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Introduction

1 Introduction

1.1 Diabetes mellitus

1.1.1 The role of insulin in diabetes mellitus

Diabetes mellitus is a non-communicable disease of the endocrine pancreas whose
prevalence has more than doubled over the last 30 years (King et al., 1998). In 2021, this
disease posed a health threat to over 537 million adults worldwide (prevalence: 9.8 %)
(H. Sun et al., 2022). Additionally, approximately 541 million individuals are at high risk
of developing type 2 diabetes due to impaired glucose tolerance. Given that more than
one billion people worldwide are classified as obese (Phelps et al., 2024), the number of
diabetic patients is expected to rise significantly, potentially reaching 1.3 billion by 2050
(Ong et al., 2023). Most cases of diabetes occur in individuals who are physically inactive
and consume an excess of calories, combined with a genetic predisposition to develop
insulin resistance (Lagou et al., 2023). The disease is hallmarked by reduced or absent
synthesis and action of insulin, impairing blood glucose regulation. Insulin is a hormone
produced and secreted by the B-cells of the endocrine pancreas. Further cell types in the
pancreas are a-cells producing the insulin antagonist glucagon, 5-cells for production of
somatostatin, e-cells producing ghrelin (Dezaki & Yada, 2022), and y-cells/pancreatic
polypeptide cells (Adams & Blum, 2022). These cells are organized into round clusters
known as the islets of Langerhans, with insulin-producing p-cells making up

approximately 60 % of the total cell population (Da Silva Xavier, 2018).
1.1.2 Regulation of insulin secretion

B-cells express insulin as precursor protein called preproinsulin, which consists of a signal
peptide, an A chain, and a B chain connected by C-peptide (Arunagiri et al., 2024). Upon
entry into the endoplasmic reticulum (ER), the signal peptide is cleaved, initiating protein
folding. The resulting inactive proinsulin is stored in vesicles within the Golgi apparatus.
During secretion, the C-peptide is cleaved, producing active insulin (Derkach et al.,
2022). This process requires the activity of the serine protease prohormone convertase
(PC1/3 and PC2) and carboxypeptidase E (Meier et al., 2022; Ramzy & Kieffer, 2022).
The A chain and B chain are stabilized by three disulfide bridges (Haataja et al., 2016).
When blood glucose levels exceed 7 mM (Skelin et al., 2010), glucose enters B-cells via
the glucose transporter (GLUT) 1, independently of insulin. By reactions of glycolysis,
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adenosine triphosphate (ATP) level rise and close ATP-sensitive potassium channels
(Corradi et al., 2023). The resulting rise in potassium depolarizes the cell membrane,
opening voltage-dependent calcium channels and allowing calcium influx. This triggers
insulin release via exocytosis. Secretion of insulin follows a biphasic pattern with a fast
first phase and a sustained second phase (Peng et al., 2024). The first phase involves the
release of pre-stored insulin, while the second phase depends on insulin production in
response to glucose levels. A subpopulation of B-cells, known as first-responder B-cells,
exhibit heightened glucose sensitivity and are crucial for first-phase secretion
(Delgadillo-Silva et al., 2024). RNA expression analysis identifies pyridoxamine
5'-phosphate oxidase, the rate-limiting enzyme for active vitamin B6, as a marker for
first-responder B-cells in both zebrafish and mouse islets. Transcriptome analysis of the
human pancreas further supports the involvement of pyridoxamine 5’-phosphate oxidase
in glucose stimulated calcium response. Insulin acts as a ligand for the insulin receptor,
triggering its tyrosine kinase activity (E. Choi & Bai, 2023). This leads to the
phosphorylation of insulin receptor substrate 1 (IRS1), activation of phosphatidylinositol
3-kinase (PI3K), and protein kinase B (Akt) (Kearney et al., 2021). These downstream
pathways initiate the translocation of GLUT4 vesicles to the cell membrane, enabling
facilitated glucose uptake in insulin-dependent tissues such as skeletal muscle, adipose
tissue, liver, and the heart. Beyond lowering blood glucose, insulin inhibits lipolysis and
promotes energy storage in the form of glycogen or triglycerides (Barroso et al., 2024;
Czech et al., 2013; Grabner et al., 2021). In diabetes mellitus, B-cell amount and function
decline, leading to reduced insulin production, while insulin signaling is impaired by
increasing resistance. Abdominal obesity is a major risk factor for diabetes development

(Z. Wang et al., 2021).
1.1.3 Classification of diabetes mellitus

Diabetes mellitus is classified based on its etiology into type 1 diabetes, type 2 diabetes,
specific types of diabetes due to other causes, and gestational diabetes mellitus (ElSayed
et al.,, 2024). Type 1 diabetes is caused by the autoimmune destruction of B-cells by
autoreactive T-cells, leading to an absolute loss of insulin production (W. Tang et al.,
2021). Other causes for specific types of diabetes may result from monogenic syndromes,
exocrine pancreatic diseases, pancreatectomy, or drug- and chemical-induced diabetes.
Gestational diabetes mellitus, diagnosed in 5-14 % of pregnant women, results from

hormonal changes during pregnancy and varies significantly by region (Eades et al., 2024;
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Muche et al., 2019; Paulo et al., 2021). The majority of diabetes cases, i.e., 95 %, are
classified as type 2 diabetes (Ong et al., 2023). Diagnostic criteria for diabetes include
glycated hemoglobin (HbAc) > 6.5 %, fasting plasma glucose > 7 mM, or plasma glucose
>11.1 mM two hours after a 75 g oral glucose tolerance test, or plasma glucose
>11.1 mM accompanying with classic symptoms of hyperglycemia (ElSayed et al.,
2024). Prediabetes is diagnosed when insulin sensitivity is impaired but diagnostic criteria
for diabetes are not met. Criteria for prediabetes include HbAi. levels of 5.7-6.4 %,
fasting plasma glucose levels of 5.6-6.9 mM, or plasma glucose levels of 7.8-11 mM after
a 75 g oral glucose tolerance test. Prediabetes progresses to diabetes in approximately

70 % of cases (Nathan et al., 2007).
1.1.4 Symptoms and complications of diabetes mellitus

Elevated blood glucose damages tissues and organs through glycation (Indyk et al., 2021).
Initially, small blood vessels are affected, causing microvascular complications such as
neuropathy, nephropathy, and retinopathy. Diabetic retinopathy accounts for 2.6 % of
global blindness cases (Leasher et al., 2016). Acute hyperglycemia can also cause blurred
vision due to lens swelling (Reddy et al., 2022). Excess glucose is excreted via the
kidneys, increasing the glomerular filtration rate initially (Vallon & Thomson, 2020), but
eventually causing kidney damage and reduced filtration (Tuttle et al., 2023). Glucose’s
osmotic properties lead to polyuria, which triggers compensatory polydipsia. Nerve
damage can result in numbness in the hands and feet, with unnoticed injuries contributing
to diabetic foot syndrome (Feldman et al., 2019; D. Lee et al., 2024). Rather unspecific
symptoms related to hypoglycemia are weight loss and fatigue (Yaxin Bi et al., 2021).
Chronic hyperglycemia generates macrovascular complications increasing the risk of
stroke, heart attack, and tissue necrosis. The all-cause mortality, cardiovascular disease
mortality, and non-cardiovascular disease, non-cancer mortality are higher with diagnosis
of diabetes. On average, diabetes shortens life expectancy by six years (Kaptoge et al.,

2023).
1.1.5 Treatments of diabetes mellitus

To mitigate the disease’s consequences, treatment begins immediately after diagnosis
(Davies et al., 2022). According to the German guidelines (Bundesédrztekammer et al.,
2023), the foundation of therapy involves non-pharmacological interventions, such as

lifestyle modifications, including diet and physical activity. A weight loss improves
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glycemic control and can slow progression or prevent manifestation of type 2 diabetes
(Lingvay et al., 2022). If necessary, pharmacological treatments include metformin as the
first-line medication. Additional therapies involve sodium-glucose cotransporter 2
(SGLT2) inhibitors or glucagon-like peptide-1 (GLP-1) receptor agonists. In advanced
stages, exogenous insulin is administered, either as basal or bolus insulin, based on daily

carbohydrate intake.
1.2 Lipid metabolism and lipotoxicity

1.2.1 Fatty acid utilization and metabolic flow

The two major risk factors for type 2 diabetes are increasing age and obesity (Bellary et
al., 2021). As senescence is inevitable, body weight can be at least partially managed
through lifestyle modifications, medical treatments, or surgical interventions. This section
focuses on the relationship between obesity, distorted lipid metabolism, and the resulting
negative impact on B-cell functionality and insulin sensitivity. Although type 2 diabetes
is historically considered a disease of advanced age, the average age of diagnosis has
decreased from 52 to 45 years over recent decades, as reported by the NHANES study
(Carrillo-Larco et al., 2024; Koopman et al., 2005). Rising obesity rates have contributed
to an increased risk of type 2 diabetes in younger populations. Approximately 30 % of
overweight individuals develop type 2 diabetes, and 86 % of diabetic patients are
overweight (Daousi et al., 2006). The detrimental effects of obesity, mediated by lipid
stressors at the cellular level in a pancreatic model, are collectively referred to as
lipotoxicity (Y. Lee et al., 1994). Lipotoxicity is broadly defined as the impairment of
cellular functions caused by the accumulation of free fatty acids and their intermediates.
This phenomenon arises from multifactorial imbalances in the uptake, storage, and
utilization of free fatty acids (Nakamura, 2024). Elevated triglyceride levels in diabetic
patients result from chronic caloric excess, which degrade to non-esterified free fatty
acids by the absence of insulin’s antilipolytic effect (Gastaldelli et al., 2017). The precise
cause of elevated fatty acid levels remains unclear (Sobczak et al., 2019). Lipid analysis
of diabetic patients compared to healthy controls show a 10 % increase in fatty acid
concentrations (Sergeant et al., 2016). The predominant free fatty acids in human plasma
include oleic acid (37 %), palmitic acid (30 %), stearic acid (10 %), linoleic acid (7 %),
and palmitoleic acid (7 %), collectively accounting for over 90 % of total plasma free

fatty acids (Quehenberger et al., 2010). These are classified as long-chain fatty acids,
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which have a more pronounced detrimental cellular impact compared to short- or
medium-chain fatty acids (PIotz et al., 2019). Plasma concentrations of oleic acid and
palmitic acid are 80 uM and 63 uM, respectively (Quehenberger et al., 2010). Free fatty
acids, particularly those not bound to serum albumin, mediate harmful effects. Their
cellular transport is facilitated by G-protein coupled receptor 40 (GPR40), also known as
free fatty acid receptor 1 (FFARI), and cluster of differentiation 36 (CD36), also called
fatty acid translocase (FAT). Binding of fatty acids to these transporters depletes cytosolic
and mitochondrial calcium stores (S. Xu et al., 2015), which initially enhances insulin
secretion (Moon et al., 2020; Usui et al., 2019), but impairs glucose-stimulated insulin
secretion and contributes to hyperinsulinemia in diabetes (Fryk et al., 2021). In case of
GPR40, the activation of phospholipase C is a contributing factor (H. Yamada et al.,
2016). However, sustained calcium depletion necessitates replenishment through
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA), which is inhibited by
free fatty acids (S. Lai et al., 2017). Fatty acid binding to CD36 triggers pro-inflammatory
responses (Cifarelli et al., 2021) and increases reactive oxygen species (ROS) levels,
which are further amplified by the cyclic GMP-AMP synthase-stimulator of interferon
genes (cGAS-STING) pathway (Ma et al., 2023). Once inside the cell, fatty acids have to
be activated to acyl-CoA by acyl-CoA synthetase for further processing. Acyl-CoA is
transported into the mitochondrial intermembrane space by carnitine palmitoyltransferase
(CPT) 1 and into the mitochondrial matrix by CPT2 (Schreurs et al., 2010). CPT1, the
key enzyme for lipid metabolism, exchanges the CoA remnant for carnitine to form
acyl-carnitine, which is transported across the outer mitochondrial membrane.
CPT2 cleaves carnitine to import acyl-CoA into the mitochondrial matrix. Fatty acids
serve several essential functions in cells, with energy production through biochemical
degradation being one of the most fundamental (Yaney & Corkey, 2003). In the
-oxidation pathway, long-chain acyl-CoA undergoes four enzymatic steps to generate
acetyl-CoA, and the reduction equivalents nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide (FADH;). In addition to mitochondrial -oxidation,
peroxisomes also perform B-oxidation, preferentially processing long-chain and very
long-chain fatty acids due to the specificity of ATP-binding cassette (ABC) subfamily D
transporters (ABCD1, ABCD2, ABCD3) (Morita & Imanaka, 2012). Although the steps
of B-oxidation in mitochondria and peroxisomes are similar, the initial dehydrogenation
step differs. It is catalyzed by mitochondrial acyl-CoA dehydrogenase (ACAD) or
peroxisomal acyl-CoA oxidase (ACOX1) (Ding et al., 2021). In peroxisomes, the reaction
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catalyzed by ACOX1 is not coupled to the respiratory chain, resulting in the formation of
H>0> and an increase in oxidative distress. Cellular H2O2 levels between 1-10 nM support
physiological redox signaling via post-translational modifications (Sies & Jones, 2020),
a process termed oxidative eustress. Elevated H>O» levels exceeding 100 nM result in
oxidative distress, causing molecular damage. Acetyl-CoA derived from B-oxidation or
glycolysis enters the Krebs cycle, where it participates in reactions catalyzed by eight
enzymes to generate NADH, FADH,, and guanosine-triphosphate (GTP) for ATP
production. Among these enzymes are the mitochondrial aconitase (ACO2) and the
respiratory chain complex succinate dehydrogenase (SDH), whose dysfunction has been
linked to type 2 diabetes (S. Lee et al., 2022). Pyruvate dehydrogenase converts pyruvate
to acetyl-CoA, initiating the entry of carbohydrate-derived pyruvate into the Krebs cycle.
These reactions require a steady supply of metabolites, which are disrupted by the effects
of free fatty acids (S. Srivastava & Chan, 2008). For instance, citrate synthase (CS)
activity (Maris et al., 2013) and its associated metabolites, oxaloacetate and citrate, are
negatively affected by fatty acids (J. H. Lee et al., 2014), leading to slower enzymatic
activity and oxaloacetate accumulation, which may cause an energy deficit (Sumi et al.,
2022). Further consequences of a lipotoxic effect are decreased levels of glutamine and
subsequently a-ketoglutarate (Lu et al., 2010; X. Zhou et al., 2023), while glutamate is
elevated. The tripeptide glutathione, which includes glutamate as a component, is readily
oxidized to glutathione disulfide due to fatty acid-induced oxidative distress (Dou et al.,
2018), thereby decreasing the activity of antioxidant enzymes that depend on reduced
glutathione as a substrate. As central metabolite, pyruvate is strongly influenced by the
impact of fatty acids, as the activities of pyruvate carboxylase and the pyruvate
dehydrogenase complex are altered (Hasenour et al., 2024). The pyruvate dehydrogenase
complex is critical for converting pyruvate into acetyl-CoA for glucose utilization, while
pyruvate carboxylase transforms pyruvate into oxaloacetate as part of gluconeogenesis.
Impairments in pyruvate carboxylase activity correlate with reduced insulin secretion
(Nagaraju & Rajini, 2016). Pyruvate cycling between the mitochondria and cytosol
involves the exchange of pyruvate or its intermediates via the pyruvate/malate shuttle,
pyruvate/citrate shuttle, or pyruvate/isocitrate shuttle (Rahul et al., 2023). These shuttles
depend on the reversible citrate/isocitrate conversion and subsequent reactions involving
oxaloacetate. In addition, oxaloacetate is reversible converted to malate and in a second
reaction, malate is formed to pyruvate. Impaired pyruvate metabolism negatively affects

GLP-1-mediated insulin secretion (Lewandowski et al., 2022). Specifically, disruptions
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in the pyruvate/isocitrate shuttle and acetyl-CoA decrease substrate exchange, impairing
insulin secretion (Guay et al., 2007). In this case, mitochondrial citrate is transported to
the cytosol by citrate carrier for conversion to a-ketoglutarate and NADPH. Cytosolic
reduction equivalents and a-ketoglutarate promote glucose-stimulated insulin secretion,
which is diminished by inhibited citrate carrier (Menga et al., 2013). These examples
illustrate how fatty acid-induced disruptions in metabolic flow impair cellular function,

with adverse effects on lipid metabolism and insulin secretion.
1.2.2 Lipotoxicity and respiratory chain complexes

Under physiological conditions, glycolysis and the Krebs cycle fuel energy production
by the respiratory chain complexes in the inner mitochondrial membrane, creating a
proton gradient used for ATP production. This process relies on electron flow and
involves the transfer of protons from the matrix to the intermembrane space through the
action of NADH dehydrogenase (complex I) (Abrosimov et al., 2024), SDH (complex II)
(S. Lee et al., 2022), cytochrome ¢ reductase (complex III) (Lang et al., 2023), and
cytochrome ¢ oxidase (complex IV or COX) (Aharon-Hananel et al., 2022). The energy
from protons re-entering the matrix is harnessed by ATP synthase (complex V) to
generate ATP (K. Zhang et al., 2022). In detail, complexes I, III, and IV actively
translocate protons to the intermembrane space. In complex I, NADH donates electrons,
which are transported through a chain of redox centers (Sharma et al., 2009). Among the
45 subunits forming complex I, five are essential for electron transport, including eight
iron-sulfur (Fe-S) clusters serving as redox centers (Sheftel et al., 2009). Fe-S clusters are
indispensable for electron transport and numerous other proteins critical for molecular
and cellular functions, which are discussed in subsequent sections. NADH-derived
electrons move sequentially through Fe-S redox centers, from those with lower affinity
to those with higher affinity, releasing energy that pumps protons. After reaching the final
redox center, electrons are transferred to coenzyme Q, which delivers them to
complex III. Complex II, composed of four subunits, cannot translocate protons on its
own but enhances the activities of complexes III and IV. Electrons from FADH; are
utilized through three Fe-S clusters within SDH iron-sulfur subunit (SDHB), coupled to
the conversion of succinate to fumarate (S. Lee & Annes, 2020). These electrons are also
transferred to coenzyme Q, fueling complex III. In complex III, electrons from
coenzyme Q pass through two redox centers to reduce cytochrome c. Complex III consists

of three redox-active subunits, including one Fe-S cluster in the Rieske iron sulfur
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protein (ISP) (Espada et al., 2020). Thus, the respiratory chain requires a total of
12 Fe-S clusters for electron transport. Complex IV, composed of 11 subunits, uses
electrons from cytochrome ¢ to reduce oxygen, the final electron acceptor, while further
translocating protons. The proton gradient established by these processes drives ATP
production by complex V. Protons flow back into the matrix through the Fo subunit in the
inner mitochondrial membrane, inducing a rotational movement (Y. Lai et al., 2023). This
rotation facilitates the combination of inorganic phosphate with adenosine diphosphate
(ADP) through a conformational change in the water-soluble F; subunit located in the
matrix. The Fo and F; subunits are connected by the central and peripheral stalk, with the
v subunit of the central stalk playing a pivotal role in conformational changes required
for ATP generation. Complex V is composed of 17 individual subunits. Lipotoxicity
impacts these processes. For example, reduced expression of the Fi B subunit, essential
as an ATP binding site, hampers ATP production (Mei et al., 2007). Additionally, fatty
acid-induced acetylation of complex V, mediated by sirtuin, has been shown to lower its

activity (Ciregia et al., 2017).
1.2.3 Lipotoxicity, oxidative distress, and the PPAR pathway

Alongside peroxisomal B-oxidation and CD36 mediated signaling, the activities of
complexes I (Read et al., 2021), II (Quinlan et al., 2012), and III (Plecita-Hlavata et al.,
2020) also generate superoxide and increase ROS levels, which negatively affect cellular
functions (Elsner et al., 2011). It is generally assumed that B-cells are particularly
vulnerable to oxidative distress due to their lack of mRNA for catalase, low activity of
glutathione peroxidase (GPx), and insufficient clearance by superoxide dismutase
(Lenzen, 2008). More recent data suggest that other enzymes, such as thioredoxins,
contribute to the antioxidant capacity of B-cells (Stancill et al., 2019). To mitigate
oxidative distress, uncoupling proteins (UCPs) are activated, reducing ROS at the cost of
ATP production. Excess acyl-CoA can induce UCP2, a proton channel in the inner
mitochondrial membrane, through interaction with peroxisome proliferator-activated
receptors (PPARs) (Y. H. Jung & Bu, 2020; Wan et al., 2010). There are three types,
PPARa (Venezia et al., 2021), PPARP/6 (J. Song et al., 2022), and PPARy (Mishra et al.,
2020), which can bind fatty acids as ligands. Although UCP2 decreases oxidative distress,
it also disfavors ATP production, which negatively impacts ATP-dependent insulin
secretion (Inoue et al.,, 2022). Long-chain fatty acids can inhibit the closure of

ATP-dependent potassium channels, thereby affecting calcium, attenuating an initial
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stimulus for insulin secretion (Brénstrom et al., 2004). The interaction of acyl-CoA with
ATP-dependent potassium channels requires the acyl group, the CoA component, and
involvement of protein kinase C (Antollini & Barrantes, 2016). Additionally, fatty acids
can activate the mitochondrial permeability transition pore (Taddeo et al., 2020), which
degrades the mitochondrial membrane potential and impairs ATP production and insulin
secretion (Zhao et al., 2013). Massive induction of the mitochondrial permeability
transition pore can also lead to cytochrome c release, triggering the cascade of apoptosis
and correlating with necrosis (Bernardi et al., 2023). The promotor of UCP2 contains a
sterol regulatory element (SRE) that can be targeted by sterol regulatory element-binding
protein (SREBP)-1c, a regulator of fatty acid synthesis (H. Yang et al., 2022).
Additionally, hormone-sensitive lipase (HSL) promotes UCP2 in response to free fatty
acids (M. Yamada et al., 2022). Thus, fatty acids can induce UCP2 through interactions
with HSL, SREBP-1c, or PPARs. Activation of PPARa (Jie Zhang et al., 2021) and
PPARYy (J. Zhou et al., 2020) by acyl-CoA is connected to SREBP-1c (Ying Zhang et al.,
2022), promoting apoptosis (Rochira et al., 2013), and impairing glucose-stimulated
insulin secretion (H. Yang et al., 2022). The translocation of GLUT4 is regulated by
PPARa and PPARYy (Loza-Rodriguez et al., 2020), while acyl-CoA esters impair insulin
sensitivity via protein kinase C activation (Brandon et al., 2019; Loots et al., 2022). All
types of PPARSs regulate the expression of peroxisomal ACOX1, the rate-limiting enzyme
of peroxisomal -oxidation (Rakhshandehroo et al., 2010). PPARa promotes triglyceride
storage and reduces fatty acid metabolization in the presence of glucose. This interaction,
known as the Randle cycle, preserves energy supply by prioritizing glucose oxidation
over fat oxidation. However, malonyl-CoA accumulation inhibits CPT1-mediated acyl-
CoA transport, impairing lipid metabolism (Prentki et al., 2020). The impaired utilization
of acyl-CoA leads to elevated cytosolic concentrations. The activation and accumulation
of acyl-CoA appear to be one of the most relevant aspects mediating harmful effects in
the context of lipotoxicity, as shown by the inhibition of acyl-CoA synthase (El-Assaad
et al., 2003; Maestre et al., 2003; Jin Zhang et al., 2019).

1.2.4 Endoplasmic reticulum stress and apoptosis

A further aspect negatively affected by lipotoxicity is protein biosynthesis. A crucial
protein for the functionality of B-cells is pancreatic and duodenal homeobox 1 (PDX1).
PDXI is a transcription factor necessary for endocrine progenitor cells to differentiate

into B-cells (Jonsson et al., 1994). The development of the pancreas (Liew et al., 2008)
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and islet function (Hui & Perfetti, 2002) also depend on PDX1. As it is required to induce
insulin production by activation of the insulin promoter in B-cells, it was initially termed
insulin promoter factor 1. While insulin genetically derives from /NS (human) or /ns/ and
Ins2 (mouse) (Shiao et al., 2008), insulin correlates with PDX1 (Ebrahim et al., 2022;
Weidemann et al., 2024). mRNA levels of insulin are negatively affected by fatty acids
(Briaud et al., 2001). Exendin 4, a mimetic of GLP-1 used as diabetes medication, exerts
its effect through PDX1 (Ciregia et al., 2015). The central organelle for the maturation of
proteins is the ER, which is also impaired by lipotoxicity. The proper folding of proteins
involves chaperones and oxidoreductases, with calcium required as a cofactor (Arruda &
Hotamisligil, 2015). The processing of proinsulin by PC1/3 is disturbed by palmitic acid
(Wen et al., 2023). Protein folding promotes the generation of oxidative distress.
Especially forming disulfide bonds by ER oxidoreductin 1 (ERO-1) and protein disulfide
isomerase (PDI) creates H>O» (Sharifi et al., 2024). If the protein folding capacity is
overwhelmed, ER stress arises, and the unfolded protein response is initiated (Watt et al.,
2023). Factors involved in the unfolded protein response include protein kinase R-like
ER kinase (PERK), activating transcription factor 6 (ATF6), inositol-requiring enzyme 1
(IRE1), eukaryotic translation initiation factor 2A (elF2A), C/EBP homologous protein
(CHOP), and c-Jun N-terminal kinase (JNK) (L.-R. Jung et al., 2015). The consequences
include the accumulation of misfolded proteins and eventually apoptosis, which is caused
by fatty acids (Jin et al., 2022; Yuan Zhang et al., 2022). In addition, ceramides are a
mechanism of lipotoxicity that induces apoptosis with strong impact, which is restricted
to palmitic acid (M. Guo et al., 2024). Palmitoyl-CoA, the activated form of palmitic acid,
is a substrate for the de novo synthesis of ceramides. The unfolded protein response
increases ceramide production through activation of PERK (McNally et al., 2022).
Ceramides negatively affect cell proliferation and differentiation and induce growth arrest
and apoptosis (Imierska et al., 2025). Apoptosis is induced by decreased levels of Bcl-2.
Furthermore, ceramides mediate increased insulin resistance through protein kinase C
(W. Xu etal., 2024), phosphorylation of IRS1 (Sokolowska & Blachnio-Zabielska, 2019),
and PDX1 (Maris et al., 2013). IRS1 is negatively regulated by SREBP-1c¢ (Yan Bi et al.,
2014). Another regulatory mechanism connected to IRS1 is the PI3K/Akt pathway
(Hemmings & Restuccia, 2012). Requirements for the action of insulin include, besides
phosphorylation of IRS1, the downstream activation of PI3K and Akt. Akt is activated by
tyrosine kinase activity, phosphorylating serine 473 (p-Akt). p-Akt induces translocation

of GLUT4 and reduces gluconeogenesis and hepatic glucose output.
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Alongside improving insulin sensitivity, p-Akt is favorable for proliferation, protein
synthesis, and apoptosis (J.-H. Chang et al., 2020). Further proteins with signaling
functions contributing to cell survival include members of the mitogen-activated protein
kinase (MAPK) family. Members of this family are extracellular signal-regulated kinases
(ERK1, ERK2), JNK, and p38 MAPK. ERKI1/2, which are 84 % homologous, are
subsequently activated by upstream Raf and MEKI1/2 through phosphorylation of
threonine 202 and tyrosine 204 (p-ERK1/2) located at the activation loop (Sidarala &
Kowluru, 2017). p-ERK1/2 promote proliferation and cellular remodeling, while proteins
involved in apoptosis are inactivated. Signals of p-ERK1/2 induced by glucose positively
influence insulin secretion and /ns/ mRNA (Benes et al., 1999). Activation of JNK1 and
JNK2, introduced for ER stress, promotes apoptosis and suppresses insulin gene
expression involving PDX1 (M. K. Kim et al., 2021). The p38 MAPK is inducible by
oxidative distress and promotes apoptosis upon activation. Fatty acids are directly
involved in the kinase-related signaling pathways. The dephosphorylation of p-Akt (Y.-
C. Chang et al., 2020) and the phosphorylation of JNK is described in diabetic models
(L-R. Jung et al., 2015), disfavoring cellular functions. The lipotoxic effects of

accumulating fatty acids harming B-cells are of a multifactorial origin.
1.3  Glutaredoxin and iron-sulfur proteins

1.3.1 Glutaredoxin in the thioredoxin protein family

A potentially underexplored factor that may play a role in the cellular pathologies of
diabetes is the mitochondrial protein Glutaredoxin (Glrx) 5. The Glrx system was first
described by Arne Holmgren in 1976 as a hydrogen transport system for Escherichia
coli’s ribonucleotide reductase, which included NADPH, glutathione, glutathione
reductase, and the newly identified protein Glrx (Holmgren, 1976). Glrxs belong to the
thioredoxin protein family. Thioredoxins are small, redox-active proteins with a size of
approximately 12 kDa, found across all biological domains (Laurent et al., 1964).
They are redox proteins with a CGPC active site motif located at the protein’s core, which
consists of five B-sheets surrounded by four a-helices (Eklund et al., 1991). Glrxs were
originally described as having a further CxxC active site (Martin, 1995; Trnka et al., 2020)
and are involved in reducing disulfides and glutathionylated thiols with glutathione as
cofactor (Geissel et al., 2024). Based on the number of active site cysteines, Glrxs are

classified as either monothiol (CxxS) or dithiol (CxxC).
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1.3.2 Classification and overview of glutaredoxins

As investigations revealed discrepancies in the structure of Glrxs with monothiol and
dithiol active sites, newer classifications divide them into class [-VI Glrxs (Berndt et al.,
2021). Classes III and IV are specific to eukaryotes, while classes V and VI are found in
cyanobacteria (Couturier et al., 2009). Classes I and II, however, are ubiquitous across all
living organisms. For simpler characterization, most dithiol Glrxs belong to class I and
most monothiol Glrxs to class II. In the mammalian genome, the Glrxs include dithiols
Glrx1 and isoforms of Glrx2 (mitochondrial Glrx2a, cytosolic/nuclear Glrx2b and
Glrx2c), as well as monothiols Glrx3 and Glrx5 (H. Ye et al., 2010). First descriptions of
these Glrxs can be found for Glrx1 (Luikenhuis et al., 1998), GIrx2 (Gan, 1992), Glrx3
(Aslund et al., 1994), and Glrx5 (Rodriguez-Manzaneque et al., 1999). To provide an
overview about the available research, a literature search in PubMed with Glrxs
mentioned in its title by the term (glutaredoxin[Title]) OR ("glrx*"[Title]) OR
("grx"[Title]) reveals 782 articles in June 2024. Regarding human Glrxs, 138 articles are
attributed to Glrx1, 84 articles to Glrx2, 63 articles to Glrx3 or its homolog Glrx4, and
48 articles to Glrx5.

There are further Glrxs, associated to other species, which are not present in humans.
As orientation, but not as complete list, there are plant Glrxs GrxCl specific in
Populus trichocarpa (Y. Feng et al., 2006), GrxC3 in Manihot esculenta (X. Guo et al.,
2022), GrxC2.1 (Pankaj K. Verma et al., 2016), GrxC2.2 (S. Liu et al., 2019), GrxC7
(Pankaj Kumar Verma et al., 2021), and Grx20 (Ning et al., 2018) in Oryza sativa,
GrxS25 in Solanum Ilycopersicum (Hou et al., 2019), as well as Grx7, Grx8 (Walters &
Escobar, 2016), GrxC2 (Bender et al., 2015), GrxC5 (Couturier et al., 2011), GrxC9
(Herrera-Vasquez et al., 2015), Grxcp (N. Cheng et al., 2006), GrxS8 (Ehrary et al.,
2020), GrxS12 (Gama et al., 2008), GrxS13 (La Camera et al., 2011), GrxS14 (Rey et al.,
2017), GrxS15 (Moseler et al., 2015), GrxS16 (Hou et al., 2018), GrxS17 (N. Cheng, Liu,
et al., 2011), ROXY1, ROXY2 (Xing & Zachgo, 2008), ROXY19 (L.-J. Huang et al.,
2016), all described in Arabidopsis thaliana. Further non-plant Glrxs are GrxA in
Synechocystis  spp. (Knaff & Sutton, 2013), GrxAl in Corynebacterium
pseudotuberculosis (Eberle et al., 2018), GrxC14S in Escherichia coli (Bushweller et al.,
1992), GrxD (Romsang et al., 2015) found in Escherichia coli, Aspergillus fumigatus, or
Pseudomonas aeruginosa, Grx21 in Caenorhabditis elegans (Morgan et al., 2010),

GrxO2L, and GrxG4L in Orthopoxvirus vaccinia (White et al., 2000),
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or Grx1p (Hakansson et al., 2006), Grx4p (Peggion et al., 2008), Grx6 (M. Luo et al.,
2010), and Grx8 (Eckers et al., 2009) in Saccharomyces cerevisiae.

1.3.3 Functional roles of glutaredoxins

Based on their thiol groups, some Glrxs are capable to perform redox reactions. Dithiol
Glrxs can function as redox sensors, initiating cellular redox regulation, for example, by
altering protein glutathionylation or participating in electron transport in ribonucleotide
reductase (Lillig et al., 2005). In contrast, the involvement of monothiol Glrxs in redox
signaling is more controversial and debatable (Fernandes et al., 2005; Herrero & de la
Torre-Ruiz, 2007; Ogata et al., 2021). Monothiol Glrxs have a more specialized role,
particularly in their interactions with Fe-S clusters (Miihlenhoff et al., 2020), which’s
production is one of the most fundamental properties of mitochondria. Fe-S clusters
protect iron from oxidation, a process that became essential after the Earth's atmosphere
evolved over one billion years ago (Sheftel, Mason, et al., 2012). The biosynthesis of
Fe-S clusters is of high relevance for functionality of proteins, as they are required as
cofactors, active site or for structural integrity and stability in Fe-S proteins (Andreini et
al., 2017). Disturbances regarding Fe-S clusters can have dramatic impact on fundamental
cellular processes, especially for mitochondria (Braymer & Lill, 2017). Previous studies
have shown that defects in Glrx5 splicing can disrupt Fe-S cluster homeostasis, leading
to mitochondrial dysfunction and the development of diabetes (Camaschella et al., 2007).
Moreover, Glrxs are known to be underexpressed in diabetic models (Petry et al., 2017)
and in vitro under the influence of fatty acids (Petry et al., 2018), as well as in vivo in
high fat diet models (Petry et al., 2022). Given its potential clinical relevance, further
investigation into the pathways involving the mitochondrial protein Glrx5 and Fe-S

cluster biogenesis is warranted.

