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| Summary

Type 2 diabetes (T2D) is characterized by systemic insulin resistance and closely
linked to abnormalities of lipid metabolism and mitochondrial function in insulin-
responsive tissues such as skeletal muscle and liver. Among bioactive lipid species,
ceramides have been identified as one contributor to insulin resistance by interfering
with insulin signaling and mitochondrial functionality. Acid sphingomyelinase (ASM), a
lysosomal enzyme that hydrolyzes sphingomyelin into ceramide, is involved in
apoptosis, autophagy and lipid regulation, but its effects in tissue-specific metabolic
regulation, particularly in skeletal muscle and liver under insulin-resistant and
exercising conditions, remain incompletely understood.

This thesis investigates the regulation and function of ASM in both skeletal muscle and
liver, focusing on its role in ceramide metabolism, mitochondrial dynamics, and insulin
signaling. It is hypothesized that ASM has tissue-specific effects: in skeletal muscle,
ASM may support membrane remodeling and mitochondrial integrity, thereby
improving insulin sensitivity, whereas in the liver, elevated ASM activity may
exacerbate lipotoxicity and contribute to the development of metabolic dysfunction-
associated steatotic liver disease (MASLD). Consequently, analyses of human skeletal
muscle biopsies before and after a 12-week high-intensity interval training (HIIT)
program in men with T2D were combined with in vivo studies of rodent models of
diabetes and MASLD and in vitro experiments in HepG2 cells exposed to lipotoxic and
glucotoxic conditions with or without siRNA-mediated ASM knockdown.

In skeletal muscle, ASM protein levels were reduced in individuals with T2D compared
to glucose-tolerant individuals. HIIT significantly increased ASM activity across all
groups, accompanied by increased levels of very-long-chain ceramides (e.g., C22:0,
C24:0, C24:1), especially among insulin-resistant individuals. These adaptations were
associated with improved aerobic capacity (VO,max). Further, regression analyses
suggesting a link between ASM activity and markers of mitochondrial quality control.
In contrast, ASM expression and activity were elevated in the liver of obese mice and
correlated positively with hepatic lipid accumulation and body weight, indicating a
context-dependent, detrimental role of ASM under hepatic metabolic stress.

In HepG2 cells, palmitate (one of the most common saturated fatty acid in western diet)
treatment increased ASM expression, induced lipid droplet formation, and reduced cell

viability. Surprisingly, ASM knockdown attenuated lipid droplet accumulation and



sensitized cells to palmitate-induced cell death. Furthermore, ASM knockdown
impaired insulin signaling under lipotoxic and glucotoxic conditions, as evidenced by
reduced AKT phosphorylation and increased inhibitory IRS2 phosphorylation. These
findings suggest that while ASM may promote lipid sequestration into droplets to buffer
lipotoxicity, it is also essential for maintaining insulin responsiveness under metabolic
stress conditions.

Taken together, this thesis identifies ASM as a metabolically regulated enzyme with
tissue-specific roles: it supports mitochondrial adaptions in skeletal muscle, while in
the liver, it also buffers lipotoxic stress and helps preserve proximal insulin signaling,
although generally associated with steatosis and inflammation. These findings
highlight ASM as a context-dependent regulator of lipid homeostasis and a potential
target for therapeutic intervention in T2D and MASLD, particularly in combination with

exercise interventions.

I Zusammenfassung

Typ-2-Diabetes (T2D) ist charakterisiert durch eine systemische Insulinresistenz und
steht in engem Zusammenhang mit Stérungen des Lipidstoffwechsels, sowie einer
beeintrachtigten mitochondrialen Funktion in insulinempfindlichen Geweben wie dem
Skelettmuskel und der Leber. Unter den bioaktiven Lipidmediatoren gelten Ceramide
als wesentliche Mitverursacher der Insulinresistenz, da sie sowohl die
Insulinsignaltransduktion als auch mitochondriale Prozesse negative beeinflussen
koénnen. Die acide Sphingomyelinase (ASM), ein lysosomales Enzym, das
Sphingomyelin zu Ceramiden hydrolysiert, ist an Apoptose, Autophagie und
Lipidregulation, beteiligt. lhre Rolle in der gewebespezifischen metabolischen
Regulation — insbesondere in Skelettmuskel und Leber unter Bedingungen der
Insulinresistenz und korperlicher Aktivitat — ist jedoch bislang nur unvollstandig
verstanden.

Die vorliegende Arbeit untersucht die Regulation und Funktion von ASM in
Skelettmuskel und Leber mit besonderem Fokus auf den Ceramidstoffwechsel,
mitochondriale Dynamik und die Insulinsignaltransduktion. Es wurde die Hypothese
aufgestellt, dass ASM in diesen Geweben unterschiedliche Funktionen erfullt: Im
Skelettmuskel konnte ASM durch Modulation der Membranstruktur und Beeinflussung

mitochondrialer Prozesse zur Erhaltung der Insulinsensitivitat beitragen, wohingegen



eine erhdohte ASM-Aktivitat in der Leber lipotoxische Prozesse verstarken und zur
Progression der metabolisch-assoziierten Steatose (MASLD) beitragen konnte. Zur
Prufung dieser Hypothesen wurden Analysen von Muskelbiopsien von Mannern mit
T2D vor und nach einem 12-wochigen Hoch-Intensitats-Intervalltraining (HIIT) mit in
vivo-Studien an Mausmodellen von Diabetes und MASLD, sowie in vitro-Experimente
an HepG2-Zellen kombiniert, die unter lipotoxischen und glukotoxischen Bedingungen
mit oder ohne siRNA-vermittelten ASM-Knockdown kultiviert wurden.

Im Skelettmuskel zeigte sich bei Personen mit T2D im Vergleich zu glukose-toleranten
Individuen eine reduzierte ASM-Proteinexpression. HIIT fuhrte in allen Gruppen zu
einem signifikanten Anstieg der ASM-Aktivitat, begleitet von erhdhten Konzentrationen
sehr langkettiger Ceramide (z.B. C22:0, C24:0, C24:1), insbesondere bei
insulinresistenten Individuen. Diese Veranderungen gingen mit einer verbesserten
aeroben Kapazitat (VO,max) einher. Regressionsanalysen deuteten auf einen
Zusammenhang  zwischen  ASM-Aktivitat und  Markern  mitochondrialer
Qualitatskontrolle hin. Im Gegensatz dazu zeigten Lebern adipésen diabetischen
Mausen eine erhohte ASM-Proteinexpression und -Aktivitat, die positiv mit hepatischer
Lipidakkumulation und Kérpergewicht korrelierten. Diese Ergebnisse sprechen flr eine
kontextabhangige Rolle von ASM in der Foérderung lipotoxischer Prozesse unter
metabolischem Stress.

In HepG2-Zellen induzierte eine Behandlung mit Palmitat (eine der am haufigsten
vorkommende gesattigte Fettsaure in der westlichen Ernahrung) ein Anstieg der ASM-
Expression, eine vermehrte Lipidtropfchenbildung sowie eine verminderte
Zellviabilitat.  Uberraschenderweise  verringerte ein  ASM-Knockdown die
Lipidtropfchenbildung und machte die Zellen anfalliger flr palmitatinduzierte
Lipotoxizitat. Darlber hinaus resultierte der Knockdown von ASM, unter lipotoxischen
und glukotoxischen Bedingungen, in einer Beeintrachtigung der
InsulinsignalUbertragung, belegt durch eine reduzierte AKT-Phosphorylierung und
eine verstarkte inhibitorische Phosphorylierung von IRS2. Diese Daten deuten darauf
hin, dass ASM sowohl zur Lipidsequestrierung in Tropfchen beitragt und dadurch
lipotoxische Effekte abmildern kann, als auch essenziell fir die Aufrechterhaltung der
Insulinsignallbertragung unter metabolischem Stress ist.

Zusammenfassend identifiziert diese Dissertation ASM als ein metabolisch reguliertes
Enzym mit gewebespezifischen Funktionen: Im Skelettmuskel unterstitzt ASM

mitochondriale Anpassungen, wahrend es in der Leber, obwohl haufig mit Steatose



und Inflammation assoziiert, zugleich lipotoxischen Stress abmildert und die proximale
Insulinsignalubertragung erhalt. Diese Ergebnisse kennzeichnen ASM damit als
kontextabhangigen Regulator der Lipidhomdostase machen es zu einem potenziellen
Ziel zur therapeutischen Behandlung von T2D und MASLD, insbesondere im

Kombination mit trainingsbasierten Lebensstilinterventionen.



