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1. Introduction

1.1 Diabetes

Diabetes mellitus is a group of metabolic diseases characterized by hyperglycaemia which arises
from defects in insulin action, insulin secretion, or both. It has reached epidemic proportions and
its prevalence has risen substantially over the years accounting for 537 million people living with
diabetes worldwide in 2021 (International Diabetes Federation, 2021).

The first standardized classification and definition of diabetes mellitus was made by the National
Diabetes Data Group in 1979. This classification classified diabetes in two major types: insulin-
dependent diabetes mellitus (IDDM) and non-insulin-dependent diabetes mellitus (NIDDM). The
discovery of other types of diabetes forced this classification to be updated identifying four types
of diabetes: type 1 diabetes (formerly IDDM), type 2 diabetes (formerly NIDDM), gestational
diabetes and “other types” (Mayfield, 1998; Solis-Herrera et al., 2000).

Type 1 diabetes (T1D) is considered an autoimmune disease in which insulin-producing
pancreatic B-cells are destroyed resulting in an absolute deficiency in insulin production
(Daneman, 2006; Guthrie & Guthrie, 2004). Type 2 diabetes (T2D) is characterized by the inability
to respond to insulin effectively and unlike T1D, is more prevalent in patients over 45 years of
age. It is highly related to the diet and lifestyle of an individual and typically develops in obese
individuals with a body mass index (BMI) of greater than 30kg/m?. As the global rates of obesity
have tripled since 1975, so have the incidences of T2D, accounting now for 90% of diabetes
cases (Vijan, 2019).

1.2 Type 2 Diabetes

1.21 Epidemiology and prevention

The increased tendency of obesity, sedentarism, and the “Western-style” diet has resulted in an
extraordinary increase in the number of patients with T2D. Incidence and prevalence of T2D can
vary according to geographical region with it increasing faster in low-income and middle-income
countries as compared to high-income countries (B. Zhou et al., 2016). For example, areas in
China and India are suffering for dramatically increases in its prevalence, despite the relatively
low prevalence of obesity (Hu, 2011). Epidemiological studies have improved our understanding
of the biological and lifestyle risk factors for T2D. The single most important risk factor is
increasing adiposity, which is generally associated with increased BMI levels (J. M. Chan et al.,
1994; Colditz, 1995). Diet and physical activity are both key behavioural risk factors for the
development of T2D (Grgntved et al., 2012; Ley et al., 2014). Genetics also play an important
role, as T2D has a tendency to cluster in families (Barnett et al., 1981; Hemminki et al., 2010).
However, the strongest risk for the development of T2D is obesity (Y. C. Wang et al., 2011).

1.2.2 Diagnosis and classification

Diagnostic criteria for T2D have been primarily based upon blood glucose levels. Fasting blood
glucose =2100mg/dL or 2140mg/dL collected two hours after an oral glucose tolerance test are an
indicator of a prediabetic state, whilst a fasting blood glucose of 2126 mg/dL or = 200mg/dL in a
glucose tolerance test are indicators of impaired glucose tolerance and established T2D. Glycated
haemoglobin or HbA1c has been added as a surrogate marker for long-term glycaemia. In healthy



individuals HbA1c accounts for < 5.7%, whilst in diabetic patients values will go above 6.5% (Khan
et al., 2019).

In the last decade, evidence has emerged showing that the considerable heterogeneity within the
diabetic patients is not reflected by the traditional classification system. This classification is
particularly relevant to T2D, given that its heterogeneous phenotype could result in types of
diabetes which cannot be easily assigned to any other diabetic type. Several international studies
have performed data driven cluster analysis identifying five diabetic subgroups based on six
variables: age at diagnosis, BMI, HbA1c, B-cell function (HOMAZ2-B; homeostasis model
assessment 2), insulin resistance (HOMA2-IR) and glutamate decarboxylase autoantibodies
(GADA). These five novel subgroups are: (i) severe autoimmune diabetes (SAID), which includes
patients with an early onset of the disease, a low BMI, presence of GADA, insulin deficiency and
poor metabolic control; (ii) severe insulin-deficient diabetes (SIDD), which includes patients with
similar characteristics of SAID but without the presence of GADA, (iii) severe insulin-resistant
diabetes (SIRD), which includes patients with high insulin resistance or HOMA2-IR and a high
BMI; (iv) mild obesity-related diabetes (MOD), which includes patients with a high BMI (obese
patients) but without insulin resistance; and (v) mild age-related diabetes (MARD), which includes
patients with similar characteristics to MOD but with higher age at diagnostics and a possibly
lower BMI (Ahlqvist et al., 2018; Dennis et al., 2019; Pigeyre et al., 2022; Slieker et al., 2021;
Zaharia et al., 2019; Zou et al., 2019).

1.2.3 Consequences and complications of T2D

The chronic metabolic imbalance in individuals with T2D puts them at high risk for long-term
vascular complications, which include macrovascular (cardiovascular comorbidities) and
microvascular (nephropathy, retinopathy and neuropathy) complications (DeFronzo et al., 2015;
Forbes & Cooper, 2013; Harding et al., 2019).

There is an increased risk of cardiovascular disease (CVD) in diabetes, which includes coronary
artery disease, stroke and peripheral arterial disease. The common mechanism in macrovascular
complications of diabetes is the process of atherosclerosis, leading to narrower arterial walls
(Fowler, 2008). CVD is the most prevalent cause of mortality in diabetic populations (Matheus et
al., 2013).

Diabetic nephropathy represents the major cause of end-stage renal failure and it is characterized
by albuminuria and a progressive decline in renal function, showed by a decreased in the
glomerular filtration rate. Diabetic nephropathy is reported to occur in 20-50% of diabetic patients
and it is typically associated with hypertension and increased cardiovascular morbidity and
mortality (Selby & Taal, 2020).

Diabetic retinopathy is characterized by vascular abnormalities in the retina and it can be divided
in two stages: non-proliferative diabetic retinopathy (NPDR) or early stage; and proliferative
diabetic retinopathy (PDR) or late-stage. NPDR is characterized by increased vascular
permeability and capillary occlusion, leading to haemorrhages and microaneurysms, whilst PDR
is characterized by neovascularization, leading to severe vision impairments (W. Wang & Lo,
2018).

Diabetic neuropathy is defined as a neurodegenerative disorder in which the peripheral and
autonomic nervous systems are damaged leading to nerve dysfunction. It is normally
characterized by numbness, pain, tingling and weakness (Feldman et al., 2019).



The medical and socioeconomic burden of diabetes is a consequence of these complications. For
instance, diabetic retinopathy is the leading cause of blindness in adults and diabetic nephropathy
accounts to over half of patients in dialysis or qualified for kidney transplants (Guthrie & Guthrie,
2004), whilst diabetic neuropathy is leading cause of foot ulceration and lower-limb amputation,
which are independently associated with an increased risk of mortality (Sloan et al., 2021).

The development of long-term complications of diabetes can be delayed or prevented by the
management of hyperglycaemia.

1.2.4 Management and treatment

The treatment of T2D ranges from lifestyle measures to pharmacological management with insulin
or antidiabetic drugs, with the common goal of lower blood glucose levels. The management of
T2D is complicated by multiple pathophysiological disturbances, resulting in the need of a
combination therapy of different antidiabetic agents and a patient-centred approach.

Lifestyle measures range from dietary to exercise recommendations. Dietary approaches focus
on the introduction of Mediterranean diets or an almost vegetarian diet. Increased vegetables and
dietary fibre, as well as the reduced intake of refined sugars, saturated fats (especially animal
fats) and industrial meals are the most recommended dietary changes. Reduced alcoholic intake
and the cessation of smoking are also part of the guidelines. Apart from dietary measurements,
T2D treatment is also based on an increase in physical activity. The type of exercise
recommended is decided on an individual basis, but it encloses aerobic endurance training and
strength training to build and maintain musculature. The recommended amount of exercise for
individuals suffering from T2D is 150 minutes of moderate intensity exercise per week (Asif, 2014;
Landgraf et al., 2019; Pfeiffer & Klein, 2014). Even though lifestyle measurements help to improve
glucose levels and cardiometabolic health, they normally have to be accompanied by
pharmacological therapy.

Antidiabetic medications normally used for the treatment of T2D are: (i) metformin, which acts by
suppressing hepatic glucose production; (ii) sulfonylureas and meglitinides, which act increasing
insulin secretion; (iii) thiazolidinediones, which act as insulin sensitizers by enhancing insulin
action in different tissues; (iv) dipeptidyl peptidase 4 (DPP4) inhibitors and glucagon-like peptide
1 (GLP1) receptor agonists, which act modulating GLP1 levels; (v) alpha-glucosidase inhibitors
(AGls), which slow the rate of carbohydrate absorption in the intestine; (vi) sodium/glucose co-
transporter 2 (SGLT2) inhibitors, which block renal glucose absorption; and (vii) insulin, which is
utilize when the already mentioned antidiabetic drugs fail to normalize hyperglycaemia (DeFronzo
et al., 2015).

A disadvantage of combination therapy is the risk of side effects. Some of the side effects from
antidiabetic drugs include hypoglycaemia, increased body weight, lactic acidosis, fluid retention,
nausea and vomiting. The complexity and adverse effects of diabetes pharmacological therapies
can substantially reduce the quality of life (DeFronzo et al., 2015). A more patient-centred
approach and the develop of drugs that restore normoglycaemia by targeting specific pathogenic
defects could improve the clinical management of the disease, but a deeper understanding of the
molecular mechanisms of T2D and its complications is needed to establish novel pharmacological
concepts (Stumvoll et al., 2005).



1.3 Pathophysiology of T2D

T2D is categorized as a multifactorial disorder associated with genetic and environmental factors.
It is characterized by B-cell dysfunction, insulin resistance, decreased glucose utilization,
abnormal hepatic glucose production and chronic inflammation (Rehman & Akash, 2017).

It is well defined that T2D clusters in families (Meigs et al., 2000; Poulsen et al., 1999). The
concordance rate of T2D in monozygotic twins is about 70%, while in dizygotic twins is 20-30%
(Kaprio et al., 1992). The lifetime risk for the development of T2D for an individual with one parent
suffering for T2D is 40% and it rises to 70% when both parents are affected by the disease (Tillil
& Kobberling, 1987). The prevalence of T2D varies widely among populations and, although the
ethnic variability could be explained by genetic differences, it is significantly influenced by
environmental and cultural factors. For example, a significant proportion of the previously
explained heritability could be attributed to the heritability of obesity rather than diabetes.

Regardless of the genetic or environmental factors, the first abnormality seen in individuals who
develop T2D is insulin resistance (Martin et al., 1992). However, the onset of T2D will only occur
if B-cells are unable to produce enough insulin to overcome insulin resistance (Ferrannini & Mari,
2014). It has been reported that patients with T2D show a decrease of about 40-60% in B-cell
mass (Butler et al., 2003; Rahier et al., 2008). However, it remains unknown how much B-cell
mass is needed to maintain glycaemia. Removal of half the pancreas has been shown to have
only a small effect on glucose tolerance (Menge et al., 2008), thereby suggesting that even though
B-cell mass plays a role in the development of T2D, the actual loss in B-cell function is the most
critical factor.

Obesity, inflammation, lipotoxicity and glucotoxicity are some of the factors that could led to B-cell
dysfunction (Cerf, 2013). Inflammatory responses, from proinflammatory cytokines or
hyperglycaemia-induced oxidative stress, can lead to p-cell death and dysfunction by targeting
the mitochondria and energy production (Gurgul-Convey et al., 2011; Lenzen, 2008; Simmons,
2007). Long-term exposure to free fatty acids or saturated fat can also lead to B-cell loss and
dysfunction (Yaney & Corkey, 2003). Obesity is characterized by inflammation, increased
adiposity and the ability to desensitize glucose recipient organs to insulin, therefore it is strongly
associated to B-cell dysfunction. Moreover, because it also increases insulin demand, it can lead
to the hyperfunction and exhaustion of B-cells, resulting in the loss of function (Eguchi et al.,
2012).

The progressive decline in insulin secretion as a result of B-cell dysfunction and the reduced
insulin sensitivity caused by obesity in insulin-responsive tissues, such as liver, skeletal muscle
or adipose tissue, can lead to insulin resistance. Multiple abnormalities can contribute to insulin
resistance in different tissues. In muscle, it is driven by defects in insulin signalling, glucose
phosphorylation or transport, pyruvate dehydrogenase complex activity, mitochondrial oxidative
activity and glycogen synthesis (Samuel & Shulman, 2012). In the liver, increased
gluconeogenesis would play the major role in the increase of basal glucose production and fasting
hyperglycaemia, contributing to insulin resistance (Magnusson et al., 1992).

1.4 Insulin signalling and resistance

In order to understand how insulin resistance develops in patients with T2D, it is critical to
understand the effects of insulin and its signalling pathway. Insulin was first discovered in Toronto
in 1921 and was accompanied by the first successful treatment of a T2D in 1922 (Fralick &



Zinman, 2021). Insulin is a potent anabolic agent that will promote the uptake, storage and
synthesis of nutrients and will block their catabolism. In general terms, insulin promotes protein
and lipid synthesis and the storage of glucose as glycogen. On the other hand, it inhibits lipolysis
and gluconeogenesis. Insulin also participates in the regulation of gene expression, proliferation
and survival (Saltiel, 2021).

Insulin binds to the o subunits of the insulin receptor (IR) causing a conformational change in the
B subunits that will result in tyrosine kinase activation, starting a phosphorylation cascade that
transduces the insulin signal within the cells. Insulin will activate two main signalling cascades:
the phosphatidylinositol-3-kinase (PI3k)/protein kinase B (Akt)/mammalian target of rapamycin
(mTOR) pathway and the mitogen-activated protein kinase (MAPK) signalling pathway. The
PI3k/Akt/mTOR pathway leads to the metabolic effects of insulin, whilst activation of the MAPK
signalling pathway regulates the mitogenic effects of insulin (Ortiz-Huidobro et al., 2021; Saltiel,
2021).

Akt acts as the central node in the insulin signalling cascade. The complete activation of Akt
requires its phosphorylation in two different sites: Threonine (Thr) 308 and Serine (Ser) 473.
Phosphoinositide-dependent  kinase-1(PDK1), a downstream target of PI3k and
phosphatidylinositol (3,4,5)-trisphosphate (PIP3), phosphorylates Akt in the Thr308 residue, and
MmTORC2 (mTOR complex 2), is responsible of the phosphorylation in the Ser473 residue. Once
activated, Akt participates in the phosphorylation and inhibition of glycogen synthase kinase-3
beta (GSK3pB) which prevents it from phosphorylating and inhibiting glycogen synthase, thereby
stimulating glycogen synthesis. Through the inhibition of GSK3, Akt also inhibits the degradation
of sterol regulatory element-binding proteins (SREBPs), enhancing lipid production. Another
direct target of Akt is mTORC1 (mTOR complex 1), which is activated by the Akt-induced
degradation of TSC (tuberous sclerosis complex)-2 and TSC-1 and the Akt phosphorylation and
inhibition of PRAS40 (proline-rich Akt substrate of 40 kDa), an inhibitor of mMTORC1. mTORCA1
then phosphorylates and inhibits 4EBP-1 (eukaryotic translation initiation factor 4E-binding
protein 1) and activates protein S6 kinase (p70S6k), resulting in increased protein synthesis.
P70S6k can also activate SREBP1, thereby promoting lipid synthesis. Akt can also phosphorylate
and activate phosphodiesterase 3B (PDE3B), resulting in decreased cyclic adenosine
monophosphate (CAMP) levels and decreased lipolysis. Akt can phosphorylate the members of
the forkhead box protein O (FoxQO) family in several sites, which leads to the exclusion of the
FoxO proteins from the nucleus blocking its transcriptional activity, which can lead to a decrease
in hepatic glucose production. To further increase the complexity of the insulin signalling
transduction pathway, there has been extensively research showing that there is a crosstalk
between other signalling pathways. For example, Akt can activate nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) and can block Erk (extracellular signal-regulated
kinase) signalling through the inhibition of cRaf (Boucher et al., 2014; Manning & Cantley, 2007)
promoting cell growth and survival (Figure 1).

