detection, and active treatment of the
disease. In light of these very serious outcomes, it is important to know that
adequate treatment of diabetes will also mitigate the risk of complications
significantly (26).
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“Statistics for the last thirty years show so
great an increase in the number (of diabetes
cases) that, unless this were in part explained
by a better recognition of the disease, the

outlook for the future would be startling.”

-Elliott P. Joslin, 1921 (3)
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1.1.4 THE PHYSIOLOGICAL BACKGROUND TO TYPE 2
DIABETES

Type 2 diabetes is caused by a combination of genetic and environmental
factors, where environment is the dominating factor for most (27). As
previously mentioned, the importance of life-style in type 2 diabetes has been
known for more than 100 years (2, 3). Several studies with remarkable results
have reversed the condition through different approaches of caloric restriction,
both through dietary interventions (28, 29), general life-style interventions (30)
and obesity-surgery (31). While both life-style interventions and
pharmacological interventions have been equally successful in reducing the
incidence of type 2 diabetes, life-style changes were shown to be the most
sustainable (32, 33).

One predominant model of disease currently advocated is that diabetes is the
consequence of a sustained positive energy-balance, passing the threshold of
the individual’s maximum energy storage capacity (34, 35). Following this
hypothesis, all individuals have a genetically predisposed maximum storage
capacity of excess energy in their body. This can also be described as a
maximum kilogram of body-fat mass for that person. During overfeeding,
excess energy will be stored in the adipose tissue as triglycerides as a reserve
for a later time point resulting in an increased bodyweight. If the positive
energy-balance is maintained, the body will eventually reach its maximum
capacity. In line with the first law of thermodynamics and the continuity
equation, any additional energy introduced to the body of the individual must
either be transformed into heat or momentum and leave the body, or be stored
elsewhere. The storage of triglycerides in other organs than adipose tissue is
termed ectopic fat deposition. Increased levels of lipids in the liver, pancreas,
skeletal muscle, and blood is well-described (36-39), and is closely associated
with both prevalent and incident type 2 diabetes. During type 2 diabetes
development, an insufficient insulin secretion is also seen in the pancreas, as
well as increases in endogenous glucose production in the liver (34, 40).
Together, these changes result in increased blood glucose levels in the fed and
fasted state.

Further supporting the hypothesis of type 2 diabetes as a consequence of a
passed maximum energy storage, are studies in individuals with congenital
generalized lipodystrophy (CGL) (41). Individuals with CGL have a severely
impaired capacity to store triglycerides in the adipose tissue, and consequently
present with a higher degree of ectopic fat deposition and deranged metabolic
control (42, 43).
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1.1.5 THE ENVIRONMENTAL BACKGROUND TO TYPE 2
DIABETES

Modifiable life-style factors are determinants for incident type 2 diabetes.
Interventions with simple recommendations on diet and physical activity for
individuals at high risk to develop type 2 diabetes have been successful at
stopping the disease (30, 44). Several dietary components present independent
risk factors for incident type 2 diabetes, including a low intake of dietary fibres
(45), high intake of alcohol (46-48), saturated fats (49) and total energy (50).
Perhaps not surprisingly, the single largest dietary risk factor has been shown
to be intake of glucose itself (51). Over the last decades, there has been a
significant increase in daily caloric intake globally, leading to what has been
referred to as a pandemic of obesity and type 2 diabetes (52). A low level of
physical activity is also a risk factor for type 2 diabetes, demonstrating that it
is not only energy intake, but also energy expenditure which is important in
the disease (53).

1.1.6 THE TYPE 2 DIABETES PATIENT

There are over 400 million individuals with diabetes in the world, and 90% of
these have type 2 diabetes (54). A large proportion of people who meet the
diagnostic criteria of type 2 diabetes remain undiagnosed (55). Commonly
seen traits in individuals with type 2 diabetes are outlined by examining the
characteristics of approximately 270 000 individuals participating in a study
from the Swedish diabetes registry (56). This particular study included
individuals with type 2 diabetes and no advanced diabetes complications, such
as a medical history of leg amputations, cerebral stroke or acute myocardial
infarction. The individuals presented with an average age around 60 years, a
body mass index (BMI) of 30 kg/m?, a balanced representation between men
and women and a large proportion (around half of all participants) with
concurrent medication for hypertension and statins (56). In addition, sex
differences are well known in type 2 diabetes (57), prevalence varies globally
(55) and between different age groups (15). However, a general image can
sometimes be helpful for an overall understanding of a disease.
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“The individual overweight is at least twice,
and at some ages forty times, as liable to the
disease. For the prevention of more than half
of the cases of diabetes in this country, no

radical undernutrition is necessary...”

-Elliott P. Joslin, 1921 (3)
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“The preparation of insulin finally removed
the major objection to the concept of a
pancreatic  internal secretion and its
important  functional  significance  in
carbohydrate turnover. Thus, the possible
existence of a pancreatic diabetes could be
affirmed in a positive sense. However, as is
evident in other areas of the natural sciences,
each new solution of a puzzle suggests more

questions and presents more puzzles.”

- Oscar Minkowski, 1929 (1)
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1.1.7 MEASURING INSULIN RESISTANCE

It is generally agreed that type 2 diabetes is preceded by a time of insulin-
resistance (34, 58). However, while type 2 diabetes is a well-defined disease,
this is not the case for what constitutes a state of insulin resistance (59). Insulin
resistance can be discussed on population level (60, 61), individual level (62-
65), organ level (66) and on a cellular level (67), unfortunately challenging the
usefulness of the term.

Several methods have been proposed for the scientific measurement of insulin
resistance in living humans, some more invasive than others (62-65). The
euglycemic insulin clamp technique assesses insulin resistance through a
continuous insulin infusion while controlling the systemic glucose levels via a
dynamic infusion rate of glucose (62). Several composite measures based on
clinical variables in fasting and during an oral glucose tolerance test (63-65)
have also successfully been developed over the years. However, there is
currently no consensus of which method, or what cut-offs to use within the
field, and comparative studies regarding the predictive value of these methods
for incident type 2 diabetes are not easily found.

Mechanistic studies propose manifestations of insulin resistance on the organ
level (66). These manifestations occur in several organs and historically, the
liver and muscle were among the first to be studied (68). The adipose tissue,
gut, kidney and brain are other highly metabolic organs often studied in this
context (34). These latter discoveries have been significant, as we now have
disease modifying drugs specifically related to several of these organs,
including PPAR-y agonists, GLP-1 agonists, SGLT2-inhibitors and for
selected individuals also leptin injections. On a cellular level, insulin resistance
can occur at three levels, semantically separated into pre-receptor defects,
receptor defects and post-receptor defects (67, 69).

Taken together, it is imperative to consider the heterogeneity of the term
insulin resistance in any study of type 2 diabetes. While there is evidence of
some form of insulin resistance in all these aspects in the evolution of type 2
diabetes, specific reports should be considered contextual, and may not always
be generalizable.
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1.2 ADIPOSE TISSUE PHYSIOLOGY

The adipose tissue is a central organ in the pathophysiology of type 2 diabetes.
In obesity, and type 2 diabetes, changes in adipose tissue, function and
histology are evident. Initially the size of adipocytes increases with obesity,
although this increase is not infinite. Changes to other cells in the tissue are
also clear, including a progressive fibrosis (70) and infiltration of
macrophages, a phenomenon often referred to as a low-grade chronic
inflammation (71).

The regulation of adipose tissue metabolism is complex as it depends on a
multitude of factors. Adipose tissue blood flow (72), insulin levels (73),
adrenergic effects (74), fasted or fed state (75), and substrate availability (76)
are only a few of the key regulators in this process. Adipose tissue is the source
of circulating free fatty acids, with the subcutaneous adipose tissue making the
largest contribution (77). Adipocytes store excess energy in the form of
triglycerides, and degrade these to release glycerol and free fatty acids through
the process of lipolysis in the fasted state and after adrenergic stimulation (74).
While obesity in itself does not appear to alter the levels of free fatty acids (78),
the association between free fatty acids and metabolic dysregulation in the
insulin resistant state is well described (79, 80). Elevated levels of free fatty
acids in type 2 diabetes are considered to contribute to adverse effects through
lipotoxicity (34), and directly influence the metabolism of the liver where the
fatty acids are used as energy and substrate in hepatic triglyceride production
(81, 82).