1 Introduction

1.1 Overview of diabetes mellitus: classification and emerging

subtypes

Diabetes mellitus (DM) encompasses a spectrum of metabolic disorders primarily
characterized by chronic hyperglycemia due to defects in insulin secretion, insulin
action, or both (IDF, 2025). The diagnosis of DM is established based on specific
criteria, including fasting plasma glucose levels of 2126 mg/dL (7.0 mmol/L), a 2 h
plasma glucose level of 2200 mg/dL (11.1 mmol/L) following an oral glucose tolerance
test (OGTT), a glycated hemoglobin (HbA1C) value of 26.5%, or random plasma
glucose levels =200 mg/dL (11.1 mmol/L) accompanied by symptoms of
hyperglycemia (IDF, 2025). Globally, the prevalence of DM continues to rise,
presenting a significant public health challenge. According to most recent edition of
IDF atlas more than 580 million people worldwide were living with DM in 2025 (IDF,
2025). DM is traditionally classified into four major types: type 1 diabetes mellitus
(T1D), type 2 diabetes mellitus (T2D), gestational diabetes, and diabetes due to
specific causes, such as monogenic diabetes or diseases of the exocrine pancreas
(ADA, 2024). T1D is typically driven by immune-mediated pancreatic B-cells
destruction, leading to a lack of insulin secretion, whereas T2D arises primarily from a
combination of insulin resistance and relative insulin insufficiency (Roden and
Shulman, 2019). In recent years, efforts to refine the classification of DM have led to
the introduction of new subtypes. Analyses of the German Diabetes Study (GDS) of
the German Diabetes Center (DDZ) has validated the concept of five distinct subtypes
of DM based on phenotypic features introduced in a Scandinavian cohort (Ahlqvist et
al., 2018). These subtypes exhibit distinct profiles in terms of whole-body insulin
sensitivity, adipose tissue insulin resistance, and hepatic lipid content: mild age-related
diabetes (MARD), mild obesity-related diabetes (MOD), severe autoimmune diabetes
(SAID), severe insulin-resistant diabetes (SIRD), and severe insulin-deficient diabetes
(SIDD) (Zaharia et al., 2019).

This idea of a new classification offers a more nuanced approach to understanding the
heterogeneity of diabetes, particularly in distinguishing between the metabolic profiles
and associated risks of complications across subtypes. For instance, individuals with

SIRD exhibit severe insulin resistance, particularly in adipose tissue, and are at higher



risk of developing metabolic dysfunction-associated steatotic liver disease (MASLD),

due to high hepatic lipid content (Zaharia et al., 2019).

1.2 Mechanisms and risk factors of type 2 diabetes mellitus

T2D is characterized by a progressive decline in insulin sensitivity, particularly in
skeletal muscle, liver, and adipose tissue, coupled with an inadequate compensatory
insulin secretion by pancreatic B-cells. Insulin resistance is defined by a shift in the
insulin concentration-effect curve, requiring higher levels of insulin for cells to respond
appropriately. As a result, insulin-sensitive tissues become less effective in glucose
uptake, leading to increased blood glucose levels due to inadequate glucose disposal,
reduced suppression of glucose production in the liver, and impaired lipid metabolism.
In response, B-cells secrete more insulin to counteract this resistance, resulting in an
initial state of hyperinsulinemia. However, persistent demand eventually compromises
B-cell function, culminating in chronic hyperglycemia (Roden and Shulman, 2019). The
pathogenesis of T2D is driven by a complex interplay of genetic predisposition,
environmental factors, and lifestyle choices. Obesity, physical inactivity, and poor
dietary habits are significant risk factors that exacerbate insulin resistance and promote
the progression of T2D (Roden and Shulman, 2019). The number of individuals
diagnosed with T2D is expected to rise significantly in the coming decades and the
economic burden of T2D is substantial, with direct medical costs and indirect costs
related to disability and loss of productivity, significantly straining healthcare systems
globally (Butt et al., 2024). Effective prevention and management strategies, including
lifestyle monitoring and adapted modifications, targeted pharmacological interventions,
are crucial to addressing this growing global health concern (Crawford and
Laiteerapong, 2024; Davies et al., 2022; IDF, 2025). Furthermore T2D as chronic
metabolic disorder poses a significant public health challenge due to its associated
concordant comorbidities, such as cardiovascular disease, nephropathy, retinopathy,
but also discordant diseases like depression, rheumatologic diseases, chronic lung
disease and malignant diseases (Eilat-Tsanani et al., 2021; Pearson-Stuttard et al.,
2022).



1.3 The interplay between type 2 diabetes mellitus and steatotic liver

disease: a growing global concern

The recent renaming of stigmatized non-alcoholic fatty liver disease (NAFLD) as
MASLD reflects the growing understanding of the shared pathophysiological pathways
between T2D and liver disease (Rinella et al., 2023; Roeb et al., 2024). MASLD is
estimated to affect approximately 30% of the global adult population (Chan et al.,
2023), with prevalence notably higher among individuals with T2D, reaching 65%
according to a recent meta-analysis of 156 studies (En Li Cho et al., 2023). MASLD
encompasses various stages, ranging from simple steatosis, now referred to as
metabolic dysfunction-associated steatotic liver (MASL ), to more advanced forms such
as metabolic dysfunction-associated steatohepatitis (MASH) (Cusi et al., 2024). MASH
is histologically defined by the presence of lobular inflammation and hepatocyte
ballooning, which may lead to progressive fibrosis, cirrhosis, and even hepatocellular
carcinoma (Dewidar et al., 2020). Individuals with advanced liver fibrosis face a
significantly higher risk of liver-related mortality, with the risk rising exponentially with
the severity of fibrosis (Arab et al., 2018). The progression of MASLD from simple
steatosis to steatohepatitis and advanced fibrosis is closely tied to metabolic
disturbances inherent in T2D, potentially exacerbating the progression of the other
(Barrera et al., 2024), such as dysregulated lipid metabolism, alterations in
mitochondrial function, and inflammation (Friedman et al., 2018; Hodson and Gunn,
2019; Mashek, 2021). Lipid accumulation within the liver in MASLD arises from several
sources, including non-esterified fatty acids (NEFAs) derived from adipose tissue,
increased de novo lipogenesis (DNL), and dietary fats (Chen et al., 2020). The two
major metabolic fates of hepatic fatty acids are mitochondrial fatty acid oxidation (FAO)
and esterification to form triglycerides (TAGs). The increased influx of fatty acids
induces overloaded FAO and subsequent mitochondrial stress (Chen et al., 2020).
Nevertheless hepatic mitochondria exhibit a dynamic plasticity in MASLD: FAO
capacity is often upregulated in early MASL as a compensatory adaption to lipid
overload (Koliaki et al., 2015; Sunny et al., 2011), but this mitochondrial adaption may
diminish with disease progression, as oxidative function tends to decline when MASL
progresses to MASH (Moore et al., 2022). These observations suggest that these
flexible mitochondrial responses in the liver may act as compensatory mechanisms to

mitigate lipid overload and protect against lipotoxicity during onset of MASL (Fromenty



and Roden, 2023), even though results across studies remain inconsistent (Pedersen
et al., 2022; Petersen et al., 2016a).