Regarding its basic information, Glrx5 is a mitochondrial protein encoded by the nuclear
genome (UniProt: Q86SX6 (human) and Q80Y 14 (mouse)). The protein is small sized,
consisting of 157 (human) or 152 amino acids (mouse), corresponding to a molecular
weight of 16.6 (human) or 16.3 kDa (mouse). The first 31 amino acids of both species
represent a transit sequence, with the remaining amino acids forming the mature
mitochondrial Glrx5 protein, which has a molecular weight of 13.7 (human) or 13.4 kDa
(mouse). Despite five replaced amino acids in the transit sequence and five replaced

amino acids as well as an additional chain of four amino acids in the mature human
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protein sequence, Glrx5 is highly conserved evolutionary (Johansson et al., 2011;
Miihlenhoff et al., 2020). The active site CGFS motif is located at amino acids
67-70 (human) or 63-66 (mouse) (Rodriguez-Manzaneque et al., 1999).

1.3.4 Mitochondrial iron-sulfur cluster assembly machinery

Within mitochondria, Glrx5 plays a crucial role in the iron-sulfur cluster assembly (ISC)
machinery, which is responsible for synthesizing and transferring Fe-S clusters to target
apoproteins. The ISC machinery comprises at least 18 proteins, as described in yeast
(Braymer & Lill, 2017). The interplay of the protein network can be divided into three
major steps. Articles providing helpful illustrations of how the proteins interact can be

found (Ciofi-Baffoni et al., 2018; Stehling et al., 2014).

In the first step, a [2Fe-2S] cluster is assembled by the iron-sulfur cluster assembly
protein 1 (Isul, the human homolog: ISCU2) (Freibert et al., 2021). Inorganic sulfur is
therefore released through cysteine desulfurization from a desulfurase complex consisting
of nitrogen fixation homolog saccharomyces, iron-sulfur desulfurase, and acyl carrier
protein (Nfs1-Isd11-Acpl), binding sulfur to its cysteine (Schulz et al., 2024). The sulfur
is presented to cysteine of Isul as persulfide. To be further processed, sulfur is reduced
by NADPH, yeast adrenodoxin homolog (Yahl, the human homolog: ferredoxin (FDX))
(Sheftel et al., 2010), and adrenodoxin reductase homolog (Arhl1, the human homolog:
ferredoxin-NADP reductase), while Arhl delivers electrons to Isul (Miihlenhoff, 2003).
To supply the ISC with ferrous iron (Fe?"), it is imported into the mitochondria by the
transporters mitochondrial RNA-splicing protein (Mrs3 and Mrs4, the human homolog:
mitoferrin 1) (Foury & Roganti, 2002). The steps how iron binds to Isul are less clarified,
but the yeast frataxin homolog (Ythl, the human homolog: frataxin) could be involved
(Gerber et al., 2003). After that, a [2Fe-2S] cluster is assembled at Isul. In the second
step, the cluster is released from Isul by stress-seventy subfamily Q protein 1 (Ssql, the
human homolog: Gro-P like protein E protein homolog 75 (GRP75)), J-type accessory
chaperone 1 (Jacl, the human homolog: HSC20), Grx5 in yeast, Glrx5 in humans, and
mitochondrial Gro-P like protein E (Mgel, the human homolog: suppressor of Irel and
Lhs1 deletion 1 (SIL1)), which are activated by iron-sulfur assembly proteins (Isal and
Isa2, the human homolog: ISCA1 and ISCA2). Jacl binds to the Fe-S-Isul complex and
further to Ssql (Dutkiewicz et al., 2006). By hydrolysis of ATP, there is a conformational
change of Ssql binding the Fe-S cluster and LPPVK motif of Isul, releasing Jacl from
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the Fe-S-Isul complex (Dutkiewicz et al., 2004). Two molecules of Glrx5 are activated
by Isal and Isa2 and bind to Ssql, locating it close to one Fe-S cluster (K.-D. Kim et al.,
2010). The cluster binds cysteine sites of two Glrx5 molecules in a reaction depending on
glutathione. In a last reaction, Mgel binds to the Isul complex and by phosphorylation
of ADP, all factors and proteins are released from Isul (Dutkiewicz et al., 2003). The
Glrx5 molecules can now transfer its bound Fe-S cluster in the third step to apoproteins.
In humans, the Glrx5 supported transfer of clusters is performed by the ATP dependent
glucose regulated protein GRP75, iron-sulfur cluster co-chaperone protein (HSCB), and
GrpE-like 1 and 2 (GRPEL1/2) (Uhrigshardt et al., 2010). HSCB binds to the ISCU2
bound cluster and is supposed to get into an interaction with Glrx5 by a KKxKK amino
acid site at the C terminus (Maio et al., 2014). After a complex with GRP75 is built by
HSCB, a conformational change weakens the connection to ISCU2. GRPEL1/2 supports
the cluster dissociation from GRP75 to build a complex with two molecules of Glrx5.
The dimer in general protects the cluster from an early dissociation if intracellular
glutathione is present (Banci et al., 2014). Further descriptions mention an interaction of
cluster bound Glrx5 with BolA-like proteins (BOLA1, BOLA3) (Uzarska et al., 2016), in
yeast Aim1. A dimer of BOLA1 and BOLA3 could facilitate electron transfer and support
transfer of clusters. Glrx5 transfers the bound [2Fe-2S] cluster to apoproteins which
probably can directly react with the cluster and bind the sulfur to their amino acids
(cysteine, arginine, histidine, or serine). Further relevant factors for cluster insertion into
apoproteins could react through the KKxKK site of Glrx5 like SDHAF1 for SDH (Ghezzi
et al., 2009) or LYRM?7 for ubiquinol-cytochrome c reductase Rieske iron-sulfur
polypeptide 1 (UQCREFS1) as part of complex III (Alfattal et al., 2023; Faria et al., 1990).
In addition to the [2Fe-2S] clusters, apoproteins also require [4Fe-4S] clusters, whose
assembly is less well understood. This process involves several reactions and key factors,
including Isal, Isa2, iron-sulfur cluster assembly factor for biotin synthase and
aconitase-like mitochondrial proteins (Iba57), and possibly the NifU-like protein (Nful)
(Sheftel, Wilbrecht, et al., 2012). Nful is known to bind [4Fe-4S] clusters and insert them
into apoproteins (Navarro-Sastre et al., 2011). In humans, Glrx5 assists ISCA1 and
ISCAZ2 in incorporating a [2Fe-2S] cluster, facilitating the formation of a [4Fe-4S] cluster
(Cozar-Castellano et al., 2004; Sheftel, Wilbrecht, et al., 2012).
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1.3.5 Iron-sulfur cluster export machinery

Once the Fe-S clusters are assembled, they must be exported from the mitochondria to
the cytosol. This process is carried out by the ISC export machinery, a smaller protein
network involved in transporting Fe-S components (Lill et al., 2015). Although the details
of this process are not fully understood (Ferecatu et al., 2014), several key players have
been identified. These include the mitochondrial inner membrane ABC transporter Atm1
(the human homolog: ABCB7) (Pandey et al., 2019), as well as the mitochondrial
FAD-linked sulthydryl oxidase Ervl (the human homolog: augmenter of liver
regeneration (ALR)), and the cofactor glutathione (Lange et al., 2001; Ozer et al., 2015).
An unidentified Fe-S intermediate derived from the ISC machinery (Pandey et al., 2023)
is bound to four glutathione molecules and exported by Atm1 (Srinivasan et al., 2014),
whose ATPase activity is stimulated during this process. This enables the Fe-S
intermediate to be transferred to the cytosol, a necessary step for further processing of

extra-mitochondrial and nuclear Fe-S proteins (Braymer et al., 2024).
1.3.6 Cytosolic iron-sulfur protein assembly machinery

A third protein network, located to the cytosol, completes the complex process of
Fe-S cluster synthesis. This network, called the cytosolic iron-sulfur protein assembly
(CIA) machinery, consists of 13 known proteins (Ciofi-Baffoni et al., 2018). In humans,
the P-loop NTPase and scaffold proteins nucleotide binding protein iron-sulfur cluster
assembly factor (NUBP1 and NUBP2, in yeast NBP35 and CFD1), are involved in the
assembly of a [4Fe-4S] cluster as tetramer by the Cx13Cx2CxsC motif (N terminus) and
Cx18Cx2Cx2C motif (C terminus) (Freibert et al., 2017; Stehling et al., 2018). While the
sources of the iron and sulfur components are not fully understood, it is hypothesized that
the Fe-S intermediate from the ISC export machinery provides the sulfur component.
The diflavin reductase NDORI1 (in yeast Topl T722A mutant Hypersensitive (TAH18))
forms a complex with anamorsin to transfer electrons from NADPH to FAD and flavin
mononucleotide, eventually passing the electrons to anamorsin (Murataliev et al., 2004).
Anamorsin, also known as cytokine induced apoptosis inhibitor 1 (CIAPINI, in yeast:
Dre2), contains two cysteine rich motifs (CxsCx2CxC and Cx2Cx7Cx2C), known as the
CIAPIN domain, which are connected by a 51 residues containing linker, to bind a
[2Fe-2S] or [4Fe-4S] cluster (Banci et al., 2011). The anamorsin-NDOR1 complex likely
delivers electrons to the NUBP1-NUBP2 complex, generating sulfide, similarly to the
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role of FDX in mitochondria (Webert et al., 2014). As the Fe-S clusters are assembled,
further trafficking in the cytosol is facilitated by BOLA2 (in yeast Fra2) and Glrx3.
At least by the type of proteins, this process shows similarities to cluster trafficking in
mitochondria. Glrx3 is a cytosolic protein with a molecular weight of 37 kDa, containing
a non-redox active thioredoxin domain (Herrero & de la Torre-Ruiz, 2007) and two CGFS
Glrx domains (Lillig et al., 2008). Glrx3 was initially described as the protein kinase
C-interacting cousin of thioredoxin (PICOT) (Witte et al., 2000). In Saccharomyces
cerevisiae, there are two homologs Glrx3 and Glrx4 (Fernandes et al., 2005), both of
which play a similar role in the maturation of cytosolic and nuclear Fe-S proteins.
To transfer CIA-derived clusters, two Glrx3 molecules can dimerize to bind two [2Fe-2S]
clusters (Banci et al., 2015). Additionally, it has been shown that two BOLA2 molecules
can bind to Glrx3, transferring two [2Fe-2S] clusters as a trimer, a process that has been
observed in mammalian cells (Frey et al., 2016), representing an additional way of cluster
transfer by Glrx3. The cluster can be transferred to apoanamorsin, likely through a
binding site on GIrx3. The ability of Glrx3 to transfer clusters depends on intact
mitochondria, a functional ISC and ISC export machinery. It is also suggested that the
Fe-S intermediate might serve as a target for Glrx3, which is essential for its transfer
activity (Braymer et al., 2024). Interestingly, Glrx3 in yeast does not depend on NBP35
or Dre2. The CDGSH iron-sulfur domain-containing protein 1 (Cisdl), a target for
diabetes drugs, may provide an alternative to Glrx3, facilitating Fe-S cluster transfer to
apoproteins under conditions of oxidative distress (Colca et al., 2004). The insertion of
Fe-S clusters into cytosolic and nuclear target proteins belongs to the late phase of CIA
and requires multiple proteins. This process is complex, and many details remain unclear.
The proteins CIAOI1 (yeast homolog: Cial) (van Karnebeek et al., 2024), MMS19
(Stehling et al., 2012), and CIA2B form a complex (Stehling et al., 2013), where Fe-S
target proteins can locate closely to. The nuclear prelamin A recognition factor-like
(NARFL, other name CIAO3, yeast homolog: Narl) (H. Liu et al., 2023) can bind to this
complex and facilitate the uptake of Fe-S cluster through a possible enzymatic activity.
In yeast, Narl is essential for the maturation of cytosolic and nuclear Fe-S proteins
(Urzica et al., 2009). There are more details regarding specific target proteins of the
cytosol. CIA2A, as a partner protein of NARFL, could form a complex with CIAOI to
bind a cluster via its cysteine group. The interaction of CIAO1 and CIA2A seems to have
an exclusive function for the iron regulatory protein 1 (IRP1) (Stehling et al., 2013), the
apo form of which is the cytosolic aconitase (ACO1). Additional data suggest that
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NARFL might distribute Fe-S cluster from the NUBP1-NUBP2 complex to CIAO1 and
CIA2A. Other factors, such as oral cancer overexpressed 1 (ORAOV1) and Yael domain-
containing protein 1 (YAE1IDI1), are also associated with the CIA machinery and are
related to ABC sub-family E member 1 (ABCE1) (Paul et al., 2015), which antagonizes
the anti-viral action of ribonuclease L. Finally, the radical S-adenosyl methionine
domain-containing protein 2 (viperin) (Upadhyay et al., 2017), which is involved in
enhancing viral infectivity, has been shown to depend on tryptophan to interact with the

cluster-distributing complex.
1.3.7 Overview of iron-sulfur cluster proteins

Fe-S cluster synthesis in both the mitochondria and the cytosol is orchestrated by an
interplay of over 30 required proteins, while Glrx5 serves as a central factor in
mitochondrial cluster transfer. The protein networks interact with one another, and
mitochondrial factors can influence cytosolic and nuclear proteins. Although the majority
of ISC and CIA components are known, some remain undiscovered (Ciofi-Baffoni et al.,
2018). While there is more information on the steps of ISC, details of the CIA machinery
still require further investigation. The Fe-S clusters produced by these processes are
crucial for the function of many related proteins. An analysis of the Fe-S proteome has
identified 70 genes encoding Fe-S proteins (Andreini et al., 2009), with approximately
61 % of these proteins containing [4Fe-4S] clusters and 39 % containing [2Fe-2S]
clusters (Andreini et al., 2016). A rare form, the [3Fe-4S] cluster, is found in a few
proteins, such as SDH (Kita et al., 1990), respiratory nitrate reductase 2 3 chain (Blasco
et al., 1990), fumarate reductase iron-sulfur subunit (Johnson et al., 1988), and glutamate
synthase (Filetici et al., 1996). Further examples of mitochondrial proteins that use Fe-S
clusters as cofactors with relevance for the recent topic are: the ISC proteins FDXI,
FDX2, ferredoxin 1-like (FDX1L), GlIrx5, Isal, Isa2, Isul, Nful, Nfsl, the ISC export
machinery transporter ABCB7, the ACO2 as part of Krebs cycle, respiratory chain
complex I subunits (NDUFS1, NDUFS7, NDUFS8, NDUFV1, NDUFV2), complex II
subunit SDHB, complex III subunit UQCRFS1, and ubiquinol-cytochrome ¢ reductase
Rieske iron-sulfur polypeptide 1 pseudogene 1 (UQCRFS1P1) with a predicted
association to complex IIl. For completion, complex I contains two [2Fe-2S] and six
[4Fe-4S] clusters, complex II contains each one [2Fe-2S], [4Fe-4S], and [3Fe-4S] cluster,
and complex III contains a single [2Fe-2S] cluster (Read et al., 2021). Further examples

for outer-mitochondrial proteins include glutamine phosphoribosylpyrophosphate
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amidotransferase (GPAT) involved in purine biosynthesis, DNA polymerase subunit d 1
(PolD1) for DNA repair, the CIA proteins CIAPIN1, Cisd1, NARFL, NUBP1, NUBP2,
BOLA1, BOLA2, BOLA3, GIrx3 for cytosolic cluster transfer, Glrx2 for cellular
response upon oxidative distress mediated apoptosis, ferrochelatase for inserting iron into
protoporphyrin as final step of heme synthesis, and ACO1 with iron regulatory function.
Further examples associated to amino acids, and nucleotide metabolism as well as RNA
and DNA related processes, underscore the broad impact of Fe-S cluster defects on
fundamental cellular functions and their clinical relevance. A case report of a Glrx5
mutation has been linked to disruptions in iron homeostasis and the development of

diabetes (Camaschella et al., 2007).

1.4 Iron metabolism and ferroptosis

1.4.1 Physiological iron regulation

There is evidence suggesting a correlation between Glrx5 and iron metabolism, which
may contribute to the progression of diabetes. This section explains how cellular iron is
regulated, the consequences of dysregulated iron levels, and how Glrx5 may influence
this process. Proper regulation of iron levels is critical for all organisms and therefore
tightly controlled (Galy et al., 2024). Low iron levels result in cell proliferation arrest and
induce cell death due to mitochondrial dysfunction, as iron is essential for electron
transfer, redox reactions, and the synthesis of Fe-S clusters (Cui et al., 2019). Additional
iron-dependent processes include oxygen transport by hemoglobin and DNA synthesis
(Jian Wang & Pantopoulos, 2011). Excessive iron can be harmful, as it promotes the
formation of radicals that damage molecules such as DNA, proteins, and cell membranes,
potentially triggering cell death. To avoid the harmful effects of aberrant iron levels,
cellular iron is regulated by various proteins involved in iron uptake, storage, and export.
Dietary iron enters the systemic circulation through enterocytes in the duodenum and
jejunum. In the duodenum, the intestinal ferrireductase, duodenal cytochrome B (Dcytb),
reduces ferric iron (Fe**) to ferrous iron (Fe?") (Sharp, 2007). Ferrous iron is absorbed by
enterocytes via the divalent metal transporter 1 (DMTI1, synonym SLCI11A2), with a
potential alternative transporter, ZRT/IRT-like protein 14 (ZIP14) (Coffey & Knutson,
2017). Once inside the enterocyte, ferrous iron is exported by the only known iron
exporter, ferroportin (synonym SLC40A1) (Azucenas et al., 2023). Ferrous iron is

oxidized by human ferroxidases, ceruloplasmin, and its homolog, hephaestin, converting
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it to ferric iron, which is then loaded onto the plasma iron transport protein, transferrin
(Helman et al., 2023). Under normal conditions, about one-third of transferrin is bound
to a single iron molecule, whereas in pathophysiological conditions such as
hemochromatosis, two iron molecules bind, forming diferric transferrin (Fang et al.,
2023). Iron-loaded transferrin binds to transferrin receptor (TfR) 1, an isoform of DMT],
on the cell membrane, facilitating iron uptake into the target cell. Another homolog of
TfR1, the type II transmembrane glycoprotein TfR2, is expressed primarily in
hepatocytes and erythroid cells and has a lower affinity for iron (Silvestri et al., 2014),
whereas TfR1 is ubiquitously expressed. After endocytosis and endosomal acidification,
iron is released from transferrin, leaving apotransferrin to remain bound to TfR1 (Rizzollo
et al., 2021). Six-Transmembrane epithelial antigen of the prostate (STEAP) reduces
ferric iron to ferrous iron, allowing it to exit the endosome via DMT1 and distribute to
the cytosol or mitochondria (Meng et al., 2022). To prevent the harmful effects of free
iron, ferric iron is stored in ferritin. Ferritin is a highly conserved heteropolymer
composed of 24 subunits, including ferritin light chain (FTL) and ferritin heavy chain
(FTH1) (A. K. Srivastava et al., 2023), with the composition of subunits varying across
tissues (Harned et al., 2010). Ferritin can store approximately 4,500 iron atoms, though
only about one-third of ferritin is typically loaded (Harrison & Arosio, 1996).
FTH1 possesses ferroxidase activity, which is essential for storing oxidized iron. Iron
binds to poly(rC)-binding protein 1 (PCBP1), which then interacts with ferritin for storage
(Yubo Wang et al., 2023). Mitochondrial ferritin, a specialized homopolymer of the heavy
chain with ferroxidase activity, is expressed in metabolically active cells to prevent
harmful reactions involving free iron, especially during oxidative distress (Bou-Abdallah
et al.,, 2024). Free iron can also promote apoptosis, inducible by opening of the
mitochondrial permeability transition pore, triggering the release of cytochrome c¢ (Rauen
et al., 2004), also interacting with fatty acids. To increase cellular iron levels, iron is
released from ferritin via the ubiquitin-proteasome system (Din et al., 2024).

To prevent radical reactions from free iron and ensure sufficient iron supply, the
regulation of related proteins is crucial. Iron regulation is largely mediated by the
Fe-S protein ACOI, as described in the previous chapter. ACO1 is a cytosolic protein
composed of four domains, while domains 1 and 2 represent the core protein, and domains
3 and 4 are aligned alongside it (Rouault, 2019). The active site contains a [4Fe-4S]
cluster that closes a hydrophilic cavity between the core and domain 3 through a

conformational change (Rouault, 2006a). This holostructure enables ACO1 to catalyze
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the conversion of citrate to its intermediate cis-aconitate, and further to isocitrate.
Residues of all four domains contribute to the catalytic activity. In case of iron depletion,
the iron dissociates from the active site of ACOI1, leaving a [3Fe-4S] cluster, which
inactivates ACO1 (B. Zhang et al., 2013). Increased oxidative distress can also lead to the
disassembly of iron from the cluster. After this conformational change, domains 3 and 4
open the cavity to the core protein. The inactive [3Fe-4S] cluster converts the holoprotein
ACOI to its iron regulatory protein form IRP1. The open cavity of IRP1 binds to
iron-responsive elements (IREs) in the untranslated regions (UTR) of mRNA,
post-transcriptionally regulating the expression of proteins involved in iron homeostasis
(Walden et al., 2006). The IRE is characterized by an approximately 30 nucleotide hairpin
structure (Addess et al., 1997). At the 3’ and 5’ end of the sequence is a helical structure
forming the lower stem, connected to the upper stem with an unpaired bulged cytosine,
providing flexibility. The loop of the hairpin contains a six nucleotide structure with AGU
residues at positions 2, 3, and 4 (Addess et al., 1997), which binds to the IRP1 cavity of
domains 2 and 3, while the bulged cytosine interacts with a binding site at domain 4.
A scheme illustrating the IRE structure (Rouault, 2006b) and interaction with IRP1
(Rouault, 2006a) can be found in the literature. Of note, there is also an iron regulatory
protein 2 (IRP2, further known as iron responsive element binding protein 2 or ACO3)
(Kerins et al., 2017), sharing 64 % identity to IRP1 (Anderson et al., 2012). Inducible by
decreasing iron level, IRP2 binds IRE, but this action is independent from Fe-S cluster
(Hentze et al., 2010). Upon replenishment of iron, IRP2 degrades (Terzi et al., 2021).
IRP2 is thought to be responsive for special types of IRE, which needs further
clarification. The interaction of the IRE with IRP1 regulates the expression of iron-related
genes. When the IRE is located closer to the 5'UTR, IRP1 prevents the binding of
translation factors, decreasing translation efficiency and transcript levels. Examples of
such mRNAs include FTHI, FTL, and SLC40A1. In conditions of iron depletion, IRP1
decreases the levels of ferritin and ferroportin to increase free iron and decrease iron
export of the cell. The 3’UTR is susceptible for degradation by endonucleases (Z. D. Zhou
& Tan, 2017). Binding of IRE closer to 3’UTR by IRP1 protects mRNA from cleavage
and enhances its half-life leading to more transcripts. Examples include 7FRC (five IRE
in UTR) (Lin et al., 2001), and SLCI/1A42. Binding activity of IRP1 increases the
transcripts of TfR1 and DMT]1, promoting cellular iron uptake. Notably, some proteins,
such as TfR2, mitochondrial ferritin, and the ferroportin isoform Fpnib, do not contain

IREs (Q. Yang et al., 2020). Additionally, there are further proteins regulated by 5’UTR
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IRE like ACO2 (Shen et al., 2023), SDHB (in Drosophila melanogaster) (S. Wu et al.,
2022), NDUFS1 (Maio et al., 2022), & aminolevulinate synthase 2 (ALAS2) (B. Wang et
al., 2021), hypoxia-inducible factor 2 a (HIF2a) (Duarte et al., 2021), and amyloid
precursor protein (Khan et al., 2023). Further proteins with 3’UTR IRE are glycolate
oxidase (in mouse) (Kohler et al., 1999), cell division cycle 14A (CDC14A) (Connell et
al., 2023), CDC42 binding protein kinase o (CDC42BPA) (Cmejla et al., 2006), and
hydroxyacid oxidase 1 (Haol) (Cmejla et al., 2006). Of note, the Krebs cycle and
respiratory chain components ACO2, SDHB, and NDUFSI are responsive to iron level,
but NDUFSI1 is not regulated by IRP1 (Lin et al., 2001). In addition to iron regulation,
also heme structures are responsive to IRE by ALAS2, which decreases by low available
iron (Jing Wang et al., 2022). Heme synthesis by proerythroblasts is divided into eight
enzymatic reactions. ALAS2 is catalyzing the first of these reactions to produce
aminolevulinic acid which is further processed to protoporphyrin and completed by iron
insertion facilitated by the Fe-S protein ferrochelatase. HIF is a transcription factor to
strengthen cells against conditions of hypoxia, while its expression is sensitive against
oxygen and stabilized by hypoxia (Catrina & Zheng, 2021). HIF-1 and HIF2a are
connected to proteins of iron regulation, up regulating TfR1 (Fagundes et al., 2022),
ferroportin (Fuhrmann et al., 2020), DMT1, and Dcytb (Q. Xia et al., 2022), and down
regulating hepcidin (Yook et al., 2021). Hepcidin is the main regulator of ferroportin,
while high levels of hepcidin degrade ferroportin. Further, proteins of glucose metabolism
are regulated by HIF, like GLUT1, GLUT2, GLUT3, and hexokinase 1 and 2, potentially
influencing glucose-stimulated insulin secretion (K. Cheng et al., 2010). While
ACOI1/IRP1 regulates cellular iron level during iron depletion, ACO1 activity in its
holoenzyme form plays a key role in citrate metabolism. In iron-depleted states, citrate
accumulates due to the inactivity of ACO1. High cytosolic citrate levels inhibit fatty acid
transport into mitochondria (Iacobazzi & Infantino, 2014). Further, cytosolic citrate is
required to transfer an acetyl group by ATP citrate lyase to form acetyl-CoA. Acetyl-CoA
can be used to increase lipid synthesis. Mitochondrial citrate is exported to the cytosol by
the citrate carrier CIC. The transformation of citrate is recognized as positive for glucose-
stimulated insulin secretion, which is explained by pyruvate cycling, where malate,
citrate, and isocitrate are involved (G.-F. Zhang et al., 2021). The NADPH produced in
this cycling pathway could promote glucose-stimulated insulin secretion. Thus, ACO1
activity links both citrate metabolism and iron regulation, which may be of particular

relevance for type 2 diabetes.
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1.4.2 Pathology of iron dysregulation

The discovery of the Rat sarcoma (RAS)-selective lethal compound erastin by Brent
Stockwell (Dolma et al., 2003) highlighted a new form of cell death distinct from
apoptosis, autophagy, or necrosis. Erastin induces cell death through the RAS-RAF-MEK
signaling pathway by binding mitochondrial voltage-dependent anion channels (VDAC?2
and VDAC3) (Yagoda et al., 2007), increasing TfR1-dependent iron uptake, and
decreasing ferritin levels (W. S. Yang & Stockwell, 2008). This process leads to the
accumulation of free iron, triggering lipid peroxidation of cell membrane and ultimately
ferroptosis, a form of cell death dependent on iron but not on other metals (Dixon et al.,
2012). Further research revealed that erastin also inhibits the cystine/glutamate antiporter,
system xc’, leading to cysteine depletion. Cysteine is necessary for the function of GPx4,
which contains selenocysteine and cysteine groups (W. S. Yang et al., 2014).
Lipid peroxidation in the presence of elevated iron levels overwhelms the antioxidant
defense provided by GPx4, resulting in cell death. Impaired mitochondrial remodeling
promotes ferroptosis (S. Tang et al., 2024). Pancreatic B-cells, which are highly
susceptible to oxidative distress (Lenzen, 2008), may be particularly vulnerable to
ferroptosis due to iron-mediated lipid peroxidation, which could impair B-cell function
and promote diabetes progression. The first report on impaired islets functionality by
ferroptosis inducing agents can be found in 2018 (Bruni et al., 2018). Ferroptosis has been
implicated in palmitate-induced insulin resistance (Cui et al., 2019), highlighting the

potential role of iron misregulation in metabolic disorders.

1.5 Glutaredoxin-related pathologies

1.5.1 Clinical relevance of Glutaredoxin 5 mutations

Starting in 2007, Camaschella et al. described the first case report linking a Glrx5
mutation to the manifestation of diabetes (Camaschella et al., 2007). In addition to
diabetes, the mutation of Glrx5 was initially associated with iron overload, impaired heme
synthesis, sideroblastic anemia, hepatosplenomegaly, liver cirrhosis, jaundice, and
non-ketotic hyperglycinemia. To date, seven case reports of Glrx5 mutations have been
documented, two of which include diabetes as a clinical manifestation (Camaschella et
al.,2007; G. Liu et al., 2014). Four patients exhibited features indicative of disrupted Fe-S
cluster biogenesis, resulting in uncontrolled iron homeostasis (Camaschella et al., 2007,

G. Liu et al., 2014) in addition with defects of mitochondrial Fe-S proteins like ACO2 or
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respiratory chain complexes II and III (Daher et al., 2019; W. X. Feng et al., 2021).
Daher et al. hypothesized that diabetes did not develop in their reported patient due to the
use of iron chelators. Furthermore, the case reports of seven patients refer to nonketotic
hyperglycinemia, a neurodegenerative disorder caused by a dysfunctional glycine
cleavage system due to a malfunction of lipoate synthesis by the Fe-S protein lipoic acid
synthetase (LIAS) (Baker et al., 2014; Camaschella et al., 2007; Chiu et al., 2016; W. X.
Feng et al., 2021; Roy Chowdhury et al., 2024). Another report described a mutation in
the Glrx and cysteine rich domain containing 1 (GRXCR), computationally linked to
Glrx5, which resulted in hearing loss (Mori et al., 2015). A further case of HSCB
mutation, a Glrx5-interacting protein, was associated with sideroblastic anemia (Crispin

et al., 2020).
1.5.2 Pathophysiological effects of Glutaredoxin 3 disruptions

Unlike GIrx5, no case reports of Glrx3 mutations have been documented. However,
knockout studies in mice have shown that Glrx3 deficiency results in embryonic lethality
due to severe cardiac developmental abnormalities (Cha et al., 2008; N. Cheng, Zhang, et
al., 2011). Evidence also links Glrx3 to metabolic impairments. Similar to Glrx5, Glrx3
deficiency affects the activity of Fe-S proteins such as IRP1 (N. Cheng et al., 2023; H.
Xia et al., 2015), disrupting iron homeostasis and hemoglobin maturation (N. Cheng et
al., 2023; Haunhorst et al., 2013). Cheng et al. additionally identified a connection
between Glrx3 and PolDI, the catalytically active subunit of DNA polymerase 9.
This enzyme is essential for DNA replication, particularly on the lagging strand, and for
DNA proofreading and repair. Dysfunctions in DNA polymerase & are linked to various
human pathologies (Nicolas et al., 2016). Another link to nucleotide metabolism is seen
in the dependency of GPAT on Glrx3 (Haunhorst et al., 2013). GPAT is expressed as an
inactive precursor and requires activation through the insertion of a [4Fe-4S] cluster and
the Fe-S cluster dependent removal of an N-terminal propeptide (Martelli et al., 2007).
It is the key enzyme of purine biosynthesis, catalyzing the first step of activating ribose-
5-phosphate by adding an amide group of glutamate to phosphoribosyl-a-pyrophosphate.
The observed impairments in IRP1 and GPAT are likely mediated by the interaction
between Glrx3 and anamorsin (Ciofi-Baffoni et al., 2018). The yeast homolog Glrx4
exhibits similar effects on cytosolic ribonucleotide reductase (Attarian et al., 2018) and
causes cytosolic iron overload, further underscoring the role of Glrx3 in maintaining iron

homeostasis (G. Li et al., 2022).
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1.6 Objectives of the study

The manifestation of type 2 diabetes mellitus is hallmarked by dysregulations of lipid
metabolism. Especially mitochondria are crucial for functionality of B-cells depending on
bioenergetics. Mitochondrial dysfunction, emerging from lipotoxicity, is a key driver of
type 2 diabetes progression. In addition to known pathways affected by lipid stressors,
the mitochondrial protein Glrx5 may represent a novel factor contributing to the etiology

of diabetes.

Glrx5 and Fe-S cluster are integral to numerous proteins essential for cellular integrity.
Iron-dependent lipid peroxidation of cell membranes provokes cell death and has been
associated with diabetes. Disruptions in GIrx5 can lead to altered iron metabolism via
ACOI1/IRP1, which  post-transcriptionally  regulates  iron-related  proteins.
Lipotoxicity-induced ferroptosis, mediated by changes in Glrx5 and ACO1/IRP1, could

further exacerbate type 2 diabetes progression.