The significance of adipose tissue localization is also considered relevant in
type 2 diabetes. It has been proposed that visceral adipose tissue is more
detrimental to metabolic control, compared to subcutaneous adipose tissue (83,
84). As men have a proportionally higher amount of fat stored viscerally, this
is suggested to contribute to the increased cardiovascular risk in middle-aged
men compared to women (85). In studies with surgical interventions, removing
visceral fat appears to improve metabolic control, compared to studies
removing large amounts of subcutaneous fat without any metabolic alterations
(86, 87). However, the strong collinearity between these depots and the larger
absolute mass of subcutaneous tissue must be considered from a clinical
perspective in this discussion.

Several adipose tissue genes important in type 2 diabetes have also been
identified in genetic studies of individuals with familiar mutations. Genes
related to insulin signalling (insulin receptor, AK7?2), adipose tissue maturation
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(PPARG), and lipid handling (PLIN1) are associated with adverse metabolic
outcomes for carriers of the mutations (88-91).

“It is not necessary to know all the answers
concerning the forces of nature for them to
become useful to human needs. It suffices to
understand the laws by which the forces act

)

to master them.’

- Oscar Minkowski, 1929 (1)

11
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1.2.1  ADIPOKINES

The adipose tissue is currently often described as an endocrine organ, due to
the active secretion of different factors to surrounding cells and into the
circulation. These factors are generally described as adipokines, cytokines
released from adipocytes (92). During the progression to manifest type 2
diabetes, the secretion of factors from the adipose tissue changes. One of the
most important adipokines is leptin (93), a hormone regulating satiety and
energy intake when the signal is intact. Individuals with obesity and type 2
diabetes have high leptin levels but do not experience the appropriate satiety
response (94). This has led to a proposed model of leptin resistance in type 2
diabetes. The discovery of leptin has yet to have any direct impact on the
majority of individuals with type 2 diabetes. However, it has shown drastic
results in children with Berardinelli-Seip syndrome, a rare congenital
lipoatrophy disorder with metabolic aberrations as well as in congenital leptin
deficiency (42, 95). The most commonly used animal models for genetically
induced obesity related diabetes, the ob/ob and db/db animals, are both obese
due to a dysfunctional leptin signal (94).

Adiponectin is another adipokine often studied, which appears to be secreted
in higher levels in adipocytes from lean and insulin sensitive individuals (96).
The protein is specific for adipocytes, and therefore used biochemically as an
adipocyte marker (97, 98). Although often related to obesity, insulin sensitivity
and type 2 diabetes, the specific function, direct metabolic effect, and clinical
relevance has yet to be demonstrated (99-101).

Tumour necrosis factor alpha (TNF-a) is a potent pro-inflammatory factor
secreted from macrophages in the adipose tissue (102). It is therefore not
appropriate to define it as an adipokine specifically. However, it is well
established that adipose tissue containing hypertrophic adipocytes produces
elevated levels of TNF-a (103, 104), and it is also believed that this release in
itself has an important role in the development of type 2 diabetes (71). Today,
TNF-o suppression is a well-established treatment in several conditions
including rheumatoid arthritis and inflammatory bowel disease. Although
smaller studies intervening on TNF-a in type 2 diabetes exist, the scientific
evidence of any clinically relevant effects are still missing.

Figure 2. Adipocytes secrete different
factors depending on their size.
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1.3 GALECTIN-1

Another factor secreted from the adipose tissue is galectin-1. This protein is
complex, from a biochemical standpoint, a cellular standpoint, a physiological
standpoint, and as a natural consequence, from a clinical standpoint. A brief
overview of these aspects will therefore be presented. It should be stressed that
currently available data are highly fragmented, and based on studies with very
specific aims, possibly influencing the bigger picture substantially.

1.3.1 FUNDAMENTALS OF GALECTINS WITH FOCUS ON
GALECTIN-1

Lectins are defined biochemically as proteins with the ability to bind to
carbohydrates. Galectins are a family of lectins, with similar structures and
amino-acid sequences, that all are able to bind the carbohydrate galactose
(105). In total, 15 galectins are currently known in human, and these are highly
conserved between different mammals. Over the years, several galectins have
carried different names, but these are now called galectin-1 to -15 in order of
discovery (106).

Galectin-1 is a small protein of 135 amino-acids, secreted through an atypical
pathway to the extracellular space (107). Galectin-1 is expressed in a variety
of tissues, and the interest in adipose tissue galectin-1 has only emerged
recently. Several studies have now demonstrated an altered regulation of
galectin-1 on gene or protein level in the adipose tissue during a variety of
metabolic states including PPAR-y activation (108), dietary interventions
(109), and in experimental animal models (110-113). Galectin-1 is reportedly
altered in child-obesity (114), gestational diabetes (115) and in type 2 diabetes
(116). Several studies in type 1 diabetes and diabetic retinopathy have also
found a deviation in galectin-1 regulation, and some studies have explored a
protective role in type 1 diabetes (117-121).

Although several studies on galectin-1 in adipose tissue function and metabolic
regulation have emerged in recent years, the majority of the scientific literature
has examined the role of galectin-1 in relation to cancer, inflammation, T-cell
functionality and neovascularization (107, 122-125).
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Figure 3. Galectin-1 (white) dimerises at physiological concentrations and is constituted of
beta-sheets, forming a concave surface with a carbohydrate-binding site (red) in the groove.
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1.3.2 GALECTIN-1 MOLECULAR STRUCTURE

Galectin-1 consists of a series of beta-sheets, together forming a flat and
slightly concave surface, with the cavity constituting the carbohydrate binding
domain which can hold up to a tetrasaccharide large molecule (106). In line
with the highly conserved structure of galectins, and the common trait of
galactoside binding, a large overlap in carbohydrate binding is seen between
different galectins, each binding the disaccharide N-acetyllactosamine found
on many cellular glycoproteins (107).

Galectin-1 can take three different forms in human physiology, as a monomer,
a homo dimer, and an oxidised protein. Monomeric or dimeric formation is
believed to be concentration dependent, and both have similar ligand binding
capabilities (126). The oxidised form does not have carbohydrate binding
ability, and is therefore not believed to have any functional role extracellularly
(107). Galectins have both autocrine and paracrine functions (106), and it is
believed that extracellular functions of galectin-1 largely depend on the
carbohydrate-recognising domain (CHR), in contrast to its intracellular
functions.

Galectin-1 gene knockout in mice results in viable animals, indicating that
galectin-1 is not essential for survival (127). This is intuitively contradictive
with the high degree of galectin-1 genetic structure conservation between
mammals. This is otherwise typically seen in genes regulating essential
physiological functions. These observations have therefore resulted in the
hypothesis that galectins may interchange in physiological function, and that
the knock-out of one galectin may provoke a counter-regulatory response in
other galectins (128). This concept is further endorsed by the similarities in
binding affinity between different galectins in their CHR-domain.

1.3.3 GALECTIN-1 SIGNALLING

Many studies over the years have proposed ligands or receptors for galectin-1.
A common trait for several of these ligands is the common carbohydrate
structures presented in the proteins. It has therefore been suggested that it is
not a specific protein, but rather a carbohydrate sequence that is the ligand of
galectin-1. Identified ligands include fibronectin, laminin, neuropilin-1,
VEGFR2, and CD 146, although several others have also been proposed (107,
129-131). One of the most studied ligands is neuropilin-1, with several
independent reports demonstrating a direct interaction between the two
proteins (130, 132-134). A potential galectin-1 to neuropilin-1 interaction is
particularly interesting, as neuropilin-1 has a functional role in the lipid uptake
of endothelial cells (135). However, the wide variety of ligands for galectin-1
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has raised questions regarding the way galectin-1 mediates its effects (105). It
could be through a distinct signalling pathway or more convoluted protein-
protein or protein-glycan interactions (106, 136).