Altered metabolism of various lipid species, including TAGs, diacylglycerols (DAGs),
ceramides, and cholesterol, is a hallmark of MASLD (Syed-Abdul, 2023). In individuals
with MASLD, DNL is generally higher than in healthy individuals, contributing to
excessive lipid accumulation within the liver (Syed-Abdul, 2023). Elevated levels of
TAGs and DAGs within the liver are indicative of disrupted lipid homeostasis and are
frequently used as biomarkers for the severity of steatosis (Gorden et al., 2015).
Ceramides, a class of sphingolipids, have been also implicated in the progression of
insulin resistance and steatotic liver diseases, as their accumulation can promote
inflammatory signaling pathways and hepatocellular damage (Syed-Abdul, 2023; Zhu
et al., 2023). Similarly, cholesterol metabolism is adversely affected, contributing to the
development of hepatic inflammation and fibrosis (Syed-Abdul, 2023; Zhu et al., 2023).
In individuals with histologically-confirmed MASH, DNL is significantly lower as in those
with MASL and is comparable to levels observed in healthy individuals (Syed-Abdul,
2023). This reduction in DNL is likely attributed to the reduced ability of fibrotic tissue
to synthesize fatty acids. Additionally, as the disease advances from MASL to MASH,
mitochondrial adaptation/plasticity declines further (Fromenty and Roden, 2023). In
vivo studies using 3'P-magnetic resonance spectroscopy demonstrated that hepatic
ATP-synthase flux is reduced in individuals with T2D compared with healthy controls
(Szendroedi et al., 2009), indicating impaired hepatic energy metabolism in T2D.
Measurements from human liver biopsies revealed that obese individuals with or
without MASL exhibit higher mitochondrial respiratory capacity than lean individuals
(Koliaki et al., 2015). However, obese individuals with MASH showed increased
mitochondrial mass but lower maximal respiration compared with obese individuals
without MASH (Koliaki et al., 2015).These findings are supported by a murine MASL
models, which demonstrated an initial increase in mitochondrial respiratory capacity at
the early stage of MASL, followed by a decline during disease progression to the
advanced stage (Jelenik et al., 2017). Moreover, Gancheva et al. reported an
increased hepatic oxidative capacity in MASH compared with healthy controls,
whereas this adaptive response was lost in individuals with concomitant MASH and
T2D, who showed a decline in oxidative capacity, particularly when fibrosis exceeded
stage 1 (Gancheva et al., 2022). Together, these findings indicate that hepatic
mitochondrial adaptation is preserved in obesity and early MASL, but progressively



deteriorates with the transition to MASH, especially when accompanied by T2D or

hepatic fibrosis.

1.4 Insulin signaling and mechanisms of insulin resistance

1.4.1 Overview of insulin signaling pathway

Insulin signaling is initiated when insulin binds to its receptor (insulin receptor; InsR), a
transmembrane protein, classified within the tyrosine kinase family. Upon insulin
binding, the receptor undergoes a conformational change that activates its intrinsic
kinase activity, leading to autophosphorylation and thereby creating docking sites for
downstream signaling molecules (Boucher et al., 2014). This triggers the activation of
the insulin receptor substrate (IRS) proteins, IRS1 (major role in skeletal muscle) and
IRS2 (important in liver and skeletal muscle) (Previs et al., 2000; Sun et al., 1993; Wu
et al., 2008). Phosphorylation of IRS proteins on tyrosine residues recruit
phosphoinositide 3-kinase (PI3K), which converts phosphatidylinositol-4,5-
bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3), leading to the
activation of protein kinase B (AKT). AKT is activated via phosphorylation at Thr308 by
phosphoinositide-dependent kinase 1 (PDK1), and at Ser473 by mechanistic target of
rapamycin complex 2 (mTORC?2), which fully activates AKT (Hanke and Mann, 2009).
In skeletal muscle and adipose tissue, AKT promotes the trafficking of glucose
transporter type 4 (GLUT4) from intracellular storage vesicles to the plasma
membrane, where it mediates glucose uptake (Chadt and Al-Hasani, 2020; Kahn,
2019). Additionally, activated AKT enhances glycogen synthesis in skeletal muscle by
suppressing glycogenolysis (Roden and Shulman, 2019). In the liver, activated AKT
inhibits glucose production and enhances glycogen synthesis and lipogenesis through
key transcriptional regulators like forkhead box O1 (FOXO1) and sterol regulatory
element-binding protein 1c (SREBP-1c) (Roden and Shulman, 2019). Through these
mechanisms, AKT plays a central role in maintaining glucose homeostasis.



%< Insulin

&,
{4 Gsv At |—>SREBP—1C
q;mfs,..-
GLUT4 E’ég de novo
GPAT Lipogenesis

G-6-PC Gluco-
PCK1 neogenesis

Y

A
Translocation

|

Nucleus

Skeletal
muscle Glucose

Liver

Figure 1: Insulin signaling and it’s metabolic effects in skeletal muscle and liver.

Upon insulin binding to its receptor (InsR), downstream signaling is initiated through insulin receptor
substrate 1 (IRS1) followed by phosphoinositide 3-kinase (PI3K), leading to the conversion of
phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate (PIP3). This
activates protein kinase B (AKT) via phosphorylation by phosphoinositide-dependent kinase 1 (PDK1)
and mechanistic target of rapamycin complex 2 (mTORC2). In skeletal muscle, AKT facilitates glucose
uptake by promoting GLUT4 translocation from GLUT4 storage vesicles (GSV) to the plasma
membrane. Additionally, AKT enhances glycogen synthesis by inhibiting glycogen synthase kinase 3
(GSK3), which leads to the activation of glycogen synthase (GYS). Glucose-6-phosphate (G-6-P) serves
as an essential intermediate in both glycolysis and glycogen synthesis, which follows the same pathway
in the liver. In the liver, AKT inhibits gluconeogenesis via forkhead box O1 (FOXO1) suppression and
promotes de novo lipogenesis (DNL) via fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and
glycerol-3-phosphate acyltransferase 1 (GPAT1) through sterol regulatory element-binding protein 1c
(SREBP-1c). Figure created with BioRender.com.

Insulin signaling is tightly regulated to prevent metabolic disturbances that could lead
to insulin resistance. Serine/threonine protein phosphatases, such as protein
phosphatase 2A (PP2A), play a critical role by dephosphorylating AKT and thereby
attenuating the insulin signal. Similarly, lipid phosphatases, like phosphatase and

10



tensin homolog (PTEN), counteract PI3K signaling by dephosphorylating PIP3.
Additionally, kinases including c-Jun N-terminal kinase (JNK), inhibitor of kB kinase
(IKK), and both atypical and novel protein kinase Cs (PKCs) inhibit insulin signaling
through increased serine/threonine phosphorylation and reduced tyrosine

phosphorylation of IRS proteins. (Roden and Shulman, 2019) .

1.4.2 Molecular mechanisms underlying insulin resistance

Insulin resistance, a central characteristic of metabolic disorders such as obesity and
T2D, arises from diminished insulin responsiveness of target tissues to insulin. In a
healthy state, insulin regulates glucose homeostasis by promoting the uptake of
plasma glucose into cells, inhibiting gluconeogenesis in the liver, suppressing lipolysis
in adipose tissue, and facilitating glycogen synthesis as energy storage during fasting
periods. However, these regulatory effects are compromised in insulin-resistant states,

leading to hyperglycemia and dyslipidemia (Roden and Shulman, 2019).

1.4.2.1 Alterations of mitochondrial function

Alterations of mitochondrial function are characterized by decreased oxidative capacity
(i.e., the ability of mitochondria to utilize oxygen for ATP production), impaired
mitochondrial respiration (actual oxygen consumption during energy generation),
altered mitochondrial dynamics (fusion and fission events), and increased reactive
oxygen species (ROS) production, is a hallmark of metabolic diseases, including
obesity and T2D (Fromenty and Roden, 2023).

In white adipose tissue (WAT) of obese, insulin-resistant, or T2D individuals,
mitochondrial content and the expression of key genes involved in mitochondrial
function are significantly downregulated (Dahlman et al., 2006; Krishnan et al., 2012).
This is accompanied by decreased oxygen consumption and ATP production (Bogacka
et al.,, 2005), along with reduced citrate synthase activity (CSA), a marker of
mitochondrial content (Christe et al., 2013). Additionally, reduced mitochondrial
respiration in the visceral compartment of WAT has been associated with diminished
insulin sensitivity in obese individuals (Pafili et al., 2022b).

In skeletal muscle, mitochondrial respiration is similarly impaired, as individuals with
T2D exhibit lower CSA and electron transport chain (ETC) activity compared to healthy
individuals (Ritov et al., 2005). Moreover, T2D individuals demonstrate reduced
submaximal ADP-stimulated oxidative phosphorylation, highlighting an overall decline

11



in mitochondrial efficiency (Phielix et al., 2008). This is associated with diminished
expression of proliferator-activated receptor y coactivator 1a (PGC-1a), a key regulator
of mitochondrial biogenesis and oxidative metabolism (Mootha et al., 2003) and
nuclear respiratory factor 1 (NRF-1), crucial for the expression of mitochondrial genes
(Patti et al., 2003). Mitochondrial content is frequently lower in T2D individuals,
contributing to the observed decline in mitochondrial respiration (Szendroedi et al.,
2011).