Akt can also phosphorylate 5-adenosine monophosphate-activated protein kinase (AMPK) a1
subunit in Ser485 promoting its inhibition (Hawley et al., 2014). AMPK acts as a major regulator
of metabolism by modulating glucose metabolism, inflammation, ageing, redox regulation, lipid
metabolism and protein synthesis (Jeon, 2016). AMPK inhibits lipid anabolism (de novo fatty acid,
cholesterol and triglycerides synthesis) and activates lipid catabolism (promoting fatty acid uptake
and inhibiting lipolysis) (CARLING et al., 1989; Habets et al., 2009; D. G. Hardie & Pan, 2002; Y.
Li et al., 2011; Muoio et al., 1999). AMPK stimulates muscle glucose uptake, inhibits glycogen



synthesis and inhibits gluconeogenesis (Hunter et al., 2011; Koo et al., 2005; Zheng et al., 2001).
AMPK inhibits protein synthesis by inhibiting cap-dependent translation or downregulating
ribosomal RNA synthesis (Hoppe et al., 2009). AMPK can also regulate mitochondrial biogenesis
by activating PGC1a, a cofactor that promotes the transcription of mitochondrial genes (O’Neill et
al., 2011). AMPK can also regulate antioxidant defence during oxidative stress by upregulating
several antioxidant genes such as the ones encoding superoxide dismutase and uncoupling
protein 2 (Greer et al., 2007). Therefore, AMPK is an important target in the regulation of
metabolism, but it can be severely dysregulated in chronic diseases such as obesity,
inflammation, diabetes or cancer, depending upon the activation/inhibition status. The most well-
defined mechanism for the activation of AMPK is via phosphorylation of Thr172 by AMP or ADP.
ATP inhibits the binding of both AMP and ADP, and thereby AMPK can act as a sensor of
AMP/ATP or ADP/ATP ratios. The activating phosphorylation on Thr172 is regulated by several
kinases, such as liver kinase B1, protein phosphatase 2A and 2C, calcium/calmodulin-dependent
kinase kinase 2, TGFB-activated kinase 1 and Mg?*/Mn?*-dependent protein phosphatase 1E (D.
Grahame Hardie et al., 2012; Joseph et al., 2015; S. Y. Kim et al., 2012; Voss et al., 2011). The
inhibition of AMPK will occur by phosphorylation on Ser485. Diacylglycerol or DAG (whose levels
increase in obesity or diabetes) can inhibit AMPK via Ser485 phosphorylation through protein
kinase C (PKC) (Coughlan et al., 2016).
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Figure 1. The insulin signalling pathway.



1.4.1 Molecular mechanisms of insulin resistance

The metabolic functions of insulin are directed by the PI3K/Akt pathway and therefore, it is the
pathway associated with insulin resistance in T2D (Cusi et al., 2000). Insulin receptor substrate
(IRS) proteins can be phosphorylated either on tyrosine residues, leading to activation, or in serine
residues, leading to inhibition. An increase in serine phosphorylation of IRS is associated with
insulin resistance (Copps & White, 2012). Several factors can contribute to this increase,
including mitochondrial dysfunction, inflammation, activation of PKCs by ectopic fat and
endoplasmic reticulum (ER) stress (Figure 2).

1.4.1.1 Mitochondrial dysfunction

The mitochondria is a double-membrane bound organelle found in eukaryotic cells. They play a
number of vital roles, among which the most important is the production of energy, in the form of
ATP, during oxidative phosphorylation. The heavily folded inner membranes of the mitochondria
are called cristae and accommodate many copies of the respiratory chain components, which
consist of NADH dehydrogenase (Complex 1), succinate dehydrogenase (Complex II),
cytochrome c oxidoreductase (Complex Ill) and cytochrome c oxidase (Complex IV). These
complexes, together with ATP synthase (Complex V) form what is known as the electron transport
chain (ETC), and is the machinery by which ATP is produced in a process known as oxidative
phosphorylation. Briefly, the electron carrying substrates NADH and FADH: generated by citric
acid cycle, enter the ETC via Complex | and Il and are reduced to NAD and FAD, respectively.
The electrons are then transferred to ubiquinone (Q), a soluble electron carrier found within the
intermembrane space of the mitochondria. Ubiquinone is reduced to ubiquinol (QH2) by Complex
Il and the electrons are transferred to cytochrome c, a water-soluble carrier. Complex IV then
catalyses the final transfer of electrons to produce molecular oxygen (O2) and water (H20O). During
this series of electron transfer, protons are translocated from the interior of the mitochondria or
matrix into the intermembrane space, thereby creating an electrochemical proton gradient across
the mitochondrial inner membrane, which is then used by complex V to produce ATP from ADP.

The ETC is an efficient system, however, the alternating one-electron oxidation-reduction
reactions can lead to side-reactions with molecular oxygen and the production of the reactive
oxygen species (ROS), such as superoxide, hydrogen peroxide and the hydroxyl radical, which
can damage proteins, lipids and DNA. Cellular antioxidant defences, like glutathione peroxidase,
glutathione reductase, superoxide dismutase (SOD) or catalase, maintain ROS levels and prevent
oxidation of cellular molecules. Excess ROS can occur when ROS production overwhelms the
cellular antioxidant capacity, leading to oxidative damage to the proteins, DNA and lipids in
mitochondria (Schieber & Chandel, 2014). This will result in impaired enzymatic functions in the
ETC and ultimately in mitochondrial dysfunction and reduced mitochondrial biogenesis, which has
been associated with the development of cardiovascular (Ide et al., 1999; Madamanchi & Runge,
2007; Tsutsui et al., 2001), neurodegenerative (Reddy, 2008) and metabolic disorders (Cant6 &
Auwerx, 2009; Houstis et al., 2006; Mootha et al., 2003)

The association between impaired mitochondrial oxidative capacity and insulin resistance has
been extensively reported, with T2D patients showing impaired mitochondrial function, decreased
lipid metabolism and reduced NADH»-O, oxidoreductase activity (Kelley et al., 2002; J.-Y. Kim et
al., 2000). It has also been reported that in T2D patients, there is a downregulation of genes



involved in oxidative metabolism, such as the ones under the control of PGC1a (Mootha et al.,
2003) and a decrease of 35% in ADP-stimulated mitochondrial respiration (Phielix et al., 2008).
One possible cause-effect link between mitochondrial dysfunction and insulin resistance could be
attributed to the impairment in metabolic fuel oxidation as a result of this decrease in mitochondrial
oxidative capacity, leading to the accumulation of lipotoxic intermediates and the development of
insulin resistance.

Another mechanism for this association is represented by ROS. ROS can directly affect insulin
signalling by activating redox-sensitive serine kinases that phosphorylate and inhibit IRS proteins
(Rains & Jain, 2011).

Altered mitochondrial function has also been associated with decreased levels of adiponectin.
Adiponectin is a cytokine produced by adipocytes recognized as an insulin sensitizer, improving
insulin sensitivity in major insulin target tissues as liver or muscle. The underlying mechanisms
for this association involve the capacity of adiponectin to reduce plasma glucose levels, supress
gluconeogenesis and activating AMPK (Berg et al., 2002; Yamauchi et al., 2002). Defective
mitochondria can lead to a decreased expression of GLUT4 and decreased secretion of
adiponectin, contributing to insulin resistance (C. Wang et al., 2013).

Although there have been several studies supporting the association between mitochondrial
dysfunction and insulin resistance, what type of mitochondrial dysfunction is the direct cause or
result of insulin resistance remains a topic of debate.

1.4.1.2 Inflammation

Systemic inflammation is a well-documented contributor to insulin resistance. Epidemiological
studies have shown a correlation between increased levels of inflammation markers as fibrinogen,
plasminogen activator inhibitor-1 (PAI-1), C-reactive protein (CRP), sialic acid, IL-6 and white cell
count with the development of insulin resistance in T2D (Festa et al., 2002; Pradhan, 2001; Prince
et al., 1981; Schmidt et al., 1999; Vozarova et al., 2002).

Investigating the intracellular pathways activated by inflammation, has shown that the majority of
pro-inflammatory stimuli can activate JNK1 (JUN amino-terminal kinase 1) and IKKp (IxB kinase-
B) pathways. Toll-like receptors (TLRs), which are an important component of innate immune
response are activated by altered lipid metabolism, can also activate JNK1 and IKK( pathways.
Activation of JNK1 and IKKB/NF-xB pathways can lead to insulin resistance by the
phosphorylation of serine residues and the consequent inhibition of IRS proteins (Aguirre et al.,
2000; Cai et al., 2005; Hirosumi et al., 2002). Concordantly, the genetic or pharmacological
inhibition of JNK1 or IKKB/NF-kB pathways can improve insulin resistance and improve glycaemic
control in vitro and in vivo (Arkan et al., 2005; Goldfine, 2010; Yuan et al., 2001).

1.4.1.3 Lipid-induced insulin resistance

The two most studied mediators for lipid-induced insulin resistance are DAG and ceramides.
Increased DAG levels can induce insulin resistance by activation of members of the PKC family
in muscle (PKCO) and liver (PKCd and PKCg). PKC can directly phosphorylate serine residues of
the IRS, especially of IRS-1, resulting in its inhibition and reduced downstream signalling
(Schmitz-Peiffer & Whitehead, 2003). PKC can also enhance JNK1 and IKK, further increasing
the serine phosphorylation of IRS (Jaeschke & Davis, 2007; Khoshnan et al., 2000). The levels
of the PKC isoforms in muscle and liver have been reported to be increased in T2D and obesity



(Bezy et al., 2011; Morino, 2005; Szendroedi et al., 2014). Consistently, the partial or complete
loss of PKC ameliorates lipid-induce insulin resistance (Gassaway et al., 2018; J. K. Kim et al.,
2004; Y. Li et al., 2004).

Increased ceramides have also been associated with insulin resistance. Ceramides can impair
insulin signaling by decreasing the activation of Akt. Ceramides can increase phosphatase-2A
activity, a known phosphatase in charge of the dephosphorylation and inhibition of Akt, and can
impair Akt translocation resulting in a decrease activation on the insulin signalling cascade
(Schubert et al., 2000; Stratford et al., 2004).

1.4.1.4 ER stress

The ER is the major site of synthesis, folding and transport of proteins and its main responsibility
is to ensure that proteins achieve the adequate structure. Normally, unfolded or misfolded proteins
are degraded by the ER, but when the folding capacity of the ER cannot overcome the high load
of unfolded or misfolded proteins, it leads to ER stress and the activation of the unfolded protein
response (UPR). The UPR involves the activation of three transmembrane proteins: inositol-
requiring enzyme 1 (IRE-1), protein kinase R-like ER kinase (PERK) and activating transcription
factor 6 (ATF6). The activation of these three proteins and their downstream pathways ultimately
results in increased gene expression of chaperones or genes involved in the degradation or
folding of proteins, apoptosis and decreased protein synthesis (Salvado et al., 2015).

ER stress has been reported to lead to insulin resistance in different tissues by different
mechanisms. In adipose tissue, increased levels of IRE-1, JNK and X-box binding protein 1
(XBP1s; which increase the transcription of UPR genes), are observed in obese patients (Boden
et al., 2008). In in vivo models of HFD-induced inflammation, non-esterified fatty acids (NEFAs)
can trigger ER stress, leading to the PERK-dependent increased expression of pro-inflammatory
cytokines like TNFa or IL-6 contributing to the development of insulin resistance (Jiao et al., 2011;
Kawasaki et al., 2012).

In the liver, ER stress contributes to insulin resistance by modulation of gluconeogenesis and
lipogenesis. ER stress can activate gluconeogenesis though activation of the transcription factor
CHREBH (carbohydrate-responsive element-binding protein), an ATF6 liver homolog, leading to
an increase in the expression of G6Pase and PEPCK whereas activation of XBP1, FOXO1 is
degraded and gluconeogenesis is reduced (Lee et al., 2010; Y. Zhou et al., 2011). Lipogenesis is
activated by the PERK pathway, which activates SREBP1 and leads to lipid accumulation
resulting in insulin resistance. mTOR, a regulator of SREBP1 expression, can also activate ER
stress and promote insulin resistance and hepatic steatosis (Kammoun et al., 2009; H. Li et al.,
2014).

In skeletal muscle, ER stress can promote insulin resistance by IRE1/JNK-dependent IRS serine
phosphorylation (Hwang et al., 2012) and by NEFA-induced inflammation (Peng et al., 2011).
Other mechanisms found to contribute to insulin resistance in skeletal muscle involve tribbles 3
(TRB3) and protein phosphatase 1B (PTP1B). TRB3 and PTP1B are both induced by ER stress
and participate in the inhibition of the insulin signalling cascade by binding to Akt and blocking its
activation (Du et al., 2003) and dephosphorylating insulin receptor f and IRS-1 (Dadke et al.,
2000), respectively.
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1.4.1.5 Methylglyoxal as the driving force for insulin resistance

Even though it is generally accepted that these four factors can contribute to the development of
insulin resistance, it is not yet known what happens at the onset of diabetes, that could lead to
the activation of these pathways and consequently to insulin resistance. In the last decades
several studies have focused on the study of methylglyoxal (MG), a highly reactive by-product of
glycolysis which has been reported to be elevated in clinical and experimental models of diabetes.
Interestingly, MG has been associated with inflammation, mitochondrial dysfunction, PKC
activation and ER stress and thus could be the driving force at the onset of diabetes for insulin
resistance.

1.5 Methylglyoxal in health and disease

1.5.1 Methylglyoxal formation and action

MG or 2-oxopropanal is an a-oxoaldehyde present in physiological conditions in all living cells
(Paul J. Thornalley, 1993). MG is a highly reactive metabolite and it is considered the most potent
glycating agent in humans (Glomb & Monnier, 1995; Moritsugu Shinohara et al., 1998; Smuda &
Glomb, 2013). It is mainly formed as a by-product of glycolysis by the non-enzymatic degradation
of the triose phosphates glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate
(DHAP) (Phillips & Thornalley, 1993; Sousa Silva et al., 2013). The non-enzymatic formation of
MG occurs in all cells and organisms under physiological conditions and it constitutes only the
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0.1% of the glucotriose flux (Phillips & Thornalley, 1993; P J Thornalley, 1988). MG is present in
three forms in aqueous solution: unhydrated (1%), monohydrate (71%) and dihydrate (28%),
which are in dynamic equilibrium (Paul J. Thornalley, 1996). However, the majority of MG is found
bound to proteins, peptides or amino acids (Lo et al., 1994).

The glycating ability of MG results in the modification of proteins, specifically arginine, lysine and
cysteine residues, leading to the formation of advanced glycation endproducts (AGEs). The
glycation of proteins is a complex of serial reactions commonly referred as the “Maillard Reaction”.
The major protein modification by MG is of arginine residues, forming the hydroimidazolone Ns-
(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine or MG-H1, which accounts for >90% of AGEs
(Rabbani & Thornalley, 2012; Westwood & Thornalley, 1995). MG-H1 protein modifications are
often directed to functionally important arginine residues and therefore, contribute to loss of
function (Ahmed et al., 2003; Rabbani & Thornalley, 2012). AGEs can also interact with the
receptor of AGEs (RAGE), initiating cellular signals that lead to the activation of NF-xB and the
transcription of proinflammatory factors (Daroux et al., 2010; T. H. Fleming et al., 2010; Grillo &
Colombatto, 2008). MG can also react with deoxyguanosine in DNA, forming N-carboxyethyl-2’-
deoxyguanosine (CeDG), the major MG-DNA adduct (Shuck et al., 2018).

1.5.2 Methylglyoxal in diabetes

In the context of diabetes, MG has been linked to the development of vascular dysfunction and
microvascular complications in both experimental and clinical studies. Endothelial dysfunction in
diabetes is characterized by inflammation, changes in vasoregulation, increased production of
ROS and altered barrier function (Eringa et al., 2013). It has been reported that exogenous
administration of MG in endothelial cells can induce diabetes-like vascular changes (Berlanga et
al., 2005; Sena et al., 2012).