Using pancreatic B-cells this thesis examines whether ...
. fatty acids exert a negative effect on Glrx5 and Fe-S cluster proteins.
. fatty acids lead to cellular changes which can be attributed to ferroptosis.
. effects of lipotoxicity and ferroptosis can be prevented in a Glrx5 overexpression

model.
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2 Material and methods

2.1 Cell models

2.1.1 MING cells (murine)

The 6th subclone of mouse insulinoma (MING6) cells, kindly provided by Prof. Lenzen of
Hannover Medical School, Hannover, Germany (Baltrusch & Lenzen, 2007), were
employed in this study. MING6 cells were originally created from transgenic C57BL/6
mouse insulinoma cells, immortalized via the SV40 T-antigen under the control of the
insulin promoter (Miyazaki et al., 1990). These cells exhibited a physiologic glucose
response through the expression of glucokinase and liver type GLUT2 (Ishihara et al.,
1993). Passages 50-60 were used for experiments. The cells were cultured in an incubator
(Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C and 5 % CO; in dulbecco's
modified eagle's medium (DMEM) with 25 mM glucose and 1 mM Na-pyruvate (Thermo
Fisher Scientific, Cat-No: 41966029). The medium was supplemented with 16 % v/v
heat-inactivated fetal bovine serum (Biowest, Riverside, MO, USA), 80 U/ml
penicillin/streptomycin (Thermo Fisher Scientific), and 50 uM 2-mercaptoethanol
(Thermo Fisher Scientific). Culture media were replaced every 2-3 d. When cells reached
70-80 % confluence, they were washed with phosphate-buffered saline (PBS) (Thermo
Fisher Scientific) and reseeded into new adherent T175 cell culture flasks (Sarstedt,
Niimbrecht, Germany) via trypsinization with 0.05 % trypsin/ethylenediaminetetraacetic
acid (EDTA) (Thermo Fisher Scientific). Trypsinized cells were collected in prewarmed
cell culture DMEM and centrifuged (290 x g, 4 min, 21 °C) (Hettich, Tuttlingen,
Germany). After removing the supernatant, the cell pellet was resuspended in cell culture
DMEM. A cell aliquot was stained with Trypan blue (Sigma-Aldrich, St. Louis, MO,
USA) to identify dead cells. Viable cells were counted by a Neubauer counting chamber
(Brand, Wertheim, Germany). The initial seeding density for new flasks was
25,000 cells/cm?. Cell numbers were periodically recorded to calculate growth rate and

generation time, based on the following formulas:

In (cellsy;) — In (cellsyg)
t1[d] — tO[d]

growth rate =

o il - In (2)
generation time [ ] - growth rate
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2.1.2 EndoC-BH3 cells (human)

As additional cell line, human EndoC-BH3 cells (Human Cell Design, Toulouse, France)
at passage 65 were used (Benazra et al., 2015). These cells were derived from progenitor
cells using lentiviral gene transfer (Ravassard et al., 2011; Scharfmann et al., 2014).
Treatment with 4-hydroxy-tamoxifen (4-OHT) induced Cre-mediated excision of
immortalizing transgenes, promoting p-cell characteristics such as insulin secretion and
glucose responsiveness. EndoC-BH3 cells were cultured in adherent T75 cell culture
flasks precoated with B-COAT (Human Cell Design) dissolved in DMEM supplemented
with 100 U/ml penicillin/streptomycin for 1 hour. Cells were maintained at 37 °C and
5% COz in OPTIB1 medium (Human Cell Design), which was replaced weekly.
Passaging was performed as described for MIN6 cells. The seeding density was
200,000 cells/cm?. For induction of insulin secretion, EndoC-BH3 cells were exposed to
1 uM 4-OHT (Sigma-Aldrich) dissolved in OPTIB1 medium for 14 d, with medium

refreshed after 7 d. Immortalizing gene excision lasted in total for 14 d.
2.1.3 JetPRIME transfection of MING cells and flow cytometry

Transiently transfected MING6 cells were created using chemical transfection with
jetPRIME kit (Polyplus-transfection SA, Illkirch, France). Plasmids were amplified by
DHS5a Escherichia coli and purified using the NucleoBond Xtra Maxi kit (MACHEREY -
NAGEL, Diiren, Germany). Sport6-Glrx5 or Su9-GFP plasmids dissolved in TE buffer
(Thermo Fisher Scientific) were used (each ¢ = 1 pg/ul). The genetic sequence for the
Sport6-Glrx5 vector is provided in the supplement (Supplement 1). To control the
transfection of the mitochondrially located Glrx5, GFP was fused to the subunit of
complex V. The number of GFP transfected MIN6 cells was determined in an initial
optimization experiment via fluorescence-activated cell sorting (FACS) analysis.
Therefore, 1.3*%10° MING6 cells were seeded in a T25 flask. After attaching to the flask for
24 h, the GFP plasmid (m =0, 0.44, 0.88, 1.33, 1.77, and 2.22 pg) was mixed with 120 pl
JetPRIME transfection buffer. The mixture was vortexed and spun down for 5 sec to add
the jetPRIME transfection reagent (V = 0.88, 0.88, 1.77, 2.66, 3.54, and 4.44 pul).
Following manufacturer recommendations, the added volume of reagent should be double
compared to the amount of plasmid. For the control transfection without plasmid, 0.88 pl
of reagent was used matching the lowest volume of reagent in this experiment.

Transfection mixtures were vortexed and spun down for 5 sec again, followed by a resting
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time of 15 min at room temperature. Afterwards, each solution was mixed with 3.33 ml
prewarmed DMEM containing fetal bovine serum. The media in the flask were replaced
by the transfection solutions, while in one additional flask the medium was replaced with
regular cell culture DMEM. During the period of transfection, the cells remained in an
incubator (37 °C, 5 % CO3) for 6 h, until the media was removed and changed to regular
cell culture DMEM again for 48 h. After completion of 48 h, cells were collected by
trypsin/EDTA as described in the previous chapter. After centrifugation (290 x g, 4 min,
4 °C), cells were transferred to a 1.5 ml tube (Sarstedt) with cold PBS (4 °C) and washed
once by centrifugation (290 x g, 4 min, 4 °C). After supernatant was removed, the cells
were resuspended in cold PBS (4 °C) to achieve a cell density of 1*10° cells/ml. The cell
suspension was kept on ice till the analysis by FACS. Non-viable cells were excluded
using propidium iodide (¢ =1 pg/pl) (Thermo Fisher Scientific) and analyzed by BD
FACSCanto II (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Cells which
have been cultured the entire time in regular DMEM were used for setting gates to identify
cells by forward and side scatter density. Data were analyzed by BD FACSDiva software
(Becton, Dickinson and Company). Subsequent experiments used 1 pg GFP or Glrx5
plasmid and 2 pl reagent in 120 pl buffer per 1*10° MIN6 cells in a T25 flask.
The amounts and volumes were adjusted accordingly if other flasks and cell number were
used. For experiments in 96 well plates (Greiner Bio-One, Kremsmiinster, Austria),
plasmid solutions were diluted to 0.1 pg/ul. The respective groups were labelled as GFP+
or Glrx5+. The fluorescence of GFP+ transfected MING cells in the flasks were controlled
24 h after completing the transfection time by a Leica DM IL LED fluorescence

microscope (Leica Camera, Wetzlar, Germany).
2.1.4 Preparation of lipotoxic treatment solution

To study lipotoxic effects, oleic acid was added to cell culture medium (Romer et al.,
2022). Oleic acid (Enzo Life Sciences, New York, NY, USA) was dissolved in absolute
ethanol (Sigma-Aldrich) to prepare stock solutions at 225 mM, 450 mM, and 900 mM.
Stock solutions were diluted 1:300 in cell culture DMEM complexed with fatty acid free
bovine serum albumin (BSA) (SERVA Electrophoresis, Heidelberg, Germany, Cat-No:
11945) to achieve final concentrations of 0.75 mM, 1.5 mM, and 3 mM. By complexing
DMEM with different amounts of BSA (MWgsa = 66,463 g/mol), the final molar oleic
acid:BSA ratio was 5:1. Solutions were nitrogen-overlayed (Linde, Dublin, Ireland), and

shaken (IKA, Staufen im Breisgau, Germany) overnight in an incubator (37 °C, 5 % CO»),
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sterile-filtered (0.22 uM) and stored as aliquots at -20 °C. Control media contained
equivalent BSA and ethanol concentrations. The ethanol concentrations of media were

0.31 %, 0.28 %, and 0.23 %.
2.1.5 Treatment of cellular models

Wildtype MIN6 cells, GFP+ and Glrx5+ transfected MIN6 cells, and wild type
EndoC-BH3 cells were used. All methods were tested on wild type and transfected MIN6
cells, while EndoC-BH3 cells were used to give further comparison for ATP levels.
For wild type model experiments, the cells were collected by trypsin/EDTA, centrifuged
(290 x g, 4 min, 21 °C) and resuspended in cell culture DMEM. As the cell density was
determined by trypan blue counting, a defined number of cells was seeded in well plates
or cell culture flasks. After attaching for 24 h, the media were changed depending on the
assay to either cell culture DMEM, 0 mM control media with matching concentrations of
BSA and ethanol, or treatment media with 0.75 mM, 1.5 mM, or 3 mM oleic acid.
The treatment times were 24 h, 48 h, or 5 d. In case of 5 d treatment, the media were
changed after 0 h (completing attachment), 48 h, and 96 h.

In the transfected model, a defined number of MING6 cells was seeded in well plates or
cell culture flasks. After completing 24 h attachment to the surface, cells were transfected
for 6 hours before replacing the medium with treatment media for 48 h.

There were two different experimental setups for analysis of the transfected MING6 cells
regarding biological effects. The first attempt included GFP transfected cells treated with
DMEM as visual control of the transfection, and multiple groups of Glrx5 transfected
cells to distinguish effects between cells without treatment (DMEM), with 0 mM control
treatment (0.3 mM BSA and 0.28 % ethanol) or with different oleic acid concentrations
(0.75 mM, 1.5 mM, and 3 mM). In a second setup, GFP+ and Glrx5+ transfected cells
were treated either with one concentration of oleic acid or the matching 0 mM control
media to distinguish effects between the transfection and oleic acid, with no further
comparison to other oleic acid concentrations or treatment with DMEM.

After treatment, cells were analyzed or processed like described in subsequent chapters.
2.2 GIrx5+ transfected C57BL/6 mice

All animal research complied with recommendations from the institutional animal
welfare officer, the Chair of Animal Welfare of the Justus Liebig University, Giessen,

and the Regional Administrative Council of Giessen, the Veterinary Department, under
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codes GI20/11 No. G 56/2018 and No. G 70/2018. Both committees approved the
protocol. All experiments were performed in accordance with the German Animal

Welfare Law.

C57BL/6 mice were obtained with a heterozygous or homozygous CRISPR/Cas9
knock-in of Ins2 and GLRXS5 at the ROSA26 locus (Cyagen Biosciences Inc., Santa Clara,
CA, USA). Mice were housed in individually ventilated cages in groups of 5 mice at
22 £2 °C and a relative humidity of 55 + 10 %, with a 14:10 h light and dark cycle, and
with tap water and standard diet pellet form (Altromin, Lage, Germany) ad libitum.
At 20 weeks of age, organs were collected from one wild type, one homozygous, and one
heterozygous C57BL/6 mouse. Mice were anesthetized via intraperitoneal injection of
10 % ketamine (Medistar, Ascheberg, Germany) and 2 % xylazine (Ceva, Diisseldorf,
Germany) dissolved in 0.9 % NaCl solution by dosage of 0.1 ml per 10 g body weight.
After the abdominal wall was excised, the aorta was cut to drain the blood. The small
intestine and pancreas were collected, placed in 2 ml cryo vials (Sigma-Aldrich), frozen
with liquid nitrogen, and stored at -80 °C. For pancreatic islet isolation, pancreata of three
homozygous or heterozygous mice were pooled. To perfuse the excised pancreata, 2.5 mg
collagenase B (Roche, Mannheim, Germany), 35 ul HEPES buffer (Biochrom, Berlin,
Germany), 10 pl penicillin/streptomycin, 10 pl ciprofloxacin, and 1 pl gentamycin were
added to 1 ml of Hank’s Balanced Salt Solution (Biochrom). Pancreata were perfused in
a petri dish with 4 ml of prepared solution. The pancreata were chopped with a pair of
scissors. The organ with collagenase solution was transferred into a 15 ml tube (Sarstedt),
vortexed for 15 sec and placed in a shaking water bath at 37 °C for 10 min, with vortexing
after 3, 6, and 10 min. Following 10 min incubation, the tube was intensively shaken by
hand for 3 min. The digestion was inactivated by cooling the tube on ice and adding
1X Hank’s Balanced Salt Solution (4 °C). After centrifugation (375 x g, 3 min, 4 °C),
supernatant was discarded. The tube with digested pancreas was filled with 1X TCM-199
pH 7.4 (Thermo Fisher Scientific). Each ml of 1X TCM-199 was supplemented with 50 pl
heat inactivated fetal bovine serum, 20 ul HEPES, and 10 pl penicillin/streptomycin.
Individual islets were handpicked under a stereomicroscope (Leica Camera) and collected
in a petri dish (Sarstedt) with the described 1X TCM-199. At this step, islets of individual
organs were pooled in one petri dish. The islets were placed in an incubator (37 °C,
ambient COz) overnight. By pooling of three mice, 210 islets for homozygous and

240 islets for heterozygous mice were collected. On the following day, the islets were
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transferred into a 15 ml tube and centrifuged (375 x g, 3 min, 4 °C). Supernatant was
removed and the collected pellet was frozen with liquid nitrogen and stored at -80 °C.

Collected organs and islets were further processed for immunoblotting.

2.3 MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to measure cellular reduction potential mediated by dehydrogenase enzymes
(Mosmann, 1983) in wild type and transfected MING6 cells. Seven replicates per group
were prepared, with 1¥10* MING6 cells seeded in 150 ul of DMEM in each well of a
96 well plate (Greiner Bio-One). Wells without cells served as blank. Wild type cells
were treated for 24 h and 5 d. To account for the increasing effect of BSA on MTT
readouts, all corresponding control groups with varying BSA concentrations were
included. Treatment time for transfected cells with 1.5 mM oleic acid was 48 h. After
treatment, 50 ul of MTT (Abcam, Cambridge, UK), freshly dissolved in PBS
(c =2 mg/ml) and sterile filtered (0.22 um), was added to each well. The well plate was
protected from light and incubated (37 °C, 5 % COy) for 4 h, allowing MTT to be
converted into formazan crystals by cellular activity. Subsequently, the MTT solution
was replaced with 200 pl of dimethyl sulfoxide (DMSO) (Carl Roth, Karlsruhe,
Germany) and the plate was shaken (IKA, Staufen im Breisgau, Germany) for 15 min to
dissolve the formazan crystals. Optical density (OD) was measured at 570 nm, with
background correction at 620 nm, using a photometer (Berthold Technologies, Bad

Wildbad, Germany). The OD of blank wells was subtracted from the OD(570-620 nm).
2.4 Protein analysis

2.4.1 Pierce BCA and Bradford protein assays

Protein concentrations in samples prepared for enzyme-linked immunosorbent assay
(ELISA), immunoblotting, and Fe-S enzyme activity assays were determined using the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) or the Bradford Protein Assay
(Bio-Rad Laboratories, Hercules, CA, USA). Samples were diluted in distilled water to
achieve OD values within the BSA standard range (0.1-1.0 mg/ml). For each assay, 10 pl
of BSA standard or sample was pipetted in duplicates into a 96 well plate, with blank

wells subtracted from the OD values.
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The working reagent of Pierce BCA kit was prepared by mixing reagent A and reagent B
in a 50:1 ratio. Each well received 200 pl of the working reagent, and the plate was mixed
briefly on a plate shaker for few seconds. After incubation at 37 °C (ambient CO,) for
30 min, the plate was cooled in room temperature for 5 min, and protein concentration
was measured at 570 nm. The Pierce BCA Kit was used for samples prepared with
detergent-containing buffers, such as 10 % Nonidet P-40 buffer for ELISA preparation.
For the Bradford assay, the Bradford dye reagent was diluted by factor five with distilled
water, and 200 pl was added to each well. OD was measured photometrically at 600 nm

(Bradford, 1976).

2.4.2 ELISA for insulin and Glutaredoxin 5

ELISA was performed to quantify insulin and Glrx5 levels in wild type and transfected
MING cells. For transfected cells, 1.5*10% MING cells were seeded in a T25 flask in 3.5 ml
DMEM, followed by transfection and treatment with 0 mM or 1.5 mM oleic acid for 48 h.
For wild type cells, 4*10° MIN6 cells were seeded in 6 well plates (Greiner Bio-One)
with 3 ml DMEM and treated for 24 h. After treatment, 1 ml of culture medium was
collected and centrifuged (290 x g, 8 min, 4 °C). The supernatant was stored at -20 °C.
The remaining media in the plate or flask were removed and the PBS washed cells were
collected by trypsinization. The centrifuged pellet (290 x g, 4 min, 4 °C) was washed once
with PBS by centrifugation (290 x g, 4 min, 4 °C). After removing PBS, cells were lysed
with 350 pl Nonidet P-40 buffer (10 % aqueous solution, Merck KGaA, Darmstadt,
Germany) supplemented with 3 % v/v protease inhibitor cocktail 100X (Thermo Fisher
Scientific) within a few seconds. The lysate was vortexed and incubated on ice for 20 min
before centrifugation (16,000 x g, 12 min, 4 °C). Supernatants were collected and stored

at -20 °C.

Media and lysate samples were diluted to match the standard range for ELISA
measurement. Insulin ELISA (Lot-No: 33802, 35241, 35601, DRG Instruments,
Marburg, Germany) required dilution factors of 10,000 (DMEM and 0 mM) and 4,000
(0.75 mM, 1.5 mM, 3 mM) for wild type and transfected cell lysate samples, and 1,200
(DMEM and 0 mM) and 500 (0.75 mM, 1.5 mM, 3 mM) for media samples. For Glrx5
ELISA (Lot-No: D04065798, 119062494, Cusabio Technology LLC, Houston, TX,
USA), suitable dilution factors for wild type or GFP+ cell lysate samples were 30
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(DMEM and 0 mM) and 15 (0.75 mM, 1.5 mM, 3 mM), while the dilution factor of

Glrx5+ cells was 45 across all groups.

In order to analyze insulin, 10 ul of standard or diluted medium and lysate samples were
added to the antibody-coated 96 well ELISA plate in duplicates, followed by 100 ul of
enzyme conjugate and placing the plate on a plate shaker for 2 h. The enzyme conjugate
comprised of a peroxidase coupled monoclonal anti-insulin antibody binding to the
insulin of the samples. After 2 h of incubation, wells were washed six times with wash
buffer to remove all unbound substances. 200 ul TMB was added for 15 min at room
temperature, which created a blue color by oxidation initiated by peroxidase and H>O».
To stop the peroxidase, 50 pl of a sulfuric acid containing stop solution was added and

the OD was measured at 450 nm.

Glrx5 was analyzed by pipetting 100 pl of standard and diluted lysate into the antibody
coated plate in duplicates. After 2 h incubation (37 °C, ambient CO;), samples were
removed and 100 pl of biotin solution was added for 1 h (37 °C, ambient COz), binding
to GlIrx5 of the samples. As the biotin solution was removed, wells were washed three
times for each 2 min with 200 pl of wash buffer. 100 pl of an avidin solution conjugated
with peroxidase was added for 1 h at 37 °C, binding to biotin. Wells were washed
five times for each 2 min with 200 ul wash buffer, and 90 pl TMB was added for 20 min,
while the plate was protected from light. Peroxidase oxidized TMB, which was stopped
by adding 50 pl of sulfuric acid containing stop solution. The OD was measured

at 450 nm.

Protein concentration of cell lysates were determined using Pierce BCA assay. For cell
lysate, the results of insulin (pg/ml) and Glrx5 (pg/ml) were divided by the lysate protein
concentration (mg/ml). For analysis of insulin in collected media, the result of
insulin (pg/ml) was multiplied with the media volume used for treatment and then divided

by the total protein amount of the lysate sample.
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2.4.3 Activities of iron-sulfur enzymes and respiratory chain

complexes

2.4.3.1 Cell fractionation

To measure the activity of Fe-S enzymes in MING6 cells, 3.5*10° cells were seeded in a
T75 flask in 15 ml DMEM and allowed to attach overnight. This assay was conducted for
wild type cells with 5 d treatment time and transfected cells with 48 h treatment time.
After treatment, cells were harvested using trypsin/EDTA as described previously.
The collected cells were centrifuged (290 x g, 4 min, 21 °C) in a 15 ml tube.
The supernatant was discarded, and cells were washed with PBS, followed by
centrifugation (290 x g, 4 min, 21 °C). The PBS was removed, and the cell pellet was
resuspended and vortexed in digitonin buffer (25 mM Tris pH 7.4 (Carl Roth), 250 mM
sucrose (Carl Roth), 1.5 mM MgCl, (Sigma-Aldrich), 80 uM digitonin (Sigma-Aldrich),
1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich)). To minimize differences
in protein concentration due to treatment effects, the buffer volume was reduced for
groups exposed to harmful treatment. Specifically, 900 ul of digitonin buffer was used
for DMEM and control groups, while 600 pl was used for fatty acid treated groups.
Digitonin and PMSF were freshly added to the buffer on the day of sample preparation.
Cells were incubated with digitonin buffer on ice for 15 min. Following incubation,
one-third of total cell lysate was collected as an aliquot. The remaining lysate was
centrifuged (16,000 x g, 10 min, 4 °C), and the supernatant was collected as the cytosolic
fraction. The pellet was washed with 500 pl of Mito-buffer (25 mM Tris pH 7.4, 250 mM
sucrose, 1.5 mM MgCl;) and centrifuged again (16,000 x g, 10 min, 4 °C).
The supernatant was discarded, and the organelles-containing pellet was resuspended in
either 400 ul (DMEM and control group) or 300 ul (oleic acid group) of Mito-buffer.
This suspension represented the mitochondrial fraction. Protein concentrations for all
fractions were determined using the Bradford protein assay. Samples were then frozen in

liquid nitrogen and stored at -80 °C.
2.4.3.2 Aconitase activity

For enzyme activity assays, the samples of the fractions were pipetted into well plates in
triplicates or quadruplicates. Protein amounts used for aconitase were as follows: 10 pg,

15 pg, 20 pg (total lysate) / 5 pg, 7.5 pg, 10 pug (cytosol) / 2.5 ng, 5 nug, 7.5 ug (organelles)
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The sample triplicates were pipetted two times (full activity and reference activity) to a
96 well UV plate (Greiner Bio-One). To the reference wells, 235 ul of buffer (100 mM
triethanolamine pH 8.0 (Sigma-Aldrich), 1.5 mM MgCl; (Sigma-Aldrich), 0.1 % Triton
X-100 (Merck), 1.25 mM NADP+ (Sigma-Aldrich)) was added. For the maximum
enzyme activity, 15 pl/ml cis-aconitate (20 mM) (Sigma-Aldrich) and 5 pl/ml isocitrate
dehydrogenase (40 mU/ul) (Sigma-Aldrich) were added to the buffer. The samples for
full activity received 235 ul of this substrate-enzyme buffer. The reaction was monitored
at 340 nm for 45 min. Briefly explained, aconitase converted cis-aconitate to isocitrate,
which oxidized to oxalosuccinate by isocitrate dehydrogenase, while NADP+ was

reduced to NADPH, measurable at 340 nm.

The reference measurement at each time point was subtracted from the corresponding OD
value of the reaction supplemented with cis-aconitase and isocitrate dehydrogenase.
Enzyme activity was calculated during the linear phase of NADPH production using the

formula:

L. AE34»Onm o 14
activity [U] At[min] = "well

[m]

protein [g]  d[cm] * e340nm[MM ™1 * cm™1] * Vsampre [MU] * Cprotein[g/ml]
€340nm = 6.22 mM*cm’!
2.4.3.3 Succinate dehydrogenase activity
Protein amounts used for mitochondrial fraction were: 2 pg, 3 pg, 4 ug

Samples were pipetted into a 96 well plate like described for aconitase. For full activity,
235 ul of buffer (50 mM Tris/SO4 pH 7.4, 0.1 mM EDTA (Merck), 70 uM
dichlorophenol-indophenol (Merck), 0.1 % Triton X-100, 0.05 mM decylubiquinone
(Sigma-Aldrich), 10 pl/ml succinate (20 %) (Sigma-Aldrich)) was added to the wells. As
reference measurement, 10 ul/ml of malonate (20 %) (Sigma-Aldrich) was added to the
buffer to inhibit SDH. In this assay, SDH reduced dichlorophenol-indophenol, while
FADH: was oxidized to FAD+. The oxidation to FAD+ was measured over 40 min at
600 nm. After the background was subtracted and the maximum substrate turnover was
identified, the enzyme activity was calculated with the same formula as introduced for

aconitase. €550nm = 21 mM *cm™!
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2.4.3.4 Coupled activity of complexes II and III
Protein amounts used for mitochondrial fraction were: 2.5 pg, 5 ug, 7.5 ug

To assess the activity of complex III, a coupled assay of complexes II and III (C2-C3)
was performed. Samples were pipetted like described for aconitase. For assessing full
activity, 235 pl of buffer (50 mM Tris/SO4 pH 7.4, 50 pg/ml KCN (Sigma-Aldrich),
50 pg/ml cytochrome ¢ (I1I) (Sigma-Aldrich), 12.5 pl/ml succinate (20 %)) was added to
the wells. As reference measurement, 12.5 pl/ml malonate (20 %) was added to the buffer
to inhibit SDH, stopping the reduction of ubichinone to ubihydrochinone, which would
be oxidized again by complex III to reduce cytochrome c. The buffer was added to the
triplicate of the reference activity. The reduction of cytochrome ¢ was measured for
40 min at 550 nm. The enzyme activity was calculated as previously described.

€s5s5onm = 19.1 mM " *cm™!

2.4.3.5 Cytochrome c oxidase activity

Protein amounts used for mitochondrial fraction were: 0.3 pg, 0.6 ng, 0.9 ng, 1.2 ug

Samples were pipetted into a 96 well plate as quadruplicates. 235 pl of buffer (50 mM
MES pH 6.6 (Sigma-Aldrich), 50 mM NaCl (Carl Roth), 1 % BSA, 0.5 mM
dodecylmaltoside (Sigma-Aldrich), 8 uM cytochrome c (II) (described in Stehling et al.,
2009)) was added, while wells without samples served as background. During the
measurement, cytochrome ¢ was oxidized by COX, which was measured for 30 min at
550 nm. After the background was subtracted and the maximum substrate turnover was
identified, the enzyme activity was calculated as described for the other enzymes.

€600nm = 19.1 mM*cm’!
2.4.3.6 Lactate dehydrogenase activity as cytosolic marker

The measurement of lactate dehydrogenase (LDH) was used as marker for the cytosolic
fraction. The activity of ACO1 was divided by the activity of LDH. The used protein
amounts were: 0.8 ug, 1.2 pug, 1.6 pg (total lysate) / 0.2 pg, 0.4 ng, 0.6 ng (cytosol) /
1.2 ng, 2.4 ng, 3.6 ug (organelles)

After the samples were pipetted in a 96 well plate, 235 pl of buffer (50 mM Tris/HCI
pH 7.4, 1 mM EDTA, 0.1 % Triton X-100, 0.75 mM Na-pyruvate (Thermo Fisher
Scientific), 15 ul/ml NADH (10 mg/ml) (Sigma-Aldrich)) was added. Wells without
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samples were used as background. LDH was converting pyruvate to lactate, while NADH
oxidized to NAD+. The oxidation of NADH was measured for 45 min at 340 nm. The

enzyme activity was calculated as described. €340nm = 6.22 mM " *cm™!

2.4.3.7 Citrate synthase activity as mitochondrial marker

The activity of CS was taken as reference for the enzymes of mitochondrial fraction. The
activities of all mitochondrial enzymes were divided by the CS activity. The used protein
amounts were 1 pug, 1.5 ug, 2 pg (total lysate) / 3 pug, 6 nug, 9 ug (cytosol) / 0.4 ng, 0.8 pg,
1.2 ng (organelles)

All samples were pipetted two times in triplicates in a 96 well plate and 235 pl of buffer
(50 mM Tris/HCI pH 8.0, 100 mM NaCl, 0.5 mM 5,5¢-Dithio-bis-(2-nitrobenzoic acid)
(DTNB) (Sigma-Aldrich), 0.1 % Triton X-100, 12.5 pl/ml acetyl-CoA (10 mg/ml)
(Sigma-Aldrich)) was added to the wells of the reference measurement. 20 pl/ml
oxaloacetate (10 mg/ml) (Sigma-Aldrich) was supplemented to the reference buffer and
this buffer was added to the remaining samples for full enzyme activity. CS converted
oxaloacetate and acetyl-CoA to citrate and CoASH. The CoASH reacted with DTNB to
TNB-CoA, which was measured for 40 min at 412 nm. The enzyme activity was

calculated as described. €4120m = 13.3 mM " *cm™!

2.44 Immunoblotting

2.4.4.1 Sample preparation MING6 cells

Protein analysis was conducted via immunoblotting using the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) technique. In both the wild type and
transfection model, 3.5*10° MING6 cells were seeded in T75 flasks containing 14 ml of
DMEM. After the treatment period, PBS washed cells were collected by trypsin/EDTA
subsequently and centrifuged (290 x g, 4 min, 4 °C). The cell pellet was washed with
PBS, centrifuged again (290 x g, 4 min, 4 °C), and the supernatant was removed. The dry

cell pellet was frozen in liquid nitrogen and stored at -80 °C until further use.

Prior to gel preparation, the cells were thawed and resuspended in distilled water at a ratio
of 15 pl per 1*10° cells. A 10-fold diluted aliquot of the sample was analyzed for total
protein using the Bradford protein assay. According to the protein concentration, samples

were diluted with 4X Laemmli-buffer (0.24 M Tris pH 6.8, 8 % SDS (Sigma-Aldrich),
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4.34 M glycerol (Sigma-Aldrich), 0.3 mM bromophenol blue (Merck)), distilled water,
and freshly added 5 % 2-mercaptoethanol (Sigma-Aldrich). The samples were boiled at
95 °C for 5 min and stored at -20 °C. Final protein concentrations varied depending on
the target protein, typically ranging from 0.75 pg/ul to 3 pg/ul. Loaded sample volume

was 20 pl. Higher protein concentrations were used for proteins with weaker signals.

In a separate experiment, MIN6 cell samples were prepared with increasing protein
concentrations (¢ = 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 pg/ul) to assess signal
linearity during immunoblotting. Loaded sample volume was 20 pl. Signals for tubulin
and ERK1/2 were quantified, and a linear regression of signal intensity against protein
amount was performed. For reliable quantification, signal detection and protein loading

amount needed to correlate linearly.

Glrx5+ transfected MING6 cells were used as a positive control for Glrx5 detection.
Recombinant Glrx5 protein (enQuire Bio LLC, Littleton, CO, USA, Cat-No: QP11992)
was also used to evaluate antibody reactivity. Recombinant protein supplemented with
0.1 % BSA was diluted to 3.75 ng/ul with distilled water, 4X Laemmli-buffer and
5 % 2-mercaptoethanol, then boiled at 95 °C for 5 min. The recombinant protein’s

molecular weight, processed by His-tag purification was 18.8 kDa.
2.4.4.2 Sample preparation fractionated MING6 cells

After measuring Fe-S enzyme activity in fractionated MING6 cells, the samples were
diluted with 4X Laemmli-buffer, Mito-Buffer, and 5 % 2-mercaptoethanol based on

protein concentration. The samples were boiled at 95 °C for 5 min.
2.4.4.3 Sample preparation C57BL/6 mice

A PBS lysis buffer (1 nM EDTA, 0.5 % Triton X-100, 5 mM NaF (Sigma-Aldrich),
6 Murea (Sigma-Aldrich), 2.5mM Na-pyrophosphat (Sigma-Aldrich), 1mM
Na-orthovanadate (Thermo Fisher Scientific), 0.5 % Na-deoxycholate (Sigma-Aldrich),
0.5 % SDS), freshly supplemented with 1.75 pl aprotinin (Roche), 2 ul leupeptin (Sigma-
Aldrich), 2 pl pepstatin (Sigma-Aldrich), and 1 ul PMSF per ml of lysis buffer was
prepared. Parts of the retrieved organs were chopped with a pair of scissors and placed in
1.5 ml tubes containing 700 pl of lysis buffer. The tissue was homogenized on ice for
several minutes using a motor-driven pestle for pellet mixing (VWR International,

Radnor, PA, USA). After homogenizing, the solution was transferred to a new tube, and
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1.8 ml of lysis buffer was added. Protein concentration was measured by Pierce BCA
assay. Isolated islets were resuspended in PBS and analyzed by Pierce BCA assay.
Approximately 100 islets yielded 40 pg of protein. Samples for immunoblotting were
prepared by mixing with 4X Laemmli-buffer, PBS, and 5 % 2-mercaptoethanol, boiled at
95 °C for 5 min, and stored at -20 °C.

2.4.4.4 Gel electrophoresis, blotting, and immunodetection

A PerfectBlue dual gel system Twin S (VWR International) with 1.5 mm spacers was
used to prepare gels for analysis of total lysate samples. A PerfectBlue dual gel system
Twin M (VWR International) was used for MING cell fractions. 30 % Acrylamide:N,N'-
methylene bisacrylamide solution 29:1 (SERVA Electrophoresis) was used, which
polymerized as TEMED (Carl Roth) and APS (10 %) (Sigma-Aldrich) were added to the
gel. A resolving gel with a constantly increasing concentration of polyacrylamide (PAA)
(6-20 % PAA, 372 mM Tris pH 8.8, 0.1 % SDS) was cast using a gradient maker (von
Keutz Labortechnik, Reiskirchen, Germany) and overlayed with distilled water.
The resolving gel solidified for approximately 1:15 h, followed by removing the distilled
water and pouring the stacking gel (4 % PAA, 84 mM Tris pH 6.8, 0.1 % SDS). As the
stacking gel was poured, a 15-well (gel system Twin S) or 20-well (gel system Twin M)
comb was placed into the gel. The gel was placed in a fridge in humidified atmosphere to
solidify overnight. The comb was removed, and the gel system was filled with running
buffer (25 mM Tris pH 8.3, 190 mM glycine (Sigma-Aldrich)), and 20 pl of each sample
was loaded. The used protein amounts are indicated in the respective figures.
Two different protein standards were used in each gel for visualization of the
electrophoresis (used standards: Precision Plus Protein All Blue Prestained Protein
Standards (Bio-Rad Laboratories), PageRuler Prestained Protein Ladder (Thermo Fisher
Scientific), PageRuler Unstained Broad Range Protein Ladder (Thermo Fisher
Scientific), PageRuler Prestained SMO0671 (Thermo Fisher Scientific), Protein Test
Mixture 6 (SERVA Electrophoresis)). The gel electrophoresis started with 35 mA till the
samples reached the resolving gel. The amperage was increased to constantly 60 mA to
separate the samples for approximately 2:30 h. After the protein was separated, it was
transferred to a nitrocellulose (NC) membrane using a semi-dry protein transfer in an
EBU-4000 blotting chamber (C.B.S. Scientific Company, San Diego, CA, USA).
To transfer the protein, all layers of 3 mm Whatman chromatography paper (GE
Healthcare, Chalfont St Giles, UK), Amershan Protran 0.45 uM NC membrane (Cytiva,
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Marlborough, MA, USA) and the gel were thoroughly soaked with transfer buffer
(3.425 M ethanol, 20 mM Tris, 150 mM glycine, 0.02 % SDS) and placed on each other
avoiding to include air bubbles between the layers. Three layers of 3 mm Whatman
chromatography paper were placed in the blotting chamber. The NC membrane and the
gel were placed each on top and everything was covered by three layers of 3 mm
Whatman chromatography paper. The size of chromatography papers and membranes
was 15.5%11.5 cm. Protein transfer occurred at 300 mA for 3:15 h. As the protein transfer
was completed, membranes were washed twice (each 10 min) with distilled water and
transfer was verified by staining with Ponceau S for 1:30 min (0.2 % Ponceau S, 3 %
tricarboxylic acid (SERVA Electrophoresis)). Ponceau S which was not bound to protein
was removed with distilled water. The membrane was allowed to dry between two layers
of 3 mm Whatman chromatography paper and stored at room temperature. The membrane
was labelled at the respective heights of the molecular weight, washed with distilled water
for 15 min, washed with TBS-T (20 mM Tris, 150 mM NacCl, 0.1 % Tween 20 (Sigma-
Aldrich)) for 15 min and blocked for 2:00 h (1X Roti Block (Carl Roth), 1 % BSA
(Sigma-Aldrich), 0.1 % Na-azide (Sigma-Aldrich) in TBS-T). As the blocking step was
finished, the membrane was washed twice with TBS-T (each 10 min) and the membrane
was cut according to the molecular weight of target antibodies. The TBS-T washed parts
of the membrane were incubated with the primary antibody diluted in buffer (0.33X Roti
Block, 0.5 % BSA, 0.02 % Na-azide) for 1:30 h. The membrane was washed thrice with
TBS-T (each 10 min), followed by incubation with a horseradish peroxidase (HRP)
conjugated secondary antibody for 1 h. Dilution buffer for secondary antibody was
0.5 % BSA in TBS-T. In case of weak signals, the incubation with HRP conjugated
secondary antibody was replaced by a biotinylated anti-rabbit antibody for 1 h. After
washing thrice with TBS-T (each 10 min), the membrane was incubated by a peroxidase
coupled avidin biotin complex solution (Vector Laboratories, Newark, CA, United States)
diluted in buffer (0.33X Roti Block, 0.5 % BSA, 0.02 % Na-azide) for 1 h. An annotation
can be found in the figures, if the avidin biotin complex was used. A list of used antibodies
is given in table 1 and table 2. After incubation of secondary antibody or avidin biotin
complex, the membrane was washed thrice with TBS-T (each 10 min), and luminescence
was detected using ECL Western Blot Detection Reagents (GE Healthcare). Signals were
recorded by a Fusion Solo 4M camera (Vilber Lourmat, Eberhardzell, Germany).
Exposure time was ranging between 30 sec and 20 min and was defined individually for

each protein, before saturation of the signal was reached.
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Table 1: Used primary antibodies for immunoblotting, with all available information or

reference for non-commercial origin, arranged by molecular weight.