Alterations of mitochondrial function in the liver, is also evident in obese and insulin-
resistant individuals, especially those with MASH (Koliaki et al., 2015). Despite
increased mitochondrial content (Gancheva et al., 2022), these individuals
demonstrate reduced mitochondrial respiration caused by heightened proton leak via
increased uncoupling, possibly reflecting an adaptation to manage elevated lipid levels
and reduce lipotoxicity in early obesity stages with or without MASL (Koliaki et al.,
2015). In advanced stages of MASL, altered mitochondrial function appears to arise
from an accumulation of damaged mitochondria rather than increased biogenesis,
further impairing mitochondrial function and contributing to mitochondrial inefficiency
as MASH progresses (Koliaki et al., 2015). These impairments, including reduced ATP
content and turnover, are evident in the livers of T2D individuals and highlight broader
alteration in mitochondrial function in these conditions (Schmid et al., 2011; Szendroedi
et al.,, 2009). Some studies report increased expression of genes associated with
components of the oxidative phosphorylation machinery (e.g., NDUFA6 [Complex ],
SDHC [Complex Il], UQCRB [Complex IllI], COX4i1 [Complex IV], and ATP5B
[Complex V]) in overweight individuals with T2D relative to lean controls (Misu et al.,
2007), whereas others observed no differences in hepatic oxidative phosphorylation
capacity or CSA across lean, obese, and T2D individuals (Lund et al., 2016). However,
the changes of mitochondrial number and size, impaired oxidative phosphorylation,
and increased ROS production are consistently linked to the development of MASLD,
which frequently coexists with T2D (Younossi et al., 2019).

Mitochondrial dynamics, particularly the balance between fusion and fission events,
play a crucial role in mitochondrial quality control by facilitating the exchange of
mitochondrial content and the selective removal of damaged segments via mitophagy
(Chan, 2020). Nutrient overload in conditions like obesity, T2D and MASLD shifts the
balance toward fragmented mitochondria (Yoon et al., 2011). Reduced expression or
altered activity of fusion proteins such as mitofusin 1 (MFN1), MFN2, and optic atrophy
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1 (OPA1) as well as increased levels of the fission protein dynamin related protein 1
(DRP1) in adipose and muscle tissue correlates with obesity and T2D (Bach et al.,
2005; Galloway et al., 2014; Garcia-Pefa et al., 2024; Hernandez-Alvarez et al., 2010;
Mancini et al., 2019; Zorzano et al., 2010). While initially thought to be pathological,
mitochondrial fragmentation may also serve as an adaptive response to enhance FAO
(Ngo et al., 2023).

Similarly high-fat-diet (HFD) mouse models show a shift toward mitochondrial
fragmentation in adipose tissue (Mancini et al., 2019). Indeed, 12-week HFD reduces
MFN1 and MFN2 mRNA levels and increases DRP1 expression, promoting
mitochondrial fragmentation. Moreover, mice with adipose-specific MFN2 deletion
exhibit increased adiposity, elevated plasma leptin, higher blood glucose levels, and
insulin resistance, independent of diet (Mancini et al., 2019). This increased fat mass
and reduction in MFN2 expression are associated with higher peroxisome proliferator-
activated receptor y (PPAR-y) expression, a key regulator of adipogenesis and lipid
metabolism (Mancini et al., 2019). Similarly, insulin sensitivity is enhanced in skeletal
muscle of mice overexpressing MFN2, possibly through the activation of AMP-
activated protein kinase (AMPK) which promotes GLUT4 translocation (Kong et al.,
2013). Murine models of liver-specific depletion of MFN2 are also characterized by
mitochondrial fragmentation, impaired glucose and insulin tolerance, and increased
ROS production, which exacerbates endoplasmic reticulum (ER) stress and impair
insulin signaling via JNK activation (Sebastian et al., 2012). In line, liver-specific MFN2
overexpression enhances insulin signaling, partly by decreasing the activity of
suppressor of cytokine signaling 3 (SOCS3), a known inhibitor of insulin signaling (Gan
et al.,, 2013; Rui et al.,, 2002). This shows that, reduced mitochondrial fusion and
excessive fragmentation, especially without corresponding mitophagy, leads to
alterations in mitochondrial function (Pinti et al., 2019; Sprenger and Langer, 2019).
Mitophagy, the process of selectively removing damaged mitochondria, is crucial for
maintaining cellular and metabolic health (Ning et al., 2022). In obesity and T2D, an
imbalance between mitochondrial biogenesis and the removal of damaged
mitochondria disrupts metabolic function (Van Huynh et al., 2023). Genetic mutations
in mitophagy-related genes such as PINK1, Parkin, PDX1, and CLEC16A, have been
linked to both T1D and T2D in humans (Jin et al., 2014; Qu et al., 2011; Soleimanpour
et al., 2015; Soleimanpour et al., 2014). In mice, deletion of the mitophagy receptor
FUN14 domain-containing protein 1 (FUNDC1) in adipose tissue leads to macrophage
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infiltration and increased inflammation after HFD, exacerbating obesity and insulin
resistance (Wu et al., 2019a). AMPK ablation in adipose tissue, another regulator of
mitophagy, similarly induces whole-body insulin resistance and MASLD (Desjardins
and Steinberg, 2018). In contrast, increased expression of mitophagy markers (PTEN-
induced kinase 1 (PINK1), E3 ubiquitin-protein ligase (Parkin), and Sequestosome 1
(SQSTM1)) was found in visceral WAT of T2D individuals with MASL compared to non-
diabetic controls (He et al., 2021a). Studies in rodent skeletal muscle demonstrate that
activation of heat-shock protein (HSP) 72 regulates PINK1-Parkin-mediated
mitophagy, improving glucose tolerance and enhancing mitochondrial content and
oxidative capacity (Drew et al., 2014; Henstridge et al., 2014). Evidence specific to liver
mitophagy in T2D remains limited, apart from a study by Gancheva et al., which
reported reduced levels of Parkin and phosphorylated Parkin in individuals with MASH,
with or without T2D, compared to healthy controls. Notably, these differences
disappeared when calculating the phos-Parkin/Parkin ratio (Gancheva et al., 2022).
Nevertheless data from MASLD studies suggest general downregulation of mitophagy,
contributing to alterations in mitochondrial function, oxidative stress, and inflammation,
worsening MASLD progression (Edmunds et al., 2019; Undamatla et al., 2023;
Yamada et al., 2018). For instance, reduced Parkin expression and increased levels
of macrophage stimulating 1 (MST1), which inhibits AMPK and Parkin-mediated
mitophagy, drive mitochondrial apoptosis and liver injury in MASLD mice model (Zhou
et al., 2019). Notably, T2D individuals display impaired mitophagy flux and decreased
expression of mitophagy genes, unlike pre-diabetic individuals with mild hyperglycemia
who exhibit an increase in the expression levels of different mitophagy-related genes,
such as PINK1, Parkin and NIX (encoding BNIP3-like protein X (NIX)) (Bhansali et al.,
2017). Interestingly, dysregulated mitophagy in T2D individuals is associated with
accumulated mitochondria with functional alterations and increased ROS in peripheral
blood mononuclear cells (Bhansali et al., 2017). Of note, modulating mitophagy has

gained interest as a therapeutic approach for insulin resistance (Ning et al., 2022).

In states of overnutrition, such as obesity, an excess of nutrients like carbohydrates
and neutral lipids increases substrate flux into the mitochondria, accelerating electron
flow through the ETC. This increased activity can lead to electron leakage, producing
superoxide (O2+-) as a byproduct. Superoxide is then converted into hydrogen
peroxide (H202), which, in excessive amounts, directly interferes with insulin signaling
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pathways, contributing to insulin resistance (Akl et al., 2017; Fazakerley et al., 2018).
While physiological levels of oxidative stress are essential for normal cellular signaling,
excessive oxidative stress can cause DNA damage, protein oxidation, and lipid
peroxidation, underlying conditions like neurodegeneration, cancer, insulin resistance
and T2D (Lennicke and Cochemé, 2021).

In adipose tissue, chronic overnutrition induces mitochondrial ROS production and
alters mitochondrial respiration, which contributes to local insulin resistance (Ahmed et
al.,, 2021; Politis-Barber et al., 2020). These processes stimulate macrophage
infiltration and the release of pro-inflammatory cytokines like tumor necrosis factor-a
(TNF-a) and interleukin-6 (IL-6), which not only drive local inflammation but also
promote systemic inflammation affecting multiple organs (Zatterale et al., 2019). Both
TNF-a and IL-6 have been shown to associate with insulin resistance and can inhibit
tyrosine phosphorylation of IRS1 (Feng et al., 2020). In visceral but not subcutaneous
adipose tissue of obese individuals, inflammation is linked to reduced expression of
lipogenic markers and decreased mitochondrial respiration (Harman-Boehm et al.,
2007; Okamoto et al., 2007; Pafili et al., 2022a; Poulain-Godefroy et al., 2008).