Elevated levels of MG have been associated with the onset and progression of diabetic kidney
disease (Beisswenger et al., 2005; Hanssen et al., 2019; Lu et al., 2011; Nakayama et al., 2008;
Rabbani & Thornalley, 2014a) and markers of renal function such as low eGFR or albuminuria
(Hanssen et al., 2017; Jensen et al., 2016). MG has also been shown to play a significant role in
the pathogenesis of diabetic retinopathy, with several studies linking elevated MG to the induction
of apoptosis in pericytes and endothelial cells (Bento et al., 2010; C.-M. Chan et al., 2016;
Padayatti et al., 2001). In the field of diabetic neuropathy, it has been found that MG-H1 levels
are higher in STZ-induced diabetes sciatic nerves (Paul J. Thornalley et al., 2003) and the
ADDITION-Denmark study proposed MG as a risk factor for the development of diabetic
neuropathy (Andersen et al., 2018). Moreover, MG has been associated to promote diabetes-
induced hyperalgesia (Bierhaus et al., 2012) and to induced apoptosis in Schwann cells by the
activation of p38 MAPK (Fukunaga et al., 2004). The implication of MG in diabetes, diabetic
complications and other age-related diseases has been extensively reviewed by Schalkwijk and
Stehouwer in 2020 (Schalkwijk & Stehouwer, 2020).

1.5.2.1 Methylglyoxal and insulin resistance

Several studies have also reported that elevated MG levels can result in decreased insulin action.
In vitro studies have shown that the administration of extracellular MG could directly inhibit the
insulin dependent activation of PI3k, Akt and ERK, mainly by the inhibition of the tyrosine
phosphorylation of IRS-1 (Deshmukh et al., 2017; Fiory et al., 2011; Jia & Wu, 2007; Nigro et al.,
2014; Riboulet-Chavey et al., 2006)
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MG has also been proposed as an inducer of mitochondrial dysfunction. MG administration in
different cell types has shown to contribute to the loss of mitochondrial integrity by different
mechanisms. MG administration can result in the increase of ROS and to oxidative stress
(Hirosumi et al., 2002; Yuan et al., 2001), induce mitochondrial permeability transition (Jaeschke
& Davis, 2007), reduce mitochondrial membrane potential and ATP production (Hirosumi et al.,
2002; Schmitz-Peiffer & Whitehead, 2003) and directly decrease the activity and expression of
several complexes from the electron transport chain (Cai et al., 2005; Prince et al., 1981). MG-
induced glycation of the mitochondrial proteome and the subsequent functional impairment of
mitochondrial proteins, has been proposed as the potential underlying mechanism linking
elevated levels of MG with mitochondrial dysfunction and oxidative stress (Rabbani & Thornalley,
2008).

MG can contribute to inflammation and its effect in vascular inflammation in endothelial
dysfunction has been extensively reviewed. MG can lead to inflammation by activation of JNK
and p-38 pathways (Aguirre et al., 2000; Vozarova et al., 2002) and increased levels of cytokines
as IL-6 have been observed under MG exposure (Festa et al., 2002). Exposure to MG can result
in increased concentrations of intracellular Ca**, leading to the activation of classical PKC
isoforms as PKCa or PKCP by promoting their translocation to the plasma membrane (Hadas et
al., 2013). Moreover, MG-associated AGEs can also lead to increased membrane activity of PKC
(Ge et al., 2009).

Another detrimental effect of MG is its ability to induce ER stress. It has been reported that MG
can stimulate the three pathways associated with ER stress and the activation of the UPR. MG
can increase the expression and activation of PERK, IRE1 and ATF6, while also participating in
inducing heat shock response, combinedly leading to ER stress (Irshad et al., 2019; Kirga &
Yesilkaya, 2022; Palsamy et al., 2014).

The capacities of MG to interact and activate molecular pathways which lead to the development
of insulin resistance, would suggest that increased levels of MG could be a driving force for the
development of insulin resistance in T2D (Figure 3).

1.5.3 Metabolism and detoxification of methylglyoxal

Due to the association of MG with the development of diabetes and associated complications (T.
Fleming et al., 2012; Han et al., 2007; Kold-Christensen & Johannsen, 2020; Maessen et al.,
2015; Matafome et al., 2017), as well as obesity (Hernandez-Castillo & Shuck, 2021; Matafome
etal., 2013) and cancer (Bellahcéne et al., 2018; Bellier et al., 2019; Paul J. Thornalley & Rabbani,
2011), the understanding of the metabolism and detoxification of MG has gained significant
importance in the last decade. MG can be detoxified through different enzymatic networks such
as aldo-keto reductases (AKRs) or aldehyde dehydrogenases (ALDHs), but the glyoxalase
system is still considered the major enzymatic detoxification system for MG (Figure 4; Racker,
1951; Paul J. Thornalley, 1993).
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Figure 3. Methylglyoxal as a driving force for insulin resistance. Created with BioRender.com.

1.5.3.1 The Glyoxalase System

The glyoxalase system was first discovered independently by Dakin and Dudley (1913) and
Neuberg (1913) and it was described as only one enzyme catalysing the conversion of MG to
lactate (Dakin & Dudley, 1913; Neuberg, 1913). Further studies showed that the glyoxalase
system is a ubiquitous enzymatic network that comprises two enzymes: glyoxalase 1 (Glo1) and
glyoxalase 2 (Glo2), requiring a catalytic amount of reduced glutathione (GSH) (Carrington &
Douglas, 1986; Racker, 1951; P. J. Thornalley, 1990). Glo1 catalyses the formation of S-D-
lactoylglutathione from hemithioacetal, a compound formed spontaneously from MG and GSH
(Mannervik, 1980). Glo2 catalyses the hydrolysis of S-D-lactoylglutathione to D-lactate,
regenerating the GSH consumed in the reaction catalysed by Glo1 (Uotila, 1989). Both Glo1 and
Glo2 are considered to be metalloproteins dependent on zinc in their active sites. However, it has
been reported that Glo1 could act with alternative metals under physiological conditions
(Mannervik, 2008).

Glo1 has been found to exhibit genetic polymorphism and Glo1 allele frequency has shown
geographic variations which has been associated with the incidence of diabetes and its
complications (Paul J. Thornalley, 1991). Glo1 has several regulatory elements: a metal-response
element (MRE), an insulin-response element (IRE), an early gene 2 factor isoform 4 regulatory
element (E2F4), an activating enhancer-binding protein 2a regulatory element (AP-2a) and an
antioxidant response-element (ARE). Nuclear factor erythroid 2-related factor 2 (Nrf2) can
regulate Glo1 expression by the ARE and it has been reported that Nrf2 activators such as
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sulforaphane or resveratrol, can induce Glo1 activity. On the contrary, Glo1 expression can be
downregulated by the activation of RAGE (He et al., 2020; Rabbani et al., 2014). Recent studies
have highlighted the importance of Glo1 post-translational modifications, being able to show how
phosphorylation of T107 in the Glo1 protein by the calcium/calmodulin-dependent Protein Kinase
Type Il delta (CamKIlI3) could be a precise and quick mechanism for the regulation of Glo1 activity
(Morgenstern, Katz, et al., 2020).

The glyoxalase system is present in the cytosol of all living cells and its widespread distribution
suggests that it could fulfil a fundamental function to biological life (Carrington & Douglas, 1986).
However, recent reviews focusing on the complete loss of Glo1 in various model organisms and
the alternative detoxification pathways of methylglyoxal have questioned the essential role of Glo1
on cellular metabolism (Morgenstern, Campos Campos, et al., 2020).
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Figure 4. Summary of the main enzymatic pathways of MG formation, detoxification and
reactivity to form glycation adducts. Created with BioRender.com.

MG Detoxification

1.5.3.2 Alternative detoxification pathways

There are three other pathways which have been reported to contribute to the detoxification of
MG: (1) the AKR family; (2) the ALDH family, and (3) MG reductase (Vander Jagt et al., 1992).
The majority of the studies have focused in AKR and ALDH families. AKR is a family of NADPH-
dependent oxidoreductases that reduce various aldehydes and ketones. In mammalian
organisms, AKR1 and AKR7 have shown the capacity to detoxify MG, resulting in 95%
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hydroxyacetone and 5% D-lactaldehyde (Ko et al., 2005; Vander Jagt et al., 1992; Vander Jagt &
Hunsaker, 2003). The ALDH family can catalyse the conversion of MG to pyruvate (lzaguirre et
al., 1998; Monder, 1967; Vander Jagt & Hunsaker, 2003). However, these alternative pathways
seem to gain importance only when the glyoxalase system is not capable to properly detoxify MG
(Morgenstern et al., 2017; Schumacher et al., 2018).

1.6 Pathophysiology of Glyoxalase 1

Glo1, as the rate-limiting step of the glyoxalase system, has been extensively studied as a
potential therapeutic target in age-related diseases. Glo1 activity and expression have been
associated with the development of diabetes and diabetic complications, implying that a
dysfunction in the glyoxalase system may play a role in the onset of the disease (Maessen et al.,
2015; Rabbani & Thornalley, 2011). In models of T1D, Glo1 activity has shown to be modified in
several tissues and blood when compared to control non-diabetic animals (Phillips et al., 1993).
In T2D patients, skeletal muscle biopsies exhibit increased carbonyl stress and decreased Glo1
activity, which inversely correlated with BMI and HOMA-IR. This was also accompanied with lower
Nrf2 expression, a positive regulator of Glo1 activity and expression (Mey et al., 2018).

Apart from its role in diabetes, Glo1 has also been described as a potential oncogene. Several
studies showed an increased activity and expression of Glo1 in different tumour tissues,
suggesting a positive correlation between Glo1 expression and increased tumour grade
(FONSECA-SANCHEZ et al., 2012; Hosoda et al., 2015; Ranganathan & Tew, 1993). A possible
explanation of the increased activity of Glo1 in cancer is as a consequence of the high glycolytic
rates and therefore high MG production (Paul J. Thornalley & Rabbani, 2011). As such, Glo1 has
been postulated as a novel diagnostic marker in cancer (Rounds et al., 2021). In order to
understand the physiological relevance of Glo1 in different disease states, several studies have
modulated Glo1 expression and activity in vitro and in vivo, using either pharmacological or
genetic approaches.

In the context of cancer, Glo1 inhibitors have been used as potential chemotherapy because of
the association of increased Glo1 activity and increased tumour progression. Al-Balas et al.
recently reviewed the actual knowledge about available human Glo1 inhibitors. Glutathione based
inhibitors were the first generation of inhibitors proposed by Vince et al. in 1969. Flavonoids, as
quercetin or naringin, TLSC702, anthocyanidins, curcumin derivatives or nonsteroidal anti-
inflammatory drugs, as indomethacin or zopolrestat, have been also reported as potent Glo1
inhibitors (Al-Balas et al., 2018). In a recent study performed in late-stage breast cancer patients,
the inhibition of Glo1 by TLSC702 reduced cell viability and tumour-sphere formation improving
cancer progression (Motomura et al., 2021). Other studies have shown that the inhibition of Glo1
could increase sensitivity to TRAIL, a cytokine playing a role in immune surveillance for cancer,
and suggest that a combined therapy with TRAIL and MG or Glo1 inhibitors may be a useful novel
chemotherapy (Taniguchi et al., 2012).

In contrast, in diabetes and vascular damage, the opposite approach of inducting Glo1 has been
taken. Dicarbonyl stress plays a role as a driver of cardiovascular disease and therefore, the
overexpression or induction of Glo1 has been postulated as a potential therapeutic treatment
(Aragonés et al., 2020). Several studies have reported that the overexpression of Glo1 could
prevent hyperglycaemia-induced AGE formation and macromolecular exocytosis in bovine
endothelial cells (M Shinohara et al., 1998), prevent impaired arteriogenesis in diabetic rats
(Brouwers et al., 2014) and improve cerebrovascular remodelling in basilar artery tissue during
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hypertension (Gao et al., 2019). Several inducers have also been used in order to increase Glo1
activity. In a study performed in obese subjects, the co-administration of trans-resveratrol and
hesperetin increased Glo1 activity by a 27%, decreased MG plasma levels by a 37% and total
body MG-protein glycation by a 14%. It could also decrease plasma glucose by a 5% and
increased oral glucose insulin sensitivity index and therefore was described as a suitable
treatment for improved metabolic and vascular health in obese patients (Xue et al., 2016).

Several studies have also investigated the effects resulting from the knock-down (KD) or knock-
out (KO) of Glo1 to observe the consequences of this defect and clarify its mechanism of action.
The KD of Glo1 in endothelial cells resulted in significant accumulation of MG and MG-modified
proteins which was associated with impaired angiogenesis, dysfunction and vascular damage
(Nigro et al.,, 2019; Stratmann et al., 2016). In spontaneously hypertensive rats, the
downregulation of Glo1 resulted in increased MG levels and dicarbonyl stress associated with
increased AMPK activation and metabolic effects (Silhavy et al., 2020). In mice, the KD of Glo1
could mimic diabetic nephropathy showing increased MG levels and MG modification of
glomerular proteins, which were directly related to alterations in kidney morphology
indistinguishable from the ones caused by diabetes (Giacco et al., 2014).

The complete KO of Glo1 however, produced controversial results. In Drosophila melanogaster
the complete loss of Glo1, meaning no detectable activity or protein expression, produced a 50%
increase in the levels of MG and MG-H1, increased glycogen storage and a 3-fold increase in
circulating insulin. This was accompanied by impaired p70S6K phosphorylation resulting in insulin
resistance, increased FASN activity and hyperglycaemia, but only after 5 weeks of age. The loss
of Glo1, however, in flies did not result in increased AKR or ALDH activity or expression (Moraru
et al., 2018). A comparable T2D-like phenotype was found in the Glo1-KO model generated in
zebrafish. Glo1-KO zebrafish showed increased MG levels (1.3-fold), increased blood glucose
and impaired insulin signalling by increased phosphorylation of p70S6k; but only after feeding
and not in fasting conditions. They also studied the implication of overfeeding for 8 weeks, which
resulted in increased fasting blood glucose, impaired insulin signalling by reduced
phosphorylation of p70S6k and increased MG levels in postprandial conditions, which culminated
in retinal alterations. Unlike in flies, this study could observe that ALDH could partially compensate
for the loss of Glo1 in zebrafish (Lodd et al., 2019).

Both studies suggested that the complete loss of Glo1 recapitulates a T2D-like phenotype, with
increased MG levels and insulin resistance. However, when the KO of Glo1 was studied in
mammalian cells or mice, the effects were strikingly different. The loss of Glo1 was first studied
in murine Schwann cells and it showed neither increased MG nor increased MG-H1 levels. In fact,
this study revealed how in mammalian systems the loss of Glo1 could be compensated by an
Akr1b3-efficient MG detoxification. In the Glo1-KO cells, it was shown that Akr1b3 could convert
MG to hydroxyacetone or lactaldehyde (Morgenstern et al., 2017). Following this study, the loss
of Glo1 was studied in mice and similar results were obtained; Glo1-KO mice did not show any
significant increase in MG or MG-H1 levels and just as in Schwann cells, with the loss of Glo1
being compensated for by an increase in Akr1b3, in the kidney, and ALDH1a3, in the liver.
Consistent with these changes, elevated levels of hydroxyacetone and decreased levels of D-
lactate were found in the kidneys and the liver of Glo1-KO mice (Schumacher et al., 2018).
Another study utilizing Glo1-KO mice had in focus the study of Glo1-related psychiatric disorders.
In this study, they could observe a 2-fold increase in MG levels but only in liver and not in other
tissues like brain (Jang et al., 2017).
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The controversial results found between Glo1-KO species and also when comparing the effects
of the KD of Glo1 and the total loss of Glo1 (Table 1) have put Glo1 in the centre of interest, as
its effects and especially its actual implications and importance for cellular viability are not
completely understood.

4« B > = oS >
Organism Nigro et al., 2019, ) > Y
BBA; Stratmann et al., Silhavy et al., 2020, Giacco et al., 2014, Moraru et al., 2018, Lodd et al., 2019, JCI Morgenstern et al., Schumacher et al.,
2016, Sci. Rep. Antioxidants Diabetes Cell Metab. Insight 2017, J Biol Chem. 2018, Mol Metab.
Glo1 genotype Glo1 KD Glo1 KD Glo1 KD Glo1 KO Glo1 KO Glo1 KO Glo1 KO
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Table 1. Consequences of the KD or KO of Glo1 in different model organisms.