To complicate things further, galectin-1 binds to glycolipids in addition to its
capability to bind to glycosylated proteins. It is believed that galectin-1
secretion is mediated through the binding to glycolipids, allowing for a Golgi-
independent secretion from the cell. This pathway would also guarantee a
correct folding of the protein as it would be dependent on the carbohydrate
recognizing domain to pass the cell wall (107). The binding of galectins on
glycolipids is known to occur on the cellular surface, and is believed to have a
functional role in protein sorting and structuring of lipid rafts (106). Taken
together, there are currently several proposed molecular mechanisms through
which galectin-1 can evoke an effect, both distinct protein ligand-signalling
pathways and through cell-surface protein complex formations.

“...the discovery of insulin demonstrates that
research, even though not directly guided by
purely practical aims, will sooner or later
result in findings that become useful in

)

medical practice.’

- Oscar Minkowski, 1929 (1)
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1.3.4 THE CLINICAL POTENTIAL OF GALECTIN-1
INTERVENTION

Several recent reviews have pointed to a variety of medical conditions where
galectin-1 is altered, including autoimmune disease, cancer, cardiovascular
disease and metabolic disease (122, 137-139). Tumours expressing galectin-1
are associated with increased malignancy and mortality (123-125), and high
levels of galectin-1 are found in the vitreous fluid of individuals with
retinopathy, possibly associated with the VEGF-signal (120, 140).

High levels of galectin-1 have also been reported in the ischaemic lesions after
amyocardial infarction in mice, in the brain of gerbils after an ischaemic stroke
and associations have been reported in several cardiovascular conditions (137,
141-143). The wide variety of tissues and different medical conditions
associated with galectin-1 raises questions around the potential specificity in
targeting galectin-1 pharmaceutically.

1.3.5 CLINICAL INTERVENTIONS ON GALECTIN-1

Galectin-1 inhibitors have been in development for many years, and are
currently used in in vitro research (144). Clinically, there are no available drugs
for this purpose, although early clinical trials are ongoing. Furthermore,
clinical trials have progressed to phase 2 and 3 for galectin-3 inhibitors in non-
alcoholic steatohepatitis and pulmonary fibrosis (145). Several approaches to
galectin-1 have been evaluated for the use in patients, including antibody
therapy, peptide-based blockers, and most commonly, carbohydrate-based
inhibitors of the CHR-domain (144, 145). Development of pharmacological
interventions are complicated, and challenged by the impracticalities if
administration cannot be administered orally, is not tolerated or has
unfavourable pharmacokinetic properties (145). Agents interfering with the
CHR-domain also need to be assessed for cross-reactivity for other galectins if
they are designed to target a specific galectin. The highly conserved nature of
the galectin family presents challenges in the development of inhibitors
specific for a given galectin, and cross-reactivity with other galectins is often
a matter of dose (128, 145). Furthermore, as it is not known if galectins can
replace one another in physiological functions, it is not obvious whether
specificity should be strived for. In line with this reasoning, some agents are
only referred to as “galectin-inhibitors”.
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Figure 4. Galectin-1 (green, bottom right) is believed to play a role in several tissues, including
the abdominal adipose tissue and the pancreas. It is also altered in medical conditions including

diabetic retinopathy, during a myocardial infarction or a cerebral stroke, and in several cancer
forms.
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2 AIM

The overall aim of this thesis project was to screen for a new protein relevant
in type 2 diabetes using the adipose tissue secretome.

Specific aim of Study I: To identify new proteins in human subcutaneous
adipose tissue possibly related to type 2 diabetes development, and perform an
initial assessment on one candidate protein.

Specific aim of Study II: To validate the potential metabolic role of the newly
identified protein galectin-1 in a large community-based sample of middle-
aged individuals.

Specific aim of Study III: To evaluate the potential causal role of circulating
galectin-1 on incident type 2 diabetes and related conditions in a large
longitudinal community-based cohort. As a secondary objective, assessment
of causality through a Mendelian randomization study would be examined on
the primary outcome and secondary outcomes of significance.

Specific aim of Study IV: To compare the metabolic association profile of
circulating galectin-1 with galectin-3, the most widely studied galectin.

Specific aim of Study V: To explore the functional role of galectin-1 in human
subcutaneous adipose tissue in vivo and in vitro in a cross-sectional study of
individuals undergoing an oral glucose tolerance test, and through the
modulation of galectin-1 activity in a system of cultured preadipocytes during
differentiation to adipocytes.
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3 METHODOLOGICAL CONSIDERATIONS

3.1 STUDY DESIGN

All studies include compromises, and it is important to consider the study
design when setting up a new study, or evaluating one already published.

Small experimental studies are highly dependent on the sample selection.
Inclusion- and exclusion-criteria can be used to select a sample with less
influence of confounding factors, and a smaller variability between
individuals. This design increases the statistical power of the sample, allowing
for statistical comparisons between different groups with a smaller number of
study participants. Using heavily resource-demanding techniques that may be
expensive or require the presence of a full team of study personnel for a full
day can sometimes demand this sort of design. However, the price of the high
selectivity at inclusion is a loss of representability of the study results. For this
reason, smaller exploratory studies should later be validated in larger studies
with a less strict selection process to mitigate this limitation and improve
generalizability.

Larger observational studies have the benefit of large numbers of participants
and a consequent increase in statistical power. This allows for the detection of
smaller but statistically significant differences in a population. Furthermore,
the higher statistical power also allows for the statistical adjustment of
confounding factors in mathematical models. This is the background to the
workflow implemented in this thesis. Study I was conducted on a strictly
selected sample, and validated in Study II and Study III, population-based
studies with large sample sizes.

3.2 CONFOUNDING AND CAUSALITY

The identification of new factors related to a disease process generally raises
the question of confounding and causality. In Study I, the close correlation
between galectin-1 and BMI, and the difference in BMI between the two study
groups immediately raised the question of a potential confounding effect of
BMI on our observation. Statistical adjustment of confounding variables can
be performed in several ways. In Study I, adjustment for BMI was performed
through ANCOVA, and suggested a difference in interstitial galectin-1 levels
independent of BMI. The following epidemiological studies, Study II, III and
IV also adjusted for BMI in all linear models to assess the BMI-independent
influence of other variables.
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It should be noted that adjustments for confounding variables comes at a price.
A loss in statistical power of the given analysis is a natural consequence as the
degrees of freedom decrease for each additional variable in a regression model.
For this reason, general rules of thumb have been proposed regarding how
many confounding factors are appropriate to include, based on a given sample
size (146, 147). Furthermore, if causality is unknown, relevant associations
may disappear when adjusting for variables down-stream the exposure of
interest. Directed acyclic graphs can provide support when constructing
statistical models of exposures and outcomes. However, information regarding
the causal relationship between variables included in the model is central for
this process.

Challenges can occur when discussing causality as it not in itself absolute.
Mendelian randomization analysis can demonstrate a causal direction between
an exposure and an outcome, but this does not eliminate the existence of other
confounding factors in additional analysis. This is illustrated in Study III,
where both a Mendelian randomization analysis and Cox-regression models
are utilised to examine the association between galectin-1 and type 2 diabetes.