In skeletal muscle, substantial evidence implicates ROS in the development of insulin
resistance. A study by Anderson et al. demonstrated that obese individuals had higher
mitochondrial H202 production in skeletal muscle compared to lean individuals, and
excess fat intake significantly increased mitochondrial H202 emission, leading to insulin
resistance in both rodents and humans (Anderson et al., 2009). Furthermore, in
cardiomyocytes, ROS activates JNK, which subsequently activates nuclear factor
kappa B (NF-kB) and p38 mitogen-activated protein kinase (p38 MAPK), triggering a
cellular stress response (Tsai et al.,, 2012). This response is driven by increased
metabolic flux and decreased expression of antioxidant enzymes, resulting in
uncontrolled ROS production (Singh et al., 2022), that damages mitochondria and
impairs their ability to meet cellular energy demands (Sangwung et al., 2020).
Additionally, ROS-induced modifications of intracellular signaling molecules, such as
protein tyrosine phosphatases (PTPs), further diminish insulin sensitivity (Meng et al.,
2002). In the liver, mitochondrial ROS play a critical role in promoting insulin resistance
and contributing to liver fibrogenesis in T2D. Mitochondrial ROS in hepatocytes
increase serine phosphorylation of IRS1 and decrease insulin-stimulated tyrosine

phosphorylation of IRS1, leading to insulin resistance (Nishikawa and Araki, 2007).
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ROS further exacerbate liver pathology by activating hepatic myofibroblasts, which

contributes to fibrotic changes in the liver (Bocca et al., 2022).

1.4.2.2 Endoplasmic reticulum stress

The relationship between ER stress and oxidative stress plays a key role in cellular
homeostasis and metabolic function. The close connection between mitochondria and
the ER, particularly at their membrane contact sites, allows the exchange of calcium,
lipids, and metabolites to maintain balance (Sassano et al., 2017). However, oxidative
stress in one organelle often affects the other, creating a vicious cycle of altered
function. For instance, calcium released from ER-stores is taken up by mitochondria,
disrupting the ETC and increasing ROS production and further exacerbates calcium
imbalance, leading to ER stress and altered mitochondrial function (Gérlach et al.,
2015). However, initially ER stress occurs when the ER protein-folding capacity is
exceeded, leading to unfolded protein accumulation and activation of the unfolded
protein response (UPR), controlled by inositol-requiring enzyme 1 (IRE1), protein
kinase R (PKR)-like endoplasmic reticulum kinase (PERK), and activating transcription
factor 6 (ATF6) (Gorlach et al., 2015). While transient UPR activation is adaptive,
chronic activation in obesity and T2D has been linked to insulin resistance and
metabolic dysfunction (Ma et al., 2024; Xu et al., 2023).

In adipose tissue, obesity-associated hypertrophy, hypoxia, and lipid overload activate
UPR markers, including 78-kDa glucose-regulated protein (GRP78/BiP),
phosphorylated IRE1a, and PERK (Sharma et al., 2008). Human and murine studies
further show that C/EBP homologous protein (CHOP) expression and JNK activation
are elevated in obese adipose tissue, correlating with increased secretion of pro-
inflammatory cytokines (TNF-a, IL-6, monocyte chemoattractant protein-1 (MCP-1))
and reduced adiponectin levels, thereby exacerbating insulin resistance (Kern et al.,
2001; Trayhurn, 2013; Xu et al., 2023). Additionally, ER stress activates JNK and NF-
KB, leading to IRS1 serine phosphorylation, which inhibits insulin receptor signaling
(Brown et al., 2020). Importantly, weight loss interventions have been shown to reverse
ER stress markers, suggesting that obesity-induced ER stress is reversible (Gregor et
al., 2009).

In skeletal muscle, biopsies from obese and T2D individuals reveal elevated UPR
markers, such as spliced X-box binding protein 1 (XBP1) and GRP78, alongside
increased expression of tribbles pseudokinase-3 (TRB3), a PERK-ATF4 target that

16



interferes with insulin signaling by blocking AKT phosphorylation (Koh et al., 2013).
TRB3 has been recognized as a negative regulator of insulin signaling, as treating
myotubes or mouse muscle with chemical ER stressors, such as tunicamycin or
thapsigargin, increased TRB3 expression and caused insulin resistance, whereas
muscles from TRB3-knockout mice were protected from HFD-induced insulin
resistance (Koh et al., 2013). ER stress impacts skeletal muscle insulin
responsiveness through multiple pathways. The IRE1-JNK pathway can operate in
myocytes, leading to inhibitory phosphorylation of IRS1 and reduced GLUT4
translocation, thereby lowering glucose uptake (D'Alessandris et al., 2007; Petersen
and Shulman, 2018). Moreover, ER-resident chaperones have recently been
implicated in skeletal muscle insulin resistance, particularly protein disulfide isomerase
A4 (PDIA4). PDIA4 expression is increased in human insulin-resistant muscle,
palmitate-treated muscle cells and obese mice, who also show elevated IL-6 and TNF-
a levels (Lee et al., 2022). Notably, knocking down PDIA4 in muscle cells reduces JNK
activation, cytokine production, and insulin resistance, highlighting ER stress as a
central factor in skeletal muscle dysfunction (Lee et al., 2022).

In the liver, ER stress contributes significantly to the development of hepatic insulin
resistance and MASLD, especially in obesity and T2D. Liver biopsies from insulin-
resistant individuals consistently show elevated GRP78, phosphorylated PERK, and
IRE1q, indicating an active UPR compared to insulin-sensitive livers (Veskovi¢ et al.,
2023). Such findings mirror animal models: mice or rats fed HFD or high-calorie diets
exhibit hepatic UPR activation alongside worsening insulin resistance (Nasiri-Ansari et
al., 2021; Wu et al., 2019b). Chronic UPR activation has been shown to induce XBP1,
which subsequently upregulates SREBP-1c, a key driver of hepatic lipogenesis and
TAG accumulation (Lee and Glimcher, 2009). Chronic ER stress therefore often
correlates with heightened SREBP-1c activity and DNL in hepatocytes, promoting
steatosis (Ferré and Foufelle, 2010; Gong et al., 2023). This lipid overload in
hepatocytes further exacerbates ER stress, creating a feedback mechanism that
sustains both steatosis and UPR activation (Baiceanu et al., 2016). Beyond lipid
metabolism, sustained ER stress promotes hepatic inflammation and apoptosis. CHOP
is upregulated in response to PERK-ATF4 pathway activation and plays a crucial role
in hepatocyte apoptosis, contributing significantly to the progression of steatohepatitis
(Rozpedek et al., 2016; Willy et al., 2015). Consistently, CHOP-knockout mouse
models show reduced liver injury and improved insulin sensitivity following HFD
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exposure (Mansour et al., 2022). Pharmacological interventions targeting ER stress
pathways have shown therapeutic potential, with chemical chaperones or PERK-
elF20—CHOP inhibitors (e.g., celastrol) demonstrating protective effects against ER
stress and insulin resistance in obese mouse models (Tian et al., 2022). However, it is
worth noting that the relationship between ER stress and hepatic metabolism is
complex; a certain baseline UPR activity is necessary for normal lipid metabolism, and
complete inhibition of UPR components can worsen metabolic outcomes. For instance,
liver-specific IRE1a knockout mice develop more severe hepatic steatosis under HFD
conditions, highlighting the complexity of ER stress in hepatic metabolism (Mansour et
al., 2022; Wang et al., 2018). In line with this complexity, Dewidar et al. reported that
GRP78 was downregulated in livers from murine models of obesity, diabetes and
MASH, whereas CHOP downregulation was observed only in the obesity- and MASH-
models. This pattern suggests a loss of adaptive UPR signaling that may differ across