Sheftel et al. 2010

Antigen Dilution | Observed | Host Company Catalog
molecular number /
weight Lot number

PolD1 1250 124 kDa Rabbit Proteintech Group | 15646-1-AP

polyclonal

ACO1 1000 98 kDa Rabbit Proteintech Group | 12406-1-AP

polyclonal

ACO2 3000 86 kDa Rabbit Thermo Fisher PA5-29037

polyclonal | Scientific XG3643230B

Akt 1000 60 kDa Rabbit Cell Signaling 92728

polyclonal 28
phospho-Akt 1000 60 kDa Rabbit Cell Signaling 9271L

(Serd73) polyclonal 12

GPAT 500 56 kDa Rabbit unpublished

B-11I-tubulin 10000 52 kDa Rabbit Abcam ab52623

[EP1569Y] monoclonal GR149555-33

alpha-tubulin 2500 52 kDa Mouse Sigma T6199

monoclonal

Tubulin 10000 52 kDa Rat Abcam ab6160

[YL1/2] monoclonal GR3208838-3

Total OXPHOS | 250 48 kDa Mouse Abcam ab110413

Complex 111 monoclonal

(core protein 2)

(UQCRC2)

[13G12AF12B

B11]

Complex 111 2500 48 kDa Rabbit By H. Schigger and 1. Wittig

(core protein 2) Unpublished

(UQCRC2)

Ferrochelatase | 1500 45 kDa Rabbit By T. Dailey and H. A. Dailey

doi: 10.1073/pnas.1004250107
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Table 1 (continued)

Sheftel et al. 2012

Antigen Dilution | Observed | Host Company Catalog
molecular number /
weight Lot number

ERK1/2 1000 42 kDa Rabbit Cell Signaling 46958
44 kDa monoclonal 21

phospho- 1000 42 kDa Rabbit Cell Signaling 4376S

ERK1/2 44 kDa monoclonal 18

(Thr202/

Tyr204)

Glrx3 1500 40 kDa Rabbit Haunhorst et al. 2013

doi: 10.1091/mbc.E12-09-0648

GAPDH 300 38 kDa Mouse Sigma MAB374
monoclonal 2521487

PDX1 4000 38 kDa Rabbit Sigma Ab3503-1
polyclonal 3442478

VDAC 1750 34 kDa Rabbit Proteintech Group | 55259-1-AP

polyclonal

GFP 1000 27 kDa Goat antibodies-online | ABIN1043856

polyclonal | Inc. GF160920

Complex III 2500 24 kDa Rabbit By H. Schigger and 1. Wittig.

Rieske Fe-S Sheftel et al. 2012

protein doi: 10.1091/mbc.E11-09-0772

(UQCRFS1)

Total OXPHOS | 250 22 kDa Mouse Abcam ab110413

NDUFBS monoclonal

[20E9DH10C1

2]

COX-2 2500 21 kDa Rabbit By H. Schigger and 1. Wittig.

doi: 10.1091/mbc.E11-09-0772
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Table 1 (continued)

Antigen Dilution | Observed | Host Company Catalog
molecular number /
weight Lot number

FTL 5000 20 kDa Rabbit Proteintech Group | 10727-1-AP

polyclonal

GPx4 1000 19 kDa Rabbit Thermo Fisher PAS5-102521

polyclonal | Scientific

Glrx5 500 13 kDa Rabbit Novus Nbp1-89897

polyclonal | Biologicals 000021103

COX-6 A/B 1250 12 kDa Rabbit By H. Schigger and 1. Wittig.

Sheftel et al. 2012
doi: 10.1091/mbc.E11-09-0772

Table 2: Used secondary antibodies for immunoblotting, with all available information.

Specificity Dilution | Host Company Catalog number /
Lot number
Goat IgG (H+L), 10000 Rabbit Rockland 605-403-B69
HRP conjugated polyclonal Immunochemicals 21823
Mouse IgG (H+L), 2500 Goat Bio-Rad 1706516
HRP conjugated Laboratories
Mouse IgG (H+L), 2500 Goat Calbiochem 401253
HRP conjugated polyclonal D00172425
Rabbit IgG (H+L), 2000 Goat Bio-Rad 1706515
HRP conjugated Laboratories 64425247
Rabbit IgG (H+L), 10000 Goat Jackson 111-035-003
HRP conjugated polyclonal ImmunoResearch 149393
Rabbit IgG (H+L), 2500 Goat Vector Laboratories | BA-1000
biotinylated 700329

43




Material and methods

2.4.4.5 Tricine gel electrophoresis

The detection of proteins with especially low molecular weight was conducted using a
tricine-based gel electrophoresis (Schiagger, 2006). The principle was comparable to
glycine SDS-PAGE. The differences were the compositions of resolving gel (8-16 %
PAA, 1.08 M glycerol, 1 M Tris pH 8.9, 0.1 % SDS), stacking gel (6 % PAA, 1 M Tris
pH 8.9, 0.1 % SDS), cathode buffer (0.1 M Tris, 0.1 M tricine (Sigma-Aldrich),
0.1 % SDS) and anode buffer (0.1 M Tris pH 8.45, 0.1 % SDS) replacing the running
buffer. A Mini-PROTEAN Tetra Handcast System (Bio-Rad Laboratories) was used for
gel casting. This method was applied for Glrx5, COX-6 A/B, and UQCRFSI1 and is

indicated in the figures.
2.4.4.6 Image quantification of immunoblotting signals

Signals by immunoblotting were quantified using Image Studio Lite 5.2.5 (LI-COR, Inc.,
Lincoln, NE, USA). Images for analysis were selected before signal saturation. Signal
areas were marked to determine the intensity given as relative luminescence unit (RLU),
after background subtraction. The resulting values of the target protein were divided by a
reference protein. To arrange layouts with representative images of the signals, GIMP

2.10.38 (developed by Spencer Kimball, Peter Mattis, and the GIMP Team) was used.
2.5 Mitochondrial respiration

A total of 9*10° MING cells were seeded in 3 ml of DMEM in a T25 flask in order to
measure mitochondrial respiration in both the wild type and transfected cells. After the
treatment period, the cells were washed with PBS, detached using trypsin/EDTA,
centrifuged (290 x g, 4 min, 21 °C), and resuspended in MIROS buffer (0.5 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (Thermo Fisher
Scientific), 3 mM MgCl, 60 mM K-lactobionate (Sigma-Aldrich), 20 mM taurine
(Sigma-Aldrich), 10 mM KH>PO4 (Sigma-Aldrich), 20 mM HEPES (Sigma-Aldrich),
110 mM sucrose, 1 mg/ml BSA, pH 7.1)). The cells were counted and diluted with MIR05
to achieve a final cell density of 5*10°/ml. An aliquot of the cells was frozen in liquid
nitrogen and stored at -80 °C for CS activity analysis as previously described. Respiration
measurements were performed using a 2 ml suspension added to the chamber of the
Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria). This system used a silver

Clarke electrode and followed the substrate-uncoupler-inhibitor titration (SUIT) protocol
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developed by Prof. Gnaiger, University of Innsbruck, Austria. After stabilization of
endogenous respiration, digitonin (20 uM) (Honeywell Fluka, Thermo Fisher Scientific)
was added to permeabilize the cells. Glutamate (10 mM) (Sigma-Aldrich) and malate
(4 mM) (Sigma-Aldrich) were added to activate complex I, yielding leak 1 respiration.
Complex I was measured after the addition of ADP (2 mM) (Sigma-Aldrich) to activate
complex V, followed by succinate (10 mM) (Sigma-Aldrich) as complex II substrate, to
measure the capacity of oxidative phosphorylation (OXPHOS). Maximum electron
transfer system (ETS) capacity was determined by uncoupling the proton gradient using
stepwise addition with the protonophore FCCP (0.25 uM) (Sigma-Aldrich), until the
respiration reached its maximum. Rotenone (25 pM) (Sigma-Aldrich) was used to inhibit
complex I and assess uncoupled complex II respiration. Complex V was inhibited by
oligomycine (2.5 pM) (Sigma-Aldrich), resulting in leak 2 respiration. Antimycine A
(2.5 uM) (Sigma-Aldrich) was added to inhibit complex III and measure residual
respiration by non-enzymatic caused electron transfer, which was subtracted as
background. TMPD (0.5 mM) (Sigma-Aldrich) and ascorbate (2 mM) (Sigma-Aldrich)
were added. TMPD was used as substrate for complex IV, while ascorbate reduced TMPD
again. Finally, Na-azide (120 mM) (Sigma-Aldrich) was added to determine complex IV
background respiration. Respiration values for all states were recorded as steady-state and

normalized to CS activity.

2.6  Cellular ATP analysis

To measure ATP levels of total cell lysate, 2*10* MING6 cells were seeded in 100 pl of
DMEM in a 96 well luminescence plate (Corning Inc., Corning, NY, USA). Seven
replicates per group were prepared in each experiment. Further to the analysis of wild
type and transfected MING cells, also 4*10* excised EndoC-BH3 cells were used for
measuring cellular ATP levels. As described in chapter 2.1.2, the cells were seeded in a
B-COAT coated 96 well luminescence plate in 100 ul OPTIB1 medium, while oleic acid
was prepared with OPTIB1 medium. Treatment duration for EndoC-BH3 cells was 48 h.
Control media were prepared for each oleic acid concentration due to variability in
albumin content, influencing ATP readouts. At the end of the treatment, plates were
equilibrated to room temperature for 15 min in the dark. An ATP standard curve
(0.01-5 uM) (PerkinElmer, Waltham, MA, USA) was prepared, and 100 pl was added in
duplicate to the plate. 50 ul of a NaOH containing lysis buffer (PerkinElmer) was added

to each well and incubated for 5 min. Subsequently, 50 pl of a solution containing
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luciferase, luciferin, and co-substrates (PerkinElmer) was added and incubated for
40 min. Luminescence was measured using a Multimode Microplate Reader (BMG

LABTECH, Ortenberg, Germany).

2.7  Gene expression analysis

2.7.1 RNA isolation

The effects of oleic acid and transfection on gene expression were assessed using
quantitative real-time polymerase chain reaction (qPCR). For oleic acid treatments,
3*10° MING cells were seeded in 3 ml of DMEM in a 6 well plate and treated for 5 d. For
transfection experiments, 1.3*10° MING cells were seeded in a T25 flask, transfected with

GFP or GIrxS5 plasmids, and maintained in DMEM for 48 h.

At the end of the experiment, cells were washed with PBS, lysed in 300 pul RLT buffer
(Qiagen, Hilden, Germany) supplemented with 1 % 2-mercaptoethanol (Sigma-Aldrich),
collected in a 1.5 ml tube, and stored at -20 °C. RNA was extracted using the RNeasy
Mini Kit (Qiagen). Following thawing and vortexing, an equal volume (300 pl) of ethanol
(70 %) (Sigma-Aldrich) was added and mixed with the sample. Samples were transferred
to spin columns and centrifuged (16,000 x g, 1 min, 21 °C). The columns were washed
with 700 ul RW1 buffer and centrifuged (16,000 x g, 1 min, 21 °C), followed by adding
500 pl RPE buffer and centrifugation (16,000 x g, 1 min, 21 °C). 500 ul RPE buffer was
added for a second time and the column tubes were centrifuged (16,000 x g, 2 min, 21 °C),
followed by dry centrifugation (16,000 x g, 3 min, 21 °C) with open caps. In the final
step, 25 ul of RNase free water was added and tubes were centrifuged (16,000 x g, 1 min,
21 °C). The RNA in RNase free water was collected in a fresh 1.5 ml tube. The RNA was
quantified using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific) at
wavelengths of 260 nm and 280 nm. The samples were diluted with RNase free water
according to their concentration to prepare 8 pl samples with an RNA concentration of

125 ng/pul in a 0.2 ml tube.
2.7.2 cDNA preparation

To prepare cDNA, 1 ul of amplification grade DNase (Thermo Fisher Scientific) and 1 pl
of 10X DNase reaction buffer (Thermo Fisher Scientific) were added to RNA samples.
Following a 15 min incubation at 37 °C in a VWRI732-1210 (VWR International),
samples cooled down to room temperature and 1 pl of EDTA (25 mM) (Thermo Fisher
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Scientific) was added. After quick centrifugation (290 x g, 5 sec, 21 °C), preincubation
was performed at 65 °C for 15 min to inactivate DNase. After cooling to 4 °C for 5 min,
9 ul of a mastermix (4 pl 4X strand buffer, 2 ul DTT (0.1 M), 1 ul ANTP (10 mM), 1 ul
oligo d(T), 1 ul superscript (all Thermo Fisher Scientific)) was added, and incubated at
50 °C for 50 min, followed by 72 °C for 15 min. Samples cooled down to 4 °C, and were
diluted 1:10 with RNase free water and stored at -20 °C.

2.73 qPCR

gPCR was conducted using a mastermix (8.5 ul/sample) for each gene (5 ul SYBR green
(Bio-Rad Laboratories), 3.2 pul RNase free water, 0.3 pul primer). Forward and reverse
primers were mixed 1:1 and further diluted 1:10 with RNase free water. Primers of /ns2,
Glrx5, and Rpl32 (reference) (all Thermo Fisher Scientific) were used and can be found
in table 3.

A volume of 1.5 pl from each sample was pipetted in triplicates into a MicroAmp Fast
Optical 96 well reaction plate (Thermo Fisher Scientific) while kept on ice. Negative
controls contained 1.5 pl of RNase free water. Subsequently, 8.5 pul of primer mastermix
was added to both the samples and the negative controls. The reaction plate was placed
in the Step One Plus Real-Time PCR System (Thermo Fisher Scientific) to initiate the
cycling process. Samples were first heated to 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 sec and annealing/elongation at 60 °C for 1 min. Finally, a
melt curve was generated by gradually increasing the temperature from 60 °C to 95 °C in
intervals of 1 min. The Ct values for Rp/32 were subtracted from target genes of interest,

and relative gene expression was calculated using the 24 method.

Table 3: Forward and reverse primer sequences for qPCR.

Primer Sequence

Glrx5 fwd 5’-GAAGAAGGACAAGGTGGTGGTCTTC-3’
Glrx5 rev 5’-GCATCTGCAGAAGAATGTCACAGC-3’
Ins2 fwd 5’-GGCTTCTTCTACACACCCATGT-3’

Ins2 rev 5’-AAGGTCTGAAGGTCACCTGCTC-3’
Rpl32 fwd 5’-GGAGAAGGTTCAAGGGCCAG-3’

Rpl32 rev 5’-GCGTTGGGATTGGTGACTCT-3’
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2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.3.1 (GraphPad Software,
San Diego, CA, USA). One-way ANOVA with Tukey’s multiple comparisons test or a
two-sided unpaired t-test was applied as appropriate. Data were represented as
mean + standard deviation (SD). A p-value < 0.05 was considered significant and marked
with *. A p-value <0.01, <0.001, and <0.0001 was marked with **, *** and ****

respectively.
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3 Results

3.1 Pre-experiments for characterization of MING6 cells and

animals in applied methods

In addition to the experiments described in the following chapters, more data were
collected to evaluate the characteristics of MING6 cells and animals under different
experimental conditions. Experiments without fatty acid treatment were conducted to
examine potential influences from substances used in the methods. The data and detailed
descriptions are provided in the supplementary materials, offering helpful information to

improve understanding of the experimental model.

The generation time of MING6 cells, cultured in DMEM, was determined to be 3.9 d
(Supplement 2). Fatty acid solutions were prepared using 0.23 % to 0.31 % ethanol,
which exerted cytotoxic effects at higher concentrations. The effects of ethanol and
DMSO, a potential alternative solvent, were evaluated using the MTT assay. Negative
effects were observed at ethanol concentrations exceeding 1 % or DMSO concentrations
exceeding 4 % (Supplement 3). The albumin used to complex fatty acids was tested for
potential interference with the MTT assay, both in the presence and absence of MIN6
cells. Albumin increased the MTT assay readout, both dependently and independently of
MING cells. In experiments without cells, albumin constantly increased the MTT readout,
whereas this effect peaked at 6 % albumin after 24 h or 3 % albumin after 5 d, if MIN6
cells were included (Supplement 4). Transfection of MIN6 cells was optimized by
varying the amount of GFP plasmid to achieve the highest transfection efficiency.
The fluorescence signal and percentage of transfected cells were determined via FACS
analysis. Transfecting 1.3*10° MING6 cells with 1.33 ug of GFP plasmid resulted in a
maximum transfection rate of 24 % (Supplement 5). The Glrx5 gene expression in
transfected cells was analyzed using qPCR, revealing an approximately 15-fold increase
in Glrx5 gene expression in Glrx5+ transfected cells compared to GFP+ transfected cells
(Supplement 6). Initially, detecting Glrx5+ transfected cells via immunoblotting posed
challenges. Antibodies from different manufacturers were tested for specificity using
transfected cells and recombinant Glrx5 protein. The Novus Biologicals antibody
provided reliable results and was selected for further analysis (Supplement 7). Antibodies
against ACO1 were evaluated using cytosolic fractions from MING6 cells. The Proteintech

Group antibody showed satisfactory results in the cytosolic fraction and was chosen for

49



Results

subsequent experiments (Supplement 8). To ensure reliable immunoblotting
quantification, the correlation between luminescence signals and the amount of loaded
protein was assessed for MING6 cells using linear regression. Signals from tubulin and
ERK1/2 exhibited a linear correlation with protein loading. Normalizing the protein of
interest to the control protein resulted in a function without significant slope, essential for
accurate interpretation (Supplement 9). The immunoblotting analysis of FTL revealed an
increasing trend in control groups. Testing FTL against a concentration series of ethanol
showed elevated signals up to 0.6 % ethanol concentration (Supplement 10).
In genetically modified Glrx5+ mice, immunoblotting analysis of prepared organs and
isolated islets showed variable results. Tubulin loading controls were inconsistent or
absent, while GAPDH controls were evenly distributed. PDX1 was undetectable in
intestinal and pancreatic samples. Although GlIrx5 signals were detectable in transfected

MING cells, they were absent in organ samples (Supplement 11).
3.2 MTT

3.2.1 Oleic acid treatment decreases the MTT readout in wild

type MING cells after 24 h and 5 d

The conversion of MTT to formazan was used as a measure of cellular activity. After 24 h
of treatment, MING6 cells exposed to all oleic acid concentrations exhibited a decrease in
photometric readout compared to their respective controls (0.7034 + 0.07905 vs. 0.628 +
0.06031, * p < 0.05, at 0.75 mM, Figure 1A; 0.7399 + 0.09338 vs. 0.6325 + 0.06924,
**p<0.01, at 1.5 mM, Figure 1B; 0.7153 + 0.08272 vs. 0.6174 + 0.06629, ** p < 0.01,
at 3 mM, Figure 1C, significances determined by t-test to the respective control group).
Relative changes were similar across concentrations (-10.7 % at 0.75 mM, -14.5 % at
1.5mM, -13.7% at 3 mM). To simulate chronic diabetes conditions, a prolonged
treatment duration of 5 d was implemented. The photometric readout was also diminished
during this extended period (1.506 +0.1443 vs. 1.277 £ 0.1617, ** p <0.01, at 0.75 mM,
Figure 2A; 1.509 &+ 0.1412 vs. 1.156 = 0.1741, **** p < 0.0001, at 1.5 mM, Figure 2B;
1.336 £ 0.1491 vs. 0.9956 + 0.1849, **** p <0.0001, at 3 mM, Figure 2C, significances
determined by t-test to the respective control group). The relative changes were more
pronounced with increased oleic acid concentrations after 5d (-15.2% at

0.75 mM, -23.4 % at 1.5 mM, -25.5 % at 3 mM).
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Figure 1: MTT assay results for wild type MING6 cells treated for 24 h with (A) 0.75 mM,
(B) 1.5 mM, and (C) 3 mM oleic acid and their respective controls (n = 10). * p < 0.05,

**p <0.01, significances determined by t-test.
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Figure 2: MTT assay results for wild type MING6 cells treated for 5 d with (A) 0.75 mM,
(B) 1.5 mM, and (C) 3 mM oleic acid and their respective controls (n = 12). ** p <0.01,

ks p < 0.0001, significances determined by t-test.

3.2.2 Transfected MING6 cells show comparable MTT readout

decreases to wild type cells

The impact of 48 h treatment with 1.5 mM oleic acid was assessed in transfected MIN6
cells using the MTT assay. Oleic acid treatment decreased the MTT readout for both
GFP+ (0.6968 + 0.04744 vs. 0.6014 + 0.05883, * p < 0.05, at 1.5 mM for GFP+,
Figure 3A, significance determined by t-test to the respective control group) and Glrx5+

transfected cells (0.6963 £ 0.04909 vs. 0.6148 + 0.06576, * p < 0.05, at 1.5 mM for
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Glrx5+, Figure 3B, significances determined by t-test to the respective control group).
The relative decrease was comparable between the transfected groups (-13.9 % at 1.5 mM

for GFP+; -11.7 % at 1.5 mM for Glrx5+).
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Figure 3: MTT assay results for transfected MING6 cells treated for 48 h with 1.5 mM oleic
acid for (A) GFP+ transfection, and (B) Glrx5+ transfection (n=26). * p < 0.05,

significances determined by t-test.

3.3 Slight changes in gene expression detected by qPCR after 5 d
oleic acid treatment in wild type MING cells

Despite evidence suggesting that lipid-induced cellular effects were more pronounced at
the protein level than genetic level, MING6 cells were analyzed by qPCR for G/rx5 and
Ins2 mRNA expression. After 5d of oleic acid treatment, G/rx5 mRNA levels,
normalized to Rpl32, showed a slight but non-significant decrease (1.0 = 0.09477, with
DMEM; 0.8465 + 0.2626, at 0 mM; 0.8189 + 0.2638, at 0.75 mM; 0.6628 + 0.05587, at
1.5 mM; 0.6805 + 0.1078, at 3 mM, Figure 4A, no significance determined by one-way
ANOVA compared to 0 mM). /ns2 mRNA levels were largely unchanged, except for a
significant decrease at 3 mM (1.0 = 0.07623, with DMEM; 0.9271 £+ 0.07402, at 0 mM;
1.045+0.124, at 0.75 mM; 1.041 £ 0.03904, at 1.5 mM; 0.6944 + 0.05327, * p <0.05, at
3 mM, Figure 4B, significance determined by one-way ANOVA compared to 0 mM).
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Figure 4: qPCR analysis of gene expression for (A) Glrx5 mRNA, and (B) /ns2 mRNA,
normalized to Rp/32 mRNA, in MING6 cells treated for 5 d with oleic acid (n= 3).
* p <0.05, significance by one-way ANOVA compared to 0 mM.

3.4 Protein analysis

3.4.1 GIrxS and insulin ELISA protein levels decrease after
24 h of oleic acid treatment in wild type MING6 cells

In addition to qPCR, Glrx5 and insulin protein levels were measured using ELISA. A 24 h
treatment with oleic acid led to a significant decrease in Glrx5 levels in the collected cell
lysates (1.813 £ 0.4622 ng/mg, at 0 mM; 1.188 = 0.07773 ng/mg, * p <0.05, at 0.75 mM,;
0.8882 + 0.1702 ng/mg, ** p < 0.01, at 1.5 mM; 0.3837 + 0.07519 ng/mg,
kX p <0.0001, at 3 mM, Figure 5, significances determined by one-way ANOVA
compared to 0 mM). The relative decrease in Glrx5 levels was concentration-dependent

(-34.5 % at 0.75 mM, -51.0 % at 1.5 mM, -78,8 % at 3 mM).
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Figure 5: Glrx5 protein levels by ELISA in MING6 cells treated for 24 h with oleic acid
(n=4). * p <0.05, ** p <0.01, **** p < 0.0001, significances by one-way ANOVA
compared to 0 mM.
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Contrary to the ELISA results, a 5 d treatment with oleic acid did not show significant

changes in Glrx5 levels by immunoblotting compared to 0 mM (0.3428 + 0.2962 RLU,

with DMEM; 0.539 + 0.3393 RLU, at 0 mM; 0.4875 + 0.1808 RLU, at 0.75 mM; 0.5128

+ 0.234 RLU, at 1.5 mM; 0.5059 + 0.2428 RLU, at 3 mM, Figure 6A, no significance
0.8

determined by one-way ANOVA).
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Figure 6: Detection of Glrx5 protein in total lysate of wild type MING6 cells treated for
5d with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments with 60 pug protein. Tubulin

was the reference protein. No significance by one-way ANOVA.

ELISA analysis of lysates from MING6 cells treated with oleic acid for 24 h revealed a
pronounced decrease in insulin levels at all tested oleic acid concentrations (17.56 +
3.873 pg/mg, at 0 mM; 4.628 + 0.3626 pg/mg, **** p < 0.0001, at 0.75 mM; 1.811 +
0.7474 ng/mg, **** p <0.0001, at 1.5 mM; 3.584 = 0.4195 pg/mg, **** p <0.0001, at
3 mM, Figure 7A, significances determined by one-way ANOVA compared to 0 mM).
Relative comparison to 0 mM showed greater changes than those observed by qPCR
(-73.6 % at 0.75 mM, -89.7 % at 1.5 mM, -79.6 % at 3 mM).

Similarly, insulin levels in the culture medium were significantly decreased at all
concentrations (6.722 £ 1.034 pg/mg, at 0 mM; 1.246 = 0.1091 pg/mg, **** p <0.0001,
at 0.75 mM; 0.9065 + 0.32 pg/mg, **** p < 0.0001, at 1.5 mM; 0.761 £ 0.055 pg/mg,
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Ak p < 0.0001, at 3 mM, Figure 7B, significances determined by one-way ANOVA
compared to 0 mM), additionally to strong relative changes (-81.5 % at 0.75 mM, -86.5 %
at 1.5 mM, -88.7 % at 3 mM). Compared to lysate results, less insulin was released from

the MING6 cells into the medium.
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Figure 7: Insulin protein levels by ELISA of wild type MING6 cells treated for 24 h with
oleic acid in (A) cell lysate and (B) media (n = 4). **** p <0.0001, significances by one-
way ANOVA compared to 0 mM.

3.4.2 Effects on Glrx5 by ELISA in transfected cells by

applying multiple oleic acid concentrations

In Glrx5+ transfected MING6 cells, ELISA measurements showed a markable increase in
Glrx5 levels compared to GFP+ transfected cells. Further comparisons showed a less
pronounced decrease by oleic acid concentration than seen in wild type MIN6 cells
(11.39 £ 2.005 ng/mg, with DMEM for GFP+; 23.43 + 3.849 ng/mg, *** p < 0.001, with
DMEM for Glrx5+; 21.1 + 3.524 ng/mg, ** p < 0.01, at 0 mM for Glrx5+; 14.74 +
2.488 ng/mg, at 0.75 mM for Glrx5+; 18.75 £ 2.453 ng/mg, * p < 0.05, at 1.5 mM for
Glrx5+; 18.32 + 3.034 ng/mg, * p < 0.05, at 3 mM for Glrx5+, Figure 8, significances
determined by one-way ANOVA compared to GFP+ DMEM). However, no
significances were observed between control and oleic acid treated groups within the
Glrx5+ transfection group.

Immunoblotting analysis confirmed these findings after 48 h of treatment with oleic acid
in transfected MING6 cells (0.1218 + 0.02998 RLU, with DMEM for GFP+; 0.7681 =+
0.1281 RLU, *** p < 0.001, with DMEM for Glrx5+; 0.9165 + 0.2055 RLU,
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Figure 8: GIrx5 protein levels by ELISA in GFP+ and Glrx5+ transfected MING6 cells
with different treatment groups of oleic acid (n=4). * p < 0.05, ** p < 0.01,
**% p <0.001, significances by one-way ANOVA compared to GFP+ DMEM.
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Figure 9: Detection of Glrx5 protein in total lysate of transfected MING6 cells treated for
48 h with oleic acid via (A) quantification of immunoblotting signals (n=3).
(B) Representative image of two independent experiments with 60 pg protein. Tubulin
was the reference protein. ** p <0.01, *** p <0.001, **** p <0.0001, significances by

one-way ANOVA compared to GFP+ DMEM.
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**E* p <0.0001, at 0 mM for Glrx5+; 0.9252 + 0.03009 RLU, **** p < 0.0001, at
0.75 mM for Glrx5+; 0.9463 + 0.1607 RLU, **** p < 0.0001, at 1.5 mM for Glrx5+;
0.6835 + 0.1167 RLU, ** p < 0.01, at 3 mM for Glrx5+, Figure 9A, significances
determined by one-way ANOVA compared to GFP+ DMEM). Glrx5+ transfection
resulted in a substantial increase in Glrx5 protein levels compared to GFP+ transfected
cells. Unlike in wild type cells, no further decrease in ELISA Glrx5 levels were observed

with oleic acid treatment in Glrx5+ transfected cells.

3.43 Effects on GIrxS5 and insulin by ELISA or
immunoblotting in transfected cells by applying single

oleic acid concentration with respective control

In a separate setup, transfected MING cells were treated with 1.5 mM oleic acid for 48 h,
and cell counts were recorded at the end of the experiment. No major differences in cell
number were observed between treatment groups or transfection (2.887 + 0.2477 *10°,
at 0 mM for GFP+; 2.581 + 0.5177 *10°, at 1.5 mM for GFP+; 2.866 + 0.2613 *10°, at
0 mM for Glrx5+; 3.063 £ 0.7144 *10°, at 1.5 mM for Glrx5+, Figure 10, no significance
determined by one-way ANOVA). In this setup, cells grew in T25 cell culture flasks.
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Figure 10: Cell counts of MING6 cells collected with trypsin/EDTA prior to sample
preparation for ELISA (n =4). Cells were transfected and subsequently treated for 48 h
with oleic acid in a T25 flask. No significance by one-way ANOVA.
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ELISA analysis of Glrx5 levels showed minimal changes after 48 h of treatment with
1.5 mM oleic acid (10.48 £+ 2.697 ng/mg, at 0 mM for GFP+; 8.713 + 3.216 ng/mg,
at 1.5 mM for GFP+; 14.71 £+ 3.084 ng/mg, at 0 mM for Glrx5+; 14.1 = 1.185 ng/mg,
at 1.5 mM for Glrx5+, Figure 11, no significance determined by one-way ANOVA).
Although Glrx5+ transfection resulted in slightly elevated Glrx5 levels, no further

impairment was caused by oleic acid.
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Figure 11: GlIrx5 protein levels by ELISA of transfected MING6 cells treated for 48 h with
oleic acid (n = 3-4). No significance by one-way ANOVA.

Immunoblotting analysis of the setup with corresponding GFP+ controls showed a more
pronounced increase of Glrx5 compared to ELISA by Glrx5+ transfection (0.05283 +
0.03129 RLU, at 0 mM for GFP+; 0.07211 + 0.09279 RLU, at 3 mM for GFP+; 0.2362
+ 0.1092 RLU, at 0 mM for Glrx5+; 0.2081 + 0.1225 RLU, at 3 mM for GIrx5+,
Figure 12A, no significance determined by one-way ANOVA). There was no adverse
effect by oleic acid in both transfection groups. GFP was also detected by immunoblotting
as further transfection marker. Consistent with previous findings, 3 mM treatment did not

significantly alter Glrx5 levels in wild type (Figure 6) or transfected cells (Figure 9).
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Figure 12: Detection of Glrx5 and GFP in total lysate of transfected MING6 cells treated
for 48 h with oleic acid via (A) quantification of Glrx5 immunoblotting signals (n = 3).
(B) Representative image of two independent experiments with 20 pg protein. Tubulin

was the reference protein. No significance by one-way ANOVA.

Insulin levels measured by ELISA showed slight decreases in both lysates (40.2 £
10.98 pg/mg, at 0 mM for GFP+; 31.72 + 6.457 pg/mg, at 1.5 mM for GFP+; 41.86 +
14.36 pg/mg, at 0 mM for Glrx5+; 31.21 £ 11.06 ug/mg, at 1.5 mM for Glrx5+,
Figure 13A, no significance determined by one-way ANOVA) and culture medium
(17.41 £ 9.214 pg/mg, at 0 mM for GFP+; 12.66 + 3.426 nug/mg, at 1.5 mM for GFP+;
15.30 + 6.646 pg/mg, at 0 mM for Glrx5+; 11.74 £+ 3.83 pug/mg, at 1.5 mM for Glrx5+,
Figure 13B, no significance determined by one-way ANOVA). Similar to wild type cells,
insulin levels in the medium were lower than in lysates. Overall, the detrimental effects
of oleic acid appeared less pronounced in this setup compared to the 5 d treatment in wild
type cells, but the recent experiments showed a comparable effect in both transfection

groups for Glrx5 and insulin level.
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Figure 13: Insulin protein levels by ELISA of transfected MING cells treated for 48 h with
oleic acid in (A) cell lysate (n = 3-4) and (B) media (n = 4). No significance by one-way
ANOVA.