Figure 5. Single-nucleotide polymorphism (SNPs) can be used in genome-wide association

studies to identify a genetic predictor of circulating protein levels. This information can then be
used in Mendelian randomization analysis to examine the causal relationship between the
protein and an outcome, based on the assumption that SNPs occur randomly in large

populations.
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3.3 MENDELIAN RANDOMIZATION STUDIES

The availability of large data sets of individuals with whole genome
sequencing data, as well as a clear characterization of key clinical outcomes
has opened the door for genetically based studies on causality for different
outcomes. The analysis is built on three assumptions, and for readability, these
will be discussed in the context of circulating galectin-1 set as the exposure,
and type 2 diabetes as the outcome (148). The first assumption is that the
single-nucleotide polymorphism (SNP) included in the analysis to represent
galectin-1 levels is indeed associated with circulating galectin-1 levels. The
second assumption is that the SNP does not share a common cause with type 2
diabetes. That is, the cause behind the mutation in the SNP is not also the cause
of type 2 diabetes. Finally, the third assumption is that the SNP does not
increase the risk of type 2 diabetes in any other way than through galectin-1.

An inherent limitation in the analysis is the statistical power. A low frequency
of the genetic variant, a small effect size or a limited sample can all undermine
the reliability of the final results of the analysis (149). We examine the causal
role of galectin-1 in Study III with two outcomes, type 2 diabetes and chronic
kidney disease. This was possible to do thanks to large consortium datasets
available to the scientific community, with hundreds of thousands of
individuals contributing with their genetic data and information on medical
outcome in the DIAbetes Genetics Replication And Meta-analysis
(DIAGRAM) (150), and Chronic Kidney Disease Genetics (CKDgen) (151)
collaborations.

34 CHALLENGES IN DEFINING DIABETES

The clarity of the ADA-definition of diabetes makes it very useful in clinical
practice. However, in studies of type 2 diabetes it is not always sufficient for
several reasons. Firstly, as the clinical manifestations of the disease change
over time, with loss of endogenous insulin production and the development of
other systemic comorbidities, studies may require a specification of disease
progression in order to be useful. Secondly, the definition is not sufficient to
stratify between different subtypes, including type 1 diabetes, LADA, and
MODY. As additional stratifications of diabetes have now been proposed, yet
additional considerations may be necessary.

Furthermore, the specific values specified for glucose and HbAlc levels to
define diabetes could be considered arbitrary on a continuous scale. Individuals
with very similar metabolic phenotype may be classified differently depending
on the first decimal value of the plasma glucose concentration the days the
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individuals were in contact with their physician. Consequently, similarities
between phenotypes will make it difficult to identify differences between
individuals with and without the disease.

Cohort studies are also highly dependent on the data available to them for
classification of presence or absence of a diagnosis. These studies have a high
throughput of participants and several types of bias can influence the disease
classification for the individual participant. Participants may not be aware of a
diagnosis or may not consider it relevant for the study to know. Mistakes on
reporting a specific condition to the clinical research form can occur. As an
example, participants can arrive to the study without being fasted, resulting in
high plasma glucose levels, which are physiological. Cross-validation of
medical diagnoses can be conducted through comparisons of the patient’s
stated medical history, with information on patient medication and data on
prescriptions and diagnoses from national registries.

In these studies, different definitions have been used to define type 2 diabetes.
Study I and Study V only include newly diagnosed individuals with type 2
diabetes, although with differences in heredity for diabetes and BMI. Study II
pooled all type 2 diabetes cases together, although some were diagnosed upon
inclusion and other had lived with the disease for many years. In Study III,
registries were also used, and it was assumed that individuals developing
diabetes without specification all had type 2 diabetes due to the age upon
inclusion to the study.

3.5 MICRODIALYSIS

The possibility to continuously monitor physiological processes directly in a
tissue, with the opportunity to perform simultaneous interventions, makes the
microdialysis technique such an interesting technique. Technically, the method
is performed by suturing a thin catheter through the skin and the tissue of
interest. The catheter is constructed from a semi-permeable dialysis membrane,
where the pore-size determines the size of the molecules allowed to equilibrate
between the lumen and the surrounding tissue. The catheter is then perfused at
a very slow rate, in the magnitude of microliters per minute. The solution used
for perfusion of the catheters, the perfusate, can be adapted in accordance with
what molecules should be sampled, and to fit any down-stream analysis (80).
Osmolarity, pH, and the presence of necessary binding proteins are central
considerations in the final composition of the perfusate. The perfusate can also
be spiked with compounds used as external references in sample analysis, or
drugs interfering locally with the tissue (152). Endogenous metabolites can
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also be used as internal references to adjust for differences in recovery rate
between catheters (153).

Microdialysis was used in Study I to identify galectin-1 and other candidate
proteins (154). In Study V, interstitial glycerol levels were measured to
estimate the adipocyte glycerol release in vivo (80). Interstitial protein
sampling by microdialysis is in principle a straightforward technique through
the perfusion of inserted semi-permeable catheters. However, differences in
chemical composition between the perfusing solution and the interstitial fluid
can potentially affect the mass-transport through the membrane wall. Some
proteins bind to carrier proteins in the interstitial fluid, and may therefore not
be correctly identified in downstream analysis. Other proteins may bind to the
catheter wall resulting in lower levels in the dialysate fluid leaving the catheter.
In order to get a higher sensitivity for less abundant proteins in Study I, we
filtered out 14 highly abundant plasma proteins from the dialysate fluid. This
procedure could potentially result in losses of proteins bound to the removed
proteins, as well as other proteins binding unspecifically to the filter cartridge.

Figure 6. Infographical summaries of some biochemical procedures used in the project.
Microdialysis is a method enabling in vivo sampling of interstitial fluid from the subcutaneous
adipose tissue (top left). Quantitative PCR is a method for precise gene-expression
quantification of a given gene in a genetic sample (top right). Enzyme-linked immunosorbent
assay (ELISA) is a precise method of absolute quantification of a given protein in a fluid-based
sample using enzyme-linked antibodies (bottom left). In vitro culture of cells allows for specific
modulation of the extracellular environmental factors including glucose, insulin concentrations
and other specific compounds.

25



The role of galectin-1 in type 2 diabetes - Clinical and experimental studies

3.6 MEASUREMENTS

The quantitative focus of this thesis rests heavily on the absolute measurements
of all variables within the studies. It is therefore important to highlight aspects
of the science of measuring. As previously discussed, the definition of type 2
diabetes is clearly defined by distinct values of glucose or HbAlc. However,
the utilization of the glucose criteria requires the quantification of how many
glucose molecules exist in a given volume of human plasma. Quantifying
glucose can be done through several methods and based on different principles
including electrochemical, photometric, colourimetric and biosensoring (155).
However all measurements are associated with bias, and will present
differently regarding precision, sensitivity, specificity, repeatability and
reproducibility, which must be considered (156).

Measurement uncertainty can also be separated in three categories,
preanalytical-, analytical-, and postanalytical uncertainty (156). While it is
important to strive for a minimal influence of uncertainty through all steps of
any study, it is also important to acknowledge their existence. This opens up
to the possibility of quantifying the magnitude of uncertainty in order to assess
the suitability of the method, and to verify the overall quality of the analysis
(157). These uncertainties have had a significant influence in diabetes research,
as glucose presents great variability both on a daily and hourly basis (158).
Furthermore, HbA 1c¢ has also presented challenges throughout modern history,
and is currently reported in two different units in scientific publications (159).
Standardization and optimization procedures in accredited hospital
laboratories are important and cumbersome, as the measurements reported
often directly influence the care and treatment of a specific individual (160).
However, the time, resources and technical qualifications required to meet this
standard may not always be realistic in an experimental laboratory
environment. Therefore, it is important to always keep measurement
uncertainties in mind when chemical analyses have been conducted in house.

3.6.1 SINGLE VARIABLE MEASUREMENTS

Several biochemical methods have been used in this project; routine analysis
of established clinical markers including fasting plasma glucose and HbAlc at
the hospital laboratory, experimental measurements of proteins including
galectin-1 and gene expression analysis of specific genes, and unconditional
omics’ analysis. Experimental procedures such as microdialysis, xenon-based
adipose tissue blood flow measurement, as well as functional studies of
glucose uptake have also been conducted. The theoretical background behind
each and all of these techniques is so comprehensive that it will not be
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discussed in detail in this thesis. Instead, only key methodological
considerations are briefly discussed.