disease stages (Dewidar et al., 2023).
1.4.2.3 Abnormal lipid metabolism

1.4.2.3.1 Diacylglycerols and ceramides

The disruption of adipose tissue function, driven by excessive ROS production, ER
stress, and altered mitochondrial function, compromises its role as a key energy
storage site and endocrine organ. This impairment leads to elevated circulating levels
of NEFAs due to increased lipolysis (Wondmkun, 2020), although a recent study
indicate that the rise in plasma NEFAs observed in individuals with T2D is more likely
a result of impaired lipid storage rather than enhanced lipolysis (Pereira et al., 2016).
However, pioneering human intervention studies in humans have demonstrated that
acute increases in circulating NEFA impair insulin action. Infusion of TAG/heparin
emulsions to elevate plasma NEFA levels produced a dose-dependent reduction of
insulin-stimulated whole-body glucose uptake, mainly by suppressing glycogen
synthesis and, to a lesser extent, carbohydrate oxidation (Boden et al., 1994). Using
in vivo nuclear magnetic resonance spectroscopy, Roden et al. showed that lipid
infusion in healthy individuals rapidly blunts intramuscular glucose-6-phosphate (G-6-
P) accumulation, indicating an early inhibition of glucose transport/phosphorylation that
precedes the decline in muscle glycogen synthesis and oxidative glucose metabolism
(Roden et al., 1999; Roden et al., 1996). More recently, a single oral challenge with
palm oil, a saturated fat, decreased whole-body, hepatic and adipose tissue insulin
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sensitivity in lean humans, increased hepatic TAG and ATP content, enhanced
gluconeogenesis and was accompanied by transcriptional regulation of innate immune
and metabolic pathways, which may be implicated in MASLD progression (Hernandez
et al., 2017).

In line with these mechanistic data, elevated plasma NEFAs and lipid intermediates
such DAGs and ceramides correlate with the severity of insulin resistance in obese
individuals with T2D (Haus et al., 2009; Razquin et al., 2018). These lipids accumulate
ectopically in skeletal muscle and liver, significantly contributing to lipotoxicity (Cheon
and Cho, 2014; Mantzaris et al., 2011), marked by cellular stress and apoptosis, which
underscores the detrimental effects of disrupted lipid metabolism on cellular function
and viability (Chavez and Summers, 2010).

Early studies report that DAG accumulation is associated with the translocation of
PKC6 in skeletal muscle and PKCe in the liver of insulin-resistant and T2D individuals
(Roden and Shulman, 2019). Indeed obese and T2D individuals showed an overall
increase in DAG content and PCKG6 activation in skeletal muscle (Szendroedi et al.,
2014). Specifically, total and cytosolic DAG can activate PKCB8 in skeletal muscle, as
shown in humans upon an acute lipid infusion. Activation of PKCO results in
phosphorylation of IRS1 at Ser1101, suppression of insulin-induced IRS1 tyrosine
phosphorylation and AKT phosphorylation (Szendroedi et al., 2014). In contrast,
another study showed that only membrane DAG was related to PKCg, but not PKC6
activation, and decreased insulin sensitivity in skeletal muscle of obese and T2D
individuals, whereas, cytosolic DAG was inversely related to insulin resistance and
PKCe activation (Bergman et al., 2012). These results indicate that the
compartmentalization of DAG in skeletal muscle plays a role in modulating insulin
sensitivity rather than total intramuscular DAG concentration, and suggests the
possibility of PKC-independent pathways for DAG action on insulin signaling.

Early studies showed that hepatic DAG content of obese individuals with MASLD is
negatively correlated with hepatic insulin sensitivity, mainly via activation of PKCe
(Kumashiro et al., 2011; Magkos et al., 2012). Specifically, analysis of the cellular
compartmentalization of DAG in rodent liver revealed that DAG increase in the
membrane fraction of HFD mice, leading to PKCe activation and hepatic insulin
resistance (Cantley et al., 2013). However, in mice with knockdown of comparative
gene identification 58 (CGI-58), a lipid droplet (LD)-associated protein, that promotes
TAG hydrolysis, DAG increase in LD or lipid-associated ER rather than the membrane,
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preventing PKCe translocation to the plasma membrane and induction of insulin
resistance (Cantley et al., 2013). Initial investigations revealed that a 3-day HFD in rats
induced hepatic steatosis and insulin resistance, specifically activating PKCe without
affecting other PKC isoforms (Samuel et al., 2007). Subsequent studies indicated that
this activation of PKCe inhibits insulin-stimulated tyrosine phosphorylation of InsR,
thereby linking elevated sn-1,2-DAG levels to the downregulation of insulin signaling
(Petersen et al., 2016b). Furthermore, knockdown of lipin-1 or lipin-2, enzymes
involved in DAG production, resulted in decreased hepatic DAG and TAG levels in
HFD mice and improved glucose tolerance (Ryu et al., 2009; Ryu et al., 2011).
Moreover, liver-specific overexpression of diacylglycerol-O-acyltransferase 2
(DGATZ2), one of the two rate-limiting enzymes in the conversion of DAG to TAG, led
to significantly reduced insulin sensitivity and a nearly 12-fold increase in hepatic DAG

content (Jornayvaz et al., 2011).

In addition to the interference posed by DAG accumulation on insulin signaling,
elevated ceramide levels have also been implicated in insulin resistance. Ceramides
are bioactive membrane sphingolipids that play specialized regulatory roles in cellular
metabolism, depending on their characteristic fatty acyl chain lengths and subcellular
distribution.

In skeletal muscle, the role of ceramides in insulin resistance is more controversial and
remains to be fully elucidated. Some studies have reported that higher total ceramide
content correlates with lower insulin sensitivity in obese individuals with insulin
resistance (Adams et al., 2004; Coen et al., 2010; Coen et al., 2013). However, other
studies found no association between total ceramide content and insulin sensitivity in
individuals with impaired glucose tolerance, obesity, or T2D (Skovbro et al., 2008). In
contrast, healthy or endurance-trained individuals often display lower ceramide levels
and higher insulin sensitivity, suggesting that the inverse relationship between
ceramides and insulin action may not hold across all populations (Bergman et al.,
2016b; Skovbro et al., 2008; Szendroedi et al., 2014). Notably, ceramide species
C18:0 was elevated in individuals with T2D compared to athletes, and this increase
was inversely correlated with insulin sensitivity, even in sedentary individuals without
T2D (Bergman et al., 2016a; Tonks et al., 2016). Moreover, C18:0 was the
predominant species induced from HFD in mouse skeletal muscle (Frangioudakis et
al., 2010; Turpin-Nolan et al., 2019) and correlated positively with the expression of
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ceramide synthase 1 (CerS1), enzyme responsible for C18:0 ceramide synthesis
(Turpin-Nolan et al., 2019). In line, CerS1 deficiency or its pharmacological inhibition,
protect against diet-induced obesity and insulin resistance but also increases the levels
of other ceramide species (C22:0, C22:1, C24:0, C24:1) (Turner et al., 2018; Turpin-
Nolan et al., 2019).

In addition to the overall content of ceramides, their intracellular localization in muscle
appears to influence the onset of insulin resistance. Although there were no significant
differences in total ceramide levels within the cytosolic and mitochondrial/ER fractions
between individuals with T2D and athletes, ceramide content was elevated in the
sarcolemmal and nuclear fractions of T2D individuals compared to athletes, lean and
obese individuals (Perreault et al., 2018). The content of C18:0 ceramide in the
sarcolemma, mitochondrial/ER, and nuclear fractions, but not in the cytosolic fraction,
showed a significant inverse relationship with insulin sensitivity (Perreault et al., 2018).
Both C16:0 and C18:0 muscle ceramides are associated with insulin resistance and
their levels may reflect the severity of the metabolic dysfunction (Chung et al., 2017;
Reidy et al., 2018). Different studies have provided insight into the role of ceramides,
especially C18:0, in different signaling pathways. Of note, C18:0 acts as an inhibitor of
PP2A, resulting in the inhibition of AKT phosphorylation in response to insulin
(Mukhopadhyay et al., 2009). Furthermore, ceramide accumulation triggers the
translocation of atypical PKCC from the cytosol to caveolin-enriched microdomains
within the plasma membrane, where it promotes the dephosphorylation of AKT by
activating PP2A through a distinct pathway (Blouin et al., 2010; Stratford et al., 2004).
Sustained ceramide action in cultured myocytes triggers JNK-dependent inhibitory
phosphorylation of IRS1 and may modify InsR translocation into membrane lipid
microdomains, thereby affecting insulin sensitivity (Hage Hassan et al., 2016).
Elevated hepatic ceramide levels, particularly species such as C16:0 and C18:0, are
observed in rodents and humans with MASLD (Longato et al., 2012; Luukkonen et al.,
2016). In line with this, Apostolopoulou et al. reported that individuals with MASH
displayed markedly higher hepatic ceramide (C24:0) and dihydroceramide (C16:0,
C22:0, C24:1) species compared with non-MASH obese individuals. However, this
study also showed that total ceramide concentrations in liver and serum did not
correlate with hepatic or whole-body insulin sensitivity (Apostolopoulou et al., 2018),
underscoring that the profile and localization of individual ceramide species rather than
the total ceramide pool may drive metabolic dysfunction. Likewise, another study
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showed that hepatic inflammation is associated with altered total ceramide levels and
concomitant upregulation of the same ceramide species (C16:0, C22:0, and C24:1) in
MASH compared to livers without hepatic inflammation (Luukkonen et al., 2016).
Studies using hepatic knockout mouse models have demonstrated that disrupting
ceramide synthesis, specifically targeting C16:0 ceramide produced by CerS6,
improves insulin sensitivity, reduces hepatic steatosis, and mitigates mitochondrial
fragmentation (Hammerschmidt et al.,, 2019; Turpin et al., 2014). Therefore,
compounds that reduce specific hepatic ceramides, show promise in mitigating
obesity-related metabolic impairments (Hammerschmidt and Briining, 2022; Raichur
et al.,, 2019). Conversely, ceramide species such as C18:1 and C24:1 may exert
protective effects by reducing body weight gain, enhancing glucose tolerance, and
potentially alleviating liver inflammation and fibrosis under certain dietary conditions
(Fox et al., 2011; Keppley et al., 2020; Wang et al., 2020). These findings highlight the
nuanced and context-dependent roles of different ceramide species in liver metabolism