1.7 Aim of the study

Type-2 diabetes (T2D) is a heterogeneous and multifactorial disorder whose pathophysiology is
not completely understood. The first impairment seen in individuals suffering from T2D is insulin
resistance resulting from: (i) mitochondrial dysfunction; (ii) lipid-induced insulin resistance, (iii)
endoplasmic reticulum stress; and (iv) inflammation. MG, a potent-glycating agent produced in
physiological conditions as a by-product of glycolysis, has shown to be associated with the
activation of the four above-mentioned impairments leading to insulin resistance. The effects of
MG on cellular metabolism have been studied extensively and the modulation of its main
detoxification enzyme, Glo1, has been used as a strategy to resemble increased levels of MG in
diabetes. The knockdown of Glo1 in experimental murine models has been linked to the
development of diabetic nephropathy and has shown increased MG levels. Moreover, the
complete knockout of Glo1 (Glo1-KO) in organisms such as Drosophila melanogaster or
zebrafish, produced a T2D-phenoype with insulin resistance, potentially as a cause of increased
levels of MG. The aim of this study is to determine whether the loss of Glo1 in mice can also
recapitulate at T2D phenotype. In order to address this aim, Glo1-KO mice will be compared to a
wild-type subjected to high-fat diet, as model of T2D, and physiological parameters related to the
onset on T2D studied.
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2. Materials & Methods

2.1 Animals

2.1.1 Generation of CRISPR/Cas9-induced Glo1 Knock-out mice

Glo1 knockout (Glo1-KO) mice were generated using CRISPR-Cas9-mediated genome editing
as previously described (Schumacher et al., 2018). Briefly, sgRNA 171 (Sigma) was injected into
the cytoplasm of C57BL/6N zygotes together with Cas9 mRNA. Mice with an allele exhibiting an
8-bp deletion (A8) and a 7-bp deletion (A7) in the Glo1 gene were bred to obtain Glo1agas and
Glo1a7a7 homozygous mice. The absence of Glo1 activity in blood was also measured to ensure
the correct genotyping.

2.1.2 Experimental Setup

Wild-type (WT) C57BL/6N mice were purchased from Charles River Laboratories (Wilmington,
MA, USA). All mouse stains were maintained under standard laboratory conditions of 12 h light/12
h dark cycle (22°C, 55% humidity) and had access to food and water ad libitum. The WT mice
were subject to either a standard chow diet or to a high-fat diet (HFD) (60 kcal% fat, #D12492,
Research Diets Inc.), whilst the Glo1-KO mice reached a standard chow diet. Mice were kept
under these dietary conditions for a period of 12 months. During this period, blood glucose and
bodyweight were measured on a weekly basis. Blood glucose was measured from blood taken
from the tail vein using an Accu-Check Aviva Il (Roche) glucometer, according to the
manufacturer’s instructions. Intraperitoneal glucose and insulin tolerance tests were performed
on a monthly basis. Mice (were starved for 12 or 4 h, respectively, then glucose (2 g/g body wt
dissolved in 0.9% NacCl) or insulin (0.0005 units/g body wt dissolved in 0.9% NaCl) were injected
intraperitoneally. Blood glucose was measured from tail vein blood at baseline and at 15 min, 30
min, 60 min, and 120 min after the intraperitoneal injection. After 12 months of monitoring, WT
mice on the standard chow, WT mice on the HFD, and the Glo1-KO mice on the standard chow,
were fasted overnight (ca.16hrs) and injected intraperitoneally with either PBS or insulin glargin
(0.0005 units/g body weight dissolved in 0.9% NaCl, Lantus®, Sanofi). After 15 minutes, the mice
were sacrificed using carbon dioxide and perfused with ice-cold PBS. Major organs were
dissected and weighted and either flash-frozen in liquid nitrogen or preserved in
paraformaldehyde (PFA) for further analysis. Blood samples were collected in EDTA tubes for
isolation of plasma. All procedures were approved by the Animal Care and Use Committee at the
regional authority in Karlsruhe, Germany (35-9185,81/G-295/15).

2.2 Measurement of Insulin Levels by ELISA

Plasma insulin was measured using the mouse ultrasensitive insulin ELISA commercial kit (Alpco)
following manufacturer’s instructions. Briefly, 5ul of plasma sample were added to each well of a
96-well plate pre-coated with a monoclonal antibody specific for insulin. Calibration curve was
performed adding 5ul of standard insulin samples of known concentration (0.188 ng/ml, 0.5 ng/ml,
1.25 ng/ml, 3.75 ng/ml and 6.9 ng/ml). 75ul of Working Strength Conjugate was added to each
well and the plate was covered and incubated for 2 hours at RT in an orbital shaker. Wells” content
was decanted and the microplate was washed 6 times with 300ul or washing buffer. Then, 100pl
of TMB substrate were added into each well and the plate was sealed and incubated at RT for 30
minutes in an orbital shaker. Immediately afterwards, 100ul of stop solution were added to each
well and the absorbance at 450nm was measured in a FLUOstar Omega microplate reader (BMG
Labtech). Calibration curve was adjusted to a 5-parameter logistic fit and concentrations of
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plasma samples were extrapolated. Data analysis was performed using MARS Data Analysis
Software (v 3.01 R2, BMG Labtech).

2.3 Measurement of HbA1c by HPLC

Glycated haemoglobin (HbA1c) was determined by cation-exchange chromatography on a
PolyCAT A column with absorbance detection. The relative amount of HbA1c was expressed as
a percentage of haemoglobin, based upon the area under the respective peaks.

2.4 Assessment of Kidney Function

Urine was collected for 4 hrs using metabolic cages, and the total volume was determined. The
albumin content of urine was measured using ICL Mouse Albumin ELISA, according to the
manufacturer’s instructions. Urine creatinine was determined by colorimetric assay (BioVision,
Milpitas, CA) and ACR was subsequently calculated (Qi et al., 2005).

2.5 Tissue Histology

Tissue (liver, kidney and pancreas) were fixated in 4% formalin at 4°C for 24h. The fixated tissues
were then embedded into paraffin and tissue sections (5um) cut using a HM 340E Rotary
Microtome (Thermo Scientific Fisher). The tissue sections were stained with haematoxylin and
eosin (H&E) following the standard operating protocol (SOP) of the Pathology Institute of
Heidelberg University Hospital. Morphology and potential differences between the groups were
examined using an upright Zeiss AXIO Imager M2 (Carl Zeiss Microscopy GmbH, Germany).
Representative images were taken at a 20x magnification and acquired using Zen 2.3 pro (Carl
Zeiss Microscopy GmbH, Germany). For the liver, the size and number of lipid droplets was
quantified from the H&E-stained tissue using Fiji v2.1.0 (Schindelin et al., 2012). Briefly, 8-bit
converted images were thresholded and lipid droplets were highlighted in white. Analyze particles
function was then used to count the number of droplets as well as determined the area. For the
pancreas, whole slide images were also taken using a Hamamatsu NanoZoomer Digital
Pathology system at a 20x magnification. Islet number, size and distribution was quantified using
the QuPath software v.0.2.3 (Queen's University, Belfast, Northern Ireland).

2.6 Immunofluorescence Analysis of the Pancreas

Immunofluorescence of paraffin-embedded pancreas slides was performed to examine insulin
and glucagon expression. Tissue sections were deparaffinized and rehydrated by immersing the
slides first in xylol and then in different percentages of ethanol. Antigen retrieval was then
performed by immersing the slides in citric acid buffer (Tri-sodium citrate, distilled water, 0.05%
Tween-20, pH 6.0) with subsequent microwave heat cycles (4 x 3-5 minutes). Samples were then
cooled down at RT for ca. 30 minutes and then washed three times (5-minute washes) with TBS
containing 0.1% Tween 20 (TBS-T). Slides were then blocked with 5% BSA in TBS-T for 1 hour
at RT followed by the incubation with the properly diluted primary antibodies in 5% BSA in TBS-
T against insulin and glucagon at 4°C in the dark overnight (Table 2). Slides were then washed
three times with TBS-T and incubated for 1h at room temperature in the dark with the appropriate
fluorescence labelled secondary antibodies diluted in 5% BSA in TBST (Table 2). After 3 washes
with TBS-T, slides were incubated with DAPI 500ng/ml in 5% BSA in TBS-T for 15 minutes at
room temperature in the dark. Slides were then washed with TBS-T and mounted for imaging and
analysis. Immunofluorescence images were taken using an upright Zeiss AXIO Imager M2 (Carl
Zeiss Microscopy GmbH, Germany) at a 20x magnification and acquired using Zen 2.3 pro (Carl
Zeiss Microscopy GmbH, Germany). Fluorescence intensity of insulin and glucagon was
measured using Fiji v2.1.0 (Schindelin et al., 2012).
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Antibody Type Isotype Cat. Nr, Company Dilution Blocking

Buffer
. . Guinea ) 5% BSA in
Insulin Primary Pig #ab7842, Abcam 1:100 TBS-T
5 :
Glucagon Primary ~ Rabbit  #ab92517, Abcam  1:2000  ° /;BBSS_’.\F in
Alexa Fluor® 0 i
488 anti- Secondary  Goat #A11073, 1:500 5% BSAIn
. . Invitrogen TBS-T
Guinea Pig
Alexa Fluor® #406412, ) 5% BSA in
555 anti-rabbit Socondary - Donkey BioLegend 1:500 TBS.T

Table 2. Antibody list for Immunofluorescence

2.7 Isolation of Total RNA from the Liver

Frozen liver samples were grounded into a fine powder using an ice-cold mortar in liquid nitrogen
(Morgenstern, Kliemank, et al., 2020). Total RNA was then extracted from ca.20mg of the
pulverized tissue using the peqGOLD MicroSpin Total RNA kit (Peglab) and according to
manufacturer’s instructions. RNA quantification was performed spectrophotometrically using
NanoDropTM 2000 (Thermo Fischer Scientific).

2.8 Gene Expression Profiling

Gene expression profiling from total RNA extracted from each of the livers was performed by the
Microarray Unit of the Genomics and Proteomics Core Facility of the German Cancer Research
Center (DKFZ), using the Clariom S Mouse Array (Affymetrix GeneChips®). Expression data
analysis was performed using R (R Core Team, 2022) and RStudio (RStudio Team, 2022) and
pathway analysis was conducted using the pathfindR package (Ulgen et al., 2019).

2.9 Immunoblotting

2.9.1 Protein Extracts

Frozen liver samples were grounded into a fine powder using an ice-cold mortar in liquid nitrogen
(Morgenstern, Kliemank, et al., 2020). Cytoplasmic and nuclear extracts were obtained from liver
pulverized tissue using NE-PER™ Nuclear and Cytoplasmic extraction reagents (Thermo Fischer
Scientific), according to the manufacturer’s instructions. All extraction buffers were supplemented
with protease and phosphatase inhibitors immediately prior to use (Halt™ Protease and
Phosphatase Inhibitor Cocktail (100X), Thermo Fischer Scientific). The protein concentration of
the different extracts was measured using the Bradford assay (Bradford, 1976). Extracts were
stored at -80°C.

29.2 MG-H1 antibody

A rat, monoclonal antibody against MG-H1 was developed in collaboration with the monoclonal
antibody facility at Helmholtz Centre in Munich (Morgenstern et al., 2017). Briefly, a peptide-based
antigen was synthesized which contained a single, chemical defined MG-H1 residue (T. Wang et
al., 2012). Immunization and hybridomas were generated according to the standard procedures.
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Hybridomas were screened for reactivity towards the MG-H1-peptide antigen, and human serum
albumin modified minimally with MG (Ahmed et al., 2005) by ELISA and western blotting. Positive
wells were established and cloned twice by limiting dilution. One anti-MG-H1 monoclonal antibody
recognizing MG-H1 was designated 6D7 was used subsequently purified from the culture
supernatant by affinity chromatography. To improve detection, the antibody was conjugated
[PEGJ4-Biotin using EZ-Link™ NHS-PEG4 biotinylation Kit (Thermo Fischer Scientific; #21455),
according the manufacturer’s instructions.

2.9.3 Western Blot

Protein extracts (ca.30 ug) were incubated with 5x Pierce™ Lane Marker Reducing Sample Buffer
(Thermo Fischer Scientific) for 12 minutes at 98°C. Protein extracts were separated by SDS-
PAGE (4 - 20 % Mini-PROTEAN® TGX, Bio-rad) applying 200V for 5 minutes and 170 for ca. 40
minutes. Proteins were then transfer onto nitrocellulose membranes using the Trans-Blot Turbo
Transfer System (Bio-rad) using the Bio-rad pre-defined mixed molecular weight transfer
programme (7 minutes). The quality of the transfer was evaluated using Ponceau S Staining
Solution (Thermo Fischer Scientific). Membranes were washed and then blocked for 1h at room
temperature with the appropriate blocking buffer. Membranes were then incubated overnight at
4°C with the diluted primary antibody (Table 3) in appropriate blocking buffer. After washing with
TBS-T, the membranes were then incubated with the appropriate secondary antibodies diluted in
blocking buffer (Table 3) for one hour at room temperature. Membranes were visualized with
either the ChemiDoc MP imager (Bio-rad) for the horseradish-conjugated secondary antibodies,
or with an Odyssey® DLx scanner (LI-COR) using Odyssey® imaging software (LI-COR), for the
fluorescent conjugated secondary antibodies. Protein expression was quantified by densitometry
using Fiji v2.1.0 (Schindelin et al., 2012) and normalized to the stated house-keeper.

Catalogue Nr,

Antibody Type Isotype Company Dilution Blocking Buffer
OXPHOS Primary Mouse  #ab110413, Abcam 1:500 5% MP in TBST
Pierce® protein-
free blocking
MG-H1 Primary Rat - - buffer (Thermo
Fischer
Scientific)
#5831, Cell o ,
AMPK Primary  Rabbit Signaling 1:1000 5/"ng$ n
Technology
#2535, Cell o ,
?T":m’;() Primary  Rabbit TSignaling 1:1000 5/"ng$ n
echnology
#4185, Cell o ,
?S":‘r“gspé() Primary  Rabbit TSignaling 1:1000 5/"ng¢ in
echnology
#9272, Cell
Akt Primary Rabbit Signaling 1:1000 5% MP in TBS-T
Technology
#4060, Cell
p-Akt (Ser473) Primary Rabbit Signaling 1:1000 5% MP in TBS-T
Technology
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#9275, Cell

p-Akt (Thr308) Primary Rabbit Signaling 1:1000 5% MP in TBS-T
Technology
#4970, Cell
B-Actin Primary Rabbit Signaling 1:1000 5% MP in TBS-T
Technology
#3700, Cell
B-Actin Primary Mouse Signaling 1:1000 5% MP in TBS-T
Technology
#97166, Cell
GAPDH Primary Mouse Signaling 1:1000 5% MP in TBS-T
Technology
#70748S, Cell Same as
Anti-rabbit IgG Secondary = Goat Signaling 1:2000 X
Technology primary
Anti-rabbit IgG
(H+L) #5151, Cell Same as
(DyLight™ 800 Secondary  Goat Signaling 1:10000 .
4X PEG Technology primary
Conjugate)
anti-Mouse IgG #926-68070, LI- . Same as
IRDye® 680RD Secondary  Goat COR 1:10000 orimary
IRDye® 800CW #926-32230, LI- . Same as
Streptavidin Secondary  Goat COR 1:5000 primary

Table 3. Antibody list for western blot analysis

2.10 cDNA synthesis & Quantitative PCR (qPCR)

Total RNA from the liver (1-2ug) was used for cDNA synthesis using the High-capacity cDNA
Reverse Transcription Kit (Thermo Fischer Scientific) according to manufacturer’s instructions.
The cDNA synthesis was performed in a T3 Thermocycler (Biometra) following the steps in Table
4

Step 1 2 3 4
Temperature (°C) 25 37 85 4
Time (minutes) 10 120 5 0

Table 4. cDNA synthesis thermocycler programme

cDNA was diluted 1:10 with water and the gPCR was performed using DyNAmo ColorFlash SYBR
Green qPCR Master Mix (Thermo Fisher Scientific). Briefly, 2ul of diluted cDNA were transferred
in duplicate to a 96-well gPCR plate with the subsequent addition of 18ul of master mix containing
1 x SYBR Green Mastermix, 200nM forward primer and 200nM reverse primer (Eurofins
Genomics) (Table 5).
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Gene Sequence 5> 3’
for CACGGCCCATTGTTGTATTGC