In Study I, galectin-1 was identified through Liquid chromatography - tandem
mass spectrometry (LC-MS/MS). As the sample-size was small, and no
adjustment for multiplicity was done in the statistical analysis of the proteomic
data, we validated our observations through a reanalysis of the dialysate fluid
with enzyme-linked immunosorbent assay (ELISA), and quantified the
galectin-1 gene expression, LGALSI, in isolated adipocytes from the same
individuals. As these observations aligned, the risk of a false positive analysis
was minimized.

All fluid-based analyses of galectin-1 were performed with the same brand of
ELISA (Study I, 11, II1, IV and V). For each study, all assays were also ordered
from the same manufacturing batch to minimize variability. The absolute
levels of galectin-1 were also compared between the studies to ascertain assay
consistency. The assay has also been evaluated with recombinant galectin-1
from independent sources to ascertain that it is indeed galectin-1 that is
measured. In line with these procedures, LGALSI expression has also been
measured through independent measurements, with quantitative PCR (qPCR),
and RNA-sequencing (RNAseq) presenting similar results in Study V.

3.6.2 MULTI-VARIABLE MEASUREMENTS, OMICS DATA

The unbiased study of any scientific problem can lead to new insights outside
the current paradigm. A comprehensive assessment of a set of molecules, such
as proteins or metabolites is one way to identify new markers in a given
disease. The methods utilised for such assessment are often summarized with
the suffix -omics, further specified by the type of molecules analysed such as
genomics, proteomics and metabolomics (161). Combining several omics
techniques can allow for a comprehensive characterization, on several layers
of cellular activity (162). However, the large number of different outcomes
analysed, in combination with large variability within individuals and between
individuals, introduces a large risk of false discoveries (161). Furthermore, the
discrepancy between different omic modalities is also notorious (108). Taken
together, the utilization of omics can provide new insights, and allow for a
detailed characterization of cellular processes. However, should also be
interpreted with due caution.

In this project, we use several different omics techniques, to identify galectin-
1, and to gain more knowledge about the protein itself. Proteomics through
LC-MS/MS was used in Study I to identify galectin-1 as a potential adipokine
related to type 2 diabetes (154, 163). In Study III and Study IV, galectin-1 and
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galectin-3 were quantified through proteomics, using an antibody based
method in the All New Diabetics In Scania (ANDIS) and Prospective
investigation of Obesity, Energy and Metabolism (POEM) cohorts
respectively (164). Study III also employs whole genome sequencing in order
to allow for a genome wide association study of circulating galectin-1 (165).
Study IV also utilised imiomic data (166) and metabolomic data (167) to
examine the association profile of galectin levels to imaging data and
metabolomics data. In addition, genomics data acquired through RNAseq was
used in Study V to examine the correlations between LGALS1 expression and
the gene expression of genes related to adipose tissue function.

3.7 STATISTICS

Due to the wide scope of the different study designs included in this thesis, the
statistical methods will be discussed on a principal level. It is well established
that all statistical methods have their own inherent limitations (168), and that
the decision of selecting a given method before another can bias the outcome
to a false-positive or false-negative result (169), often referred to a type I or a
type Il error. Discussion of the risk for false positive associations, especially
in studies with many parallel outcomes have resulted in statistical adjustments
for multiplicity (170, 171), as well as proposals of using p-value thresholds
lower than the commonly used p<0.05 (172).

In general, there are specific assumptions behind each statistical method that
should be considered before implementing them into a project plan. The
sample selection, variable distribution and, inherent variability of any
measurement are some things to consider (173). However, although often used
as criteria, they are not absolute, and there are often several independent
methods used within the field to test if these assumptions are fulfilled. As an
example, several different methods can be used to test whether a variable has
a normal distribution (173). Furthermore, what truly constitutes a random
sample can be discussed, and if it is reasonable to only conduct scientific
studies on samples meeting these assumptions perfectly. It can be argued that
the strict mathematical assumptions required for the correct utilization of a
given statistical test may not always be possible, leaving the scientist with the
alternatives of no statistics or bad statistics (174). In line with such reasoning,
it can be argued that a clear result may not even need any p-value to stand on
its own (78, 175), or that the interpretation of the results is more important than
the statistics themselves (176). Replication is another method available to
complement the inherent weaknesses of both statistical and experimental
methods utilised. Through repeated observations of the same phenomena in
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different experimental settings, and through different statistical and
biochemical procedures, a true causal relationship can be assumed with more
certainty (177).

In this project, we used simple and robust statistical methods without any
adjustments for multiplicity in Study I in order to maximize the probability of
identifying any candidate protein. In order to validate our identified target, we
performed a validating cross-sectional study with a larger sample size while
adjusting for confounding factors in Study II. Furthermore, we proceeded with
a second cross-sectional validation in an independent cohort through our
baseline data in Study III, all with similar results and further adjustments for
additional confounding factors. Measurements of galectin-1 were also
performed through independent methods in Study I (LC-MS/MS, ELISA and
gPCR), Study II (ELISA) and Study III (ELISA and proximity extension
assay/PEA). We also examined the association between galectin-1 not only
with the outcomes of body mass index and type 2 diabetes, but with functional
outcomes related to metabolism and adipose tissue function measured through
a wide range of different methods in Study I, Study IV and Study V.

Figure 7. Galectin-1 was identified as a candidate protein related to adipose tissue and type 2
diabetes in Study I. In Study Il and Study 111, the association with type 2 diabetes was validated
in two independent cohorts, one cross-sectional and one longitudinal. The functional
associations of galectin-1 as an agent involved in adipose tissue metabolism was further
explored in Study IV and Study V.
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3.8 ETHICAL ASPECTS

All studies have been approved by the regional ethical committees, and all
participants have given written and informed consent to the participation in the
studies (ethical approval numbers: 2009-035, 2016-1009, 2017-T-109, 2018-
T-163, LU 51-90, LU 204-00, 469/2006, 2009/633, 2006-584, 2009-359,
2011-367, 2012-676, 2014-198, 2009-057, 844-12, T844-13, T474-15, T967-
15 and 2019-04911). Studies have also been conducted in accordance with the
principles outlined in the Declaration of Helsinki (178). All studies in this
thesis have been conducted in humans, often invasive, and participants have
had very little to gain for themselves when participating. Therefore, the
outmost respect must be warranted to anyone who contributes in a scientific
study. Through collaborative efforts, much knowledge has been acquired
surrounding the research questions without unnecessary additional
experiments in the participants. Instead, existing studies with overlapping
interests have all contributed with unique data, together forming a
comprehensive and more robust final image, while limiting the discomfort of
volunteering participants.

“Medical progress is based on research that
ultimately must include studies involving

human subjects.”

-World Medical Association, 2013(178)
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4 RESULTS AND DISCUSSION

41 STUDY I

It is well established that both obesity as a
condition, and the adipose tissue as an organ,
have central roles in the development of type
2 diabetes. Several biochemical processes and
signalling pathways discovered in the adipose
tissue already have an established central role
in clinical treatment, including PPAR-y
agonists in type 2 diabetes, and leptin in
congenital leptin deficiency syndrome (43,
179). This knowledge led to the hypothesis
that there were still undiscovered proteins in
the human adipose tissue, central for the type
2 diabetes disease.