3.4.4 Cytosolic aconitase activity is impaired after 5 d oleic acid
treatment, while other Fe-S enzymes are unchanged in

wild type MING cells

Based on the observed changes in Glrx5 protein levels, which were in accordance to
insulin levels in wild type cells, the activities of Fe-S cluster dependent enzymes
associated with Glrx5 were analyzed. Wild type MING6 cells treated with varying
concentrations of oleic acid for 5 d demonstrated a significant decrease in ACO1 activity
(234.5 £ 19.06 mU/mU, with DMEM; 181.0 = 41.01 mU/mU, at 0 mM; 158.0 +
17.34 mU/mU, at 0.75 mM; 75.25 £ 26.4 mU/mU, *** p < 0.001, at 1.5 mM; 17.77 +
1.329 mU/mU, **** p <0.0001, at 3 mM, Figure 14A, significances determined by one-
way ANOVA compared to 0 mM). In contrast, ACO2 activity showed no significant
changes (0.1484 + 0.03962 mU/mU, with DMEM; 0.1261 £+ 0.05516 mU/mU, at 0 mM;
0.1795 + 0.02716 mU/mU, at 0.75 mM; 0.14 £+ 0.03004 mU/mU, at 1.5 mM; 0.1396 +
0.0329 mU/mU, at 3 mM, Figure 14B, no significance determined by one-way ANOVA
compared to 0 mM). ACO1 activity showed greater impairments at higher oleic acid
concentrations compared to 0 mM (-12.7 % at 0.75 mM, -58.4 % at 1.5 mM, -90.2 % at
3 mM).
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Figure 14: Enzyme activities of (A) ACOI1 and (B) ACO2, with respective marker
enzymes, in wild type MING6 cells treated for 5 d with oleic acid (n = 4). *** p < 0.001,
*HE* p <0.0001, significances by one-way ANOVA compared to 0 mM.

Further analysis of Fe-S cluster dependent mitochondrial enzymes revealed no significant
changes in activity. This included SDH (0.1165 + 0.04509 mU/mU, with DMEM; 0.1225
+ 0.0284 mU/mU, at 0 mM; 0.1146 £ 0.01693 mU/mU, at 0.75 mM; 0.1124 +
0.01035 mU/mU, at 1.5 mM; 0.1288 + 0.03514 mU/mU, at 3 mM, Figure 15A, no
significance determined by one-way ANOVA), the C2-C3 complex (0.08356 =+
0.02717 mU/mU, with DMEM; 0.09526 + 0.01788 mU/mU, at 0 mM; 0.09854 +
0.01697 mU/mU, at 0.75 mM; 0.0943 £+ 0.01595 mU/mU, at 1.5 mM; 0.1056 + 0.03397
mU/mU, at 3 mM, Figure 15B, no significance determined by one-way ANOVA), and
COX (0.9225 + 0.1896 mU/mU, with DMEM; 1.188 + 0.2587 mU/mU, at 0 mM; 0.9218
+ 0.1902 mU/mU, at 0.75 mM; 0.9754 + 0.2605 mU/mU, at 1.5 mM; 0.779 +
0.1069 mU/mU, at 3 mM, Figure 15C, no significance determined by one-way ANOVA).
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Figure 15: Enzyme activities of (A) SDH, (B) C2-C3, and (C) COX, compared to
mitochondrial marker CS in wild type MING6 cells treated for 5 d with oleic acid (n = 4).
No significance by one-way ANOVA.

61



Results

The efficiency of cellular fractionation was monitored by measuring CS activity, which
should predominantly remain in the organelles containing fraction, with minimal leakage
into the cytosolic fraction. CS activity detected in the cytosolic fraction was low (3.968 +
1.386 mU/mg, with DMEM; 5.755 + 3.414 mU/mg, at 0 mM; 5.45 + 2.342 mU/mg, at
0.75 mM; 6.46 + 2.738 mU/mg, at 1.5 mM; 9.245 + 3.483 mU/mg, at 3 mM, Figure 16A,
no significance determined by one-way ANOVA) and the majority of CS activity was
retained in the organelles containing fraction (509.5 + 89.98 mU/mg, with DMEM; 447 .4
+ 62.86 mU/mg, at 0 mM; 367.3 + 97.41 mU/mg, at 0.75 mM; 368.1 £ 67.82 mU/mg,
at 1.5 mM; 314.8 £ 81.44 mU/mg, at 3 mM, Figure 16B, no significance determined by
one-way ANOVA). Notably, CS activity in the cytosolic fraction increased, while activity

in the organelles containing fraction decreased with higher oleic acid concentrations.
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Figure 16: CS enzyme activities in (A) the cytosolic fraction and (B) the organelles
containing fraction of wild type MING6 cells treated for 5d with oleic acid (n=4).
No significance by one-way ANOVA.

The fractionation quality was further confirmed through immunoblotting. Protein markers
for cytosolic tubulin and mitochondrial ACO2 (Figure 17) or MIA40 (not shown)
demonstrated appropriate localization. One out of four independent experiments is shown
in Figure 17. Tubulin was detected exclusively in the cytosolic fraction (left), whereas

ACO2 remained in the organelles containing fraction (right).
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Figure 17: Distribution of tubulin or ACO2 in the cytosolic (left) and organelles
containing fractions (right) of wild type MIN6 cells treated for 5 d with oleic acid.
Representative image of one independent experiment of MIN6 cells used for analysis of

Fe-S enzyme activities with 40 ug protein.

3.4.5 Transfected MING6 cells show only moderate effects on
Fe-S enzymes after 48 h with a concentration series of

oleic acid

Transfected MING cells treated with increasing concentrations of oleic acid for 48 h
showed decreasing levels of ACO1 (111.1 £ 21.81 mU/mU, with DMEM for GFP+;
130.1 £ 14.36 mU/mU, with DMEM for Glrx5+; 139.5 £ 24.21 mU/mU, at 0 mM for
Glrx5+; 96.0 £ 11.2 mU/mU, at 0.75 mM for Glrx5+; 83.43 + 18.38 mU/mU, at 1.5 mM
for Glrx5+; 92.57 £ 36.39 mU/mU, at 3 mM for Glrx5+, Figure 18A, no significance
determined by one-way ANOVA compared to Glrx5+ 0 mM). For the first time, a slight
decrease in ACO2 activity was observed, although it was not statistically significant
(0.167 £ 0.01852 mU/mU, with DMEM for GFP+; 0.2013 + 0.04119 mU/mU, with
DMEM for Glrx5+; 0.1793 + 0.01721 mU/mU, at 0 mM for Glrx5+; 0.1757 +
0.01914 mU/mU, at 0.75 mM for Glrx5+; 0.1453 + 0.02098 mU/mU, at 1.5 mM for
Glrx5+; 0.122 £ 0.01735 mU/mU, at 3 mM for Glrx5+, Figure 18B, no significance
determined by one-way ANOVA compared to Glrx5+ 0 mM). ACOI1 protein levels,
assessed by immunoblotting, followed a pattern consistent with enzyme activity. Minor
lowering effects were observed with increased oleic acid concentrations, alongside an
initial increase in GFP+ transfected cells compared to Glrx5+ cells (0.5154 +
0.1877 RLU, with DMEM for GFP+; 0.7901 + 0.4484 RLU, with DMEM for Glrx5+;
0.6929 +0.3696 RLU, at 0 mM for Glrx5+; 0.7622 + 0.441 RLU, at 0.75 mM for Glrx5+;
0.6078 +£0.2578 RLU, at 1.5 mM for Glrx5+; 0.5406 + 0.2665 RLU, at 3 mM for GIrx5+,
Figure 19A, no significance determined by one-way ANOVA).
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Figure 18: Enzyme activities of (A) ACOI and (B) ACO2, with respective marker
enzymes, in transfected MIN6 cells treated for 48 h with oleic acid (n=3). No
significance by one-way ANOVA.
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Figure 19: Detection of ACO1 in the cytosol of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=3).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. Tubulin was the reference protein.

No significance by one-way ANOVA.
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Analysis of additional Fe-S enzymes revealed no significant changes for SDH across the
treatment groups (0.0623 + 0.004464 mU/mU, with DMEM for GFP+; 0.0708 +
0.009741 mU/mU, with DMEM for Glrx5+; 0.0739 + 0.01768 mU/mU, at 0 mM for
Glrx5+; 0.0621 £ 0.006223 mU/mU, at 0.75 mM for GIrx5+; 0.06153 =+
0.004285 mU/mU, at 1.5 mM for Glrx5+; 0.0605 £ 0.02077 mU/mU, at 3 mM for
Glrx5+, Figure 20A, no significance determined by one-way ANOVA compared to
Glrx5+ 0 mM). The C2-C3 activity showed a decreasing trend toward with increased
oleic acid concentration, though this was not statistically significant (0.08207 =+
0.01634 mU/mU, with DMEM for GFP+; 0.0928 + 0.02409 mU/mU, with DMEM for
Glrx5+; 0.0868 + 0.0214 mU/mU, at 0 mM for Glrx5+; 0.06303 + 0.01628 mU/mU, at
0.75 mM for Glrx5+; 0.05907 £+ 0.003842 mU/mU, at 1.5 mM for Glrx5+; 0.06047 +
0.0184 mU/mU, at 3 mM for Glrx5+, Figure 20B, no significance determined by one-
way ANOVA compared to Glrx5+ 0 mM), while COX remained unchanged across all
conditions (0.5703 + 0.1221 mU/mU, with DMEM for GFP+; 0.5713 + 0.1482 mU/mU,
with DMEM for Glrx5+; 0.56 = 0.1038 mU/mU, at 0 mM for Glrx5+; 0.6753 +
0.1772 mU/mU, at 0.75 mM for Glrx5+; 0.654 £ 0.1348 mU/mU, at 1.5 mM for Glrx5+;
0.5537 £ 0.1913 mU/mU, at 3 mM for Glrx5+, Figure 20C, no significance determined

by one-way ANOVA compared to Glrx5+ 0 mM).
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Figure 20: Enzyme activities of (A) SDH, (B) C2-C3, and (C) COX compared to
mitochondrial marker CS in transfected MIN6 cells treated for 48 h with oleic acid
(n =3). No significance by one-way ANOVA.

CS activity was comparable to that of wild type cells, with low activity in the cytosolic
fraction (7.867 = 0.8501 mU/mg, with DMEM for GFP+; 6.673 + 1.488 mU/mg, with
DMEM for Glrx5+; 6.03 = 1.553 mU/mg, at 0 mM for Glrx5+; 7.42 £ 1.178 mU/mg, at
0.75 mM for Glrx5+; 8.52 + 0.4279 mU/mg, at 1.5 mM for Glrx5+; 11.11 =+
1.259 mU/mg, ** p <0.01, at 3 mM for Glrx5+, Figure 21A, significance determined by
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one-way ANOVA compared to Glrx5+ 0 mM) and the majority of activity remaining in
the organelles containing fraction (422.3 + 120.4 mU/mg, with DMEM for GFP+; 384.0
+ 126.1 mU/mg, with DMEM for Glrx5+; 368.3 = 63.11 mU/mg, at 0 mM for Glrx5+;
356.7 £ 57.64 mU/mg, at 0.75 mM for Glrx5+; 415.7 = 35.22 mU/mg, at 1.5 mM for
Glrx5+; 386.0 = 43.09 mU/mg, at 3 mM for Glrx5+, Figure 21B, no significance
determined by one-way ANOVA compared to Glrx5+ 0 mM). Also, the activity of the

cytosolic fraction seemed to increase by oleic acid treatment in this setup.

A 600 B 600
o0 )
%" 500 E 500 T T
= =)
E 400 E 400 T T
£ £
D [}
< 300 < 300
o S
< s &
JE i WL , . . .
S&TSHSS&S &S & &
S A MR S SO P R M
9 S X N X 9 AY) X A N x
QQX o & 6><Q & O@ N o {4?’ a;‘“ X 5\9
> \ ad W d N & N
& & Q) 0\& & Q) $ & Q) (,\*4' & Q)
Transfection and oleic acid Transfection and oleic acid

Figure 21: CS enzyme activities in (A) the cytosolic fraction, and (B) the organelles
containing fraction of transfected MIN6 cells treated for 5 d with oleic acid (n=3).

** p <0.01, significance by one-way ANOVA compared to Glrx5+ 0 mM.

The distribution of marker proteins and GFP transfection was verified by
immunoblotting. Strong signals were detected for mitochondrial ACO2 and GFP in the
organelles fraction (right), and for cytosolic GPAT in the cytosolic fraction (left)
(Figure 22). Representative results from one of three replicates are shown in Figure 22.
Furthermore, the presence of Glrx5 was confirmed in the organelles fraction via
immunoblotting, with a stronger signal observed in Glrx5+ transfected cells compared to
GFP+ transfected cells (Figure 23). Representative results from one of three replicates

are shown in Figure 23.
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Figure 22: Distribution of GPAT, ACO2 and GFP in the cytosolic (left) or organelles
containing fractions (right) of transfected MIN6 cells treated for 48 h with oleic acid.
Representative image of one independent experiment of MING6 cells used for analysis of
Fe-S enzyme activities with 40 pg protein. Detection of GFP was enhanced by avidin

biotin complex.
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Figure 23: Detection of GIrx5 in organelles of transfected MING6 cells treated for 48 h
with oleic acid. Representative image of one independent experiment of MING6 cells used
for analysis of Fe-S enzyme activities analyzed by tricin SDS-PAGE with 20 pg protein.
Detection of Glrx5 was enhanced by avidin biotin complex. VDAC was the reference
protein.

3.4.6 Cytosolic aconitase activity is decreased independently of
GIrxS transfection, while mitochondrial Fe-S enzymes are

unaffected by oleic acid or transfection

To confirm the results from the initial setup with transfected cells, further samples were
analyzed, including an individual GFP+ control group and treatment with 3 mM oleic
acid for 48 h. The highest oleic acid concentration was chosen to maximize the likelihood
of detecting noticeable differences. Evaluation of cell counts after the treatment period
revealed a reduction in cell numbers in response to oleic acid treatment (3.906 =+
1.231 *10%, at 0 mM for GFP+; 1.588 £0.1561 *10°, * p <0.05, at 3 mM for GFP+; 3.838
+1.309 *10°, at 0 mM for Glrx5+; 1.669 £ 0.4754 *10°, * p < 0.05, at 3 mM for Glrx5+,
Figure 24, significances determined by one-way ANOVA compared to 0 mM). Unlike
the findings shown in Figure 10, this experiment demonstrated a clear effect of oleic acid

on cell numbers. Cells were treated in a T75 flask for this setup.
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Figure 24: Cell counts of MING6 cells collected with trypsin/EDTA prior to sample
preparation for Fe-S enzyme analysis (n =4). Cells were transfected and subsequently
treated for 48 h with oleic acid in a T75 flask. * p < 0.05, significances determined by
one-way ANOVA compared to 0 mM.

Consistent with observations in wild type cells, transfected MIN6 cells exhibited
decreased ACOI1 activity (171.2 £ 31.12 mU/mU, at 0 mM for GFP+; 108.8 +
14.57 mU/mU, * p < 0.05, at 3 mM for GFP+; 158.3 + 33.88 mU/mU, at 0 mM for
Glrx5+;99.83 £20.81 mU/mU, * p <0.05, at 3 mM for Glrx5+, Figure 25A, significances
determined by one-way ANOVA compared to 0 mM), while ACO2 remained unchanged
across all groups (0.2443 + 0.01242 mU/mU, at O mM for GFP+; 0.264 +
0.03184 mU/mU, at 3 mM for GFP+; 0.241 £ 0.01431 mU/mU, at 0 mM for Glrx5+;
0.2403 £+ 0.0246 mU/mU, at 3 mM for Glrx5+, Figure 25B, significances determined by
one-way ANOVA compared to 0 mM). These findings aligned with previous results for
ACOIL activity and demonstrated that ACO2 activity was unaffected by transfection or
oleic acid treatment, consistent with wild type cells (Figure 14B). The previously
observed changes in ACO2 activity in transfected samples (Figure 18B) were not

replicated.
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Figure 25: Enzyme activities of (A) ACOI and (B) ACO?2 in transfected MING6 cells
treated for 48 h with oleic acid (n=4). * p < 0.05, significances by one-way ANOVA

compared to 0 mM.

Immunoblotting revealed no differences in ACOI1 protein levels between transfection and
treatment groups, despite changes in enzyme activity (1.999 + 0.3615 RLU, at 0 mM for
GFP+; 2.069 £ 0.3702 RLU, at 3 mM for GFP+; 2.29 + 0.6974 RLU, at 0 mM for Glrx5+;
1.989 + 0.8773 RLU, at 3 mM for Glrx5+, Figure 26A, no significances determined by
one-way ANOVA), while ACO2 signals appeared elevated with transfection and
treatment, but the changes were not significant (3.318 + 1.183 RLU, at 0 mM for GFP+;
3.676 £ 1.91 RLU, at 3 mM for GFP+; 4.44 + 1.777 RLU, at 0 mM for Glrx5+; 5.393 +
1.902 RLU, at 3 mM for Glrx5+, Figure 27A, no significances determined by one-way
ANOVA).
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Figure 26: Detection of ACO1 in the cytosol of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. Tubulin was the reference protein.

No significance by one-way ANOVA.

Further analysis of Fe-S enzymes revealed no significant changes in activity. SDH
activity remained stable across all groups (0.05403 + 0.007407 mU/mU, at 0 mM for
GFP+; 0.0634 + 0.003753 mU/mU, at 3 mM for GFP+; 0.05895 + 0.004388 mU/mU,
at 0 mM for Glrx5+; 0.06023 £+ 0.006516 mU/mU, at 3 mM for Glrx5+, Figure 28A,
no significance determined by one-way ANOVA). Similarly, COX activity was
unaffected by transfection or oleic acid treatment (0.4312 + 0.1047 mU/mU, at 0 mM for
GFP+; 0.4849 + 0.1524 mU/mU, at 3 mM for GFP+; 0.4391 + 0.1093 mU/mU, at 0 mM
for Glrx5+; 0.4617 £ 0.1606 mU/mU, at 3 mM for Glrx5+, Figure 28B, no significance
determined by one-way ANOVA).
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Figure 27: Detection of ACO2 in the organelles fraction of transfected MING6 cells treated
for 48 h with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. VDAC was the reference protein.

No significance by one-way ANOVA.
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Figure 28: Enzyme activities of (A) SDH and (B) COX, compared to mitochondrial
marker CS in transfected MIN6 cells treated for 48 h with oleic acid (n=4).

No significance by one-way ANOVA.
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Immunoblotting signals of COX subunits were detected without major changes. COX-2
levels slightly increased with oleic acid (1.468 + 0.5032 RLU, at 0 mM for GFP+; 1.843
+ 0.4564 RLU, at 3 mM for GFP+; 1.694 + 0.3649 RLU, at 0 mM for Glrx5+; 1.919 +
0.4885 RLU, at 3 mM for Glrx5+, Figure 29A, no significance determined by one-way
ANOVA). COX-6 A/B levels remained unchanged (2.142 + 0.7201 RLU, at 0 mM for
GFP+;2.702 £ 1.161 RLU, at 3 mM for GFP+; 2.478 £ 0.8975 RLU, at 0 mM for Glrx5+;
2.564 £0.726 RLU, at 3 mM for Glrx5+, Figure 30A, no significance determined by one-
way ANOVA).
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Figure 29: Detection of COX-2 in the organelles fraction of transfected MING6 cells
treated for 48 h with oleic acid via (A) quantification of immunoblotting signals (n = 4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. VDAC was the reference protein.

No significance by one-way ANOVA.
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Figure 30: Detection of COX-6 A/B in the organelles fraction of transfected MING cells
treated for 48 h with oleic acid via (A) quantification of immunoblotting signals (n = 4).
(B) Representative image of two independent experiments of MING6 cells used for
analysis of Fe-S enzyme activities analyzed by tricin SDS-PAGE with 20 pg protein.
VDAC was the reference protein. No significance by one-way ANOVA.

Analysis of CS activity revealed a low activity in cytosolic fraction (9.484 =+
1.522 mU/mg, at 0 mM for GFP+; 17.63 + 2.678 mU/mg, *** p < 0.001, at 3 mM for
GFP+; 9.266 + 0.7015 mU/mg, at 0 mM for Glrx5+; 15.32 = 2.325 mU/mg, ** p <0.01,
at 3mM for Glrx5+, Figure 31A, significances determined by one-way ANOVA
compared to 0 mM), compared to high activity in organelles containing fraction (289.3 +
37.52 mU/mg, at 0 mM for GFP+; 239.4 £ 20.12 mU/mg, at 3 mM for GFP+; 289.2 +
62.57 mU/mg, at 0 mM for Glrx5+; 251.7 + 8.814 mU/mg, at 3 mM for Glrx5+,
Figure 31B, no significance determined by one-way ANOVA). Similar to the previous
samples, oleic acid treatment resulted in increased activity in the cytosolic fraction and

decreased activity in the organelles containing fraction.

73



Results

o
S
=]

1

w

N
[—4
>

1

2007

7

CS/Protein [mU/mg]
N (73]
= =
CS/Protein [mU/mg]
r =
<. 3 s
’% i -
—
-
9

20 iy o
j—ﬁ |
S D>

& & &S & &
QX QX % %X Q Q 6;( %X
& & & & & &
Transfection and oleic acid Transfection and oleic acid

Figure 31: CS enzyme activities in (A) the cytosolic fraction, and (B) the organelles
containing fraction of transfected MING cells treated for 48 h with oleic acid (n =4).
**p <0.01, *** p <0.001, significances by one-way ANOVA compared to 0 mM.
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Figure 32: Distribution of ACO2, Glrx3, and GFP in the cytosolic (left) and organelles
containing fractions (right) of transfected MING6 cells treated for 48 h with oleic acid.
Representative image of one independent experiment of MING6 cells used for analysis of
Fe-S enzyme activities with 40 pg protein. Detection of Glrx3 and GFP was enhanced by

avidin biotin complex.

Immunoblotting confirmed the distribution of cytosolic and mitochondrial proteins, as
well as GFP transfection. Strong signals for mitochondrial ACO2 and GFP (right) and
cytosolic Glrx3 (left) were detected (Figure 32). Glrx5+ transfection was also confirmed
and quantified. Glrx5+ cells exhibited higher Glrx5 signals compared to GFP+ cells
(0.1239£0.06159 RLU, at 0 mM for GFP+; 0.09436 £ 0.03881 RLU, at 3 mM for GFP+;
0.4756 + 0.08245 RLU, *** p <0.001, at 0 mM for Glrx5+; 0.4581 + 0.1225 RLU,
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*#% p < 0.001, at 3 mM for Glrx5+, Figure 33A, significances determined by one-way
ANOVA compared to GFP+). No differences in Glrx5 levels were observed between

treatment groups.
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Figure 33: Detection of Glrx$5 in the organelles fraction of transfected MING cells treated
for 48 h with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments of MIN6 cells used for
analysis of Fe-S enzyme activities analyzed by tricin SDS-PAGE with 20 pg protein.
Detection of Glrx5 was enhanced by avidin biotin complex. VDAC was the reference

protein. Significances by one-way ANOVA compared to GFP+.

3.4.7 Respirometry of wild type MING6 cells is decreased after
5 d treatment with 0.75 mM oleic acid

The previously analyzed Fe-S proteins, SDH and COX, are involved in the mitochondrial
respiratory chain. Therefore, the mitochondrial respiration of MIN6 cells treated for 5 d
with 0.75 mM oleic acid was analyzed using high resolution respirometry. Following the
titration protocol, no remarkable differences were observed in endogenous respiration

(1525 £+ 358.9 pmol/s*Ucs vs. 1379 £ 255.8 pmol/s*Ucs, no significance determined by
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t-test, Figure 34A), permeabilized respiration (66.75 £ 45.96 pmol/s*Ucs vs. 20.73 £
16.31 pmol/s*Ucs, * p <0.05, significance determined by t-test, Figure 34B), leak 1
(246.1 £46.67 pmol/s*Ucs vs. 218.3 £ 37.53 pmol/s*Ucs, no significance determined by
t-test, Figure 34C), or complex I (885.3 + 245.3 pmol/s*Ucs vs. 890.7 + 247.0
pmol/s*Ucs, no significance determined by t-test, Figure 34D). Upon titration of
succinate, a decrease in respiration was observed in cells treated with oleic acid for
OXPHOS (3643 + 413.0 pmol/s*Ucs vs. 2712 + 308.1 pmol/s*Ucs, **** p < 0.0001,
significance determined by t-test, Figure 34E), ETS (3516 + 366.7 pmol/s*Ucs vs. 2579
+ 273.4 pmol/s*Ucs, **** p < 0.0001, significance determined by t-test, Figure 34F),
complex II (3073 + 387.2 pmol/s*Ucs vs. 2003 £ 224.3 pmol/s*Ucs, **** p < 0.0001,
significance determined by t-test, Figure 34G), leak 2 (1685 + 306.6 pmol/s*Ucs vs. 1209
+ 201.8 pmol/s*Ucs, *** p < 0.001, significance determined by t-test, Figure 34H), and
complex IV (2717 + 434.9 pmol/s*Ucs vs. 1826 + 268.3 pmol/s*Ucs, **** p < 0.0001,
significance determined by t-test, Figure 341).

In contrast to respirometry findings for complex I, immunoblotting of the complex I
subunit NDUFBS revealed decreased signals after 5 d of oleic acid treatment (1.014 +
0.1046 RLU, with DMEM; 1.053 £+ 0.08569 RLU, at 0 mM; 1.092+ 0.05009 RLU, at
0.75 mM; 0.6583 + 0.02754 RLU, *** p < 0.001, at 1.5 mM; 0.7234 + 0.01586 RLU,
¥k p < 0.001, at 3 mM, Figure 35, significances determined by one-way ANOVA
compared to 0 mM).

3.4.8 Respirometry of transfected MING cells is decreased after

48 h treatment with 3 mM oleic acid

To further investigate the effects on Fe-S cluster containing respiratory chain complexes,
transfected MING cells were treated with oleic acid for 48 h. The cell count at the end of
the experiment was determined. Consistent with observations from 1.5 mM treatment in
transfected ELISA samples (Figure 10), no changes in cell amount were noted after 48 h
of treatment with 3 mM (1.709 = 0.3581 *10°, at 0 mM for GFP+; 1.625 + 0.5417 *105,
at 3 mM for GFP+; 1.784 + 0.5016 *10°, at 0 mM for Glrx5+; 1.638 + 0.505 *10°, at
3 mM for Glrx5+, Figure 36, no significance determined by one-way ANOVA). Like
ELISA samples, the MING cells used for respirometry were cultured in T25 flasks.
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Figure 34: Respirometry analysis of wild type MING6 cells treated for 5 d with 0.75 mM
oleic acid. (A) endogenous respiration (n=11-12), (B) permeabilized respiration
(n=6-8), (C) leak 1 (n=11-12), (D) complex I (n = 11-12), (E) OXPHOS (n=11-12),
(F) ETS (n=11-12), (G) complex II (n=11-12), (H) leak 2 (n=11-12), and
(D) complex IV (n=11-12). * p < 0.05, *** p < 0.001, **** p < 0.0001, significances
determined by t-test.
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Figure 35: Detection of the complex I subunit NDUFBS in total lysates of wild type MIN6
cells treated for 5 d with oleic acid via (A) quantification of immunoblotting signals
(n=3). (B) Representative image of two independent experiments with 15 pg protein.
Tubulin was the reference protein. *** p < 0.001, significances by one-way ANOVA

compared to 0 mM.
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Figure 36: Cell counts of transfected MING6 cells collected with trypsin/EDTA prior to
sample preparation for respirometry (n = 8). Cells were transfected and subsequently

treated for 48 h with oleic acid in a T25 flask. No significance by one-way ANOVA.
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Endogenous respiration (1443 + 252.2 pmol/s*Ucs, at 0 mM for GFP+; 1416 +
249.9 pmol/s*Ucs, at 3 mM for GFP+; 1516 + 360.4 pmol/s*Ucs, at 0 mM for Glrx5+;
1548 + 322.7 pmol/s*Ucs, at 3 mM for Glrx5+, Figure 37A, no significance determined
by one-way ANOVA), and permeabilized respiration (143.7 = 90.38 pmol/s*Ucs, at
0mM for GFP+; 74.67 + 42.95 pmol/s*Ucs, at 3 mM for GFP+; 69.01 +
19.41 pmol/s*Ucs, at 0 mM for Glrx5+; 33.29 + 5.66 pmol/s*Ucs, at 3 mM for Glrx5+,
Figure 37B, no significance determined by one-way ANOVA) were unaffected by
transfection and treatment. Small changes in leak 1 were observed (567.5 =+
180.4 pmol/s*Ucs, at 0 mM for GFP+; 318.4 + 135.9 pmol/s*Ucs, at 3 mM for GFP+;
475.3 +200.0 pmol/s*Ucs, at 0 mM for Glrx5+; 291.1 £ 185.0 pmol/s*Ucs, at 3 mM for
Glrx5+, Figure 37C, no significance determined by one-way ANOVA). Starting with
ADP titration, a decrease in respiration was observed throughout the measurement by
oleic acid treatment for complex I (792.5 £+ 234.0 pmol/s*Ucs, at 0 mM for GFP+; 321.3
+ 198.1 pmol/s*Ucs, * p < 0.05, at 3 mM for GFP+; 748.3 + 386.6 pmol/s*Ucs, at 0 mM
for Glrx5+; 261.5 = 235.7 pmol/s*Ucs, * p < 0.05, at 3 mM for Glrx5+, Figure 37D,
significances determined by one-way ANOVA compared to 0 mM), OXPHOS (2578 +
657.8 pmol/s*Ucs, at 0 mM for GFP+; 1072 £ 326.2 pmol/s*Ucs, ** p <0.01, at 3 mM
for GFP+; 2700 £+ 961.8 pmol/s*Ucs, at 0 mM for Glrx5+; 1051 + 584.6 pmol/s*Ucs,
% p <0.001, at 3 mM for Glrx5+, Figure 37E, significances determined by one-way
ANOVA compared to 0 mM), ETS (2890 + 968.7 pmol/s*Ucs, at 0 mM for GFP+; 1268
+ 630.3 pmol/s*Ucs, ** p <0.01, at 3 mM for GFP+; 3106 + 1124 pmol/s*Ucs, at 0 mM
for Glrx5+; 1214 + 578.5 pmol/s*Ucs, *** p < 0.001, at 3 mM for Glrx5+, Figure 37F,
significances determined by one-way ANOVA compared to 0 mM), complex II (1900 +
739.1 pmol/s*Ucs, at 0 mM for GFP+; 799.9 + 357.3 pmol/s*Ucs, ** p <0.01, at 3 mM
for GFP+; 2104 £ 656.7 pmol/s*Ucs, at 0 mM for Glrx5+; 813.3 + 383.2 pmol/s*Ucs,
% p <0.001, at 3 mM for Glrx5+, Figure 37G, significances determined by one-way
ANOVA compared to 0 mM), leak 2 (1942 + 695.9 pmol/s*Ucs, at 0 mM for GFP+;
745.8 +373.0 pmol/s*Ucs, ** p <0.01, at 3 mM for GFP+; 2084 + 635.2 pmol/s*Ucs, at
0 mM for Glrx5+; 824.5 + 389.6 pmol/s*Ucs, *** p < 0.001, at 3 mM for Glrx5+, Figure
37H, significances determined by one-way ANOVA compared to 0 mM), and
complex IV (4038 + 931.1 pmol/s*Ucs, at 0 mM for GFP+; 2013 + 548.4 pmol/s*Ucs,
*E% p <0.001, at 3 mM for GFP+; 3836 + 825.4 pmol/s*Ucs, at 0 mM for Glrx5+; 1979
+ 531.4 pmol/s*Ucs, **** p < 0.0001, at 3 mM for Glrx5+, Figure 371, significances
determined by one-way ANOVA compared to 0 mM).
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Figure 37: Respirometry analysis of transfected MING6 cells treated for 48 h with 3 mM
oleic acid. (A) endogenous respiration (n = 8), (B) permeabilized respiration (n = 3-6),
(C) leak 1 (n = 6-8), (D) complex I (n = 6-8), (E) OXPHOS (n = 7-8), (F) ETS (n = 7-8),
(G) complex II (n =7-8), (H) leak 2 (n = 7-8), and (I) complex IV (n = 7-8). * p <0.05,
¥ p<0.01, *** p < 0.001, **** p < 0.0001, significances by one-way ANOVA

compared to 0 mM.
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3.4.9 Cellular ATP levels are elevated in both the wild type and

transfected MING cells after oleic acid treatment

As mitochondrial respiration is the primary source of biochemical energy, ATP levels in
wild type MING6 cells were measured after 5 d of treatment with oleic acid. All oleic acid
concentrations resulted in higher ATP levels (63.93 £ 13.86 % vs. 100 £ 33.2 %,
**p<0.01, at 0.75 mM, Figure 38A; 51.85 = 18.45 % vs. 100 = 19.22 %,
kEHE p <0.0001, at 1.5 mM, Figure 38B; 48.5 £ 11.23 % vs. 100 = 15.81 %,
*EHE p <0.0001, at 3 mM, Figure 38C, significances determined by t-test to the
respective control group). The magnitude of differences compared to the control group
increased with higher oleic acid concentrations (-36.1 % at 0.75 mM, -48.2 % at 1.5 mM,
-51.5 % at 3 mM).

A 150~ B 150 C 150-
sk
1251 T 125- ok 125- -
- 1001 — 1004 T — 1004 T
S S S
o, 751 a, 757 a, 757
< > >
504 50+ 504
25+ 25+ 254
0- 0- 0-
0 0.75 0 1.5 0 3
oleic acid [mM] oleic acid [mM] oleic acid [mM]

Figure 38: ATP levels in MING cells treated for 5 d with (A) 0.75 mM, (B) 1.5 mM, and
(C) 3 mM oleic acid and their respective controls (n = 12). ** p <0.01, **** p <0.0001,

significances determined by t-test.