Cyp2c38 rev  TGAACCGTCTTGTCTCTTTCCA
Cyp2c6S for  ACAACCCAAAGACGGAGTTTAC
rev CTGTCCCAGCAGCAAACAGAT
Cyp2c67 for  CGATATGTTGACCTTGGCCC
rev TCAAACACCTCTGGGTTGGG
Cyp2b9 for  GCTCATTCTCTGGTCAGATGTTT
rev CGCTTGTGGTCTCAGTTCCA
Cyp2b13 for  TTTTCTTCCAGTGTGTTACAGCC
rev AACGCAGGAACTGTTCATCTG
Ephx2 for  GCGTTCGACCTTGACGGAG
rev TGTAGCTTTCATCCATGAGTGGT
oGC1a for  TTCATCTGAGTATGGAGTCGCT
rev  GGGGGTGAAACCACTTTTGTAA
e for TATGGCGGAAGTAATGAAAGACG
rev CAACGTAAGCTCTGCCTTGTT
ttam for  ATTCCGAAGTGTTTTTCCAGCA
rev TCTGAAAGTTTTGCATCTGGGT
o2 for  GGCCCATCTTGCATTCTAGGG
rev CAGGCAACGGCTCTATATTGAAG
OMMT for CGACGGTTCAGGCATTCCA
rev ATCCGCTGGGGCTTTATTCC
— for TGCCCCTGGCGAATTGTAG
rev CTGTCAAACTTCCTCGGAGTC
IMM23 for  GAAGGTGGCGGAAGAAGTAGC
rev  GGGGGTTCATACCAGTCAGC
Actin for  GGCTCTATTCCCCTCCATCG
rev CCAGTTGGTAACAATGCCATGT
GAPDH for  AGGTCGGTGTGAACGGATTTG

rev. TGTAGACCATGTAGTTGAGGTCA

Table 5. Primers

The Plates were then sealed and centrifuged briefly (2 minutes, 1000 rpm, 4°C). qPCR analysis
was performed using a LightCycler® 480 Instrument Il (Roche Applied Science) following the
programme in Table 6. Signals of amplified products were verified using melting curve analysis,
and mRNA levels were normalized to the geometric mean of Actin and GAPDH. Relative
expression levels were calculated using the Ct method (Livak & Schmittgen, 2001).
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Step Temperature (°C) Time Number of cycles

Pre-incubation 95 7 min 1
95 10 sec

Amplification 60 20 sec 45-50
72 1 sec
95 5 sec

Melting curve 65 1 min 1
97 5 acquisitions per °C

Cooling 4 0 1

Table 6. gPCR protocol

2.11 Metabolite Measurements

2.11.1 Dicarbonyls

Dicarbonyls (glyoxal, methylglyoxal and 3-deoxyglucosone) in the liver tissue was determined by
isotope dilution, tandem mass spectroscopy, following derivatization with 1,2-diaminobenzene
(Rabbani & Thornalley, 2014c). Briefly, pre-weighted amounts of tissue (ca.10mg) were
homogenized in ice-cold 20% (wt/vol) trichloroacetic acid in 0.9% (wt/vol) sodium chloride (20 pl)
and water (80 pl). An aliquot (5 pl) of the internal standard (13C3-MG; 400 nM) was then added
and the samples vortexed mixed. Following centrifugation (14000 rpm; 5 mins @ 4 °C), 35 pl of
the supernatant was transferred to an HPLC vials containing a 200 pl glass interest. An aliquot (5
ul) of 3 % sodium azide (wt/vol) was then added to each sample followed by 10 ul of 0.5 mM DB
in 200 mM HCI containing 0.5 mM diethylenetriaminepentaacetic acid (DETAPAC) in water. The
samples were then incubated for 4hrs at room temperature, protected from the light. Samples
were then analyzed by LC-MS/MS using an ACQUITY™ ultra-high-performance liquid
chromatography system with a Xevo-TQS LC-MS/MS mass spectrometer (Waters, Manchester,
UK). The column was a Waters BEH C18 (100 x 2.1 mm) and guard column (5 x 2.1 mm). The
mobile phase was 0.1 % formic acid in water with a linear gradient of 0—-100 % 0.1 % formic acid
in 50 % Acetonitrile:water over 0-10mins; the flow rate was 0.2ml/min and column temperature
was 5°C. The capillary voltage was 0.5 kV, the cone voltage 20 V, the interscan delay time 100
ms, the source and desolvation gas temperatures 150 and 350 °C, respectively, and the cone gas
and desolvation gas flows were 150 and 800 I/h, respectively. Mass transitions (parent
ion>fragment ion; collision energy), retention time, limit of detection, and recoveries were as
follows: Glyoxal, 130.9 > 77.1, 22eV, 5.28 min, 1.15 pmol, 99%; MG, 145.0 > 77.1, 24eV, 5.93
min, 0.52 pmol, 98%; 3-deoxyglucosone, 235.0 > 199.1, 14eV, 4.09 min, 0.36 pmol, 95%.
Acquisition and quantification were completed with MassLynx 4.1 and TargetLynx 2.7 (Waters®).
Calibration curves were constructed by plotting peak area ratio of analyte/isotopic standard
against analyte concentration (0-20pmol).
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2.11.2 GSH & GSSG

Reduced glutathione (GSH), oxidized glutathione (GSSG) and S-D-lactoylglutathione (SDL) was
measured by stable dilution, liquid chromatography tandem mass spectrometry. Briefly,
pulverised liver was homogenized in ice-cold 3% (wt/vol) trichloroacetic acid, 0.25% sodium azide
(wt/vol) and 0.5mM diethylenetriaminepentaacetic acid (DETAPAC) in 0.9% (wt/vol) sodium
chloride (100ul). Following centrifugation (14000 rpm; 5 mins @ 4 °C), 20ul of the supernatant
was transferred to an HPLC vial containing 20ul of the isotopic standards (20pmol [glycine-
13C2,15N]-GSH and 10pmol [13C4, 15N2-GSSG]. Samples were then analysed by LC-MS/MS
using an ACQUITY ™ ultra-high-performance liquid chromatography system with a Xevo-TQS LC-
MS/MS mass spectrometer (Waters, Manchester, UK). The column was a Waters BEH C18 (100
x 2.1 mm) and guard column (5 x 2.1 mm). The mobile phase was 0.1 % formic acid in water with
a linear gradient of 0-100 % 0.1 % formic acid in 50 % Acetonitrile:water over 0-10mins; the flow
rate was 0.2ml/min, column temperature was 5°C and injection volume was 10ul. The capillary
voltage was 2.5 kV, the cone voltage 18V, the interscan delay time 3ms, the source and
desolvation gas temperatures 150 and 250 °C, respectively, and the cone gas and desolvation
gas flows were 150 and 600 I/h, respectively. Mass transitions (retention time, parent
ion>fragment ion, collision energy), retention times were as follows: GSH, 2.33mins, 370.9 >
178.7, 12eV; GSSG, 5.02mins, 613.1 > 483.9, 18eV; SDL, 5.19mins 380.1 > 75.5, 36eV.
Acquisition and quantification were completed with MassLynx 4.1 and TargetLynx 2.7 (Waters®).
Calibration curves were constructed by plotting peak area ratio of analyte/isotopic standard
against analyte concentration (GSH: 0-100pmol; GSSG: 0-50pmol; SDL: 0-10pmol).

2.11.3 Adenosine Compounds

Pulverized liver (ca. 10mg) was sent to the Centre for Organismal Studies, Heidelberg and the
concentrations of sugars and organic acids were assessed using liquid chromatography coupled
fluorescence detection (Centre for Organismal studies by Dr. Gernot Poschet). Briefly, adenosine
compounds were extracted from grounded liver tissue with ice-cold 0.1 M HCl in an ultrasonic ice-
bath for 10 min. The resulting homogenates were centrifuged (16,400 g, 4°C, 10 min) to remove
cell debris. Adenosines were derivatized with chloroacetaldehyde as previously described and
separated at 42 °C by reversed phase chromatography on an Acquity BEH C18 column (150 mm
x 2.1 mm, 1.7 ym, Waters) connected to an Acquity H-class UPLC system (Burstenbinder et al.,
2007). The column was equilibrated with buffer A (5.7 mM TBAS, 30.5 mM KH2PO4, pH 5.8) at
a flow rate of 0.45 ml/min. The separated derivatives were detected by fluorescence (Acquity FLR
detector, Waters, excitation: 280 nm, emission: 410 nm) and quantified using ultrapure standards
(Sigma). Data acquisition and processing was performed with the Empower3 software suite
(Waters).

2.11.4 Sugars & Organic Acids

Pulverized liver (ca. 40mg) was sent to the Centre for Organismal Studies, Heidelberg and the
concentrations of sugars and organic acids were assessed using liquid chromatography coupled
fluorescence detection (Centre for Organismal studies by Dr. Gernot Poschet). Briefly, organic
acids and sugars were extracted from grounded tissue using ultra-pure water and heated at 95°C
for 20 min. Organic acids were separated using an lonPac AS11-HC (2 mm, ThermoScientific)
column connected to an ICS-5000 system (ThermoScientific) and quantified by conductivity
detection after cation suppression (ASRS-300 2 mm, suppressor current 95-120 mA). At 30°C
the column was equilibrated with solvent A (ultra-pure water). Separation of anions and organic
acids was achieved by increasing the concentration of solvent B (100 mM NaOH) in buffer A
(Neubert et al., 2016). Soluble sugars were separated at 25°C on a CarboPac PA1 column
(ThermoScientific) connected to the ICS-5000 system and quantified by pulsed amperometric
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detection (HPAEC-PAD). The column was equilibrated with solvent A. Baseline separation of
carbohydrates was achieved by increasing the concentration of solvent B (300 mM NaOH). Data
acquisition and quantification was performed with Chromeleon 7 (ThermoScientific) (Neubert et
al., 2016).

2.12 Data and statistical analysis

Data was analysed using GraphPad Prism (version 9.3.1 for macOS, GraphPad Software, San
Diego, California USA, www.graphpad.com). All data is expressed as mean value + SEM of at
least three biological replicates. Data was first subjected to normality and lognormality tests
(Anderson-Darling test, D’Agostino & Pearson test, Shapiro-Wilk test and Kolmogorov-Smirnov
test) and subsequently analysed using ordinary one-way ANOVA (with Tukey's multiple
comparisons test) or nonparametric Kruskal-Wallis test (with Dunn’s multiple comparisons test).
Differences were considered significant when p < 0.05.
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3. Results

3.1 Physiological effects of the loss of Glo1 and a long-term HFD

3.1.1 Glucose homeostasis and diabetes parameters

In order to determine if the effects of the loss of Glo1 were similar to the effects of a HFD-induced
T2D model, body weight and blood sugar were measured over time and diabetes-related
parameters at the end of the 12-month experiment. Body weight was increased by 1.5-fold in the
HFD mice as compared to the control mice (46.74 + 1.74 vs 29.90 + 0.38g; p < 0.0001) or the
Glo1-KO mice (46.74 + 1.74 vs 31.80 + 0.36g; p < 0.0001). Glo1-KO mice did not show an
increase in body weight as compared to controls throughout the experiment (Figure 5A). Blood
sugar was also increased in the HFD mice as compared to either the control mice (130 + 1.99
vs 109.8 + 0.88 mg/dL; p < 0.0001) and Glo1-KO mice (130 + 1.99 vs 117 + 0.91 mg/dL; p <
0.0001), especially within the first half of the experiment, after which an adaptation effect was
observed, in which the blood glucose normalized by the end of the experiment (Figure 5B). Glo1-
KO mice showed a tendency of increased blood glucose levels in comparison with control mice,
but this increase was only of ca. 1-fold (117 £ 0.91 vs 109.8 £ 0.88 mg/dL; p < 0.001; Figure 5B).
There were no significant differences in the glycated haemoglobin (HbA1c), as a surrogate of
long-term glycaemia between any of the groups over the course of the experiment (Figure 5C).
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Figure 5. (A) Body weight measurements over time. (B) Blood glucose levels measured over time. (C) HbA1c
measured at the end of the experiment. (D) Intraperitoneal glucose (ipGTT) and insulin (ipITT) tolerance tests
performed at the end of the experiment and represented by the AUC. (E) Insulin plasma levels measured at the end of
the experiment. (F) HOMA-IR calculated with fasting glucose and insulin levels at the end of the experiment. Data is
represented by the Mean + SEM of biological replicates for Control, Glo1-KO and HFD mice. When individual values
are shown, triangles represent male mice and circles represent female mice. *** p < 0.001, **** p <0.0001, ns p > 0.05.

After 12 months, intraperitoneally insulin and glucose tolerance tests were performed as
indicators of glucose homeostasis. Increased area under the curve (AUC) in the insulin tolerance
test was observed in the HFD mice when compared to control (10433 + 264 vs 7893 vs 172 AU,
p < 0.0001) or the Glo1-KO (10433 + 264 vs 8539 + 221 AU, p < 0.0001) mice (Figure 5D), but
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no significant difference was found between control and Glo1-KO mice (Figure 5D). In the glucose
tolerance test, HFD mice again showed increased AUC when compared to control (19631 + 509
vs 12973 + 284 AU, p < 0.0001) and Glo1-KO (19631 + 509 vs 14828 + 246 AU, p < 0.0001) mice
(Figure 1D) and a mild increased AUC was also observed in the Glo1-KO mice when compared
to controls (p < 0.001, Figure 5D).

Insulin levels were measured in plasma samples at the end of the experiment and they were
found to be increased in the HFD mice 6-fold when compared to controls (4.45 + 0.5 vs 0.76 *
0.17ng/ml, p < 0.0001) and 4-fold as compared to Glo1-KO mice (4.45 £ 0.5 vs 1.23 + 0.23ng/ml,
p < 0.0001) mice (Figure 5E). However, no significant increase was found between Glo1-KO and
control mice (Figure 5E). HOMA-IR was calculated from glucose and insulin fasting levels and as
a parameter of insulin resistance. A similar trend was found, with the HFD mice showing an
increased HOMA-IR when compared to controls (37.56 + 4.97 vs 6.44 + 1.32, p < 0.0001) and
Glo1-KO (37.56 + 4.97 vs 9.385 + 1.77, p < 0.0001) mice (Figure 5F). No significant differences
were found between controls and Glo1-KO mice (Figure 5F). This data would suggest that a T2D-
insulin resistant phenotype has developed in the HFD mice but not in the Glo1-KO mice.

3.1.2 Pancreatic morphology and hormone expression

Despite not finding significant differences between Glo1-KO mice and controls, a trend to mildly
impaired glucose homeostasis could be observed. Therefore, to established whether such trends
were associated with changes in insulin production, the histology of pancreas from the mice was
examined.

H&E-stained pancreas sections were first analysed with respect to the distribution or size of the
islets. Endocrine area was measured by the percentage of the pancreas covered by islets and no
significant differences were found between controls and either Glo1-KO mice (0.57 + 0.06 vs 0.73
+ 0.2%, p > 0.05, Figure 6A and 6B) or HFD mice (0.57 + 0.06 vs 1.26 + 0.39%, p > 0.05, Figure
6A and 6B). Compared to controls, islet distribution was also unchanged in either Glo1-KO mice
(5.947e-007 + 7.483e-008 vs 7.034e-007 + 1.404e-00 islets/um?, p > 0.05, Figure 6A and 6B) or
HFD mice (5.947e-007 + 7.483e-008 vs 7.231e-007 + 1.187e-007 islets/um?, p > 0.05, Figure 6A
and 6B).