411 RESULTSIN STUDY |
Combining microdialysis, a minimally Figure 8. Galectin-1 ~ was
invasive technique used for interstitial-fluid  ™easured in serum, adipose tissue
. . . - . interstitial fluid and on gene level
prote.lr.l §amp11ng, with protleornlcs provided a in 8 lean individuals without, and
possibility to characterize the human ;.0 00 type 2 diabetes
subcutaneous adipose tissue secretome in  in the exploratory Secretome-
vivo. The technique was developed and used  swudy.
to compare the secretome in 8 lean
individuals without type 2 diabetes, and 7 individuals with newly diagnosed
type 2 diabetes, and a family history of type 2 diabetes. We identified 36
proteins with different protein expression-levels by comparing the secretome
of individuals with and without a type 2 diabetes diagnosis. One of the secreted
proteins upregulated in individuals with type 2 diabetes was galectin-1, which
we characterized further. Validation analysis of galectin-1 in subcutaneous
interstitial fluid verified increased levels of galectin-1 in the adipose tissue, and
gene expression analysis further indicated increased mRNA levels of LGALS1
in isolated adipocytes from the same individuals. There was also a significant
correlation between dialysate galectin-1, LGALS!I expression, and HbAlc.
While there was no difference in circulating levels of galectin-1 between the
two groups, there were significant correlations with waist-hip ratio and
adipocyte cell size. Furthermore, LGALSI expression increased in the
subcutaneous adipose tissue of individuals subjected to high caloric intake, and
was reduced in individuals with a reduced caloric intake. Treatment of
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adipocytes with recombinant galectin-1 also reduced glucose uptake
independently of insulin stimulation.

412 DISCUSSION OF STUDY |

The combination of microdialysis and proteomics in subcutaneous adipose
tissue had not previously been conducted. However, the overall results
demonstrate that the method is feasible and several candidate proteins were
identified. This study focused on galectin-1 as a protein with higher adipose
tissue protein expression in individuals with type 2 diabetes, and validation
experiments in the same population were consistent with the initial analysis.
Dietary experiments also indicated that galectin-1, at least in part was affected
by caloric intake, and experiments on primary adipocytes suggested a
functional role on glucose uptake.

Together the results strengthen each other, as results from independent
experiments all fit with the established pathophysiological model behind type
2 diabetes. While the correlations between galectin-1, HbAlc and adipocyte
size were facilitated by the absolute differences in all these variables by
selection of the two groups, the nonparametric Spearman correlation analysis
was chosen to mitigate this bias (168). Furthermore, the observations on
changes of adipose tissue LGALSI expression were consistent with the
knowledge that high-calorie diet is a risk factor of type 2 diabetes (50) and
observed in two independent populations (180, 181).

However, it should be considered that the small sample included in the study,
and the lack of statistical adjustment for multiplicity increased the risk of
identifying proteins which were not relevant to the general population of
individuals with type 2 diabetes. Individuals in the study were all white, and
aged between 40 and 65 years old. Furthermore, only men were included in
this study. These limitations were deliberate, in order to reduce within-sample
variability, but with consequent compromise to the generalizability of the
results. As an example, it is well known that type 2 diabetes has significantly
different trajectories and implications depending on ethnicity and sex (57,
182).

In conclusion, the proteomic analysis of subcutaneous adipose tissue dialysate

fluid identified galectin-1 as a candidate protein altered in type 2 diabetes, with
a possible dietary regulation and effects on adipocyte glucose uptake.
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4.2 STUDY I
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Figure 9. Galectin-1 was measured in 989
In linear models, we found that galectin- individuals in the cross-sectional SCAPIS-
1 was inversely associated with type 2 2ot study.
diabetes, and also associated with BMI,
age and sex independently. In a second model, type 2 diabetes was replaced
with fasting glucose, fasting insulin and CRP. Interestingly, galectin-1 was
independently associated with fasting insulin and CRP, and presented an
inverse association with glucose.

422 DISCUSSION OF STUDY I

This study validates our observations of galectin-1 as a protein associated with
type 2 diabetes, proposed in Study I. However, after adjustments for the strong
association with BMI, the association between galectin-1 and type 2 diabetes
was inverse. This observation was unexpected, while aligning with the inverse
association with glucose observed in model 2.

The strong association with BMI was consistent between men and women,
although slightly higher levels of galectin-1 were observed in women. This
could be explained by differences in adipose tissue distribution, and is an
interesting observation for several reasons. Firstly, galectin-1 was identified in
a study consisting only of men, and this was the first evaluation in women.
Although the sex difference was statistically significant in the linear models,
the absolute values of galectin-1 for men and women were of similar
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magnitude for both lean and obese. Nonetheless, as it is well known that type
2 diabetes presents different risks of complications between men and women,
a potential factor mediating these differences could be of scientific relevance.

Correlations between galectin-1 and BMI, insulin, triglycerides and the
inflammatory markers CRP and TNF-a together indicate that galectin-1 is not
only a marker of obesity, but associated with physiological manifestations seen
in pathologic obesity. Insulin and triglycerides are often high in early phases
of diabetes and in states of insulin resistance, and low-grade inflammation,
specifically measured as TNF-a is a well-known trait of metabolically
unhealthy obesity. Together, these observations suggest a functional role of
galectin-1 in the progression from obesity to type 2 diabetes. However, the
cross-sectional design of the study does not allow for any conclusions
regarding causality.

In conclusion, galectin-1 correlates with BMI and is independently associated
with type 2 diabetes, confirming results from our previous study with some
caveat as this association was inverse in serum after adjustment for BMIL.
Furthermore, correlations with other metabolic markers point to a possible
functional role of galectin-1 in obesity and type 2 diabetes.
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4.3 STUDY Il

After the discovery that galectin-1 was
altered in the circulation in type 2
diabetes, also after adjustment for BMI,
the question remained if galectin-1 could
have a predictive or causal role in the
development of the disease. For this
reason, we analysed serum galectin-1 in
the circulation of 4022 individuals from
the cardiovascular cohort in the Malmo
Diet and Cancer Study.

4.3.1 RESULTS IN STUDY I

In addition to our previously observed
strong associations with BMI, BMI-
adjusted positive associations with
insulin and CRP, and inverse association  Figure 10. Galectin-1 was measured in
with fasting glucose, we also discovered 4022 individuals in the longitudinal
an even stronger association with Malmé Diet and Cancer Study.
estimated glomerular filtration rate

(eGFR). Moreover, high serum galectin-1 was associated with incident type 2
diabetes in a Cox proportional hazards regression model adjusted for other
established risk factors. In a secondary analysis, the influence of galectin-1 on
other diabetes related diseases was examined, but did not reveal any
statistically significant results. While there was an association between
baseline galectin-1 and incident CKD in models adjusted for established risk
factors, it did not persist after adjustment for baseline eGFR. Furthermore,
information on galectin-1 levels did not improve model discrimination of type
2 diabetes or CKD in any significant way.

The influence of galectin-1 on incident type 2 diabetes and CKD studied
through Mendelian randomization analysis did not provide evidence of any
causal effect. However, the inclusion of several SNPs in the analysis decreased
the p-value to p=0.08, and p=0.05 for the outcomes type 2 diabetes and CKD
respectively, while presenting similar effect sizes. It has been shown that type
2 diabetes can be further stratified into 4 subgroups, with different inherent
risks of complication between these groups. Therefore, the causal effects of
genetically predicted high galectin-1 on eGFR was assessed separately in these
4 groups, in a stratified Mendelian randomization analysis. While there was no
evidence of any causal effects of galectin-1 on eGFR levels in the large sample
of individuals from CKDgen or in individuals with type 2 diabetes in general,
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galectin-1 suggested a kidney protective effect in participants presenting with
a severely insulin resistant diabetes (SIRD).