To assess the effect of treatment duration, ATP levels were measured in wild type MIN6
cells at 24 h intervals up to 96 h. Elevated ATP levels were observed at all time points
compared to the control group. ATP levels were higher after 24 h (69.17 £ 17.84 % vs.
100 £ 19.72 %, * p <0.05, at 0.75 mM; 54.55 £ 19.32 % vs. 100 + 20.52 %, ** p < 0.01,
at 1.5 mM; 43.47 £ 12.76 % vs. 100 + 32.52 %, ** p < 0.01, at 3 mM, Figure 39A,
significances determined by t-test to the respective control group), 48 h (84.35 +28.08 %
vs. 100 +29.64 %, at 0.75 mM; 57.99 +24.23 % vs. 100 £ 24.57 %, * p<0.05, at 1.5 mM;
61.35 £ 18.63 % vs. 100 = 40.71 %, at 3 mM, Figure 39B, significance determined by
t-test to the respective control group), 72 h (79.01 + 27.08 % vs. 100 £ 45.66 %, at
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0.75 mM; 59.59 + 40.39 % vs. 100 + 62.45 %, at 1.5 mM; 54.33 + 21.81 % vs. 100 +
54.95 %, at 3 mM, Figure 39C, no significance determined by t-test to the respective
control group), and 96 h (77.12 £ 23.94 % vs. 100 + 30.72 %, at 0.75 mM; 64.16 +
19.12 % vs. 100 £ 47.73 %, at 1.5 mM; 63.38 + 24.72 % vs. 100 = 54.41 %, at 3 mM,
Figure 39D, no significance determined by t-test to the respective control group). Like
observed in Figure 38, greater differences between treatment group and control group

were observed with increased oleic acid concentration.
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Figure 39: ATP levels of MING cells measured at 24 h intervals after (A) 24 h, (B) 48 h,
(C) 72 h, or (D) 96 h treatment with 0.75 mM, 1.5 mM, and 3 mM oleic acid and their
respective control groups (n=6). * p < 0.05, ** p < 0.01, comparison of treatment to

respective control group by t-test.
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Consistent with wild type cells, the treatment of transfected cells revealed higher ATP
levels with oleic acid treatment (2.358 £ 0.509 uM, at 0 mM for GFP+; 3.767 +
0.9429 uM, * p <0.05, at 1.5 mM for GFP+; 2.209 + 0.5071 uM, at 0 mM for Glrx5+;
3.795+0.8329 uM, * p<0.05, at 1.5 mM for Glrx5+, Figure 40, significances determined
by one-way ANOVA compared to 0 mM). There was no difference between the

transfection groups.
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Figure 40: ATP levels in transfected MING6 cells treated for 48 h with 1.5 mM oleic acid
(n=15). * p <0.05, significances by one-way ANOVA compared to 0 mM.

3.4.10 ATP levels in EndoC-BH3 cells are higher by oleic acid

ATP levels were measured in EndoC-BH3 cells after 48 h of oleic acid treatment. Similar
to murine MING6 cells, oleic acid increased ATP levels (60.49 + 16.97 % vs. 100 +
25.49 %, * p < 0.05, at 0.75 mM, Figure 41A; 55.27 £ 10.34 % vs. 100 = 25.47 %,
** p<0.01,at 1.5 mM, Figure 41B; 39.16 + 11.43 % vs. 100 £+ 19.48 %, **** p <0.0001,
at 3 mM, Figure 41C, significances determined by t-test to the respective control group).
The differences between treatment and control groups became more pronounced with

increased oleic acid concentrations.
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Figure 41: ATP levels in EndoC-BH3 cells treated for 48 h with (A) 0.75 mM,
(B) 1.5 mM, and (C) 3 mM oleic acid and their respective controls (n=6). * p < 0.05,
*p <0.01, **** p <0.0001, significances determined by t-test.

3.4.11 Immunosignals of complex III core protein 2 and Rieske

remain unchanged after oleic acid treatment

In addition to mitochondrial Fe-S cluster proteins, immunoblotting was conducted to
evaluate signals for complex I1I subunit core protein 2 (UQCRC2), which was not directly

assessed by enzyme activity or respirometry. In wild type MING6 cells, oleic acid treatment
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Figure 42: Detection of UQCRC?2 in total lysate of wild type MING6 cells treated for 5 d
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments with 15 pg protein. Tubulin

was the reference protein. No significance by one-way ANOVA.
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did not alter UQCRC2 (1.828 +0.1262 RLU, with DMEM; 2.05 £ 0.4047 RLU, at 0 mM,;
2.1 £0.1887 RLU, at 0.75 mM; 1.752 £ 0.3718 RLU, at 1.5 mM; 1.984 + 0.2039 RLU,
at 3 mM, Figure 42A, no significance determined by one-way ANOVA), which was
consistent with transfected MIN6 cells after 48 h of treatment (4.564 + 1.98 RLU, at
0 mM for GFP+; 4.677 + 2.524 RLU, at 3 mM for GFP+; 4.475 £ 1.938 RLU, at 0 mM
for Glrx5+; 5.771 £ 2.148 RLU, at 3 mM for Glrx5+, Figure 43A, no significance
determined by one-way ANOVA).
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Figure 43: Detection of UQCRC?2 in organelles of transfected MING cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MIN6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. VDAC was the reference protein.

No significance by one-way ANOVA.

Also, UQCRFSI signals were unaffected via oleic acid in the transfection model (0.8775
+ 0.2691 RLU, at 0 mM for GFP+; 1.001 + 0.1468 RLU, at 3 mM for GFP+; 0.9736 +
0.1118 RLU, at 0 mM for Glrx5+; 0.86 £ 0.1916 RLU, at 3 mM for Glrx5+, Figure 44A,
no significance determined by one-way ANOVA).
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Figure 44: Detection of UQCRFSI in organelles of transfected MING6 cells treated for
48 h with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments of MIN6 cells used for
analysis of Fe-S enzyme activities analyzed by tricin SDS-PAGE with 20 pg protein.
VDAC was the reference protein. No significance by one-way ANOVA.

3.4.12 Oleic acid treatment affects outer mitochondrial proteins

PolD1, GPAT, and GIrx3

Given the observed change in Glrx5 ELISA level and the impaired ACO1 activity,
additional outer mitochondrial Fe-S cluster proteins were analyzed via immunoblotting.
Initial analyses revealed weaker signals for PolD1 with oleic acid treatment of wild type
cells, while densitometry analysis was not differing between the groups (0.2443 +0.1237
RLU, with DMEM; 0.2757 + 0.1194 RLU, at 0 mM; 0.2399 +0.1134 RLU, at 0.75 mM;
0.2211 £ 0.03761 RLU, at 1.5 mM; 0.2186 £ 0.06698 RLU, at 3 mM, Figure 45A, no
significance determined by one-way ANOVA).
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PolD1 in cytosol of wild type MING6 cells treated for 5 d with

oleic acid via (A) quantification of immunoblotting signals (n = 3). (B) Representative

image of one independent experiment of MING cells used for analysis of Fe-S enzyme

activities with 40 ug protein. Tubulin was the reference protein. No significance by one-

way ANOVA.
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PolD1 in the cytosol of transfected MING cells treated for 5 d

with oleic acid via by (A) quantification of immunoblotting signals (n=3).

(B) Representative image of one independent experiment of MING6 cells used for analysis

of Fe-S enzyme activities with 40 pg protein. Tubulin was the reference protein.

** p <0.01, significances by one-way ANOVA compared to Glrx5+ 0 mM.
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In transfected MING6 cells, Glrx5+ transfection initially showed a trend toward increased
PolD1 signal compared to GFP+ transfection, though this increase was not statistically
significant. Additionally, oleic acid treatment resulted in a notable decrease in PolD1
signal at higher concentrations (0.1729 + 0.03462 RLU, with DMEM for GFP+; 0.2509
+ 0.04394 RLU, with DMEM for Glrx5+; 0.243 + 0.01572 RLU, at 0 mM for Glrx5+;
0.205 £ 0.04226 RLU, at 0.75 mM for Glrx5+; 0.1335 + 0.02242 RLU, ** p < 0.01, at
1.5 mM for Glrx5+; 0.1022 £ 0.006328 RLU, ** p < 0.01, at 3 mM for Glrx5+,
Figure 46A, significances determined by one-way ANOVA compared to Glrx5+ 0 mM).
These findings were further validated in experiments using the respective GFP+ control
transfection. Treatment with 3 mM oleic acid for 48 h decreased PolD1 immunoblotting
signals, regardless of the transfection group (0.3018 + 0.06914 RLU, at 0 mM for GFP+;
0.1708 + 0.0428 RLU, * p < 0.05, at 3 mM for GFP+; 0.3196 + 0.05798 RLU, at 0 mM
for Glrx5+; 0.1711 = 0.07277 RLU, * p < 0.05, at 3 mM for Glrx5+, Figure 47A,
significances determined by one-way ANOVA compared to 0 mM).
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Figure 47: Detection of PolD1 in the cytosol of transfected MIN6 cells treated for 5 d
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. Tubulin was the reference protein.

*p <0.05, significances by one-way ANOVA compared to 0 mM.
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Immunoblotting of GPAT resulted in a dose-dependent decrease in signal intensity with
increased oleic acid concentrations in wild type MING6 cells (1.179 + 0.0697 RLU, with
DMEM; 1.277 + 0.09513 RLU, at 0 mM; 1.171 + 0.141 RLU, at 0.75 mM; 1.023 +
0.2142 RLU, at 1.5 mM; 0.7905 + 0.1208 RLU, ** p < 0.01, at 3 mM, Figure 48A,
significance determined by one-way ANOVA compared to 0 mM). In transfected MIN6
cells, GPAT signals also decreased with oleic acid treatment, though this was not
significant (0.9195 + 0.1109 RLU, with DMEM for GFP+; 0.7736 + 0.1389 RLU, with
DMEM for Glrx5+; 0.7804 + 0.08089 RLU, at 0 mM for Glrx5+; 0.7819 + 0.1284 RLU,
at 0.75 mM for Glrx5+; 0.601 + 0.1267 RLU, at 1.5 mM for Glrx5+; 0.5718 +

0.04415 RLU, at 3 mM for Glrx5+, Figure 49A, no significance determined by one-way

ANOVA).
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Figure 48: Detection of GPAT in the cytosol of wild type MING cells treated for 5 d with
oleic acid via (A) quantification of immunoblotting signals (n = 3). (B) Representative
image of one independent experiment of MING6 cells used for analysis of Fe-S enzyme
activities with 40 pg protein. Ferrochelatase was the reference protein. ** p < 0.01,

significance by one-way ANOVA compared to 0 mM.
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Figure 49: Detection of GPAT in the cytosol of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=3).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 ug protein. Tubulin was the reference protein.

No significance by one-way ANOVA.

Further analysis of respective GFP+ controls revealed no clear changes in GPAT signals
after 48 h of treatment (2.979 + 1.952 RLU, at 0 mM for GFP+; 2.334 + 1.788 RLU, at
3 mM for GFP+; 2.614 £ 1.87 RLU, at 0 mM for Glrx5+; 2.42 £ 1.36 RLU, at 3 mM for
Glrx5+, Figure 50A, no significance determined by one-way ANOVA). These results did
not confirm the decreases indicated in earlier experiments, leaving the effect of oleic acid

on GPAT unclear.
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Figure 50: Detection of GPAT in the cytosol of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pug protein. Tubulin was the reference protein.

No significance by one-way ANOVA.

Cytosolic Glrx3 analysis revealed an effect of oleic acid treatment in transfected MIN6
cells (0.292 + 0.05408 RLU, at 0 mM for GFP+; 0.244 + 0.04545 RLU, at 3 mM for
GFP+; 0.383 £ 0.08244 RLU, at 0 mM for Glrx5+; 0.2413 + 0.06458 RLU, * p < 0.05,
at 3 mM for Glrx5+, Figure 51A, significance determined by one-way ANOV A compared
to Glrx5+ 0 mM). Immunoblotting images indicated a clear decrease in Glrx3 levels with
3 mM oleic acid treatment. Additionally, Glrx5+ transfection appeared to enhance Glrx3
protein levels compared to GFP+ transfection. The connection between Glrx5+

transfection and Glrx3 protein level remains uncertain.
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Figure 51: Detection of GIrx3 in the cytosol of transfected MING6 cells treated
for 48 h with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of one independent experiment of MING6 cells used for analysis
of Fe-S enzyme activities with 40 pg protein. Detection of Glrx3 was enhanced by avidin
biotin complex. Tubulin was the reference protein. * p < 0.05, significance by one-way

ANOVA compared to Glrx5+ 0 mM.

3.4.13 Ferritin light chain levels decrease after oleic acid

treatment, while GPx4 levels remain unchanged

Based on the results of decreased Glrx5 protein and ACOI1 activity, further proteins
associated with iron regulation and ferroptosis were analyzed. Immunoblotting
consistently showed a significant increase in FTL signal in the 0 mM control group
compared to the DMEM group. Oleic acid treatment decreased FTL levels relative to the
0 mM group in a dose-dependent manner (0.3075 + 0.08793 RLU, with DMEM; 0.6627
+ 0.2497 RLU, at 0 mM; 0.2969 + 0.1146 RLU, * p < 0.05, at 0.75 mM; 0.1849 +
0.05363 RLU, ** p <0.01, at 1.5 mM; 0.1247 £ 0.07376 RLU, *** p <0.001, at 3 mM,
Figure 52A, significances determined by one-way ANOVA compared to 0 mM).
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Figure 52: Detection of FTL in total lysate of wild type MING6 cells treated for 5 d with
oleic acid via (A) quantification of immunoblotting signals (n =4). (B) Representative
image of two independent experiments with 60 pug protein. Tubulin was the reference
protein. * p <0.05, ** p < 0.01, *** p < 0.001, significance by one-way ANOVA

compared to 0 mM.

Treatment of the transfected model confirmed the effect of wild type cells, as the control
treatment was increasing FTL compared to DMEM, and oleic acid further decreased the
signal relative to the control (0.3941 + 0.04456 RLU, with DMEM for GFP+; 0.2682 +
0.07359 RLU, with DMEM for Glrx5+; 0.7985 + 0.2273 RLU, at 0 mM for Glrx5+;
0.2368 £ 0.08396 RLU, **** p <0.0001, at 0.75 mM for Glrx5+; 0.2574 + 0.01816 RLU,
*EEE p <0.0001, at 1.5 mM for Glrx5+; 0.315 £ 0.02427 RLU, **** p <0.0001, at 3 mM
for Glrx5+, Figure 53A, significances determined by one-way ANOVA compared to
Glrx5+ 0 mM). The comparison of GFP+ DMEM and Glrx5+ DMEM exhibited no

difference in FTL protein levels.
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Figure 53: Detection of FTL in total lysate of transfected MING6 cells treated for 48 h with
oleic acid via (A) quantification of immunoblotting signals (n =4). (B) Representative
image of two independent experiments with 60 pug protein. Tubulin was the reference

protein. **** p <(.0001, significance by one-way ANOVA compared to Glrx5+ 0 mM.

The cell count of transfected samples used for immunoblotting relate to the following
figures. A strong impact in cell number after 48 h of oleic acid treatment in T75 flasks
was observed (3.881 = 1.006 *10%, at 0 mM for GFP+; 1.556 + 0.4185 *10°, ** p < 0.01,
at 3 mM for GFP+; 4.169 + 0.9001 *10°, at 0 mM for Glrx5+; 1.513 + 0.2773 *105,
**p<0.01, at 3 mM for Glrx5+, Figure 54, significances determined by one-way
ANOVA compared to 0 mM). Taking together the data of cell counts, a decreasing effect
was observable with 3 mM oleic acid treatment in T75 flasks (Fe-S enzyme activity and
immunoblotting), whereas treatment with 1.5 mM or 3 mM oleic acid in T25 flasks
(ELISA and respirometry) had no impact on cell count. Overall, there was no difference

between the transfection groups.
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Figure 54: Cell counts of transfected MIN6 cells collected with trypsin/EDTA prior to
sample preparation for immunoblotting (n = 4). Cells were transfected and subsequently
treated for 48 h with oleic acid in a T75 flask. ** p < 0.01, significance by one-way
ANOVA compared to 0 mM.

In the transfection model with respective GFP+ control, FTL signals decreased with
3 mM oleic acid (0.1586 = 0.07443 RLU, at 0 mM for GFP+; 0.01121 + 0.006838 RLU,
*p <0.05, at 3 mM for GFP+; 0.1495 + 0.08685 RLU, at 0 mM for Glrx5+; 0.02341 +
0.02643 RLU, * p <0.05, at 3 mM for Glrx5+, Figure 55A, significances determined by
one-way ANOVA compared to 0 mM). The signal of FTL by oleic acid was nearly absent
compared to the previous figures. No differences were detected between the transfection
groups.

Further analysis of GPx4, a lipid peroxide detoxifying enzyme, appeared to decrease
following oleic acid treatment, without significance (0.1528 + 0.05336 RLU, with
DMEM; 0.1654 + 0.07064 RLU, at 0 mM; 0.2198 + 0.0921 RLU, at 0.75 mM; 0.1682 +
0.05686 RLU, at 1.5 mM; 0.1015 + 0.04337 RLU, at 3 mM, Figure 56A, no significance
determined by one-way ANOVA).
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Figure 55: Detection of FTL in total lysate of transfected MING cells treated for 48 h with

oleic acid via (A) quantification of immunoblotting signals (n =4). (B) Representative

image of two independent experiments with 15 pug protein. Tubulin was the reference

protein. * p < (.05, significance by one-way ANOVA compared to 0 mM.
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Figure 56: Detection of GPx4 in total lysate of wild type MING6 cells treated for 5 d with

oleic acid via (A) quantification of immunoblotting signals (n =4). (B) Representative
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protein. No significance by one-way ANOVA.
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The interpretation of immunoblotting signals in the transfection model remained
inconclusive for oleic acid treatment. The differences between oleic acid and control were
not strongly pronounced, and the deviations were greater compared to wild type cells
(0.2929 + 0.07141 RLU, with DMEM for GFP+; 0.2569 + 0.112 RLU, with DMEM for
Glrx5+; 0.1399 + 0.1282 RLU, at 0 mM for Glrx5+; 0.2194 + 0.1535 RLU, at 0.75 mM
for Glrx5+; 0.2006 + 0.1812 RLU, at 1.5 mM for Glrx5+; 0.1361 = 0.08997 RLU, at
3 mM for Glrx5+, Figure 57A, no significance determined by one-way ANOVA).
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Figure 57: Detection of GPx4 in total lysate of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments with 60 pg protein. Tubulin

was the reference protein. No significance by one-way ANOVA.

Similarly, in the additional transfection model, no differences were observed due to
transfection or treatment (0.04321 + 0.01624 RLU, at 0 mM for GFP+; 0.02947 +
0.03466 RLU, at 3 mM for GFP+; 0.04115 £ 0.04053 RLU, at 0 mM for Glrx5+; 0.03754
+ 0.02021 RLU, at 3 mM for Glrx5+, Figure 58A, no significance determined by one-
way ANOVA). Thus, an effect similar to that observed in wild type cells could not be

confirmed.
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Figure 58: Detection of GPx4 in total lysate of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=3).
(B) Representative image of one independent experiment with 60 pg protein. Tubulin

was the reference protein. No significance by one-way ANOVA.

3.4.14 Oleic acid treatment alters proteins unrelated to Fe-S
clusters, such as PDX1 and p-ERK1/2, while p-Akt signals

remain weak

Proteins unrelated to Fe-S clusters but relevant to diabetes and cellular function were
analyzed by immunoblotting. In wild type MING6 cells, oleic acid decreased PDX1 levels
(0.936 + 0.1667 RLU, with DMEM; 0.9222 + 0.1396 RLU, at 0 mM; 0.7074 +
0.1387 RLU, at 0.75 mM; 0.63 £+ 0.1681 RLU, at 1.5 mM; 0.5133 + 0.1286 RLU,
*p <0.05, at 3 mM, Figure 59A, significance determined by one-way ANOV A compared
to 0 mM).

Similarly, in transfected cells with multiple oleic acid concentrations, PDX1 levels
decreased with 3 mM treatment, showing no effect of the transfection itself (1.221 +
0.387 RLU, with DMEM for GFP+; 1.113 +0.3803 RLU, with DMEM for Glrx5+; 1.432
+0.4669 RLU, at 0 mM for Glrx5+; 1.217 £0.5367 RLU, at 0.75 mM for Glrx5+; 1.297
+ 0.1203 RLU, at 1.5 mM for Glrx5+; 0.5312 + 0.2434 RLU, * p < 0.05, at 3 mM for
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Glrx5+, Figure 60A, significance determined by one-way ANOVA compared to Glrx5+
0 mM).
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Figure 59: Detection of PDX1 in total lysate of wild type MING6 cells treated for 5 d with
oleic acid via (A) quantification of immunoblotting signals (n =4). (B) Representative
image of two independent experiments with 15 pg protein. Tubulin was the reference

protein. * p < 0.05, significance by one-way ANOVA compared to 0 mM.
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Figure 60: Detection of PDXI1 in total lysate of transfected MING cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments with 15 pg protein. Tubulin
was the reference protein. * p < 0.05, significance by one-way ANOVA compared to

Glrx5+ 0 mM.
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Analysis of PDX1 for transfected cells for GFP+ control revealed decreased signals with
3 mM oleic acid (0.2457 + 0.0358 RLU, at 0 mM for GFP+; 0.1258 + 0.03291 RLU,
*p <0.05, at 3 mM for GFP+; 0.2045 = 0.07034 RLU, at 0 mM for Glrx5+; 0.06723 +
0.02453 RLU, * p <0.05, at 3 mM for Glrx5+, Figure 61A, significances determined by
one-way ANOVA compared to 0 mM). It was not clear, if there were further differences

by Glrx5+ resulting in a decreased signal, as the previous detection showed no difference

by GFP+ transfection.
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Figure 61: Detection of PDX1 in total lysate of transfected MING cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=3).
(B) Representative image of two independent experiments with 20 pg protein. Tubulin
was the reference protein. * p < 0.05, significance by one-way ANOVA compared to

0 mM.

By using antibodies against the phosphorylated and non-phosphorylated form of ERK1/2,
a decreased signal for p-ERK1/2 was detected by oleic acid treatment in wild type MIN6
cells, without affecting total ERK1/2 levels (0.1685 = 0.0834 RLU, with DMEM; 0.1866
+ 0.05755 RLU, at 0 mM; 0.04173 £ 0.02842 RLU, ** p <0.01, at 0.75 mM; 0.02873 £
0.01518 RLU, ** p <0.01, at 1.5 mM; 0.0335 £+ 0.02409 RLU, ** p < 0.01, at 3 mM,
Figure 62A, significances determined by one-way ANOVA compared to 0 mM). The

effect was strong for all oleic acid concentrations.
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Figure 62: Detection of p-ERK1/2 and total ERK1/2 in total lysate of wild type MING6
cells treated for 5 d with oleic acid via (A) quantification of immunoblotting signals
(n =4). Ratio of phosphorylated to total ERK1/2 was calculated. Representative image
of two independent experiments with 15 pg protein against (B) p-ERK1/2 and (C) total
ERK1/2. Tubulin was the reference protein. ** p < 0.01, significance by one-way

ANOVA compared to 0 mM.

Analysis of the transfection model revealed decreased p-ERK1/2 signals with 3 mM of
oleic acid treatment, without further differences due to the transfection groups (0.3729 +
0.07371 RLU, at 0 mM for GFP+; 0.1564 + 0.06398 RLU, * p <0.05, at 3 mM for GFP+;
0.4496 + 0.1744 RLU, at 0 mM for Glrx5+; 0.1286 = 0.0421 RLU, ** p <0.01, at 3 mM
for Glrx5+, Figure 63A, significances determined by one-way ANOVA compared to
0 mM).
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Figure 63: Detection of p-ERK1/2 and total ERK1/2 in total lysate of transfected MIN6
cells treated for 48 h with oleic acid via (A) quantification of immunoblotting signals
(n =4). Ratio of phosphorylated to total ERK1/2 was calculated. Representative image
of two independent experiments with 15 pg protein against (B) p-ERK1/2 and (C) total
ERK1/2. Tubulin was the reference protein. * p < 0.05, ** p < 0.01, significance by
one-way ANOVA compared to 0 mM.

Akt was detected as further protein with activation by phosphorylation. In contrast, p-Akt
signals were weak and unchanged by oleic acid treatment. Calculation of p-Akt resulted
in a declined signal, remaining non-significant (0.01989 + 0.005973 RLU, with DMEM;
0.0228 + 0.009394 RLU, at 0 mM; 0.02302 + 0.005851 RLU, at 0.75 mM; 0.01988 +
0.004468 RLU, at 1.5 mM; 0.01342 £+ 0.003504 RLU, at 3 mM, Figure 64A, no
significance determined by one-way ANOVA).
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Figure 64: Detection of p-Akt and total Akt in total lysate of wild type MING6 cells treated
for 5 d with oleic acid via (A) quantification of immunoblotting signals (n = 4). Ratio of
phosphorylated to total Akt was calculated. Representative image of two independent
experiments with 15 pg protein against (B) p-Akt and (C) total Akt. Tubulin was the

reference protein. No significance by one-way ANOVA.

For complementary measurements with transfected cells, the detection of p-Akt was
waived, as the signal remained nearly undetectable. Analysis of total Akt showed an equal
signal across all samples (1.208 = 0.1104 RLU, at 0 mM for GFP+; 1.148 + 0.05393 RLU,
at 3 mM for GFP+; 1.117 £ 0.1151 RLU, at 0 mM for Glrx5+; 1.254 + 0.166 RLU, at
3mM for Glrx5+, Figure 65A, no significance determined by one-way ANOVA).

Consistent with wild type cells, oleic acid treatment had no impact on total Akt.
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Figure 65: Detection of total Akt in total lysate of transfected MING6 cells treated for 48 h
with oleic acid via (A) quantification of immunoblotting signals (n=4).
(B) Representative image of two independent experiments with 15 pg protein. Tubulin

was the reference protein. No significance by one-way ANOVA.

These findings revealed how oleic acid influenced mitochondrial function, Fe-S cluster
associated proteins, and iron metabolism, alongside key signaling pathways in pancreatic
B-cells. They provide a foundation for further exploration of the cellular mechanisms
underlying B-cell dysfunction and their integration into the broader context of diabetes

research.
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4 Discussion

4.1 Decreased redox potential under lipotoxic treatment

To investigate the impact of oleic acid on general cellular oxidoreductase activity, the
widely used MTT assay was employed. The results showed a modest decrease in OD after
24 h (Figure 1) and 48 h (Figure 3) treatment, without evidence of a dose-dependent
effect. More pronounced effects were observed after 5 d of treatment, following a dose-
dependent pattern with a maximum decrease of -25.5 % (Figure 2). The assay indicated
no induction of cell death, as treatment with all oleic acid concentrations was not harmful
to cellular function. Reactions contributing to MTT reduction predominantly originated
from glycolysis and the ER and depended on cofactors such as NADH and NADPH
(Bernas & Dobrucki, 2002; Berridge et al., 2005; Berridge & Tan, 1993). These findings
suggested that oleic acid was thereby suitable for mimicking lipotoxic effects and for
evaluating further cellular parameters. Based on literature, a decrease greater than -50 %
would be considered severely cytotoxic, referring to ICso threshold (Tolosa et al., 2015).
Although all treatment durations demonstrated detrimental effects, longer treatment times
elicited a more pronounced and reproducible response. In transfected cells, 48 h treatment
resulted in a modest decrease comparable to 24 h treatment with 1.5 mM oleic acid in
wild type cells. The behavior of MING6 cells upon fatty acid treatment was not altered by
transfection, and absolute values of OD remained within a comparable range to those
observed in wild type cells after 24 h treatment. Thus, the method of chemical transfection
with the chosen plasmids created a cellular model without any indication of altered
responses to lipid stressors. Additionally, Glrx5 expression did not provide a beneficial
effect on MING6 cells. To fully interpret the results, it is important to consider the
mechanisms measured by the MTT assay. The assay was initially described for measuring
cell survival and proliferation depending on the activity of living cells and excluding dead
cells (Mosmann, 1983), as dehydrogenase enzymes of active mitochondria were assumed
to reduce MTT (Yuanbin Liu, 1999; Yuanbin Liu et al., 1997). Consequently, higher
formazan production correlated with greater energy metabolism. However, while the
assay has been used to assess cell proliferation, proliferation is not a requirement for the
assay. The idea of Tim Mosmann was to establish an assay which was not influenced by
culture medium, but the results of the supplement indicated a big impact of added albumin

on MTT readouts (Supplement Figure 3), which was also described in literature (Funk et
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al., 2007; K. T. Huang et al., 2004). Like demonstrated, formazan production can occur
in the absence of cells under certain experimental setups (Supplement Figure 4).
Mosmann’s original protocol used 5-10 % fetal bovine serum, which contained albumin,
a component with variable natural concentrations (Zheng et al., 2006). This effect had to
be carefully controlled especially in experiments using albumin complexed fatty acids.
Recent studies suggested that the majority of the MTT signal originated from
non-mitochondrial sources (Aitken et al., 2020). While some articles generalized MTT
results as measures of cell viability (Kumar et al., 2018), such interpretations are often
unsubstantiated (Ghasemi et al., 2021). It is preferable to report MTT results as OD values
and to use complementary methods, such as TUNEL assay or FACS with 7-AAD,

propidium iodide, or annexin V staining, for assessing viability.
4.2 Impacts on insulin secretion and B-cell identity

In contrast to the mild impairments observed in the MTT assay, ELISA measurements of
insulin revealed a significant decrease in both the cell lysates and culture media of wild
type cells. This approximately -80 % decrease in insulin was unexpected given the
moderate effects seen in the MTT assay and was negative in the context of type 2 diabetes.
The results suggested that lipotoxic stress severely impaired -cell insulin production and
secretion (Z. Song et al., 2019), potentially contributing to chronic hyperglycemia and its
associated clinical complications. /ns2 qPCR results showed a moderate decrease only at
the highest oleic acid concentration (-30 %), while mRNA levels in other treatment
groups remained unchanged (Figure 4B). This suggested that post-transcriptional
regulation likely drove the observed changes in insulin protein level. For instance,
treatments with 0.75 mM and 1.5 mM oleic acid altered insulin levels without
corresponding transcriptional changes. The decline in insulin mRNA could be attributed
to decreased PDX1 protein levels, which were significantly affected at 3 mM oleic acid,
while also the lower concentrations showed weaker signals by immunoblotting of the
wild type model (Figure 59). The critical role of PDX1 in maintaining B-cell function and
identity is well-established (Olson et al., 1995). Loss of PDX1 signal was considered
detrimental to the functionality of B-cells, and can even lead to their dedifferentiation,
highlighting its importance in stress response (Gao et al., 2014). PDXI1 is a factor of
central importance for B-cells, which’s reactivity points to severe stressors on protein
level (Fujimoto & Polonsky, 2009). Alternative explanations for post-transcriptional

changes could involve microRNAs and RNA-binding proteins (Pérez-Garcia et al., 2022).
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RNA-binding protein HuD (C. Kim et al., 2016), or DEAD-Box Helicase 1 (DDX1)
inducible by 500 uM palmitic acid (Zonghong Li et al., 2018) modified transcription and
translation of insulin. Secretion of insulin was changed under influence of CUG-binding
protein 1 (CUGBP1), suppressing cyclic adenosine monophosphate (cCAMP) levels (Zhai
et al., 2016), RNA Binding Fox-1 Homolog 1 and 2 (Rbfox1 and Rbfox2) (Juan-Mateu
et al., 2017), or miR-9, by altered sirtuin 1 expression (Ramachandran et al., 2011).
Alternative splicing of genes required for exocytosis served also an explanation (Moss et
al., 2023). Additionally, miR-15a, targeting UCP2, increased ATP levels from the
respiratory chain, while high ATP/ADP ratios were a factor initiating insulin secretion
(L.-L. Sun et al., 2011). If the recent MIN6 experiments were extended to the transfection
model, oleic acid treatment produced weaker effects on released insulin (Figure 13).
There was no distinct difference between the respective transfection groups and there was
no positive impact by the Glrx5 transfection. Notably, experiments conducted later in the
study showed milder lipotoxic effects, potentially reflecting improved cell culture
handling techniques. All insulin measurements were performed under non-stimulated
conditions with a constant high glucose concentration (25 mM), reflecting standard
culture conditions for MING6 cells (Miyazaki et al., 1990). Thereby, the results did not
reflect stimulated secretion of insulin. In theory, treatment with cytotoxic properties could
potentially have increased cell rupture and led to release of insulin into the medium.
However, this was not observed in the recent experiments. Generally, glucose
concentration was a decisive parameter for lipotoxic effects, as higher glucose
concentrations made it more likely to detect negative outcomes from fatty acid treatment
(Maris et al., 2013; Saitoh et al., 2010). This relationship can be explained, for instance,
by the interactions between glucose and lipid metabolism for rate limiting substrates and
feedback inhibition like the Randle cycle with malonyl-CoA (Yoon et al., 2021). Lipid
stressors may also had a greater impact on an active and metabolically challenged state
compared to cells in resting phases (Kohnke et al., 1993). The interplay between glucose
and lipid stressors is commonly referred to as glucolipotoxicity (Roduit et al., 2000).
A positive impact on insulin levels would be particularly relevant for clinical
applications. However, the observed results for insulin and PDX1 in MING6 cells remained
unaffected by the transfection. So far, no connections have been described between PDX1

and Glrxs.
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4.3 Post-translational modifications of signaling pathways

Further lipotoxicity targets independent from Glrx5 and Fe-S clusters included kinase
signaling pathways such as ERK1/2 and Akt. Oleic acid treatment resulted in a substantial
decrease in p-ERK1/2 levels, while total ERK1/2 remained unchanged (Figures 62, 63).
These effects were consistent across wild type and transfected cells, with no dose-
dependent differences observed on p-ERK1/2 signals. Dephosphorylation of proteins is
another form of post-translational modification. Blunted p-ERK1/2 signaling was
considered detrimental, as it can impair cell survival, proliferation and cytoskeletal
remodeling (Hu & Lin, 2024). ERK1/2 was activated by growth factor-stimulated
phosphorylation, acting on downstream processes, including ribosomal S6 kinase family
of proteins (Cronin et al., 2021). It was likely that fatty acids could thereby negatively
affect cell cycle. Impaired MING cell survival was assessed using an ERK2 siRNA model,
which downregulated ERK1/2 and also led to altered p-CREB protein levels (Costes et
al., 2006). The glucose-dependent insulin transcription was decreased in MING6 cells by
inhibiting p-ERK1/2, highlighting the significant role of p-ERK1/2 in insulin secretion
(Benes et al., 1999). No differences in behavior were observed between wild type and
transfected cells, and Glrx5 transfection had no positive effect. In contrast to p-ERK1/2,
signals of p-Akt were weak (Figure 64) and did not show clear changes with oleic acid
treatment. As consequence, p-Akt signals were not further assessed in the transfected
model. By information of the literature, decreased p-Akt levels were negative for insulin
secretion, as Akt was a downstream factor of the insulin receptor (Y. B. Kim et al., 1999).
Akt was phosphorylated by upstream kinases upon binding to PIP3 produced by PI3k,
which was stimulated by insulin (Coffer et al., 1998). Elevated levels of oxidative distress
were reported to hydroxylate insulin, lowering the affinity to the insulin receptor
(Montes-Cortes et al., 2010). Further, p-Akt was positive for proliferation and survival
(Hart & Vogt, 2011). It was possible to increase p-Akt of MIN6 cells in experimental
setups by exogenous insulin stimulation (Tam et al., 2023). It is worth noting that MIN6
cells, often considered insulin-resistant (K. Cheng et al., 2012), may have inherently weak
p-Akt signals due to culture conditions with a constant high glucose concentration.
For reference, the glucose concentration of DMEM used for regular MIN6 culture was
25 mM (450 mg/dl), which was comparable to levels observed in patients in the
emergency department for unrecognized or uncontrolled diabetes (Crilly et al., 2018).