Insulin and glucagon expression were measured by immunofluorescence, using fluorescence
intensity as a readout. As compared to controls, the ratio insulin expression to -cell area was not
significantly changed between in Glo1-KO (3194 + 189 vs 3274 + 164, p > 0.05, Figure 6C and
6D) or HFD mice (3194 + 189 vs 2760 + 304, p > 0.05, Figure 6C and 6D). The same was also
found regarding the ratio glucagon expression to a-cell area, with no changes observed from
controls in either Glo1-KO (8029 + 323 vs 6451 + 680, p > 0.05, Figure 6C and 6D) or HFD mice
(8029 + 323 vs 8075 + 409, p > 0.05, Figure 6C and 6D). However, a sex-specific effect was
observed in glucagon intensity, with female Glo1-KO mice showing decreased glucagon
expression/o-cell area when compared to Glo1-KO males (3353 + 318.5 vs 9549 + 476.7, p <
0.0001, Figure 6C and 6D). This data would suggest that the physiological results observed in
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Glo1-KO and, especially, HFD mice in this study are not caused by morphological changes in the
pancreas or impaired expression of pancreatic hormones.
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Figure 6. Pancreatic morphology and hormone expression. (A) Representative H&E images of the pancreas at a
20x magnification. Scale bar is 200pm. (B) Pancreas analysis of whole slide images representing the % of the pancreas
occupied by islets (left) and islet distribution (right). (C) Immunofluorescence representative merged images of DAPI,
insulin and glucagon signals at a 20x magnification. Scale bar is 50um. (D) Pancreas immunofluorescence analysis
representing insulin (left) and glucagon (right) intensity corrected by the respective B-cell or a-cell area. Values
represent individual islets. Data is represented by the Mean + SEM of biological replicates for Control, Glo1-KO and

HFD mice. When individual values are shown, triangles represent male mice and circles represent female mice. ns p
> 0.05.

3.1.3 Liver and kidney analysis

As no differences were observed in the pancreas, liver and kidney, the two other organs that can
promote and be affected by impaired glucose homeostasis were analysed.

H&E images liver sections showed no morphological differences between the groups apart from
an increased fat accumulation in the liver of HFD mice (Figure 7A). The liver weight to body weight
ratio was decreased in the HFD mice when compared to controls (0.036 + 0.002 vs 0.041 + 0.001,
p < 0.05, Figure 7B) and Glo1-KO mice (0.036 + 0.002 0.042 + 0.001, p < 0.05, Figure 7B). This
difference in HFD group was due primarily to a decreased ratio in the HFD female mice when
compared to males (0.027 + 0.002 vs 0.044 + 0.002, p < 0.01, Figure 7B), suggesting the
accumulation of fat in other parts of the body rather than as visceral fat in females. Further
analysis of the lipid droplets of the liver showed an increase in the percentage of the area of the
liver occupied by lipids in the HFD mice when compared to controls (17.12 + 1.2 vs 5.07 + 1.2%
p < 0.0001, Figure 7C) and Glo1-KO mice (17.12+ 1.2 vs 7.23 + 0.88%, p < 0.0001, Figure 7C).
Lipid droplet size was also significantly increased by 4.5-fold in the HFD mice when compared to
controls (0.07 £ 0.001 vs 0.0155 + 0.0001 AU, p < 0.0001, Figure 7D) and Glo1-KO mice (0.07
+0.001 vs 0.0156 + 0.0001 AU, p < 0.0001, Figure 7D). Glo1-KO mice also showed an increase
in lipid droplet size as compared to controls, although it was only ca. 1-fold (0.0156 + 0.0001 vs
0.0155 + 0.0001 AU, p < 0.0001, Figure 7D).
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Figure 7. Liver and kidney analysis. (A) Representative H&E images of the liver at a 20x magnification. Scale bar is
100um. (B) Liver weight to body weight ratio measured at the end of the experiment. (C) Lipid analysis of the liver
representing the % area of the liver occupied by lipid droplets. (D) Lipid droplet size measured from representative
images of each group. (E) H&E representative images of the kidney at a 10x magnification. Scael bar is 1000um. (F)
Albumin/creatinine ratio measured in the urine at the end of the experiment. (G) Creatinine clearance calculated at the
end of the experiment. Data is represented by the Mean + SEM of biological replicates for Control, Glo1-KO and HFD
mice. When individual values are shown, triangles represent male mice and circles represent female mice. * p < 0.05,
**p <0.01, *** p <0.0001, ns p > 0.05.

H&E images of the kidney showed no prominent morphological changes between the groups
(Figure 7E). However, an assessment of kidney function showed that the albumin/creatinine ratio
was increased in the HFD mice as compared to either the control (60.25 + 6.96 vs 35.62 + 2.85,
p < 0.01, Figure 7F) or Glo1-KO mice (60.25 + 6.96 vs 37.77 + 4.67, p < 0.01, Figure 7F). No
significant differences were observed between the Glo1- KO mice and controls (p > 0.05, Figure
7F). Consistently, creatinine clearance was also decreased in the HFD mice as compared to Glo1-
KO mice (0.023 + 0.003 vs 0.055 + 0.008 ml/min/g body weight, p < 0.01, Figure 7G), whilst no
significant differences were found between Glo1-KO and control mice (0.055 + 0.008 vs 0.038 +
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0.004 ml/min/g body weight, p > 0.05, Figure 7G). This data suggests that the physiological
changes seen in the HFD mice could be triggered by increased fat deposition in the liver and lead
to impaired kidney function, which is consistent to what it has been reported in the literature
(Nakamura & Terauchi, 2013; Sun et al., 2020). However, the physiological trends observed in
the Glo1-KO mice cannot be explained by any changes in the liver or kidneys of the animals,
suggesting that the loss of Glo1-KO is not an adequate model for the development of T2D.

3.2 Effects of the loss of Glo1 at a molecular level

3.2.1 Liver Gene Expression Profiling

At this point in the study, it could be observed that Glo1-KO mice are not equivalent to T2D
phenotype, induced by HFD. However, there were trends observed in the Glo1-KO mice that
could not be explained by any changes or functional impairments in major organs. In order to
determine the potential molecular differences between the control, Glo1-KO and HFD mice,
expression profiling, using Affymetrix microarrays, was performed from the total RNA isolated
from the livers of the different experimental groups.

Principal component analysis (PCA) confirmed the previous conclusion from the phenotyping data
that the loss of Glo1 does not have the same effects as a long-term HFD. Furthermore, it showed
that the gene expression, as compared to the control mice, was also not substantially changed
(Figure 8A). Hierarchical clustering showed that across all of the data there were two well-defined
clusters comprising of the control and Glo1-KO mice together and the HFD mice separately,
indicating the substantial effects that the HFD diet has induced (Figure 8B). Interestingly, for each
of these clusters there was a strong differentiation between sexes, especially for the Glo1-KO
mice in which the male mice are strongly separated from female mice (Figure 8B). This would
suggest, the loss of Glo1 may have a sex-specific effect.

To define the potential sex dimorphism of Glo1, volcano plots between control and Glo1-KO male
and female mice were generated to examine the extend of differentially expressed genes.
Significantly differentially expressed genes were considered when p < 0.05 (or Log(p value) >
1.301) and the Log2(FC) < -1 or Log2(FC) > 1. In Glo1-KO males, only 17 genes were found to
be significantly up- (9 transcripts) or downregulated (8 transcripts) as compared to the male
controls/wild-type (Figure 8C and 8D). In contrast, in the Glo1-KO females only 4 genes were
found to be upregulated as compared to female controls/wild-types (Figure 8E and 8F). Due to
the low number on differentiational changed transcripts, it was difficult to assign specific causal
roles that such transcripts might have in the context of gender. As such, functional network
enrichment, which categorizes the identified proteins with regard to function, based upon overlap
statistics, was performed.

3.2.2 Hepatic mitochondrial function

The enrichment plot showed several pathways that were significantly changed between female
and male Glo1-KO mice (Figure 9A). Of these pathways, oxidative phosphorylation, in particularly
the complexes of the electron transport chain (ETC) was found to be significantly upregulated in
the male Glo1-KO mice (Figure 9B). To confirm whether the increase in the expression of the ETC
complexes was translated into an increased protein expression, western blotting for the different
complexes was performed.

31



(A) (B)

z Group
g o
= HFD
S
Q Ko
02
s L, ®
03 52 ol 02 03
PC1 (58.12%)
- M N N - MY O W T WO MmN - © W
o O O O 0 0o o oo a0
¥ X X ¥ X X LIL I-IL I-IL l-f % LIL
: Lo o wuwuw £ L LI ,
(c) (D) = =2 =2 = = = S s s ¢ uuw
4 . Gene Symbol Log2(FC) Name Function
Rgs16 218 Regulator of G-protein signaling 16 Enables GTPase activator activity
Cyp209 211 Cytochrome P450, family 2, subfamily b, polypeptide 9 Metabolism of drugs and xenoblotics
> Thrsp 154 Thyroid hormone responsive Regulation of lipogenesis
3 . Cyp2a22 1.49 Cytochrome P450, family 2, subfamily a, polypeptide 22 Metabolism of drugs and xenobiatics
<>“ 3 — diffexpressed Ciart 135 Circadian associated repressor of transcription Enables E-box binding activity, circadian regulation of gene expression
o N °l: . DOWN Sicotad 133 ‘Solute carrier organic anion transporter family, member 1a4 Mediates transport of organic anions
=1 AN “ . . NO Mt 121 Metallothionein 1 Enables copper ion binding activity, negative regulation of neuron apoptosis
= B R S « UP Gm14412 1.09 Predicted gene 14412 Predicted to enable DNA-binding transcription activator activity
o Slc22a27 101 Solute carrier family 22, member 27 Mediates transport of organic anions.
T Pim1 -1.10 Proviral integration site 1 Positive regulation of brown fat cell differenciation and protein stabilization
Pppirdc 115 Protein phosphatase 1, regulatory subunit 3C Protein dephosphorytation, glycogen biosynthesis
Sic16at 119 Solute carrier family 16, member 1 Monocarboxylic acid transporter
vtr16 12 Zinc finger and BTB domain containing 16 DNA-binding transcription repressor activity
Soppt 131 ‘Sphingosine-1-phosphate phosphatase 1 i iing pathway and ipi
Cldnt 132 Claudin 1 Constituent of tight junction complexes, regulation of epithelia permeability
Tubb2a 135 Tubulin, beta 24 Constituent of microtubules
Elovi3 174 ELOVL Fatty Acid Elongase 3 Elongation of very long chain fatty acids
4
Gene Symbol __Log2(FC) Name Function
Tsku 1.36 Tsukushi, small leucine rich proteoglycan  Cholesterol efflux and homeostasis and nervous system development
) Hhex 114 et d DNA-binding repressor activity
g 3 ° diffexpressed Cbrl 1.05 Carbonyl reductase 1 Enables carbonyl reductase (NADPH) activity and oxidorredutase activity
9 - NO Gpihbpl 1.02 GPI-anchored HDL-binding protein 1 Lipid homeostasis and protein transport
= P
- . + uP
=S .
k=] d
T2 B
i,. .

-2 -1 1 2

0
Log2_FC
Figure 8. Hepatic gene expression profiling results and analysis. (A) PCA plot of hepatic gene expression results
between Control, Glo1-KO and HFD mice. (B) Heatmap and hierarchical clustering of hepatic gene expression analysis
of Control, Glo1-KO and HFD mice represented by its individual biological replicates. (C) Volcano plot of differentially
expressed genes between Control and Glo1-KO male livers. Vertical red lines represent the threshold of Log2(FC) < -
1 and Log2(FC) >1. Horizontal red line represents the threshold in significance of —log(p-value) > 1.301. (D) Significantly
up or downregulated genes in the livers of Glo1-KO male mice. (E) Volcano plot of differentially expressed genes
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In the control mice, there was no difference in the protein expression of the ETC complexes
between male and female mice (Figure 9C). However, in Glo1-KO mice there were significant
increases in the male mice, as compared to the female mice, for the expression of Complex |
(0.305 +0.02 vs 0.152 + 0.02 AU, p < 0.01, Figure 9C) and Complex Il (0.993 + 0.001 vs 0.678 +
0.064 AU, p > 0.0001, Figure 9C).
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Figure 9. Mitochondrial gene and protein expression and biogenesis. (A) Enrichment plot of most differentially
expressed pathways in the livers of female and male Glo1-KO mice after gene expression profiling. (B) Heatmap of the
expression of genes involved in the different complexes in the mitochondrial electron transport chain in Control and
Glo1-KO male and female livers. (C) Western blot of electron transport chain complexes in Glo1-KO female and male
liver extracts. Followed by the densitometry analysis in Control (left) and Glo1-KO (right) mice. (D) Hepatic RNA
expression of genes involved in mitochondrial biogenesis measured by gPCR in Control and Glo1-KO female (F) and
male (M) mice. Data is represented by the Mean + SEM of biological replicates. ** p < 0.01, **** p < 0.0001, ns p >
0.05.

The increased expression of the ETC complexes in the Glo1-KO male could be the result of
increased mitochondrial biogenesis. The expression of genes involved in mitochondrial
biogenesis as PGC1a, Tfam, Nrf1, Tfb2m, Tomm?7, Timm23 or Timm17 was therefore analysed
by gPCR. No differences were found between the groups (Figure 9D), suggesting that the
upregulation of ETC complexes in the Glo1-KO males is not due to an increase in the number of
mitochondria. Nevertheless, the increased expression of ETC complexes in the Glo1-KO male

mice could be an indication of a greater capacity to produce to ATP.
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In order to determine whether this was the case, hepatic levels of the different intermediates of
the citric acid or tricarboxylic acid (TCA) cycle and glycolysis substrates after insulin stimulation
was performed. Under baseline conditions, there was no significant differences between control
and Glo1-KO mice females or males (data not shown). However, following insulin stimulation, a
sex-specific effect was observed in the fold-change baseline to insulin stimulation levels. Female
Glo1-KO mice did not show significant increases in any of the metabolites analysed when
compared to control female mice (Figure 10A). However, the Glo1-KO male mice showed
significant increases in the levels of the TCA cycle intermediates, as compared to the control male
mice. For example, fumaric acid was increased 8-fold (4.32-fold + 1.71 vs 0.55-fold + 0.07, p <
0.01, Figure 10B), succinic acid was increased 4-fold (2.79-fold + 0.75 vs 0.36-fold + 0.03, p <
0.01, Figure 10B) and malic acid was increased 6-fold (2.79-fold + 1.19 vs 0.49-fold + 0.03, p <
0.01, Figure 10B). The Glo1-KO male mice also showed increased levels of pyruvic acid (3.67-
fold £ 0.94 vs 0.62-fold + 0.05, p < 0.001, Figure 10B) and D-glucose (1.84-fold + 0.19 vs 0.63-
fold + 0.04, p < 0.05, Figure 10B) as compared to control males, following insulin stimulation.
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Figure 10. Citric acid cycle and nucleotides. (A) Hepatic levels of the intermediates of the citric acid cycle in female
Control and Glo1-KO mice after insulin stimulation. (B) Hepatic levels of the intermediates of the citric acid cycle in
male Control and Glo1-KO mice after insulin stimulation. (C) Lactate to pyruvate ratio after insulin stimulation in Control
and Glo1-KO female (F) and male (M) livers. (D) AMP/ATP (left) and ADP/ATP (right) ratios in liver samples from
Control and Glo1-KO female (F) and male (M) mice. Data is represented by the Mean + SEM of biological replicates. *
p <0.05, ** p < 0.01, ** p <0.001, ns p > 0.05.

The lactate to pyruvate (L:P) ratio showed a non-significant decrease after insulin stimulation in
the Glo1-KO males as compared to controls (0.39-fold + 0.13 vs 1.64-fold + 0.09, p = 0.06, Figure
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10C), mainly caused by the increase in pyruvate levels in the Glo1-KO mice after insulin
stimulation, suggesting an impairment in mitochondrial function or pyruvate metabolism in Glo1-
KO male mice. In contrast, the L:P ratio in the Glo1-KO females was not changed when compared
to female controls (1.28-fold + 0.5 vs 1.91-fold £ 0.19, p = 0.4, Figure 10C).

Another readout for mitochondrial function is the levels of adenine nucleotides: AMP, ADP and
ATP; being considered as energy metabolites (D. Grahame Hardie, 2011). Similar trends in the
AMP/ATP and ADP/ATP ratios were found in the livers of the different groups, with female Glo1-
KO mice showing increased ratios of both AMP/ATP and ADP/ATP when compared to control
and Glo1-KO male mice (Figure 10D). However, these differences were non-significant and as
such it was difficult to discern what is the relevance of these measurements to the changes
already described.