and their implications for metabolic disease progression.
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Figure 2: The role of ceramide and DAG synthesis and metabolism in insulin resistance.

Ceramide synthesis occurs through three major pathways: de novo synthesis, the salvage pathway, and
the sphingomyelinase pathway. De novo synthesis begins in the endoplasmic reticulum (ER), where
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serine and palmitoyl-CoA are condensed by serine palmitoyltransferase (SPT) to form 3-
ketodihydrosphingosine. Subsequent reactions catalyzed by 3-ketodihydrosphingosine reductase
(KDSR), ceramide synthase (CerS), and dihydroceramide desaturase (DES1) lead to the formation of
ceramide. The salvage pathway involves the lysosomal breakdown of complex sphingolipids such as
glucosylceramides and sphingomyelins into ceramide via glucocerebrosidase (GBA) and acid
sphingomyelinase (ASM) respectively, or conversion into sphingosine, which can be recycled back into
ceramide by CerS. The sphingomyelinase pathway involves hydrolysis of sphingomyelin at the plasma
membrane by neutral sphingomyelinase (NSM) or ASM, generating ceramide.

Ceramides serve as precursors for complex glycosphingolipids and ceramide-1-phosphate (yellow
panel). Ceramide is converted into glycosphingolipids via glucosylceramide synthase (GCS) or into
ceramide-1-phosphate by ceramide kinase (CerK). Further metabolism involves ceramidase (CDase)
hydrolyzing ceramide into sphingosine, which can be phosphorylated by sphingosine kinase (SphK) to
generate sphingosine-1-phosphate (S1P), a signaling lipid. S1P can be dephosphorylated back into
sphingosine by S1P phosphatase (SPP). In the context of insulin resistance, ceramide accumulation
contributes to mitochondrial and ER stress (red panel). Ceramides inhibit insulin signaling through
protein phosphatase 2A (PP2A)-mediated dephosphorylation of AKT and activation of atypical protein
kinase C (PKC(), impairing glucose uptake and insulin action. Additionally, diacylglycerols (DAGSs),
generated through lipid oversupply, triacylglycerol (TAG) hydrolysis, or the conversion of
phosphatidylcholine (PC) into sphingomyelin, activate PKCB in skeletal muscle and PKCze in the liver.
This activation leads to the inhibitory phosphorylation of insulin receptor substrate 1 (IRS1), suppressing
AKT activation and further exacerbating insulin resistance. Figure created with BioRender.com.

1.4.2.3.2 Membrane phospholipids

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are fundamental
components of cellular membranes, playing crucial roles in maintaining membrane
integrity, fluidity, and the functional organization of membrane proteins (van der Veen
et al., 2017). In mammalian plasma membranes, PC is primarily localized in the outer
leaflet, while PE is enriched in the inner leaflet (Devaux, 1991). The distribution and
amount of PC and PE within cellular membranes are of significant importance in the
context of insulin resistance. The relative abundance and ratio of these phospholipids
(PC:PE) have been shown to markedly influence membrane properties and insulin
sensitivity in skeletal muscle and liver tissues (Chang et al., 2019).

In skeletal muscle, an inverse relationship between PC:PE ratio and insulin sensitivity
was observed in endurance-trained athletes, obese sedentary individuals, and those
with T2D. (Newsom et al., 2016). Similarly, in both normoglycemic and overweight
dysglycemic men, basal PC:PE ratio negatively correlated with insulin sensitivity (Lee
et al., 2018). Studies in mice with skeletal muscle-specific disruptions in genes
encoding choline/ethanolamine phosphotransferase 1 (CEPT1) or fatty acid synthase
(FAS), critical for phospholipid synthesis, reveal that imbalances in PC and PE
synthesis can impair insulin sensitivity by affecting calcium homeostasis (Funai et al.,
2016; Funai et al., 2013). The molar PC:PE ratio in the sarcoplasmic reticulum (SR)
directly impacts the activity of sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA), responsible for translocation of calcium ions into SR for muscle contraction
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(Funai et al., 2016; Funai et al., 2013). Reduced PE levels in the SR inhibit SERCA,
thus impairing muscle function and decreasing insulin sensitivity (Gustavsson et al.,
2011).

Individuals with MASLD exhibit lower hepatic and erythrocyte PC:PE ratios compared
to healthy individuals (Arendt et al., 2013). Knockout mouse models of
phosphatidylethanolamine N-methyltransferase (PEMT), lacking the ability to convert
PE to PC in the liver, and deprived of dietary choline, showed reductions in the PC:PE
ratio which results into steatosis, steatohepatitis, and ultimately, liver failure (Li et al.,
2006; Walkey et al., 1998). PC may regulate liver steatosis through its feedback control
on SREBP-1c. Low cellular levels of PC activate SREBP-1c, promoting its nuclear
localization and the activation of lipogenic gene expression, resulting in LD formation
within the liver (Walker et al., 2011). Conversely, obese mice exhibited increased
hepatic ER membrane ratios of PC:PE compared to lean mice, associated with ER
stress and steatosis. Correcting this ratio, via PEMT inhibition, results in reduced ER
stress and improved glucose homeostasis (Fu et al., 2011). Thus, it seems that

imbalance in PC:PE ratio, can have adverse consequences.

1.5 Acid sphingomyelinase: a key regulator in cellular lipid

metabolism

1.5.1 Distinct isoforms, localization and activation mechanisms of acid

sphingomyelinase

Acid sphingomyelinase (ASM) is a ubiquitously expressed enzyme responsible for the
hydrolysis of sphingomyelin, a sphingolipid found in cell membranes, into ceramide
and phosphorylcholine, a precursor of PC. In humans, two distinct forms of ASM are
derived from a single SMPD1 gene due to different posttranslational modifications and
trafficking processes (Kornhuber et al., 2015). One form is localized to the lysosomal
compartment (L-ASM), while the other form is secreted extracellularly (S-ASM) and
requires exogenous Zn?* ions for activation. S-ASM exhibit a significantly longer half-
life and greater stability once secreted compared to L-ASM. This difference can be
attributed to their distinct glycosylation patterns, resulting in different molecular weights
(Jenkins et al., 2010; Kornhuber et al., 2015). However, an earlier study demonstrated

that ASM resides in secretory lysosomes, which are mobilized upon stimulation to fuse
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with the cell membrane (Perrotta et al., 2010). Similarly, several studies have observed
that stimulation by various external stimuli, such as UV radiation, Fas ligand activation,
and pathogenic factors like pore-forming bacterial toxins (Listeriolysin O,
Pneumolysin), can trigger vesicles containing ASM to translocate to the plasma
membrane, releasing the enzyme either to the outer leaflet or into the extracellular
space. Additionally, oxidative stress inducers like H202, as well as mechanical stress
through membrane wounding or inflammatory cytokines such as TNF-a and IL-1,
have been shown to induce ASM secretion. This ASM species is referred to as L-ASM
by some researchers (Defour et al., 2014; Li et al., 2012), as S-ASM by others (Rotolo
et al., 2005), while some studies do not specify its classification (Grassmé et al., 1997,
Verdurmen et al., 2010), which complicates the distinction between different forms of
ASM. However, ASM-1 is the only catalytically active isoform among the seven known
isoforms, some of the inactive isoform (5-7) exert a dominant negative effect on L-ASM
activity and thereby can affect cellular processes (Rhein et al., 2012). ASM not only
catalyzes the hydrolysis of sphingomyelin to generate ceramide but also exhibits
phospholipase C activity, cleaving 27 distinct sphingo- and glycerophospholipids,
including those leading to the formation of DAG. However, ASM demonstrates a
preferential hydrolysis of sphingolipids (Breiden and Sandhoff, 2021). Due to its broad
substrate spectrum, inherited ASM deficiency, as seen in Niemann-Pick disease types
A and B, results in the progressive accumulation of sphingomyelin. This primary lipid
accumulation subsequently induces secondary accumulations of other lipids, such as
cholesterol, glucosylceramide, and ganglioside GD3, predominantly within late

endosomes and lysosomes (Rodriguez-Lafrasse et al., 1994; Vanier, 2013).