It was doubtful whether the weak p-Akt changes in the wild type model would had a
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relevant impact on the insulin sensitivity of the cells. Furthermore, it was noteworthy that
the treatment conditions had no effect on Akt signals. Data from an associated project
indicated that treatment with comparable concentrations of palmitic acid decreased Akt
signals by up to -40 % in immunoblotting (by Kim Kiihne, unpublished). This effect was
not observed for oleic acid. Therefore, it could be possible that this effect was
differentiating if saturated or unsaturated fatty acids were applied. In general, saturated
fatty acids were considered as more lipotoxic (W. Liu et al., 2024). Especially palmitic
acid can induce apoptosis by formation of ceramides (Fretts et al., 2021), also initiating
ferroptosis (M. Guo et al., 2024). Decreased Akt levels were described in the literature as
an approach to sensitize chemo resistant cancer cells (A.-R. Choi et al., 2014). This was
shown by treatment with salinomycin. The authors were debating if changes of Akt were
mediated by altered Akt mRNA levels, Akt protein stability, or Akt protein translation.
Loss of Akt would be considered as negative for MING cells. The current experiments
showed no differences in p-ERK1/2, ERK1/2, or Akt signals between wild type and

transfected cells, with no protective effect from Glrx5 transfection on p-ERK1/2 signals.

4.4 Glutaredoxin 5 and iron-sulfur cluster
4.4.1 Aspects inside mitochondria

4.4.1.1 Glutaredoxin 5 in MIN6 cells and their molecular

biological adjustment

Similar to Ins2 qPCR results, Glrx5 mRNA expression was diminished following
treatment with 3 mM oleic acid compared to the control (/ns2: -25 %, Glrx5: -20 %),
which has not reached significance in this experiment (Figure 4). Due to the high standard
deviations, it would be highly speculative to conclude that fatty acids affect the genetic
regulation of Glrx5. Based on data of an associated project, changes in Glrx5 qPCR
of -50 % were observable in MING6 cells upon treatment with 3 mM oleic acid (Kreimer,
2024). This suggested that further genetic analysis under lipotoxic conditions could reveal
a stronger influence at a genetic level. In contrast, Glrx5 protein levels assessed via
ELISA showed a significant decrease across all oleic acid concentrations (Figure 5).
This effect appeared dose-dependent and was consistent with immunohistological
findings in pancreatic islets of db/db mice (Petry et al., 2017, 2018). The oleic acid

induced decrease of Glrx5 could not be confirmed by immunoblotting (Figure 6).

109



Discussion

It is important to note that immunoblotting, while offering higher specificity, may has
limitations in quantification compared to more sensitive methods like ELISA.
Immunocytochemical analysis of Glrx5 in MING6 cells could provide additional clarity.
The biological effect of Glrx5 deficits varied across systems, with non-erythroid cells
being more resilient to impairments, unless particularly reliant on heme structures
(Camaschella et al., 2007). Characterization of transfected MING6 cells showed a dramatic
15-fold increase in G/rx5 mRNA expression, as demonstrated in the supplementary
material (Supplement Figure 6). This increase was confirmed by both ELISA and
immunoblotting across both transfection setups (Figures 8, 9, 11, 12). Unlike the wild
type model, both methods provided consistent results for Glrx5 expression following
transfection, lending credibility to the data. No biological alterations were detected
following GlIrx5 overexpression. Notably, there were discrepancies between the genetic
and protein levels, as the induced gene expression from transfection was greater than the
protein levels observed through ELISA or immunoblotting. This underscored the
necessity to thoroughly validate the model and exercise caution when drawing
conclusions from gene expression to protein levels without additional measurements.
Furthermore, the interpretation relied heavily on the transfection rate of 24 %, reported
in the supplement (Supplement Table 1), which was inconsistent with the observed
changes at both the gene and protein levels. The FACS measurement provided the first
opportunity for single-cell-level detection. In contrast, other methods such as MTT,
ELISA, gqPCR, and immunoblotting reflected an average of transfected and non-
transfected cells, which had relevant implications for interpretation. Future experiments
could focus on additional single-cell analyses, such as immunocytochemistry, to explore

correlations in cellular subpopulations based on Glrx5 levels.

4.4.1.2 Mitochondrial iron-sulfur proteins of energy

metabolism remain unaffected

The primary focus of this project was to investigate the correlation between lipotoxic
stress and Fe-S cluster related factors, potentially influenced by GIlrx5 deficiencies.
Analyses of isolated mitochondrial Fe-S enzyme activities (ACO2, SDH, C2-C3) and
COX activity in the wild type model revealed no changes following oleic acid treatment
(Figures 14B, 15). Observations in transfection models corroborated these results

(Figures 20, 25B, 28). Minor apparent changes on enzyme activities (Figures 15C, 18B,
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20B) were biologically insignificant when all experiments were considered collectively.
This outcome was unexpected given the initial hypothesis, as SDH activity is considered
a sensitive parameter for Fe-S cluster deficiencies (X. Wang et al., 2022). These findings
suggested that a pronounced Glrx5 defect, as inferred from Glrx5S immunoblotting, was
unlikely. Immunoblotting of the second transfection model supported the enzyme activity
results, showing unchanged signals for ACO2 (Figure 27), and UQCRFSI (Figure 44).
Non Fe-S proteins, such as COX-2 (Figure 29), COX-6 A/B (Figure 30), and UQCRC2
(Figure 43) were also unaffected. Literature indicated that long noncoding RNAs related
to UQCRFS1 and UQCRC2 were differentially expressed in a type 2 diabetes liver
transcriptome analysis, with UQCRC2 being strongly correlated with type 2 diabetes (X.
Lan et al., 2022). Additionally, UQCRC?2 protein levels in primary adipocytes increased
under treatment with canagliflozin (X. Yang et al., 2020). A crucial step in determining
cytosolic and mitochondrial protein distribution was digitonin-based cell fractionation,
which was effective and did not compromise interpretability. The chosen digitonin
concentration allowed adequate separation of cytosolic fractions from organelles while
preserving mitochondrial integrity. This was confirmed by low CS activity (Figures 16,
21, 31) and weak signals of soluble mitochondrial proteins, such as ACO?2, in the cytosol
(Figures 17, 22, 32). Fraction separation was further validated by minimal cytosolic
proteins signals, such as GPAT or Glrx3, in organelles fractions. The distribution of

proteins targeted by transfection was plausible (Figures 22, 23, 32, 33).
4.4.1.3 Functional respiratory analysis reacts on oleic acid

In contrast to isolated enzyme activities, respirometry showed decreased oxygen
consumption of single states upon oleic acid treatment (Figure 34). This was particularly
evident when substrates activating all respiratory chain complexes were added, and
impaired respiration persisted throughout the measurements. Similar effects were
observed in transfection models, where decreased respiration was measurable upon
complex V activation, even without complex II involvement (Figure 37). Transfection
itself did not influence this effect. While complex I respiration remained consistent in
wild type cells, oleic acid treatment significantly decreased NDUFBS signals. NDUFB8
is a non Fe-S cluster and non-catalytically subunit of complex I (Y. Li et al., 2021).
NDUFBS, together with six other proteins, is part of the ND5 subunit. The subunits ND2,
ND4, and ND5 build the proton translocation module requiring 34 subunits or assembly

factors (Signes & Fernandez-Vizarra, 2018). NDUFBS8 was reactive to high fat diets in
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Alzheimer's disease models, an effect mediated by PPARy activity and PPARy
coactivator 1a (Palomera-Avalos et al., 2017). Resveratrol treatment reversed this effect,
likely through improved mitochondrial fusion. Notably, Fe-S cluster subunits NDUFS4
(Mise et al., 2024) and NDUFSS8 (Flotynska et al., 2022) correlated with diabetes

susceptibility and insulin sensitivity.
4.4.1.4 ATP utilization is restricted independent of complex V

ATP levels in MING6 cells were lower in control groups and remained higher in treated
cells (Figure 38), despite higher oxidative phosphorylation respiration in controls. Two
potential explanations could account for this observation. Firstly, the elevated ATP levels
might resulted from increased ATP synthesis via oleic acid degradation. Secondly, the
higher ATP levels could reflect a decrease in ATP-consuming processes induced by oleic
acid. The first explanation has limitations, as it was unlikely that ATP levels would be
elevated despite diminished oxidative phosphorylation respiration. Given that
mitochondrial processes account for 98 % of cellular ATP production (L. Jiang et al.,
2010), it was more plausible that oleic acid treatment impaired ATP-consuming
pathways. This interpretation was supported by a review discussing similar mechanisms
(Buttgereit & Brand, 1995). Most ATP in cells is required for protein and RNA/DNA
synthesis, followed by substrate oxidation and cycling of sodium and calcium, all of
which were disrupted by lipotoxicity (An et al., 2021; Arruda & Hotamisligil, 2015; Bays,
2013; Engin, 2024; Good & Stoffers, 2020). Also insulin synthesis and secretion was
consuming a lot of ATP (Y. Tang et al., 2024). The ATP differences increased depending
on the oleic acid concentration, as confirmed by 24 h interval measurements in MIN6
cells (Figure 39). Additionally, data from an associated project indicated that the absolute
ATP readouts of MING6 cells were lower in the control groups compared to those cultured
with DMEM. The presence of BSA in the control groups was identified as a significant
factor that greatly diminished ATP-dependent luminescence (-66 % at 0.15 mM, -84 %
at 0.3 mM, -92 % at 0.6 mM, by Kim Kiihne, unpublished). Luminescence spectral
analysis ruled out quenching as the cause. Because of limited space in 96 well plates,
standards with adjusted BSA concentrations were not included for all treatment groups,
necessitating the use of relative ATP values (Figures 38, 39, 41). In transfection models,
absolute ATP levels could be measured with single oleic acid concentrations (Figure 40).
Elevated ATP levels were consistent with respirometry data. Decreased respiration likely

reflected allosteric inhibition of complex IV by ATP phosphorylation (Arnold &
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Kadenbach, 1997), a rate-limiting step in the respiratory chain (Ramzan et al., 2020). Like
seen in transfection model, the respiration was decreased as complex V was activated,
which included complex IV activity. As ATP levels of the treated cells remained higher,
the respiration reflected complex IV inhibition, which was apparent for all following
stages of respiration, always including complex IV participation. If this effect was taken
into account, it was plausible that there would be no difference within the single
mitochondrial respiratory states and no fatty acid mediated defect of the respiratory chain
(Chance & Williams, 1955). This inhibition was specific to respirometry and not observed
in isolated Fe-S enzyme activity measurements (Figures 15C, 20C, 28B). In contrast to
respirometry, the enzyme activity was assessed detached from the functional respiratory
chain and ATP inhibition. This highlighted again the necessity for extensive analyses
covering genetic level, protein level, and functional assessment. Premature conclusions
with missing evaluations can mislead, like demonstrated for Glrx5 transfection and FACS
analysis, or the discrepancy between mitochondrial proteins and mitochondrial
respiration, or the mitochondrial respiration and ATP synthesis. As respirometry follow-
up experiment, it would be possible to exclude the ATP inhibition effect by titrating
hexokinase for irreversible dephosphorylation of complex IV (Gouspillou et al., 2011) or
performing measurements with excess exogenous ATP. The transfection was not
affecting the behavior of MING6 cells upon treatment and Glrx5 transfection had no effect
compared to GFP transfection. Similar ATP changes were observed in EndoC-BH3 cells,
suggesting diminished ATP-consuming pathways as a likely explanation in human
models as well. Literature does not indicate differences between fatty acid treatment

effects in murine and human models.

4.4.2 Outer-mitochondrial factors connected to iron-sulfur

clusters

4.4.2.1 Cytosolic aconitase and iron regulation

Although many mitochondrial Fe-S cluster related factors were unaffected by oleic acid,
notable effects were observed outside the mitochondria. One of the most significant
change was the alteration in ACO1 activity, in contrast to the unaffected ACO2 activity.
This was clearly evident in both the wild type and the Glrx5 overexpressing MING6 cells
treated with 3 mM of oleic acid (Figures 14A, 25A), whereas ACO1 activity remained

unchanged in transfected cells treated with lower concentrations (Figure 18A). In general,
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treatment duration exceeding 5 d was more likely to induce definite changes compared to
48 h treatments. Measurements revealed strong impairments in ACO1 activity, while
immunoblotting signals for ACOI1 protein remained unchanged by oleic acid (Figure 26).
This inactivation of ACO1, despite steady protein levels, may be explained by a loss of
its Fe-S cluster, which activated its iron regulatory function (Oskarsson et al., 2020).
Such activation could lead to uncontrolled iron regulation and ferroptosis, as
demonstrated in yeast with inhibited GRX5 expression (Rodriguez-Manzaneque et al.,
2002). The evaluation of the literature revealed a lack of comparable studies in diabetic
models. In recent experiments, ACOI activity appeared independent of Glrx5
transfection, contrary to the available literature (Camaschella et al., 2007; Rodriguez-
Manzaneque et al., 2002). Additional discrepancies with the literature included impaired
SDH (Rodriguez-Manzaneque et al., 2002) or ACO2 activity (Camaschella et al., 2007)
in yeast and zebrafish, which were not observed in MING6 cells (Figures 14B, 15A).
All experiments were conducted under normoxic conditions, but testing Glrx5 protein
levels and ACO1 activity under hypoxic conditions could provide further insights.
It could be possible that ACOI activity remained unaffected upon fatty acid treatment,
making oxygen and oxidation necessary factors in human skeletal muscle cells (Cui et
al., 2019). However, ACO2, known to be highly sensitive to oxidative distress in HeLa
cells (Ferecatu et al., 2014), was unaffected in MING cells. These results suggested that
the observed effect on ACO1 activity was unlikely to be caused by Glrx5.

4.4.2.2 Potential mechanisms beyond Glutaredoxin 5 in

cytosolic aconitase regulation

A comparison with the literature provided alternative explanations for changes in
ACOI1/IRP1 unrelated to lipotoxicity. For example, the outer mitochondrial membrane
protein Cisdl transported Fe-S clusters to cytosolic proteins (Camponeschi et al., 2017;
Golinelli-Cohen et al., 2016; Lipper et al., 2015) and restored IRP1 activity under
oxidative distress (Ferecatu et al., 2014), as demonstrated in Drosophila melanogaster
(Huynh et al., 2019). Additionally, connections to the glycolytic enzyme enolase, which
catalyzed the conversion of 2-phosphoglycerate to phosphoenolpyruvate, have been
described. Enolase 1 (He et al., 2023; T. Zhang et al., 2022) and enolase 3 (Arenbaoligao
etal., 2023) degraded IRP1. Human genome analyses revealed correlations between IRP1
and genes such as DMT1 (Weijiao et al., 2021) and ACSL4 (J. Zhu et al., 2022). ACSL4,

a long-chain fatty acid CoA ligase 4, preferentially converted arachidonic acid to
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arachidonoyl-CoA. Ferroptosis regulating agents, including erastin (Yao et al., 2021) and
dihydroorotate dehydrogenase, essential for pyrimidine nucleotide synthesis, have been
linked to IRP1 in mice (W. Zhang et al., 2022). The mediator of ERBB2-driven cell
motility 1 (MEMO1) showed correlations to TfR2, mitoferrin, and IRP1 (Dolgova et al.,
2024), or the effects were mediated by glutamate dependent ion channel N-methyl
d-aspartate receptor (H.-P. Cheng et al., 2023). ISC maturation factors such as Nbp35 and
Narl were also required for ACO1 assembly in yeast (Stehling et al., 2018). Ferroptosis
may be independent of IRP1 and instead mediated by IRP2 (Terzi et al., 2021), or
influenced by NF-«B activity in glioblastoma (Y. Lan et al., 2023). Post-translational
modifications, including phosphorylation, also regulated the functions of IRP1 (Brown et
al., 1998) and IRP2 (Schalinske & Eisenstein, 1996). Opposed to the gathered data, most
literature focused on genetic ACOI1 regulation and its role in iron regulation, with limited
studies addressing its activity as basis for ferroptosis (Daher et al., 2019; Ferecatu et al.,
2014; Tan et al., 2016). A common aim in these studies was the induction of cellular iron
overload and ferroptosis to sensitize chemotherapy-resistant cancer cells, directly caused
by IRP1 (Cai et al., 2023; Y. Lan et al., 2023; Rah et al., 2024; Yao et al., 2021). For
example, inhibiting GLRX5 in colorectal cancer cells induced ferroptosis (J. Lee et al.,
2020). Stearoyl-CoA desaturase 1 has been associated with potentiation of cancer therapy
(H. Luo et al., 2022) and decreased ferroptosis (Kato et al., 2020; H. Luo et al., 2022;
Yinu Wang et al., 2024; T. Wu et al., 2023; Xiao et al., 2023; X. Xie et al., 2023; L. Xu
etal.,2024; Z. Ye et al., 2022). Stearoyl-CoA desaturase 1 converted saturated fatty acids
to unsaturated fatty acids like palmitic to palmitoleic acid, and stearic to oleic acid.
Based on this literature, unsaturated fatty acids, including oleic acid, were considered to

suppress ferroptosis.

4.4.2.3 The experimental setup affects results for ferroptosis

research

It has to be mentioned, that the experimental setups of studies reporting beneficial effects
of unsaturated fatty acids differed from the MIN6 experiments, where oleic acid was used
to mimic obesity-related pathophysiology. Comparing the treatment, it was remarkable
that applied oleic acid concentration of articles stating positive effects remained low.
The concentrations were 12.5-50 uM (Mann et al., 2024), 20 uM (Cotticelli et al., 2020),
62-125 uM (Yusuf et al., 2020), 80 uM (Kato et al., 2020; Z. Ye et al., 2022), 100 uM
(H. Luo et al., 2022; L. Xu et al., 2024), 200 uM (Yinu Wang et al., 2024), 250 uM
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(J. Xu et al.,, 2023), 400 uM (X. Xie et al., 2023), or 500 uM (Y. Xie et al., 2022).
Few articles stated ferroptosis enhancing effects by oleic acid, and some of the applied
concentrations tended to be higher as opposed to the previous references. They were
60 uM (Liao et al., 2022), 200 uM oleic acid plus 100 uM palmitic acid (Y. Yang et al.,
2020; M. Zhu et al., 2023), 600 uM oleic acid (Altomare et al., 2022), or 600 uM oleic
acid plus 1 pg/ml lipopolysaccharide (Z. Jiang et al., 2023). After reviewing the available
literature on lipotoxic effects on mitochondria in cell models, the conclusion was reached
that beneficial effects of fatty acids were mostly observed when applied at low
concentrations (Romer et al., 2021). The choice of fatty acid concentration in cellular
models was critical, as it significantly impacted experimental outcomes. Suitable fatty
acid concentrations commonly used in cell models were around 0.5-2.0 mM (Mir et al.,
2015; Wehinger et al., 2015). Analysis of total free fatty acids revealed 1.5-3.0 mM in the
blood of a high fat diet mouse model (Petry et al., 2022). To assess the impact of a fatty
acid treatment, the amount of unbound fatty acid was considered as more decisive
parameter (Cnop et al., 2001). The equilibrium model of 0.5 mM oleic acid or palmitic
acid bound to 1 % BSA detected only low amounts of unbound fatty acid with 47 nM or
27 nM. In the current MING6 protocol, 0.5 mM fatty acid with a molar 5:1 ratio resulted
in 0.66 % BSA. This information could be transferred that the MIN6 protocol would
result in higher nanomolar levels of unbound oleic acid. Plasma fatty acid levels in
diabetic patients were only slightly changed, with a 10 % increase compared to healthy
individuals (Sergeant et al., 2016). Arguing about transferability of fatty acid
concentrations was difficult due to a heterogeneity of the literature. Like previously
described for the impact on ferroptosis, the results varied strongly and supported
pathways promoting and inhibiting ferroptosis. Also there was evidence for a beneficial
association between oleic acid and a decreased risk of diabetes (Yuan & Larsson, 2020),
and an unfavorable association of plasma fatty acids as diabetogenic indicator increasing
blood glucose and HbA ¢ (E. A. Yu et al., 2018). While pathways promoting lipotoxicity
were described extensively herein, there were also explanations for beneficial effects
(Chen et al., 2020; Zheng Li et al., 2020; Zhao et al., 2013). Positive effects were
frequently described after fatty acid treatment with low concentrations and within few
hours. While under these conditions, negative consequences omit, and insulin secretion
was promoted by improved lipid metabolism activating PPARy or PPARY coactivator 1 a
(Oropeza et al., 2015), increased GPR40 mediated calcium influx and relieved oxidative

distress by UCP2 induction (Jezek et al., 2015), or provided ATP for insulin secretion by
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B-oxidation (Green et al., 2009). This highlighted the confusing and partially
contradicting evidence towards fatty acid mediated effects, which can only be solved by

rigorous protocols.
4.4.2.4 Iron regulation in B-cells

If ACO1 activity was altered by oleic acid, dysregulation of the iron metabolism may
occur, leading to an increase in cellular free iron through upregulation of TfR1 and DMT1
and suppressing ferritin and ferroportin (Ouyang et al., 2023). B-cells and MING6 cells
(Mao et al., 2017; Shu et al., 2019) generally expressed all of the relevant iron-regulating
proteins, including TfR1, ferritin, ferroportin, DMT1, and hepcidin (Ikeda et al., 2020;
Kimita et al., 2024). Hepcidin expression was also suppressed by p-Akt (Mleczko-
Sanecka et al., 2014), which increased ferroportin levels. Thus, low levels of p-Akt could
theoretically have decreased iron export via ferroportin. Levels of TfR1, ferritin, and
DMT1 were higher in B-cells compared to a-cells, likely due to increased iron demand
for cellular activity (Berthault et al., 2020). However, the increased expression of iron
import proteins rendered these cells more susceptible to iron overload (Koch et al., 2003).
Increased iron levels were predictive for type 2 diabetes and ferritin was elevated to

compensate for higher serum iron in patients (Altamura et al., 2017; Bonfils et al., 2015).
4.4.2.5 TImplications for ferroptosis research in diabetes models

In MING6 cells, treatment with oleic acid significantly decreased FTL protein levels
(Figures 52, 53, 55), which would be in accordance to IRP1 regulation promoting free
iron. Ferritin degradation under oxidative distress has been demonstrated in a high fat diet
model in rats (Meli et al., 2013). This free iron constituted the labile iron pool, which
participated in detrimental reactions, including the formation of lipid peroxides with cell
membranes. Excessive lipid peroxides can cause cell death if GPx4-mediated
detoxification was overwhelmed. Immunoblotting for GPx4 revealed ambiguities. While
the clearest signals were observed in wild type MING6 cells, GPx4 levels appeared to
decrease with increased oleic acid concentration (Figure 56), suggesting a diminished
antioxidant defense in already stressed P-cells (Xue et al., 2023). Lipid peroxide
accumulation would be plausible, but data interpretation was impeded in the first
transfection model by cross-reactivity and high standard deviations (Figure 57). Although
the mean values suggested a similar pattern of oleic treatment, the results were

inconclusive. Signals from the second transfection model were weak, and no clear effect
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of oleic acid was observed (Figure 58). The literature reported unchanged GPx4 levels
after oleic acid treatment, which was considered to confer protection against ferroptosis
(Magtanong et al., 2019). These findings added a controversial dimension to the role of
unsaturated fatty acids in ferroptosis. For example, monounsaturated fatty acids like oleic
acid may counteracted lipid peroxidation in cell membranes, unlike polyunsaturated fatty
acids. This protective effect selectively inhibited ferroptosis-related cell death induced by
erastin, dependent on oleic acid activation by ACSL3. Considering all MIN6 experiments,
the results for GPx4 remained elusive. Genetic analyses could further investigate
ferroptosis mechanisms. For instance, qPCR could assess iron-regulating protein-related
RNA levels to determine ACO1’s influence. RNA band-shift assays could evaluate
RNA-binding activity of IRP (Meli et al., 2013). In the recent project, protein levels were
assessed as relevant factor eventually affecting cellular phenotype. Further experiments
should measure intracellular iron and lipid peroxides using selective fluorescence dyes
(Nishizawa et al., 2020; Yan Zhang et al., 2023). Such studies could elucidate whether
ferritin downregulation was due to decreased intracellular iron or increased mitochondrial
iron leading to lipid peroxide formation. Additionally, GPx4’s antioxidative capacity
could be examined using specific inhibitors such as erastin (Shao et al., 2022), or ML162
and RSL3, which indirectly inhibit thioredoxin reductase 1 (Cheff et al., 2023).
The current data suggested that ferritin-mediated changes in iron storage could negatively
impact B-cells. Further experiments could explore the consequences of intracellular iron
shifts for lipid peroxide formation. Nuclear factor erythroid-2-related factor 2 (Nrf2),
which regulated GPx4 and ferritin via SLC7A11, the subunit of system xc”, may also were
involved (Anandhan et al., 2023). Other factors, such as Kelch-like ECH-associated
protein 1 (KEAP1), HECT and RLD domain containing E3 ubiquitin protein ligase 2
(HERC2), vesicle associated membrane protein 8 (VAMPS), and nuclear receptor
co-activator 4 (NCOA4), were implicated in this axis, which has been proposed to
sensitize cancer cells to chemotherapy via ferroptosis (Cai et al., 2023; Duarte et al.,

2021). GPx4-independent pathways of ferroptosis also warrant investigation.

4.4.2.6 Methodological considerations for analysis of iron

metabolism

The FTL results (Figures 52, 53) showed a significant increase in the control group
compared to the DMEM group. This effect was likely caused by ethanol, consistent with
reports in HepG2 cells treated with 300 mM ethanol (Moirand et al., 1995). In the MIN6
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protocol, ethanol concentrations in treatment solutions were approximately 70 mM,
indicating that ethanol in fatty acid control solutions affected protein blotting results for
iron metabolism. This highlighted the importance of standardized protocols. Evaluation
of all assay results indicated no severe damaging effect of ethanol to the cells. This would
be expected for concentrations over 1 %, confirmed by MTT assays (Supplement
Figure 2). By using different stock solutions for fatty acid treatment, the ethanol
concentration was differing from 0.23 % to 0.31 %. Regarding transferability, it should
be considered once that this was equivalent to 2.3-3.1 %o over a 5 d time period. To unify
ethanol percentages in future experiments, oleic acid could be dissolved in water-diluted
ethanol. If further experiments should be performed, this would be recommended to
eliminate multiple ethanol percentages as disturbing factor. For the recent experimental
setup, absolute ethanol would be used to prepare 900 mM oleic acid, whereas 83.4 vol%
ethanol would be used for 450 mM, and 77.1 vol% ethanol for 225 mM, resulting in a
final ethanol concentration of 0.23 % across all groups. Regarding this project, the
differing ethanol was not considered as severe confounder. Despite its weaker adverse
effect on cells, it was not recommended to use DMSO as alternative, as the solubility of
different fatty acids was differing between the solvents, giving the example by
manufacturer information (Cayman Chemical, Item No. 10006627 and 90260) especially
for palmitic acid with a solubility in DMSO (20 mg/ml) only a fifth compared to oleic
acid (> 100 mg/ml). Ethanol ensured comparable conditions for different fatty acids.
Ferritin and IRP1 were known to respond to cell density, which may influenced
ferroptosis (Yan et al., 2024). Higher cell density inhibited proliferation, decreasing iron
uptake and utilization (Pourcelot et al., 2015). In theory, it could be possible that control
cells had a higher proliferation rate reaching early confluence compared to oleic acid
treated cells. A cellular response could be an increase of ferritin by control cells because
of restricted proliferation (Yan et al., 2024). But it has to be considered that in the recent
experiment it was unknown if oleic acid decreased cell numbers per plate by enhanced
apoptosis or by decreased proliferation. In the first case, the remaining cells would have
required iron and low levels of ferritin, while in the second case, no iron would be
required and ferritin was elevated. Apart from theory, the explanation of ferritin reactivity
upon cell density was not plausible for the recent experiments. The difference of ferritin
between DMEM and control group disagreed with an effect by cell density, because the
control group did not had an effect on cell amount in experiments compared to DMEM.

The cell number was assessed by an associated project after 5 d, starting with 3*10° cells
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ina T25 flask, culturing MING6 cells with DMEM, control treatment, or 1.5 mM oleic acid
or palmitic acid (7.75 + 2.36 *10°, with DMEM; 6.15 = 1.44 *10°, at 0 mM; 3.94 +
1.61 *10°, at 1.5 mM oleic acid; 3.88 £ 1.14 *10°, at 1.5 mM palmitic acid, n = 5, by Kim
Kiihne, unpublished). Impairing effects on cell confluence were suspected only at 3 mM
oleic acid, which would increase ferritin levels depending on cell density. By comparing
the gathered information, it was unlikely that FTL changes were caused by cell density.
Counting MING6 cells prior to sample preparation, revealed an unexpected effect upon
fatty acid treatment, affecting cell numbers differently depending on flask size.
In T25 flasks, cell count remained stable after treatment with 1.5 mM or 3 mM oleic acid
(Figures 10, 36), while T75 flasks showed a decrease (Figures 24, 54). An explanation
could be the ratio of growing area to edges of the flask, as cell density and volume of
treatment media was adjusted to the flask size. Cells in smaller flasks tended to cluster in
the center, possibly creating a denser network that offered protection against treatment
media. This phenomenon was observed incidentally and could be systematically studied
but was not considered a confounding factor in the current analysis. In summary, cell
number was not predictive of the outcome for the analyzed parameters. While cell
numbers of the T25 flask were unchanged, respiration was differing at 3 mM treatment
(Figure 37). In contrast, the Fe-S enzyme activities were decreased for ACO1 or
unchanged for ACO2, SDH, or COX (Figures 25, 28), while cell numbers were differing

following oleic acid treatment.

4.4.2.7 The relevance of Glutaredoxin 5 transfection for iron

metabolism

The observed effects on cell count and ferroptosis-related analyses, such as FTL
immunoblotting, remained unchanged following GIrx5 transfection. Considering the
limited transfection efficiency, future experiments at the single-cell level would be highly
informative. For instance, correlating Glrx5 expression with altered targets like ACO1 or
FTL through double-labeling cells with specific antibodies using immunocytochemistry
could provide valuable insights. This approach would help determine whether transfected
cells with individual elevated Glrx5 levels exhibited positive transfection effects that
were obscured in the current experiments, which reflected the mean response of both the
transfected and non-transfected MING6 cells. Beyond the presented results, previous
studies have demonstrated the relationship between Glrx5 and iron regulation in fungi

(Tamayo et al., 2016), plants (S. Zhou et al., 2024), and a stem cell model (Yanting Liu
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et al., 2024), alongside case reports earlier mentioned (Daher et al., 2019; H. Ye et al.,
2010). In the MIN6 model, a novel finding was that changes in ACO1 activity and FTL
levels occurred with oleic acid treatment alone. Given that EndoC-BH3 cells exhibited
similar ATP level responses to MIN6 cells (Figure 41), it would be informative to
replicate the described effects in EndoC-BH3 cells. Investigating ACOI1 activity, as well
as ACOI and FTL protein levels, would offer significant insights into the transferability

of ferroptosis-related findings to a human model.

4.4.2.8 Further potential iron-sulfur proteins as targets in

lipotoxicity research

While the project primarily focused on mitochondrial and ferroptosis-related proteins,
additional data from MING6 cells revealed changes in cytosolic Fe-S cluster proteins.
Notably, PolD1 and GPAT, associated with DNA and purine biosynthesis, and Glrx3,
involved in cytosolic Fe-S cluster transfer, responded to oleic acid treatment. PolD1, in
particular, showed a pronounced response in the transfection models (Figures 46, 47),
whereas this effect was weaker in the wild type model, even with extended treatment
duration (Figure 45). The absence of a pronounced effect in wild type cells remained
unexplained. Information to mutational changes of PolD1 have been linked to mandibular
hypoplasia, deafness, progeroid features, and lipodystrophy (MDPL) syndrome, with
occasional reports of diabetes correlating with hypertriglyceridemia (Reinier et al., 2015;
Sasaki et al., 2018; L. R. Wang et al., 2018; L. Zhou et al., 2022). Reviews suggested
connections to diabetes, possibly mediated by progeria and disruptions in glycolysis and
the Krebs cycle (Nicolas et al., 2016; Vatier et al., 2013). In contrast, GPAT exhibited
decreased immunoblotting signals with increased oleic acid concentrations in the wild
type model (Figure 48). However, this finding was inconsistent and could not be
replicated in the transfection models (Figures 49, 50). No prior studies have linked GPAT
to diabetes. So far, the reactivities of PolD1 and GPAT inducible by fatty acids or a
connection to lipotoxicity were not described. Since the effects were convincing by
immunoblotting, these proteins should be included as further possible targets in the field
of lipotoxicity, which needed more data to prove an involvement. These findings added
two further Fe-S cluster proteins, PolD1 and GPAT, to the list of candidates responsive
to Fe-S cluster deficiency (Martelli et al., 2007; Netz et al., 2012). Notably, these effects

were independent of GlrxS5 transfection. Given that other Fe-S proteins were unaffected
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by fatty acid treatment, this supported the hypothesis that Glrx5 did not mediate the

observed impairments. Overall, the effects induced by oleic acid were highly selective.