3.2.3 Hepatic AMPK activation and insulin signalling

Most of the processes that are sensitive to cellular energy are mainly control directly or indirectly
by AMPK. In the Glo1-KO female mice, activation of AMPK by phosphorylation at Thr172 was
significantly increased as compared to the Glo1-KO male mice (0.0084 + 0.0002 vs 0.0047 +
0.0008 AU, p < 0.05, Figure 11A and 11B), whilst inactivation of AMPK, by phosphorylation at
Ser485, was found to be unchanged between Glo1-KO female and Glo1-KO male mice (0.0018
+ 0.0001 vs 0.0019 + 0.0003 AU, p = 0.98, Figure 11A and 11B). However, it was increased in
the Glo1-KO male mice as compared to the male controls (0.0019 + 0.0003 vs 0.0009 + 0.0002
AU, p <0.05, Figure 11A and 11B). These results would suggest that Glo1-KO male mice have a
decreased activation of AMPK when compared to both control male mice and female Glo1-KO
mice.
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Figure 11. Hepatic AMPK activation and insulin signalling. (A) Western blot of total AMPK and AMPK activating
(Thr172) and inhibitory (Ser485) phosphorylations in liver extracts of Control and Glo1-KO female and male mice using
B-actin as a loading control. (B) Densitometry analysis of AMPK western blots of Control and Glo1-KO female (F) and
male (M) liver extracts. (C) Western blot of total Akt and p-Akt (Thr308 + Ser473) in liver extracts of Control and Glo1-
KO female and male mice using B-actin as a loading control. (D) Densitometry anaylsis of Akt western blot of Control
and Glo1-KO female (F) and male (M) liver extracts, represented as the fold-change of INS/PBS. Data is represented
by the Mean + SEM of biological replicates. * p <0.05, ** p < 0.01, ** p < 0.001, ns p > 0.05.
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To determine the downstream consequences resulting from the differentiation in the
phosphorylation of AMPK, the phosphorylation status of Akt was investigated. The fold-change in
the total phosphorylation of Akt (Thr308 + Ser473) following insulin stimulation was significantly
reduced in the Glo1-KO male mice as compared to the male controls (5.81-fold + 0.85 vs 33.07-
fold + 1.24, p < 0.05, Figure 11C and 11D) and to Glo1-KO female mice (5.81-fold + 0.85 vs 35.57-
fold + 5.99, p < 0.05, Figure 11C and 11D). This data would confirm that an impairment in AMPK
phosphorylation in Glo1-KO male mice would lead to a reduced activation of hepatic insulin
signalling.

3.2.4 Dicarbonyls and redox stress in the liver

A potential mechanism for the molecular differences observed in the Glo1-KO mice could be
increased hepatic MG and MG-H1, as well as increased redox stress. To establish whether this
was the case, MG levels and the levels of reduced (GSH) and oxidized (GSSG) glutathione were
measured in the liver of the mice by LC-MS/MS. The levels of MG were not significantly increased
in the Glo1-KO mice when compared to controls (8.21 + 0.43 vs 6.46 + 0.79 pmol/mg, p = 0.09,
Figure 12A), nor there was any sex difference (Figure 12A). Similarly, redox stress as indicated
by the GSH/GSSG ratio, was not significantly changed in Glo1-KO mice as compared to controls
(64.21 £+ 8.85vs 51.63 + 6.56, p = 0.075, Figure 12B). The levels of MG-H1, measured by western
blot in liver protein extracts showed no significantly elevation in Glo1-KO mice when compared to
controls (13.63 + 1.23 vs 11 + 1.05 AU, p = 0.7, Figure 12C and 12D), nor there were any
differences between sexes observed (Figure 12C and 12D). These results suggest that the
molecular differences observed in the Glo1-KO male mice are not as a result of increased MG
levels or MG-related AGEs, neither they are a consequence of increased hepatic redox stress.
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Figure 12. Hepatic levels of MG, MG-H1 and redox stress. (A) MG levels of Control and Glo1-KO mice measured
in the liver by LC/MS-MS. (B) GSH/GSSG ratio of Control and Glo1-KO mice measured in the liver by LC/MS-MS. (C)
Western blot of MG-H1 in Control and Glo1-KO liver extracts using B-actin as a loading control (D) Densitometry
analysis of MG-H1 western blot. Data is represented by the Mean + SEM of biological replicates. ns p > 0.05.
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3.2.5 Hepatic arachidonic acid metabolism

Glo1-KO male mice were found to have decreased responsiveness to insulin, as compared to the
Glo1-KO female mice, suggesting that the female mice are protected from the negative
consequences resulting from the loss of Glo1. Further analysis of the expression profiling data
which compared all of the male and female mice regardless of the genetic background, showed
that pathways involved in xenobiotic and drug metabolism, specifically the cytochrome P450
(cyp450) family, was upregulated in the female mice (Figure 13A).

This finding is not unexpected, as it has been previously reported that the expression of cyp450
family to be sex dimorphic, (Renaud et al., 2011). In the context of this study, 17 cyp450
isoenzymes were found to be differentially expressed between male and female mice; ten of
which were predominantly expressed in the female mice and seven in male mice (Figure 13B). It
was subsequently found by the pathway analysis, that the differentially changed isoenzymes in
the male and female mice were involved in the metabolism of arachidonic acid, a polyunsaturated
omega-6 fatty acid, to epoxyeicosatrienoic acids (EETs), which are known to have beneficial
effects in diseases as diabetes or the metabolic syndrome (dos Santos & Fleming, 2020).
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Figure 13. Arachidonic acid metabolism. (A) Enrichment plot of most differentially expressed pathways in the livers
of female and male mice after gene expression profiling. (B) Heatmap of the gene expression of Cyp450 isoforms in
the livers of female and male mice. (C) RNA expression of Cyp450 isoforms involved in arachidonic acid metabolism
measured by qPCR in liver samples from female and male mice. Data shows the fold-change of males to females. (D)
Cyp450 total activity in liver extracts from female and male mice. Data is represented by the Mean + SEM of biological
replicates. * p <0.05, ** p < 0.01, *** p < 0.001, ns p >0.05.
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gPCR analysis showed that regardless of the loss of Glo1, male mice in comparison to female
mice, had a significant reduction in the expression of Cyp3c67 (0.31-fold + 0.03, p < 0.01, Figure
13C), Cyp2b13 (0.07-fold £ 0.01, p < 0.001, Figure 13C), and Cyp2b9 (0.23-fold + 0.04, p < 0.01,
Figure 13C), which correspond with epoxygenases of the Cyp450 family responsible for the
metabolism of arachidonic acid into EETs. Consist with the decrease in expression, a decrease
in total liver cyp450 activity was observed in the male mice as compared to the female mice (27.48
+ 0.9 vs 34.02 £ 2.3 mU/mg, p < 0.05, Figure 13D).

EEts can be converted into dihydroxyeicosatrienoic acids (DHETs) by the soluble epoxide
hydrolase (sEH). The biological actions of DHETs are less well understood, but high
concentrations of these diols have been suggested to be detrimental, as they have been related
to promote inflammation. Therefore, a lower expression of sEH leading to a reduced conversion
of EETs into DHETs has been proposed as a protective mechanism against inflammation and
metabolic disorders (dos Santos & Fleming, 2020). The expression of Ephx2, the gene encoding
for the expression of sEH, is not significantly changed between females and males in this study
(Figure 13C), suggesting that a potential increase in EETs in female mice would be mainly caused
by increased metabolism of arachidonic acid by Cyp450 epoxygenases, but not by an decreased
expression of sEH.
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4. Discussion

4.1 The loss of Glo1 in mice does not recapitulate to a T2D-phenotype

The aim of this study was to determine if the loss of Glo1 could lead to a diet-induced T2D
phenotype. However, the results showed that the effects resulting from the loss of Glo1 were not
comparable and that physiologically, the Glo1-KO mice showed little or no difference to the aged-
matched wild-type mice. This finding is consistent with the previously studies using this Glo1-KO
mouse (Schumacher et al., 2018). This mouse line which was created using CRISPR/Cas9 to
delete eight nucleotides within the Glo1 gene, lead to the systemic loss of the Glo1 protein and
activity (Morgenstern et al., 2017; Schumacher et al., 2018). As have been reported previously,
the mice were viable and showed no reproductive phenotype, which is inconsistent with previous
claims that the complete loss of Glo1 would be lethal to an organism (Arai et al., 2010; Shafie et
al., 2016). Furthermore, the loss in protein/activity was stable, unlike the previous siRNA-lentiviral
approach used to generate Glo1 knock-down mouse, in which it has been reported that the partial
loss of Glo1 leads to increases in MG and MG-H1, but also symptoms of diabetic nephropathy,
independent of hyperglycaemia (Giacco et al., 2014). A Glo1-KO mouse line has also been
generated using a gene trapping approach which lead to the complete loss of Glo1 activity in the
liver and brain (Jang et al., 2017). It was subsequently claimed that the AGE content within these
organs was elevated. However, these measurements were performed by western blotting and no
corroborated with quantitative mass spectrometric measurements. The extent of these increases,
based upon the presented blot, and which are not reported to be significant, remains
questionable. Nevertheless, these mice were also reported to be viable and showed no deficit in
reproductive function. With the exception, of the Glo1 knock-down mouse study, there are
currently no in vivo studies which would indicate that the loss of Glo1 is detrimental to health.
Within the context of clinical diabetes, MG and/or MG-H1 have been reported to be elevated in
patients (Rabbani & Thornalley, 2012, 2014b), however, this has yet to be associated with the
loss of Glo1; the majority of clinical studies have reported either no differences or an increase in
activity, based upon the measurement of activity, in red blood cells (McLellan et al., 1994; Skapare
et al., 2013; P.J. Thornalley et al., 1989), or D-lactate, as a stable end-product of the glyoxalase
system, in the plasma and urine (Chou et al., 2015; Scheijen et al., 2012).

This raises a critical question of whether Glo1 is truly relevant for regulating MG levels. As it has
been shown in other studies, the loss of Glo1 in murine models can be effectively compensated,
therefore provided one a means by which the detrimental effects of MG can be migrated
(Morgenstern et al., 2017; Schumacher et al., 2018). In this study, the lack of any physiological
differences between the Glo1-KO and the wild-type mice, could be the result of MG not becoming
elevated, due to alternative detoxification. This may also be an explanation as to why the loss of
Glo1 in organisms lower down the phylogenetic tree show more detrimental effects, as their
capacity to perform alternative detoxification is reduced by a limited expression of the required
aldo-keto reductase and/or aldehyde dehydrogenase isoenzymes (Morgenstern, Campos
Campos, et al., 2020).

The relevance of alternative detoxification by aldo-keto reductase in vivo has been demonstrated
by Baba et al., which showed that the detoxification of MG was lost in the hearts of Akr1b3
knockout mice (Baba et al., 2009). In type 1 model of diabetes, it was subsequently shown that
Akr1b3 knockout mice had increased accumulation of AGEs in the plasma heart, whilst loss of
Akr1b3 in apoE-knockout mouse not only increasing AGE accumulation but also the formation of
atherosclerotic lesions. A similar approach was performed with the Glo1 knockdown mouse and
whilst it was found that Glo1 activity was decreased within the tissues, there was no increase in
MG-derived AGEs or enhanced formation of atherosclerosis (Baba et al., 2009). These two
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studies together would suggest that the loss of Glo1 alone is insufficient a trigger to elevate MG
levels, and potential development of diabetes and its associated complications. The combined
loss of Glo1 and Akr1b3 may therefore provide a more suitable model for studying the contribution
of MG to diabetes in future studies. However, a limitation to this approach is that all members of
the aldo-keto reductase superfamily share similar enzymatic properties (Wortmann et al., 2016).
As such, the loss of one member would not necessarily lead to the loss of alternative
detoxification, as it could be partly compensated by the other family members (Barski et al., 2008).
Furthermore, the physiological relevance of such a model to clinical diabetes would remain
unclear, unless it could first be proven that Glo1 activity is reduced and aldo-keto reductase
activity is increased in diabetic individuals.

The loss of the Glo1 protein, as has been demonstrated in the various Glo1-KO experimental
models, would inevitably lead to the loss of activity. However, a decrease in activity could also
result without the loss of the intact protein. For instance, Glo1 is a GSH dependent enzyme, and
as such the activity of Glo1 within a given cell or tissue will be dependent not only upon the
expression of the protein but will also the cellular concentration of GSH. If the GSH concentration
was decrease, then this would also lead to a decrease in activity, without any loss of the protein
(Abordo et al., 1999; P.J. Thornalley, 2003; Paul J Thornalley, 1998). Unfortunately, proving
whether this is a mechanism of action in vitro or in vivo remains elusive as in situ measurements
of Glo1 activity are not possible without using saturation conditions to perform the activity assay
(Arai et al., 2014). It has also been shown the post-translational modifications of Glo1 can also
affect the activity and affinity of the enzyme without a loss of the protein (Birkenmeier et al., 2010;
Cortizo et al., 2022; de Hemptinne et al., 2009; Morgenstern, Katz, et al., 2020). Such modulators
of Glo1 would suggest that activity, rather than remaining constant, could fluctuate leading to
periods when MG is elevated. If this were the case, then an experimental model in which the
expression of Glo1 could be periodically switched on or off, may provide a more physiological
relevant model for study. The generation of an inducible knock-out, using the tetracycline-
controlled transcriptional activation method (Gossen & Bujard, 1992), would allow for this as the
suppression of Glo1 would be reversible, unlike the Cre recombinase expression system which
tends to be irreversible once induced. If such an approach was also targeted to a specific organ,
such as the liver which has the highest Glo1 activity, it may be possible to get a better
understanding of the relationship that Glo1 has to the metabolism of MG, and in turn, the
physiological effects induced by elevated MG.

4.2 Sex-specific effects driven by Glo1

The Glo1-KO mice did not recapitulate a T2D phenotype, however, a sex dimorphism was
observed at the molecular level, in which male Glo1-KO mice were found to have changed
mitochondrial function, decreased responsiveness to insulin, as measured by Akt
phosphorylation, and decreased activation of AMPK as compared to the female Glo1-KO mice.
This evidence of a sex dimorphism is not unexpected as there is substantial clinical and
experiment evidence published in the last decade which showed that there are significant
molecular differences between the sexes, particularly with respect to diabetes. For example,
epidemiological studies have shown that diabetes is more prevalent in men than in women,
especially amongst individuals aged 45-60 years (Peters et al., 2019; B. Zhou et al., 2016). The
explanation for such differences in respect to energy partitioning and expenditure, body
composition and regulation of glucose homeostasis (Tramunt et al., 2020).

Such sex differences tend to be explained within the context of the expression and action of the

sex hormones progestogens, androgens and estrogens. In the context of diabetes, an association
between estrogens and the activation of protective effects in skeletal muscle, brains, liver, adipose
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tissues and pancreatic 3-cells has been reported. The activation of estrogen receptor signaling
pathways have been shown to lead to decreased body weight and adiposity, increased insulin
sensitivity and increased glucose tolerance (Ortiz-Huidobro et al., 2021). Such positive sex-
hormone effects are supported by the deleterious impact of the menopause and experimental
ovariectomies on body composition and glucose homeostasis in female mice, which can be
prevented by estrogen treatment (Anagnostis et al., 2019; Handgraaf et al., 2013; Kanaya et al.,
2003; Riant et al., 2009). However, the complex mechanism(s) which are responsible for
regulating sex-dimorphic dependent metabolism in diabetes are not yet completely understood.
This is due in part to many experimental diabetes studies using exclusively male mice, to avoid
any potential confounding effects the female sex hormones may have had. As consequence, such
studies can only provide insights into the molecular differences relevant to half of the population.