4.3.2 DISCUSSION OF STUDY Ill

Our observation that increased galectin-1 ~e //// -
was associated with incident type 2 \ '

}ez efsito)

diabetes was an important piece of \\\' f_‘j
information regarding the relevance of
galectin-1 in the pathophysiology of type
2 diabetes. The longitudinal design of the
study also allowed for an assessment of
galectin-1 as a biomarker of disease.
However, there was no apparent value of
galectin-1 in addition to established
biomarkers. The observed associations
with BMI, insulin, triglycerides and the
inverse association with glucose further
support our previous observations from
Study II in an independent cohort. W/ /// /_ﬁ\\\ \\\\\'

W

The Mendelian randomization study did  Figure 11. The cover of the 2022 January
not provide ample evidence of any issue of Diabetologia featured an
causal effect of galectin-1 on diabetes. ~ #lustration of Study 111, with galectin-1
However, it should be noted that the U 8reen glucose in magenta and two
. kidneys in the center.
absolute p-value was low, which should
raise caution to the interpretation of the
results. While no causality can be concluded from this analysis, it is probably
not wise to completely exclude it based on this study alone. There have
previously been examples of conflicting Mendelian randomization studies,
which together highlight the importance of cautious interpretations of
individual studies (99, 100, 183). The observations of a predictive role of
serum galectin-1 on type 2 diabetes incidence, together with the lack of
evidence for a casual effect, could also suggest that galectin-1 is a mediator of
environmental factors. This proposal is also in line with the diet induced
changes in LGALS1 expression in the subcutaneous adipose tissue observed in
Study L.

The close association between galectin-1 and markers of kidney function, was
not expected, but several reports have previously demonstrated associations
between galectin-1 and kidney disease in different settings (139, 184-187).
While galectin-1 levels did not associate with incident CKD after adjustment
for baseline eGFR, arguments can be made both for and against such
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adjustment. As CKD is defined by eGFR, adjustment for eGFR may introduce
bias to the outcome. Furthermore, while the Mendelian randomization analysis
did not demonstrate a causal association between galectin-1 and CKD, the
opposite would have been true if we had not conducted Bonferroni adjustments
for multiplicity. As the Mendelian randomization was performed to confirm
observations from the longitudinal analysis, a conservative approach was
determined to be most appropriate. However, others have argued that
adjustment for multiplicity in hypothesis-driven studies may be
counterproductive (170). Taken together the contradictory results from these
statistical analyses, resulting in outcomes completely dependent on the
decisions made during the statistical analysis calls for caution in the final
interpretation of these outcomes. As valid arguments for the benefits of both
conclusions can be made, additional studies in independent samples appear to
be the best way forward to resolve these uncertainties.

The discovery of a potential kidney protective effect of galectin-1 in
individuals with SIRD is very interesting and could eventually provide new
insights in the fields of diabetes kidney disease if validating studies emerge.
Kidney protective effects of galectin-1 have previously been explored with
promise in an experimental setting, supporting a functional role in this context
(64). However, considering the many studies on galectin-1 as a promoting
factor in cancer disease, it may be challenging to develop directed therapies
with recombinant galectin-1 in humans.

In conclusion, galectin-1 is not only associated with obesity and diabetes in
cross-sectional studies, but high galectin-1 is also a risk factor in incident
diabetes. While there is no evidence of causality between galectin-1 and type
2 diabetes, this study points to a functional role in the disease, possibly as a
mediator of environmental factors.
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44 STUDY IV

Through our previous studies, it has
become apparent that galectin-1 is
closely associated with metabolically
unfavourable adiposity, as associations
with BMI, insulin and triglycerides were
consistent between Study II and Study
III. However, galectin-1 is not the only
galectin with a proposed role in type 2
diabetes. In fact, there are many more
studies on galectin-3 and type 2 diabetes,
currently registered on
https://pubmed.ncbi.nlm.nih.gov/ today
than there are for galectin-1 and type 2
diabetes. Furthermore, it has been
proposed that galectins could have
overlapping functionality, although
clinical evidence is currently missing.
For this reason, we decided to examine
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Figure 12. Galectin-1 was measured in
502 individuals in the cross-sectional
POEM-study.

the association pattern of circulating galectin-1 and -3 with other markers of
adiposity and metabolic disease in the well characterized POEM-cohort.

441 RESULTS STUDY IV

We measured galectin-1 and galectin-3 in the 502 participants in the cross-
sectional community-based POEM-study. Initial association analysis revealed
distinctly different association patterns between the two galectins after
adjustment for age, sex, smoking and physical activity as galectin-1 was
significantly associated with almost all metabolic variables analysed unlike
galectin-3. However, as there is a strong association between galectin-1 and
BMI, BMI-adjustments were also included in a second analysis. After this
adjustment, galectin-1 was still associated with fat mass, visceral and
subcutaneous adipose tissue, C-peptide, Matsuda index and fasting
triglycerides. There was also an inverse association with fasting glucose.
Galectin-3 did not associate with any marker of weight or adiposity, and
adjustments for this variable did not change the outcomes of the analysis.
Similar to galectin-1 there was an inverse association with fasting glucose, and
a positive association with fasting triglycerides. Similar to the association
between galectin-1 and C-peptide, galectin-3 was associated with fasting
insulin and a p-value of 0.087 for C-peptide. Galectin-3 also associated with

total cholesterol and LDL-cholesterol.
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In line with the association profiles of clinical variables, the whole-body
imiomic analysis revealed distinct differences between galectin-1 and galectin-
3. The strong association between galectin-1 and all adipose tissue depots,
specifically subcutis, shines in stark contrast to the lack of associations with
galectin-3. Interestingly, the clarity in the different associations with body fat
was matched by an equally clear similarity in the BMI-adjusted associations
with almost all metabolites analysed in the metabolomic analysis. Positive
associations were found with all fatty-acid groups except when stratified to
subgroups of different polyunsaturated fats. Similarly, triglyceride levels were
also associated with both galectins in a similar magnitude, with few exceptions.

While associations were seen between both measures of body fat and lipid
metabolism, there was no clear indication of any causal or genetic effect of
galectin-1 on the outcomes of BMI or any fat depot for either galectin.

442 DISCUSSION STUDY IV

This study supports our previous observations of a close association between
galectin-1 and the adipose tissue and provides new information as the strongest
association is with general fat mass, not specified to any one locale. While
some associations with fasting glucose, insulin and Matsuda index were
significant after adjustment for BMI, the strength of the associations were
drastically reduced. This could indicate that the main link between galectin-1
and insulin resistance is mediated through obesity, or body mass. Interestingly,
while galectin-3 did not reveal any associations with body mass or fat
distribution associations with glucose and insulin aligned with the associations
seen for galectin-1, glucose and C-peptide.

The almost identical associations seen with the metabolomic profiling for both
galectins strongly indicate some joining factor between them. If this similarity
is due to regulatory, functional or confounding factors remains to determine.
However, it is known that galectin-1 and galectin-3 share affinity to the N-
acetyllactosamine structure found in many glycoproteins (118) and also share
some specific ligands (129, 188) which could indicate an overlapping
functionality. Analysing SNPs associated with circulating galectin-1 and -3 did
not reveal any clear association with BMI or adipose tissue distribution. This
could have several explanations including a limited statistical power in the
analysis, or a non-genetic association between galectin-1 and markers of
adiposity. This observation aligns with the lack of association between
galectin-1 and type 2 diabetes in the Mendelian randomization analysis in
Study I1I, and the associations with galectin-1 and changes in caloric intake in
Study L.
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Taken together, our findings indicate that galectin-1, but not galectin-3 is
closely associated with the adipose tissue, with no clear distinction regarding
adipose tissue locale. Furthermore, the similar association patterns shared
between galectin-1 and galectin-3 could indicate overlapping functionality.
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45 STUDYV

Galectin-1 is consistently associated with all

markers of adiposity, in all populations i\
examined and through all techniques used for

these assessments. Furthermore, animal *
experiments have indicated a functional role of

galectin-1 in adipose tissue physiology (110- /i\

112, 189, 190). However, evidence of a similar ,i\ &\
role of galectin-1 in human adipose tissue &\
physiology is currently missing. For this ’k

reason, we analysed serum galectin-1 before - i\ é\
an oral glucose tolerance test (OGTT), /i\
together with LGALSI expression in human &

subcutaneous adipose tissue, and performed
correlations with markers of metabolism in
blood and on the gene level. We also
modulated the galectin-1 protein effect
through in vitro experiments on Simpson-Golabi-Behmel syndrome (SGBS)
preadipocytes, and during differentiation to cultured adipocytes.