4.4.2.9 Glutaredoxin 3 as additional extra-mitochondrial

iron-sulfur cluster distributing protein

The cytosolic effects of oleic acid treatment highlighted the potential relevance of Glrx3,
a cytosolic Fe-S cluster transfer factor (Camponeschi et al., 2020). Immunoblotting
revealed weaker Glrx3 signals in the transfection model by oleic acid (Figure 51).
Considering previous findings (Petry et al., 2017), both Glrx3 and its homolog Glrx4
should be evaluated as potential contributors to the pathogenesis of type 2 diabetes.
A minor adjustment to the current hypothesis could position cytosolic Glrx3 as a
meaningful factor in lipotoxicity, rather than mitochondrial Glrx5. Additionally,
pathways related to Fe-S clusters could still be explored. The involvement of Glrx3/Glrx4
in lipotoxicity and ferroptosis was supported by literature. Transcriptome analysis in high
fat fed mice identified Glrx3 as a protective factor against heart failure (N. Cheng et al.,
2021). A shift in redox balance was suggested as underlying factor. Glrx3 functionality,
dependent on intact mitochondria, was linked to IRP1 and GPAT (Braymer et al., 2024;
Haunhorst et al., 2013), potentially mediated by anamorsin (Ciofi-Baffoni et al., 2018).
The GPAT effect was dependent on CIA factors NUBP1 and NARFL (Ferecatu et al.,
2014). Interactions between Glrx3/Glrx4 and iron regulation were demonstrated in
various species, including mice (N. Cheng et al., 2023), zebrafish (Haunhorst et al., 2013),
fungi (Alkafeef et al., 2020; Attarian et al., 2018; McCotter et al., 2023; D. Zhang et al.,
2017), yeast (Jbel et al., 2011; K.-D. Kim et al., 2011; Ojeda et al., 2006), and bacteria
(H. Xia et al., 2015). The CCAAT-binding factor complex, involving its subunit protein
Php4, was shown to interact with Glrx4 under low-iron conditions in
Schizosaccharomyces pombe (Mercier & Labbé, 2009; Vachon et al., 2012). Other Glrxs,
such as monothiols GrxS17 in Arabidopsis thaliana (N. Cheng et al., 2020; H. Yu et al.,
2017) or GrxD in Aspergillus fumigatus (Misslinger et al., 2019), were also implicated as
Fe-S cluster factors. Dithiol Glrx2 connected to redox balance, but independent from Fe-S
cluster, was involved in iron regulation shown in Saccharomyces cerevisiae (McDonagh
et al., 2011) or a dopaminergic cell model (D. W. Lee et al., 2009). The obtained data
identified several Fe-S cluster related proteins in MIN6 cells responding to oleic acid
treatment independently of Glrx5. These findings provided new opportunities for research

into type 2 diabetes and suggested a broader scope for future investigations.
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4.5 Relevance of the topic

The impairment of cellular functions by lipid stressors, collectively known as lipotoxicity,
is a major factor in the progression of type 2 diabetes. Despite over 30 years of research
on the underlying pathways, type 2 diabetes remains a persistent disease with a steadily
increasing incidence. Therefore, additional research to identify new therapeutic
approaches and targets is essential for improving treatment. Starting in 2018 (Wenz et al.,
2018), ferroptosis has been identified as a contributing factor in type 2 diabetes
progression (Miao et al., 2023), compromising B-cell function through increased
oxidative burden caused by free iron and lipid peroxides. Impairments in GIrx5 have been
proposed as a potential mediator, initiating dysregulated iron metabolism through its
connection with Fe-S clusters and IRP1, as evidenced by case reports (Camaschella et al.,
2007; Daher et al., 2019; G. Liu et al., 2014). The synthesis of Fe-S clusters is among the
most fundamental cellular functions required by numerous proteins (Rouault & Tong,
2005). Furthermore, impaired Glrx5 promotes mitochondrial dysfunction. Glrxs have
been shown to be negatively affected by lipotoxicity in diabetic models (Petry et al.,
2018). Given their crucial role in cellular and mitochondrial metabolism, this project
aimed to expand the current knowledge of lipotoxic effects, with a particular focus on

Glrx5, mitochondria, and ferroptosis.
4.6 Summary of experiments

The previous sections elucidated the effects of oleic acid on MIN6 and EndoC-BH3 cells
which were further investigated in genetically altered Glrx5 overexpressing MING cells.
Overall, oleic acid treatment had detrimental effects on cellular characteristics or
remained in some experiments neutral. The experiments with biologically negative
changes included MTT, qPCR for /ns2, ELISA for Glrx5 and insulin in the wild type
model, ACOI activity, respirometry with ATP levels, and immunoblotting signals for
PolD1, GPAT, NDUFBS8, FTL, PDX1, and p-ERK1/2. A further experiment with a
potential negative impact was immunoblotting for Glrx3, but data interpretation was in
general difficult and not strikingly convincing. None of the effects were altered by Glrx5
transfection. In contrast, several experiments showed no change after oleic acid treatment,
including qPCR for Glrx5, immunoblotting for Glrx5 in the wild type model, ELISA and
immunoblotting for Glrx5 in the transfected model, all Fe-S enzyme activities except for

ACO1, and immunoblotting for ACO1, ACO2, COX-2, COX-6 A/B, UQCRC2,
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UQCRFSI1, ERK1/2, and Akt. Experiments with weak or unobservable effects included
insulin ELISA in the transfected model and immunoblotting signals for GPx4 and p-Akt.

4.7 Study limitations

While many experiments provided valuable insights into Fe-S clusters in a diabetes
model, some limitations should be noted. Establishing a stable Glrx5 transfected model
with high transfection efficiency would greatly enhance data interpretation. Moreover,
the use of a knockdown or knockout model could clarify the results. Stable transfection
could be achieved through electroporation or lentiviral transduction. A stable model
would allow for extended treatment times, facilitating the identification of affected
proteins. Experiments that would benefit from longer treatment durations include Glrx5
and insulin ELISA, as well as immunoblotting for GPAT, Glrx3, and GPx4. The current
transfection rate, as detected by FACS analysis, was 24 %, which means the experiments
reflected the average of transfected and non-transfected cells. Single-cell analysis using
immunocytochemistry would allow for a more precise correlation of target proteins with
Glrx5, which would enhance knowledge. Similarly, measurements of free iron in
individual cells and genetic regulation of IRP1-associated proteins would complement
the results for FTL signals. These experiments highlighted the heterogeneity of the
analyzed parameters. Although only a small portion of cells were transfected with Glrx35,
a clear signal by immunoblotting and a massive induction by qPCR were observed.
Insights into mitochondrial respiration also varied depending on whether isolated
enzymes or functional mitochondria were analyzed. These results encouraged for
extensive analysis to provide a comprehensive interpretation. Not all proteins could be
addressed that detailed, and broader approaches could further elucidate the system.
Despite the transfection limitations, the establishment of transfected MIN6 cells was
successful, and their basic cellular behavior was comparable to wild type MING6 cells.
The transferability of results from cell culture to patients remained limited. Increasing
sample sizes would increase meaningfulness of almost every experiment, though valuable
insights were obtained even with low replication numbers. This underscores the profound
cellular impact of oleic acid, as evidenced by ACO1 activity and immunoblotting signals
for PolD1, FTL, PDX1, and p-ERK1/2. While MING6 cells served as a reliable model for
Fe-S cluster and mitochondrial analyses, the C57BL/6 Glrx5 knock-in model left most
questions unanswered. The knock-in of Glrx5 could not be confirmed by immunoblotting.

Further challenges included the identification of suitable reference proteins.
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Discussion

B-III-tubulin posed great difficulties for detection, while YL1/2 tubulin was visible in
various organs. Organ and islet preparation showed reasonable results, as evidenced by
GAPDH control. Notably, the ability to directly blot islets presented an intriguing
opportunity for diabetes research. Immunoblotting images of pancreatic islets were rarely
found in the literature. Although isolated islets could be used, the need for large numbers
of animals for pooling islets limited extended studies. Ethical considerations regarding

animal research further restricted the feasibility of more extensive experiments.
4.8 Reviewing study objectives and conclusion

The analysis of MING6 cells under lipotoxic conditions showed an impaired metabolism,
including compromised insulin synthesis. While mitochondrial dysfunction was a well
described contributor to the progression of type 2 diabetes (Samuel & Shulman, 2019),
many mitochondrial factors in MING cells remained unaffected. The observed changes in
respiration were likely due to ATP-dependent inhibition rather than a general
mitochondrial defect. In contrast, outer-mitochondrial targets, such as ACOI1, FTL,
PolD1, GPAT, p-ERK1/2, and PDXI1, showed more pronounced sensitivity to
lipotoxicity. The changes in ACO1 activity and FTL expression suggested a ferroptosis-
related pattern. The consequences of dysregulated iron regulation due to lipotoxic
treatment should be explored in further experiments. Although valuable insights were
gained from MIN6 and EndoC-BH3 cell models, the questions related to C57BL/6 Glrx5
knock-in mice remained unanswered. In summary, oleic acid negatively affected selective
Fe-S proteins in MING cells, but GlrxS5 transfection did not offer protective effects in the
experiments. It was unlikely that the observed effects were due to a Glrx5-mediated Fe-S
cluster defect. An alternative hypothesis could involve the cytosolic monothiol Glrx3,
which presented a promising target for further hypotheses. Knowledge was gained on
Fe-S cluster related factors and changes in iron regulation, which may play a pivotal role
in metabolic dysfunction and type 2 diabetes. This could pave the way for further projects
expanding the information regarding the fascinating section of Fe-S clusters and

lipotoxicity.
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Abstract

Abstract

Glutaredoxin 5 (GIrx5), a key carrier protein for iron-sulfur clusters within the
mitochondrial iron-sulfur cluster assembly machinery, may represent a relevant
mechanism contributing to the development of type 2 diabetes under lipotoxic stress.
Impairments in iron-sulfur clusters can lead to mitochondrial dysfunction and
dysregulated iron homeostasis, triggering iron-dependent peroxidation of cell membranes
and B-cell decay (ferroptosis). Such disruptions in mitochondrial integrity can have
profound consequences on cellular metabolism and survival. Treatment of wild type and
Glrx5-modified MIN6 cells with oleic acid revealed a detrimental shift in NADH
dependent redox potential, as assessed by MTT analysis. Protein analysis showed
diminished levels of intracellular insulin and Glrx5, along with decreased Ins2 gene
expression, while Glrx5 gene expression remained unchanged, suggesting post-
transcriptional regulatory mechanisms. Among iron-sulfur proteins upon oleic acid
treatment, cytosolic aconitase activity was attenuated, accompanied by lower protein
levels of PolD1 and GPAT. In contrast, mitochondrial aconitase activity, respiratory chain
complexes II, III, and IV, and immunoblot signals of cytosolic aconitase, mitochondrial
aconitase, UQCRC2, UQCRFS1, COX-2, and COX-6 A/B remained unaffected,
highlighting a selective vulnerability to lipotoxic stress. Additional proteins unrelated to
GlrxS5, such as p-ERK1/2, PDX1, NDUFBS8 and the iron-storage protein ferritin light
chain, were negatively impacted by oleic acid treatment, further emphasizing the complex
regulatory network involved in iron metabolism. Functional impairments in
mitochondrial respiration and ATP levels were detected. All observed effects were not
reversed by Glrx5 transfection, indicating that Glrx5 may not be the major factor for
lipotoxic pathophysiology. Similarly, oleic acid treatment of human EndoC-BH3 cells
mirrored the ATP level response seen in MING cells, reinforcing the potential relevance
of these findings for human B-cell physiology. The attenuation of cytosolic aconitase
activity, despite unchanged immunoblot signals, could be caused by a loss of the
iron-sulfur cluster. This could disrupt iron regulation, as indicated by ferritin levels. The
findings highlight the response of selected iron-sulfur proteins to lipotoxic stress,
suggesting their potential role in the pathogenesis of type 2 diabetes. Further experimental
exploration of lipotoxicity-related mechanisms and their impact on mitochondrial and
cytosolic iron-sulfur proteins is essential for understanding the development and potential

therapeutic targets of type 2 diabetes.
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Zusammenfassung

Zusammenfassung

Glutaredoxin 5 (GIrx5), ein zentrales Transportprotein innerhalb der mitochondrialen
Eisen-Schwefel Cluster Assemblierungsmaschinerie, konnte ein relevanter Mechanismus
sein, der unter lipotoxischem Stress zur Entstehung von Typ 2 Diabetes beitrégt.
Storungen der Eisen-Schwefel Cluster konnen mitochondriale Dysfunktion und eine
gestorte Eisenregulation verursachen, wodurch eisenabhéngige Peroxidationen von
Zellmembranen B-Zell Verlust (Ferroptose) hervorrufen konnten. Die Behandlung von
Wildtyp und Glrx5-genmodifizierten MIN6 Zellen mit Olsdure fiihrte zu einer
nachteiligen Verdnderung des NADH vermittelten Redoxpotentials, gemessen durch
MTT Reduktion. Die Proteinanalyse zeigte verminderte Mengen an intrazellulirem
Insulin und Glrx5, sowie eine abgeschwéchte /ns2 Genexpression, wihrend die Glrx5
Genexpression unverdndert blieb, was auf post-transkriptionelle Regulations-
mechanismen hindeuten konnte. Bei den Eisen-Schwefel Proteinen wurde eine
herabgesetzte ~ Aktivitit der cytosolischen Aconitase sowie eine geringere
Proteinexpression von PolD1 und GPAT festgestellt. Die Aktivitidten der mitochondrialen
Aconitase, der Atmungskettenkomplexe II, III und IV sowie die Immunoblot Signale der
cytosolischen Aconitase, mitochondrialen Aconitase, UQCRC2, UQCRFS1, COX-2 und
COX-6 A/B waren nicht beeintriachtigt, wodurch eine selektive Anfilligkeit gegeniiber
lipotoxischem Stress gezeigt wurde. Weitere, nicht mit Glrx5 assoziierte Proteine, wie
p-ERK1/2, PDX1, NDUFBS8 und das Eisenspeicherprotein Ferritin (leichte Kette) wurden
durch Olsiure negativ beeinflusst, was die komplexe Regulation des Eisenstoffwechsels
verdeutlicht. Funktionelle Beeintrachtigungen der mitochondrialen Atmung und des
intrazelluldren ATPs wurden detektiert. Alle beobachteten Effekte wurden nicht durch
die Glrx5-Transfektion aufgehoben, wobei Glrx5 eine untergeordnete Bedeutung in der
Pathophysiologie der Lipotoxizitit zukommen konnte. Eine vergleichbare Reaktion der
ATP Spiegel wurde in humanen EndoC-BH3 Zellen beobachtet, womit die Relevanz der
Ergebnisse flir die menschliche B-Zell Physiologie untermauert wird. Die eingeschrénkte
Aktivitdt der cytosolischen Aconitase trotz unverdnderter Immunoblot Signale kdnnte
durch den Verlust des Eisen-Schwefel Clusters erkldrt werden, welche eine gestorte
Eisenregulation zur Folge haben konnte, wie durch Ferritin gezeigt wurde. Die
Ergebnisse deuten darauf hin, dass ausgewidhlte Eisen-Schwefel Proteine auf
lipotoxischen Stress reagieren, und in weiterfilhrenden Studien fiir die Pathogenese des
Typ 2 Diabetes von Bedeutung sein konnten. Das Verstidndnis weiterer Mechanismen,
die mit Lipotoxizitit in Verbindung stehen, sowie deren Auswirkungen auf
mitochondriale und cytosolische Eisen-Schwefel-Enzyme ist entscheidend fiir die

Erforschung der Diabetes Pathogenese und potenzieller therapeutischer Zielstrukturen.
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Supplement 1: Sequence of Sport6-Glrx5 plasmid

GACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGC
AGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT
TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGG
GGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAA
AACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGG
TTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTC
CAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAG
GGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAA
ATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACT
TTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTC
AAATATGTATCCGCTCATGCCAGGTCTTGGACTGGTGAGAACGGCTTGCTCG
GCAGCTTCGATGTGTGCTGGAGGGAGAATAAAGGTCTAAGATGTGCGATAG
AGGGAAGTCGCATTGAATTATGTGCTGTGTAGGGATCGCTGGTATCAAATA
TGTGTGCCCACCCCTGGCATGAGACAATAACCCTGATAAATGCTTCAATAAT
ATTGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCC
CTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGA
AAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAAC
TGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTT
TCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGT
ATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAAT
GACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATG
ACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCG
GCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTT
TTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAG
CTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCA
ATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTT
CCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCAC
TTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGC
CGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAA
GCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGA
TGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTG

XXXI



Supplementary material

GTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTT
CATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGC
CATAACTTCGTATAATGTATGCTATACGAAGTTATGGCATGACCAAAATCCC
TTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAA
AGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAA
AAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGT
CCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCG
CCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCG
ATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGG
CGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGC
GAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCATTGAGAAAGCG
CCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGG
GTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA
TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGT
GATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCT
TTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGT
TATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATAC
CGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAG
CGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTC
ATTAATGCAGAGCTTGCAATTCGCGCGTTTTTCAATATTATTGAAGCATTTA
TCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAAT
AAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC
TAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTAGTACG
AGGCCCTTTCACTCATTAGATGCATGTCGTTACATAACTTACGGTAAATGGC
CCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGACG
TATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGG
AGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCC
AAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTAT
GCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTAT
TAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCG
TGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTC
AATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTA
ACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGG
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TCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGCCTGGAGACGCC
ATCCACGCTGTTTTGACCTCCATAGAAGACACCGGGACCGATCCAGCCTCCG
GACTCTAGCCTAGGCCGCGGAGCGGATAACAATTTCACACAGGAAACAGCT
ATGACCATTAGGCCTATTTAGGTGACACTATAGAACAAGTTTGTACAAAAA
AGCAGGCTGGTACCGGTCCGGAATTCCCGGGATATCGTCGACCCACGCGTC
CGGTGGCCCGCTGTGGGCCCGGGCCGTCGTGGGCTCCGGCTTGCGTGCGGA
G(start codon Glrx5)ATGAGCGGGTCCCTCGGCCGAGCTGCGGCGGCTCTGCTC
CGCTGGGGGCGCGGCGECGGGCGGECGGTGGCCTTTGGGGTCCGGGCGTGCGG
GCGGCGGGCTCGGGCGCGGEECGEECEECAEELCTCGGCGGAGCAGTTGGACGC
GCTGGTGAAGAAGGACAAGGTGGTGGTCTTCCTCAAGGGGACGCCGGAGCA
GCCCCAGTGCGGCTTCAGCAACGCCGTGGTGCAGATCCTGCGGCTGCACGG
CGTCCGCGATTACGCGGCCTACAACGTGCTGGACGACCCGGAGCTCCGACA
AGGCATTAAAGACTATTCCAACTGGCCCACCATCCCGCAAGTGTACCTCAAT
GGCGAGTTTGTAGGGGGCTGTGACATTCTTCTGCAGATGCACCAGAATGGG
GACTTGGTGGAAGAACTGAAAAAGCTGGGGATCCACTCCGCCCTTTTAGAT
GAAAAGAAAGACCAAGACTCCAAGTGA(stop codon Glrx5) GGGCGGCCAAGT
CCTCGCTGAGCAGAGAGGGAGCCGTTCATGTCAGAGACTCACTGCCAGAAA
AGCCTTACCCATTTTGGTTTTCACTATTGAGACCGCAACTGCTTGCACTGAT
CATTTTGGTTCGTGAGCAGTTGGTGATTTTAGTTGGTCTGGTGTTCGGGCTA
AGAATATTTTATTGTGGACTTAATTACAACCACTGCACTGTAATGATTCAAT
GCTGTATTATGATATTGCTGTAAACAAAATTCATTCTTATATTGTCACTTATT
CTTTGCCTGATTCAGAAGTTAAATAGGAGCTTTGGAATCATTATTCATGACC
CCTCTGCAAATGTGTCAGTCTCCAAAGAGAGTATCTCCCCCCAAATTTTGTG
TAGCTTCTTTTGTTATGGAAAATGGTGGACAAAAAAAGAAACTGTGATAAC
TGGGGGCGTTGTTTTTTAAAATAAACTCCAGCACAGGGATGCTGTGCATGCC
TGAAAAAAAAAAAAAAAAAGGGCGGCCGCTCTAGAGTATCCCTCGAGGGG
CCCAAGCTTACGCGTACCCAGCTTTCTTGTACAAAGTGGTCCCTATAGTGAG
TCGTATTATAAGCTAGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAA
AACTGCTAGCTTGGGATCTTTGTGAAGGAACCTTACTTCTGTGGTGTGACAT
AATTGGACAAACTACCTACAGAGATTTAAAGCTCTAAGGTAAATATAAAAT
TTTTAAGTGTATAATGTGTTAAACTAGCTGCATATGCTTGCTGCTTGAGAGT
TTTGCTTACTGAGTATGATTTATGAAAATATTATACACAGGAGCTAGTGATT
CTAATTGTTTGTGTATTTTAGATTCACAGTCCCAAGGCTCATTTCAGGCCCCT
CAGTCCTCACAGTCTGTTCATGATCATAATCAGCCATACCACATTTGTAGAG

XXXIII



Supplementary material

GTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATA
AAATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTA
CAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTG
CATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGAT
CGATCCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTA
TTGGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT
TGCGCAGCCTGAATGGCGAATGG

Supplement 2: MING6 generation time

During the cultivation of MING6 cells in standard DMEM within T75 or T175 flasks, the
generation time was calculated during passaging. This was determined based on the
number of cells seeded and harvested after trypsinization, relative to duration of

cultivation (Supplement Figure 1). The generation time was 3.943 + 0.747 d.

6-

wn
al

F°N
PR |

Generation time [d]
T3

[y
1

0-

DMEM

Supplement Figure 1: Generation time of MING6 cells during regular cell culture (n = 14).

Supplement 3: DMSO and ethanol in the MTT assay

The impact of fatty acid solvents DMSO and ethanol were evaluated using the MTT assay
after 24 h treatment of MING6 cells. Highest DMSO concentration decreased MTT assay
readout, whereas lower concentrations had no significant effect. The effect of ethanol was
more pronounced, with a decrease in MTT readouts observed at lower concentrations
compared to DMSO (0.2350 + 0.03645, with DMEM; 0.2600 + 0.01952, at 0.5 % DMSO;
0.2618 + 0.02094, at 1 % DMSO; 0.2644 + 0.01860, at 2 % DMSO; 0.2403 + 0.01987,
at 3 % DMSO; 0.1636 £ 0.01765, **** p < 0.0001, at 4 % DMSO; 0.2274 + 0.01737,
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at 0.5 % EtOH; 0.1952 + 0.01526, at 1 % EtOH; 0.1611 + 0.01255, **** p < 0.0001,
at 2 % EtOH; 0.09123 + 0.02001, **** p < 0.0001, at 3 % EtOH; 0.05780 + 0.01938,
*aEE p <0.0001, at 4 % EtOH, Supplement Figure 2, significance determined by one-way
ANOVA compared to DMEM). The ethanol concentration in the fatty acid protocol
ranged from 0.23 % to 0.31 %, which appeared to have no significant adverse effect on
the cells. Despite ethanol’s relatively stronger impact on MTT readouts compared to
DMSO, ethanol was selected as the solvent for fatty acid preparation. This decision was

based on descriptions pointing to a limited solubility of palmitic acid in DMSO.
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Supplement Figure 2: MTT assay readouts of MING cells treated for 24 h with DMSO or
ethanol (n=15). **** p < 0.0001, significances by one-way ANOVA compared to
DMEM.

Supplement 4: BSA in MTT assay

MING cells were treated with albumin, which increased MTT assay readouts after 24 h,
reaching a peak at a concentration of 6 %. The treatment group with 5 % ethanol was
included as a control to induce a reliable cytotoxic effect (0.08828 + 0.004427, at 0 %
BSA;0.1033+£0.01786, at 0.5 % BSA; 0.1232 £ 0.01544, at 1 % BSA; 0.1312 +0.01598,
*p<0.05,at 2 % BSA; 0.1398 + 0.01913, ** p <0.01, at 4 % BSA; 0.1555 £ 0.01714,
% p < 0.001, at 6 % BSA; 0.1250 + 0.02186, at 12.5 % BSA; 0.03911 + 0.01089,
**p<0.01, at 5 % EtOH, Supplement Figure 3A, significance determined by one-way
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ANOVA compared to 0 % BSA). Prolonged BSA treatment over 5 d did not show
a remarkable increase in MTT readouts at concentrations below 6 % but resulted in
a marked decrease at concentrations exceeding 6 % (1.493 +£0.07211, at 0 % BSA; 0.1033
+ 0.01786, at 0.5 % BSA; 1.593 £ 0.1001, at 1 % BSA; 1.575 £ 0.06873, at 3 % BSA,;
1.098 + 0.05124, ** p < 0.01, at 6 % BSA; 0.8856 £ 0.09947, **** p < 0.0001, at 8 %
BSA; 0.7715 £ 0.1086, **** p < 0.0001, at 10 % BSA, Supplement Figure 3B,
significance determined by one-way ANOVA compared to 0 % BSA).
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Supplement Figure 3: MING cells treated with albumin or ethanol for (A) 24 h (n=4)
and (B)5d(n=3). *p<0.05, **p<0.01, *** p<0.001, **** p <0.0001, significances
by one-way ANOVA compared to 0 % BSA.

To assess BSA’s effect independent of cellular activity, MTT assays were conducted
without cells. BSA increased OD in a concentration-dependent manner up to 10 % BSA,
indicating a non-cellular effect (0.007278 = 0.001523, at 1 % BSA; 0.006919 £+ 0.007093,
at 2 % BSA; 0.009667 + 0.005905, at 4 % BSA; 0.01572 + 0.005114, at 8 % BSA;
0.03136 + 0.01590, * p <0.05, at 10 % BSA, Supplement Figure 4, significance
determined by one-way ANOVA compared to 1% BSA). The absolute OD values
remained substantially lower than those obtained in cell-containing analysis. These
results highlighted the importance of including appropriate control groups in assays

where albumin may interact with assay components, such as the MTT reagent.
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Supplement Figure 4: Applied albumin in a 96 well plate without MING6 cells to assess
cell independent effects via the MTT assay (n = 3). * p <0.05, significance by one-way
ANOVA compared to 1 % BSA.

Supplement 5: Analysis of GFP transfection by FACS

MING cells were transfected with increasing amounts of GFP plasmid, as described in
chapter 2.1.3. Living cells were identified using propidium iodide, and GFP fluorescence
was analyzed via FACS. The percentage of transfected cells and GFP fluorescence
intensity increased with plasmid amounts up to 1.33 pg. However, further increasing the
plasmid amount to 1.77 pg or 2.22 ng decreased transfection efficiency, likely due to
higher volume of JetPRIME transfection reagent exerting negative effects to the cells.
The highest percentage of transfected cells was observed with 1.33 pg plasmid, which
was subsequently used in the experiments (Supplement Table 1). FACS analysis of cells
transfected with 1.33 pg plasmid identified GFP positive cells as population PS5.
The analysis was based on 10,000 counted cells (Supplement Figure 5).
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Supplement Table 1: FACS analysis of transfected MING6 cells. Amount of used GFP

plasmid, percentage of transfected cells and mean intensity of GFP fluorescence by

JetPRIME transfection.
Plasmid [ng] GFP transfected cells [%] | Mean FITC-A intensity of
transfected MING cells

0 0.2 183

0.44 2.8 7,103

0.88 10.7 8,662

1.33 24.1 7,871

1.77 23.1 7,790

2.22 21.9 6,725
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Supplement Figure 5: FACS analysis of GFP transfected MIN6 cells with

1.33 pg plasmid marked as population P5.

Supplement 6: Girx5 qPCR of transfected MING cells

The Glrx5 gene expression in transfected MING cells was analyzed via qPCR using Rp/32

as the reference gene. Transfection with the Glrx5 plasmid induced a 15-fold increase in

Glrx5 gene expression compared to cells transfected with the GFP plasmid (1.0 = 0.1433,

for GFP+; 14.59 + 6.781, * p < 0.05, for Glrx5+, Supplement Figure 6, significance

determined by t-test).
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Supplement Figure 6: qPCR analysis of Glrx5 gene expression of transfected MING6 cells
with reference gene Rp/32 (n = 3). * p <0.05, significance by t-test.

Supplement 7: Immunoblotting of GlrxS with different antibodies

To identify suitable antibodies for GIrx5 detection, immunoblotting was performed using
various samples. The gels were loaded (from left to right) with 15 pg of Glrx5+
transfected MING cells, 75 ng of a recombinant human Glrx5 protein expressed in

Escherichia coli, 50 pg of wild type MING cells, and 60 pg wild type MIN6 cells.

Based on sequence information, the recombinant Glrx5 protein consisted of 157 amino
acids with an additional 20 amino acid His-Tag at the N-terminus, resulting in a molecular
weight of 18.8 kDa. As described in the introduction, the mature Glrx5 protein in MIN6
cells has a calculated weight of 13-14 kDa. Detection with antibodies from Novus
Biologicals (Cat-No: Nbp1-89897) and Abcepta (Cat-No: AW5463) yielded strong
signals for Glrx5+ cells and the recombinant protein, whereas signals for wild type MIN6
cells were weaker, but corresponded to the signal of Glrx5+ cells, appearing below
15 kDa (Supplement Figure 7A and 7B). In contrast, detection using the Glrx5 antibody
from Bioss (Cat-No: bs-13395R) produced no signal for the recombinant protein
(Supplement Figure 7C). Furthermore, this antibody did not yield a clear signal for
Glrx5+ MING6 cells that could be distinguished from cross-reactive bands above 15 kDa.
Particularly in wild type samples with increased protein loading, strong cross-reactive

bands above 15 kDa were observed, with no specific signals below 15 kDa corresponding

XXXIX



Supplementary material

to the transfected cell signals detected using the Novus Biologicals or Abcepta antibodies.
Tubulin served as reference protein. Based on these results, the antibody from Novus
Biologicals was selected for further experiments. The antibody from Abcepta also

demonstrated sufficient specificity and could potentially be used in future studies.
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Glrx5+  protein WT WT Glrx5+  protein WT WT Glrx5+  protein WT WT

Supplement Figure 7: Detection of Glrx5+ transfected MING6 cells, recombinant protein,
and wild type MING6 cells via immunoblotting using GIrx5 antibodies of (A) Novus
Biologicals, (B) Abcepta, and (C) Bioss. Tubulin was the loading control.

Supplement 8: Immunoblotting of ACO1 with different antibodies

Various antibodies were tested for the detection of ACO1 in fractions of transfected MIN6
cells by immunoblotting. Fractions were prepared as described in chapters 2.4.3.1 and
2.4.4.2. The molecular weight of ACO1 was 98 kDa. Detection using the antibody from
Biorbyt Ltd (Cat-No: orb318924) revealed no signal in the cytosolic fraction but showed
a strong signal in the organelles containing fraction, below 130 kDa (Supplement
Figure 8). In contrast, detection with the antibody from Proteintech Group
(Cat-No: 12406-1-AP) produced a signal in the cytosolic fraction at approximately
95 kDa. The signal appeared as a double band, where the lower band likely represented
ACO1. The upper band may resulted from cross-reactivity with IRP2, a homolog of
ACOI1/IRP1. However, definitive identification of the upper band as IRP2, with
a molecular weight of 105 kDa, requires further validation. Tubulin was used as control

protein.
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Supplement Figure 8: Detection of transfected MING cell fractions via immunoblotting

using different ACO1 antibodies. Tubulin was the loading control.

The detection of proteins with a varying specificity between single antibodies should raise
awareness of carefully selecting antibodies for research applications. Validation using
recombinant proteins or subcellular fractions can provide valuable insights into antibody

reactivity and specificity.

Supplement 9: Linear correlation of chemiluminescence signals in immunoblotting

Quantitative analysis of immunoblotting signals requires a linear correlation between the
amount of loaded protein and the chemiluminescence signal. In this experiment, signals
for total ERK1/2 and tubulin were analyzed in two independent samples of MING6 cells
across a protein load range of 5-70 ug, using linear regression. The results demonstrated
a correlation between signal intensity and protein amount with a slope significantly
deviating from zero for both ERKI1/2 (y=14631%x + 264245, **** p < (0.0001,
R?0.9841, Supplement Figure 9A) and tubulin (y = 5292*x + 159990, **** p < 0.0001,
R?0.9335, Supplement Figure 9B).

When ERK1/2 signals were normalized to the control protein tubulin, the resulting
correlation yielded a slope that was not significantly different from zero
(y =0.01150*x + 1.787, p = 0.0657, R? 0.4041, Supplement Figure 9C). This analysis
highlighted the importance of ensuring that signals remain within a linear detection range,
as demonstrated by the significant correlation between signal intensity and protein
amount. Notably, this significance was no longer observed when the ratio of the protein

of interest to the control protein was calculated. Had this not been considered, statistical
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analysis could have resulted in misleading interpretations due to the inadequacy of the

measurement scale.
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Supplement Figure 9: Intensity of MIN6 chemiluminescence signals via immunoblotting
in dependence with protein amount for (A) ERK1/2, (B) tubulin, and (C) the ratio of
ERK1/2 and tubulin (n = 2). (D, E) Blot images of both samples are shown.

Supplement 10: Ferritin protein expression by ethanol treatment

In several immunoblot analyses of FTL, control treatments induced a substantial increase
in FTL levels compared to DMEM. Ethanol concentrations were evaluated as a possible
factor contributing to the control group effect. An increase in FTL expression was
observed at ethanol concentrations up to 0.3 % and 0.6 %, with no further increase at
0.9 % (0.1411 £ 0.08503, at 0 %; 0.1806 + 0.08433, at 0.2 %; 0.2179 + 0.1384, at 0.3 %j;
0.2403 £0.03332, at 0.6 %; 0.1816 + 0.0681, at 0.9 %, Supplement Figure 10A). Overall,
the control group effect observed in fatty acid experiments was stronger and could not be
fully explained by ethanol alone. The final ethanol concentration in the fatty acid control
group ranged from 0.23 % to 0.31 %. Potential interactions between ethanol and albumin
might contributed to these effects, although the literature did not describe a direct

influence of albumin on FTL or synergistic effects between ethanol and albumin.
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Supplement Figure 10: Ethanol effect on FTL expression via (A) quantification of protein
expression (n = 4). (B) Representative image of two independent experiments with 40 pg

against tubulin and FTL are shown. No significance by one-way ANOVA.

Supplement 11: Analysis of Glrx5+ mice by immunoblotting

Organs and isolated islets from Glrx5 transgenic mice were analyzed by immunoblotting,
with additional samples from MING6 cells serving as controls. GAPDH detection
confirmed equal loading across organ samples, although GAPDH levels were higher in
intestines than in pancreata. Despite weak GAPDH signals in islet samples, successful
blotting was evident. No PDX1 signal corresponding to the 40 kDa signal in MIN6 cells
was detected. Detection of beta-III-tubulin presented significant challenges, as no signal
was observed in organ samples (Supplement Figure 11). Reanalysis with a different
tubulin antibody yielded detectable but unevenly distributed signals, further highlighting
difficulties in tubulin detection despite consistent GAPDH levels. Additionally, Glrx5
signals were absent in organ samples at the expected molecular weight matching the
signal of Glrx5+ MING6 cells below 15 kDa. The transfection of the mice would thereby
need further clarification (Supplement Figure 12).
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In summary,

GAPDH detection confirmed

successful organ preparation for

immunoblotting, while PDX1, tubulin, and Glrx5 posed challenges. Although islet

blotting was rarely reported in the literature, this method appeared promising, given its

comparable preparation to MING6 cells. However, extensive analyses would necessitate

pooling samples from multiple mice, which is a limiting factor.
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Supplement Figure 11: Immunoblotting of pancreata and intestines of heterozygous and

homozygous Glrx5 transfected mice and wild type mice, isolated islets of heterozygous

and homozygous Glrx5 transfected mice and MING6 cells.
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Supplement Figure 12: Immunoblotting of pancreata and intestines of heterozygous and

homozygous Glrx5 transfected mice and wild type mice, and GlIrx5 transfected, GFP

transfected, and wild type MING cells against Glrx5.
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