Several studies have also reported sex dimorphisms when knocking out various genes and/or
proteins, achieving unexpected results between sexes (Kreiner et al., 2013; Mansukhani et al.,
2017; Ramanathan & Siegel, 2014; Sheng et al., 2017; Tangirala et al., 1995; Vomhof-DeKrey et
al., 2019). For example, an LDL receptor (LDLR)-KO model in mice revealed that atherosclerosis
develops differently between sexes, with females showing more atherosclerotic lesions than
males when fed a high fat-low cholesterol diet (Mansukhani et al., 2017). However, in the same
LDLR-KO model, a study performed using a diet with a higher cholesterol content reported
increased atherosclerotic lesion area in male mice (Tangirala et al., 1995). This demonstrates
that sex is a critical variable in experimental studies and that experimental conditions need to be
selected carefully, as they may have opposite effects between sexes.

With respect to metabolism, when studying the loss of key regulator genes and/or proteins, male
mice are reported to the more affected. For instance, in a study in GABAB1-KO mice, KO-males
showed increased fasting insulin and HOMA-IR when compared to KO-females, accompanied by
a decreased activation of Akt in KO-males with no observations in KO-females (Bonaventura et
al., 2013). Similar results were found when studying proton channel Hv1-KO mice, with KO-males
showing impaired hepatic glucose homeostasis with lower expression of glycolytic genes and
higher expression gluconeogenic genes when compared to KO-females, leading to increased
fasting glucose levels in KO-males (Pang et al., 2021). Hepatic steatosis has been shown to be
more severe in male mice when compare to female mice when examining G-protein-coupled bile
acid receptor 1 (Gpbar1) and farnesoid X receptor (FXR)-KO mice (Sheng et al., 2017; Vassileva
et al., 2010). Similar effects have been reported in the kidney, with Apoe/Integrin chain Itga8-
double KO males showing increased renal damage than KO-females (Marek et al., 2017).These
studies also demonstrate that whilst sharing a commen genus, the genders of a species have
distinct biochemical and molecules differences, in which female mice are protected against
metabolic dysfunction. It is therefore critical that all future experimental studies included both
female and male mice.

4.3 Females are protected against metabolic impairments

It is well described that females are less susceptible to metabolic disorders, with males more likely
to develop hyperglycemia, insulin resistance and obesity (Tramunt et al., 2020). In the case of
T2D, males are more frequently diagnosed at a lower BMI and age than females, even though
obesity is more common in females than males (Kautzky-Willer et al., 2016; Zhang et al., 2019).
One explanation for this could be the differences in which the different genders accumulate fat
within the body; females have a larger proportion of fat in relation to body mass, as such, they
tend to accumulate fat subcutaneously, whereas males are more likely to deposit this fat in the
abdominal region and as visceral fat, which is associated with a greater health risk (Power &
Schulkin, 2008). Moreover, when subjected to nutritional challenges, females have been found
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to be more resistant to its obesifying effects (Casimiro et al., 2021; Gelineau et al., 2017; Oraha
et al., 2022). Females are also considered to be more insulin sensitive than males, with glucose
and insulin tolerance tests in healthy individuals showing enhanced insulin sensitivity index,
potentially due to a female-specific increase in glucose uptake by skeletal muscle (Tramunt et al.,
2020).

The underlying molecular mechanism(s) which give females protection against the effects of
obesity remain unclear. Unsurprisingly, sex hormones are considered to play a significant role in
this protection. Estrogen signaling, for instance, can regulate lipid and cholesterol metabolism,
through activation of the PI3K pathway in the liver (Palmisano et al., 2018). This supports the
assumption that estrogen receptors can act by interacting with kinases as PI3K, ERK or AMPK,
leading to increased insulin sensitivity (Mauvais-jarvis et al., 2013). Another protective mechanism
found in females is increased production of adiponectin (Manieri et al., 2019; Ohman-hanson et
al., 2016). Adiponectin, a cytokine produced in the adipose tissue, has been shown to be
decreased in obese individuals and is associated with cardiovascular diseases and metabolic
disorders. Adiponectin can also reduce inflammatory cytokines (Kobashi et al., 2005; Ouchi et al.,
2000) and oxidative stress (Tao et al., 2007), leading to improvements in insulin resistance.
Adiponectin can also improve insulin resistance via activation of AMPK and peroxisome
proliferator-activated receptor-a (PPAR-a) (Matsuda & Shimomura, 2014). Brown adipose tissue
(BAT) mass has also been found to be increased in females, as well as its thermogenic activity
(Cypess et al., 2009; Pfannenberg et al., 2010). Brown adipocytes are known to be energy-
combusting cells that accelerate substrate oxidation, and therefore the activation of thermogenic
metabolism in BAT may improve metabolic health. Consequently, individuals with high BAT
activity levels show increased levels of high-density lipoprotein (HDL) cholesterol and reduced
levels of HbA1c, glucose and triglycerides (Matsushita et al., 2014; Q. Wang et al., 2015).

Liver metabolism has also been shown to be markedly sex dimorphic. Females have been shown
to be less prone to develop liver disease, by virtue of decreased lipid accumulation. It has been
shown that females have reduced expression of nuclear receptors, such as PPARa and increased
activation of glucocorticoid receptors (GR), leading to reduced inflammation. Moreover, xenobiotic
receptors are also increased in female livers as compared to males, leading to increased
detoxification of xenobiotic compounds. Increased detoxification and reduced inflammation can
result in reduced lipid accumulation and risk of liver disease in females (Rando & Wahli, 2011).

Transcriptional profiling of different organs from male and female mice performed by Rinn et al.,
showed that the majority of genes with sex-specific expression in the liver were involved in drug
and steroid metabolism, corresponding to cyp450 isoenzymes. It was therefore concluded that
sex differences in drug and steroid metabolism could have important implications on the
physiological differences between females and males (Rinn et al., 2004). In this study, a sex-
specific expression of hepatic cyp450 isoenzymes was also observed in which the expression of
specific isoenzymes involved in arachidonic acid metabolism were found to be significantly higher
in the females as compared to the males. These included Cyp2c and Cyp2b families of
epoxygenases, specifically Cyp2c38, Cyp2c65, Cyp2c67, Cyp2b13 and Cyp2b9, which are
involved in the metabolism of arachidonic acid to EETs in mice. The increased expression was
also reflected by an increase in the total activity of cyp450 in the liver. This would suggest that
female mice have a higher capacity to metabolism arachidonic acid to EETs.

EETs have been described to have many beneficial effects particularly as anti-inflammatory
agents, with increased levels of EETs being classified as protective in the liver against metabolic
syndrome. This protective effect of EETs comes from various mechanisms: (i) promotion of the
phosphorylation of the IR, activating insulin signalling; (ii) induction of PPAR activation, promoting
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mitochondrial function and a decreased in triglycerides; (iii) inhibition of ER stress; and (iv) the
activation of AMPK, resulting in reduced cholesterol synthesis and increased insulin sensitivity
(dos Santos & Fleming, 2020).

Based upon theses findings and the results of this study it can be concluded that the mechanism
by which the Glo1-KO female mice are protected is through increased production of EETs.
Upregulation of cyp450 isoenzymes in the female mice, leads to an increased metabolism of
arachidonic acid resulting in increased levels of EETs. The increased production of EETs would
then lead to a protection to develop metabolic disorders in females, as a result of the beneficial
effects of these eicosanoids.

In order to determine whether this hypothesis was correct, further experiments would be required.
In vivo, the levels of polyunsaturated fatty acids (PUFAs) and eicosanoids would need to be
measured in male and female, wild-type and Glo1-KO mice to establish whether female mice
have higher levels. The measurement of such metabolites is analytically challenging because of
the very low concentrations (picograms per milliliter) in blood, urine, and tissues, in vitro
metabolism, and autoxidation. Such measurements would therefore need to be performed by
liquid-chromatography, tandem mass spectrometry, which has the sensitivity and specificity to
detect such analytes. In vitro experiments would also need to be conducted using primary
hepatocytes isolated from male and female, wild-type and Glo1-KO mice. The male isolated
hepatocytes would be treated with increasing concentrations of EETs and the responsive to
insulin, as measured by Akt phosphorylation, measured as to determined whether the deficient in
insulin-dependent Akt phosphorylation observed in this study for the Glo1-KO male mice is
reversed. Conversely, the female isolated hepatocytes could be treated with cell permeable
inhibitors of cyp450, to reduce activity, or transfected with isoenzyme-specific sSiRNAs to reduce
the expression of the cyp450s and normalize EET levels. As with the male hepatocytes, insulin-
dependent Akt phosphorylation would be measured as to determine whether the levels of
phosphorylation were reduced to a level that was observed in the Glo1-KO male mice. Such in
vitro experiments would provide the evidence need to establish whether the increased arachidonic
acid metabolism in the female mice was the basis for the protection observed. If this was proven
to be the case, then additional in vitro and in vivo studies could be undertaken, to determine the
relative contribution of this protective mechanism in the development of diabetes and its
associated complications.

4.4 Concluding remarks

In conclusion, this study could show that the loss of Glo1 in mice does not recapitulate a T2D
phenotype. However, this study did show that the effects resulting from the loss of Glo1 are sex
dimorphic, in which male mice are more susceptible. The increase in arachidonic acid
metabolism, in particularly epoxyeicosatrienoic acids (EETs), and the beneficial effects that they
induce with respect to inflammation, mitochondrial dysfunction and insulin resistance, is proposed
as a mechanism which can protect females from the loss of Glo1. A better understanding of sex
dimorphism, particularly within the context of diabetes, may provide the means of developing
therapeutic approaches which are effective for all individuals.
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5. Summary

Type-2 diabetes (T2D) is a heterogeneous and multifactorial disorder whose pathophysiology is
not completely understood. The first impairment seen in individuals suffering from T2D is insulin
resistance resulting from: (i) mitochondrial dysfunction; (ii) lipid-induced insulin resistance; (iii)
endoplasmic reticulum stress; and (iv) inflammation. Methylglyoxal (MG), a potent-glycating agent
produced in physiological conditions as a by-product of glycolysis, has shown to be associated
with the activation of the four above-mentioned impairments leading to insulin resistance. The
effects of MG on cellular metabolism have been studied extensively and the modulation of its
main detoxification enzyme, Glo1, has been used as a strategy to resemble increased levels of
MG in diabetes. The knockdown of Glo1 in experimental murine models has been linked to the
development of diabetic nephropathy and has shown increased MG levels. Moreover, the
complete knockout of Glo1 (Glo1-KO) in Drosophila melanogaster or zebrafish, produced a T2D-
phenoype with insulin resistance, potentially as a cause of increased levels of MG. In this study,
it was hypothesized that the loss of Glo1 in mice could also recapitulate a T2D-phenotype. To test
this hypothesis, Glo1-KO C57BL/6 mice were generated and compared to wildtype mice (WT),
as a non-diabetic model, and mice subjected to a long-term high-fat diet (HFD), as a model of
T2D. As expected, mice on a HFD showed increased body weight and blood glucose levels, as
well as impaired glucose and insulin tolerance as compared to WT-mice. None of these
physiological alterations, however, were seen in the Glo1-KO mice. Analysis of the liver and
kidneys also showed no changes in the Glo1-KO mice. However, hepatic gene expression
profiling showed a sex dimorphism in the Glo1-KO mice. The Glo1-KO male mice showed
increased expression in the complexes of the mitochondrial electron transport chain. Further
experiments showed a potential impairment in mitochondrial function in male Glo1-KO mice, as
shown by significant increases in the levels of the citric acid cycle intermediates, after insulin
stimulation, as well as an impaired lactate to pyruvate ratio. The impaired mitochondrial function
in Glo1-KO males was also accompanied by reduced AMPK and insulin signalling cascade
activation, as measured by Akt phosphorylation. Comparison of the hepatic gene expression from
the female and male WT- and Glo1-KO mice showed an increased expression in the cytochrome
P450 family in female mice. Specifically, an increase in the expression and activity of the
isoenzymes involved in the metabolism of arachidonic acid. In conclusion, this study could show
that the loss of Glo1 in mice does not recapitulate a T2D phenotype. However, this study did show
that the effects resulting from the loss of Glo1 are sex dimorphic, in which male mice are more
susceptible. The increase in arachidonic acid metabolism, in particularly the levels of
epoxyeicosatrienoic acids (EETs), and the beneficial effects that they induce with respect to
inflammation, mitochondrial dysfunction and insulin resistance, is proposed as a protective
mechanism in females from the loss of Glo1.
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6. Zusammenfassung

Typ-2 Diabetes (T2D) ist eine heterogene und multifaktorielle Stérung deren Pathophysiologie
nicht komplett verstanden ist. Die erste feststellbare Einschrankung bei an T2D leidenden
Personen ist Insulinresistenz als Folge von: (i) mitochondrialer Dysfunktion, (ii) lipid-induzierter
Insulinresistenz, (iii) Stress des endoplasmatischen Retikulums und (iv) Entzindungen. Die
Aktivierung aller vier ursachlichen Einflussfaktoren ist mit Methylglyoxal (MG), einem starken
Glykationsmittel, welches unter physiologischen Bedingungen als Nebenprodukt der Glykolyse
entsteht, assoziiert. Die Effekte von MG auf den zellularen Metabolismus wurden ausflhrlich
untersucht wobei die diabetisch erhdhten Level von MG durch die Beeinflussung seines Haupt-
Detoxifizierungsenzyms, Glyoxalase 1 (Glo1), nachgestellt wurden. Es konnte gezeigt werde,
dass der Knockdown von Glo1 in experimentellen Mausmodellen mit diabetischer Nephropathie
und erhéhten MG-Leveln verbunden ist. AuBerdem fuhrt der komplette Knockout von Glo1 (Glo1-
KO) in Drosophila melanogaster und Zebrafisch zu einem insulinresistenten T2D-Phanotyp,
welcher mdglicherweise durch erhéhte MG-Level verursacht wird. Der Hypothese dieser Studie
zufolge, kdnnte der Verlust von Glo1 auch in Mausen einen T2D-Phanotyp hervorrufen. Um dies
zu testen, wurden Glo1-KO C57BL/6-Mause generiert und mit Wildtyp-Mausen (WT), als nicht-
diabetische Kontrollgruppe, und Wildtyp-Mausen mit einer langfristigen fettreichen Diat (HFD),
als T2D-Model, verglichen. Wie erwartet zeigten die HFD-Mause erhdhte Werte fur Kérpergewicht
und Blutglukoselevel, sowie eingeschrankte Glukose- und Insulintoleranz verglichen zu WT-
Mausen. Keine dieser physiologischen Veranderungen, oder Veranderungen an Leber und Niere
konnten in den Glo1-KO-Mausen beobachtet werden. Allerdings zeigte die Expressionsanalyse
hepatischer Gene einen geschlechtsspezifischen Dimorphismus, mit erhéhter Expression der
Komplexe der mitochondrialen Elektronentransportkette in mannlichen Glo1-KO-Mausen. Eine
potentielle Einschrankung der mitochondrialen Funktion in mannlichen Glo1-KO-Mausen wurde
durch signifikant erhdhte Level von Zitronensaurezyklus-Intermediaten, nach Insulinstimulation,
und Veranderung des Verhaltnisses von Laktat zu Pyruvat nachgewiesen. AuRerdem zeigte die
Messung der Akt Phosphorylierung, dass die reduzierte mitochondriale Funktion in mannliche
Glo1-KO-Mausen mit einer reduzierten Aktivierung der AMPK und Insulinsignalkaskade
verbunden ist. In weiblichen Mausen wurde, unabhangig von Glo1, im Vergleich zu mannlichen
Mausen eine erhdhte Expression von Genen der Cytochrom P450 Familie festgestellt. Dies
bezieht sich insbesondere auf einen Anstieg der Expression und Aktivitat der Isoenzyme welche
im Stoffwechsel von Arachidonsaure involviert sind. Zusammengefasst zeigte diese Studie, dass
der Verlust von Glo1 in Mausen nicht in einem T2D-Phanotyp resultiert. Es konnte jedoch gezeigt
werden, dass der Verlust von Glo1 geschlechtsspezifische Effekte hat und mannliche Mause
starker beeintrachtigt werden. Der Anstieg im Arachidonsaure-Stoffwechsel, insbesondere die
héheren Level von Epoxyeicosatriensauren und die damit assoziierten forderlichen Effekte mit
Bezug zu Entzindungen, mitochondrialer Dysfunktion und Insulinresistenz, wird daher als
schutzender Mechanismus beim Verlust von Glo1 in weiblichen Mausen vorgeschlagen.
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