Figure 13. Galectin-1 was
measured in 25 individuals in the
experimental MD-Lipolysis study

451 RESULTS STUDY V

Serum galectin-1 revealed the strongest correlations with kilograms of body
fat, glycerol release rate per 10* adipocytes and a positive correlation with
insulin resistance, measured as Matsuda index. Galectin-1 also correlated with
insulin, glycerol and free fatty acid levels during the OGTT. RNA extracted
from subcutaneous adipose tissue in the same participants was analysed with
RNAseq, and correlation analysis was conducted between LGALS! expression
and other genes related to adipose tissue functionality. LGALSI was
consistently correlated with all genetic markers of lipid uptake and
adipogenesis, and also correlated with the lipogenesis marker DGAT?2, the
adipocyte marker LEP and the lipolysis marker PLIN].

To further examine a functional role of galectin-1 in adipocytes, the association
between galectin-1 and the genetic markers of adipocyte function was further
explored in an in vitro system of SGBS preadipocytes. During differentiation
to mature cultured adipocytes, galectin-1 protein levels were increased in
media and in the cells. Furthermore, inhibition of galectin-1 in SGBS
preadipocytes treated with a pharmacological inhibitor, or small inhibitory
RNA (siRNA) for LGALSI significantly reduced the genetic markers of lipid
uptake, FABP4 as well as CD36 (191).
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Treating SGBS cells with a low dose of a pharmacological inhibitor of
galectin-1 during differentiation to mature adipocytes resulted in cells with a
lower triglyceride content, as well as a reduced gene expression of the lipid
uptake marker CD36, the lipogenesis marker DGAT2, the glucose uptake
marker GLUT4 and the differentiation marker PGCIA. In addition, high dose
treatment with the same inhibitor almost completely blocked the differentiation
process resulting in a supressed expression of genes related to lipid uptake,
lipogenesis, differentiation, lipolysis, thermogenesis and glucose uptake.

452 DISCUSSION STUDY V

Measurements of galectin-1 in the MD-Lipolysis study revealed several very
interesting correlations between galectin-1 and markers of adiposity, insulin
resistance and lipid metabolism. Nevertheless, there are some important
considerations associated with these observations. The fact that the study is
constituted of a pooled sample from three distinctly different phenotypes
which differ in these very variables could bias the study outcomes. However,
the serum levels of galectin-1 were not significantly different from a statistical
perspective, meaning that these correlations are to a large degree explained by
within-group variability and not group differences. Furthermore, the
observations on adiposity and insulin align with results in the population-based
cohorts in Study II and Study II1. The correlation seen with adipocyte size was
also previously observed in Study I, providing support also to the new
correlations observed with glycerol, and free fatty acids.

Although it may appear surprising that there were no differences in galetin-1
levels in serum or on genetic level between lean, obese and obese with type 2
diabetes, this was not completely unexpected. Firstly, there was no difference
in circulating levels of galectin-1 between the groups in Study I either, and it
is possible that the lack of difference between lean and obese is constituted by
a type 2 error as the sample sizes in both Study I and Study V are very small.
Furthermore, the gene expression analysis in Study 1 was performed on
isolated adipocytes, while the analysis in this study was performed on whole
adipose tissue. As previously discussed, the selection criteria for the diabetes
patients were also different between the two studies. The individuals in Study
[ were all male, had an average BMI of 25.9 kg/m?, and all had a family history
of type 2 diabetes. In contrast, participants in the MD-Lipolysis study were all
obese, and included both males and females. These discrepancies illustrate the
contextual nature of functional studies. However, the similar observations in
these studies point to a functional role of galectin-1 in the adipose tissue in
type 2 diabetes as independent designs reach the same conclusion (192).
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The genetic associations between LGALSI and markers of adipocyte
functionality align with the clinical markers of lipid metabolism, and suggest
a direct functional role in the adipocyte. Inhibition of galectin-1 supressed
markers of lipid uptake both through pharmacological and genetic methods in
preadipocytes. Furthermore, pharmacological inhibition also reduced
triglyceride content in mature adipocytes. As the inhibition of galectin-1 during
differentiation also reduced the markers of glucose uptake and lipogenesis, it
is not certain if galectin-1 directly influences a specific metabolic process such
as lipid uptake, or is involved in a general anabolic program in the cell. Several
reports have previously found high levels of galectin-1 in anabolic tissues with
high proliferation such as in differentiating cells, during wound healing, or in
aggressive tumours. This could indicate a metabolic role of galectin-1 in these
settings (125, 134, 193). Similar associations are also known for other
metabolic hormones such as insulin (194-196), although evidence of any direct
interaction between galectin-1 and insulin is currently missing.

Taken together, our observations between galectin-1 on both protein and
genetic level in vivo and in vitro point to a functional role in the human adipose
tissue, specifically in the adipocyte. The clinical implications of this
association, the influence of intercellular cross-talk, and the potential influence
of other galectins should be further explored in new studies.
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5 CONCLUSIONS

Taken together, this thesis shows that the galectin-1 protein is highly expressed
in the adipose tissue and is related to obesity, insulin resistance and type 2
diabetes, suggesting a possible functional role in this setting.

Specifically, this thesis demonstrates that:

e Proteomic analysis of subcutaneous adipose tissue
microdialysate fluid is a feasible method for identification of
novel disease-related proteins.

e Galectin-1 is altered in both the subcutaneous interstitial fluid
and circulation in individuals with type 2 diabetes.

e Dietary interventions appear to alter LGALSI expression in
the subcutaneous adipose tissue.

e There is a robust association between circulating galectin-1
and markers of adiposity. These associations are seen with
both adipocyte size, as well as total adipose tissue mass.

e C(Circulating galectin-1 is associated with cross-sectional
measurements of markers of insulin resistance, as well as an

increased risk of incident type 2 diabetes over time.

e Galectin-1 appears to have a functional role in adipose tissue
physiology related to lipid metabolism.
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6 FUTURE PERSPECTIVES

The identification of galectin-1 as an adipose tissue protein related to lipid
metabolism, insulin resistance and type 2 diabetes provides a solid ground for
further advances. However, several crucial questions remain.

While galectin-1 is increased in the subcutaneous adipose tissue of newly
diagnosed individuals with type 2 diabetes, the population-based studies show
that circulating galectin-1 is lower in individuals with type 2 diabetes
compared to BMI-matched individuals without the disease. Longitudinal
studies with repeated galectin-1 measurements over time could provide new
insights on how galectin-1 changes during disease development.

Furthermore, the studies presented in this thesis focus strongly on galectin-1 in
adipocytes. However, as indicated in Study I11, galectin-1 could provide kidney
protective effects in some individuals at risk of diabetic kidney disease. This
is an important observation, also aligning with earlier reports on galectin-1 and
kidney disease. Future studies on the role of galectin-1 in diabetic kidney
disease would be of interest to investigate the implications of this observation.

The experimental work conducted in Study I and Study V suggest a functional
role of galectin-1 in adipocyte metabolism. Human metabolism is complex,
convoluted, and rarely in steady state during daily life. Experiments are
therefore contextual, reflecting the fasted or fed state, and highly dependent on
nutrient composition and availability. Furthermore, in vivo cross talk, between
endothelial cells, adipocytes, macrophages and other cells in the adipose tissue
are challenging to reflect in cell-culture experiments. Nonetheless, a deeper
understanding of the metabolic implications of galectin-1 on a cellular level
should be further explored going forward.

Study IV also reveals striking similarities in the metabolic association profiles
of galectin-1 and galectin-3. These similarities should be considered in future
functional experiments of galectin-1. While overlapping functionality between
galectins has been previously suggested, this concept is not reflected in most
mechanistic studies on galectins today. The significance of individual galectin
effects, and the relative influence of galectin-family effects are important to
conclude, especially when considering the ongoing development of galectin
inhibitors for pharmacological intervention. Should future inhibitors be
specific to one isoform, or should they strive for inhibition of the whole
galectin-family?
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