1.5.2 The role of acid sphingomyelinase in cellular homeostasis

ASM is implicated in various cellular processes, including apoptosis, ferroptosis,
lysosomal membrane permeabilization (LMP), autophagy, and ER stress. In addition
to its established role in bacterial and viral host defense (Schuchman, 2010), ASM is
pivotal in both non-receptor and receptor-mediated apoptosis. One of the most well-
studied non-receptor mediated apoptosis pathways involves UV light. UV-C irradiation,
in particular, has been shown to result in redox-dependent activation and translocation
of ASM to the outer leaflet of the plasma membrane, where it activates JNK (Charruyer
et al., 2005) or to the mitochondrial membrane, where it induces Bcl-2-associated X
protein (BAX) activation through ceramide generation, leading to apoptosis (Kashkar
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et al., 2005; Zhang et al., 2001). Interestingly, overexpression of PKC( protects against
UV-C-induced apoptosis by preventing ASM translocation to the plasma membrane
and subsequent ceramide production (Charruyer et al., 2007). ASM is also crucial for
the activation of death receptors such as CD95 (Fas/Apo-1), TNF-a, and TNF-related
apoptosis-inducing ligand (TRAIL), via forming ceramide platforms within plasma
membranes ultimately leading to cell apoptosis (Stephan et al., 2017). Hepatocytes
from ASM-deficient mice and wild-type hepatocytes with inhibited ASM activity showed
resistance to TNF-a-induced cell death (Garcia-Ruiz et al., 2003), demonstrating that
ASM absence prevents ganglioside GD3 targeting to mitochondria, inhibiting TNF-a-
mediated cell death (Colell et al., 2002; Garcia-Ruiz et al., 2003). Additionally, ASM-
generated ceramides activate cathepsin D (CTSD) in lysosomes, which in turn triggers
pro-apoptotic proteins like BH3 interacting domain death agonist (Bid), caspase-9, and
caspase-3, leading to mitochondria-mediated cell death (Heinrich et al., 2004).
Recent studies have implicated ASM in the activation of ferroptosis through ceramide
production and the induction of autophagy, which subsequently leads to the
accumulation of ROS and a decrease in glutathione peroxidase 4 (GPX4) levels
(Ajoolabady et al., 2021) in human fibrosarcoma (HT-1080) cells (Thayyullathil et al.,
2021), human osteoblasts (hFob1.19), and a T2D osteoporosis rat model (Du et al.,
2023). ASM is also implicated in LMP, which leads to cytosolic acidification and the
release of lysosomal proteases, subsequently impacting other organelles like
mitochondria and ultimately inducing apoptosis (Li et al., 2008). For instance, palmitic
acid (PA), one of the most prevalent saturated fatty acids in Western diets, induces
LMP in hepatocytes, altering mitochondrial function, triggering cytochrome c release,
and cell death (Li et al., 2008). However, ASM deficiency provides resistance to PA-
induced lipotoxicity in primary mouse hepatocytes. Consistent with this resistance,
hepatocytes from ASM-deficient mice are also resistant to cell death induced by
amphiphilic lysosomotropic detergents, a protection attributed to increased lysosomal
cholesterol level (Fucho et al., 2014).

ASM is also essential for autophagy induction, as arterial smooth muscle cells from
ASM-deficient mice display defects in autophagosome-lysosome fusion due to
impaired lysosomal function (Li et al., 2014). Furthermore ASM upregulates autophagy
protein 5 (Atg5) expression in HepG2 cells (Park et al., 2008) and suppresses

autophagy when knocked down in leukemia HL-60 cells (Taniguchi et al., 2012).
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Despite ASM deficiency leads to defective autophagic flux, hepatocytes from ASM-
deficient mice exhibit resistance to HFD-induced steatosis, indicating a complex
interaction between autophagy and lipid metabolism (Fucho et al., 2014). Notably,
suppression of autophagy with chloroquine/brefeldin induces ER stress in primary
hepatocytes from wild-type mice, but not in ASM-deficient mice, suggesting that ASM
is crucial for autophagy suppression-mediated ER stress (Fucho et al., 2014)

ASM also triggers ER stress through ceramide production and subsequent disruption
of calcium signaling. Exogenous ASM treatment in hepatocytes disrupts ER calcium
homeostasis, causing ER stress due to ceramide-induced calcium release to the
cytosol, which interferes with the ability of the chaperone GRP78/BiP to bind UPR
transducers (Fernandez et al., 2013). ASM-generated ceramide facilitates lysosomal
fusion, regulates cytoskeleton and microtubule assembly, enhances autophagosome
trafficking, and interacts with microtubule-associated protein 1A/1B-light chain (LC3I)
to target lysosomes to autophagosomes (Varela et al., 2024).

Conversely, in lung cells, downregulation of ASM activity modifies lysosomal nutrient-
sensing signaling, leading to increased autophagy and decreased levels of
sphingosine and sphingosine-1-phosphate (S1P) (Justice et al., 2018), indicating

tissue-specific effects of ASM.

1.5.3 Impact of acid sphingomyelinase in metabolic diseases

Niemann-Pick disease (NPD) types A and B, caused by ASM deficiency, lead to the
accumulation of sphingomyelin in lysosomes (Vanier, 2013). In type A, the complete
lack of ASM results in severe neurological impairments, hepatosplenomegaly, and
early mortality. Type B, with partial ASM activity, presents with milder symptoms,

including organ enlargement and pulmonary dysfunction (Vanier, 2013).

1.5.3.1 Function of acid sphingomyelinase in muscle regeneration and its
implications for type 2 diabetes mellitus

Mouse models of ASM deficiency, mimicking NPD types A and B, exhibit shortened

lifespans, ataxia, tremors, and reduced calcium release from the SR. These mice

fatigue more quickly and exhibit impaired sarcolemma repair, particularly after skeletal

muscle injury, which leads to an exaggerated loss of muscle force during recovery

(Michailowsky et al., 2019b), underscoring the critical role of ASM in muscle repair.

ASM facilitates this repair by its calcium-dependent release to the plasma membrane,
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a process facilitated by its interaction with dysferlin, a protein involved in vesicle
trafficking and fusion, to promote lesion internalization through ceramide production
(Defour et al., 2014; Tam et al., 2010). Additionally, a recent study has shown that liver-
derived ASM enhances muscle repair, improving overall muscle quality and health in
animal models of muscle dystrophy (Bittel et al., 2022). Its involvement in maintaining
muscle health makes it particularly relevant in the context of T2D, where muscle
regeneration is often compromised (Espino-Gonzalez et al., 2024) and complicated by
factors such as comorbidities, nutrition, genetics, physical activity, aging, and
variations in fat and muscle distribution (Wolfe, 2006). Preclinical studies using HFD
models of T2D, consistently demonstrate muscle deficits, including reduced lean mass,
strength, and exercise capacity (Espino-Gonzalez et al., 2024), which are associated
with factors such as lipid deposition, muscle fiber atrophy, impaired mitochondrial
function, and increased ROS production (Lopez-Pedrosa et al., 2024).

While direct evidence of muscle ASM activity in T2D individuals is lacking, insights
from related prediabetic rodent studies suggest a complex role. Increased ASM activity
has been observed in heart muscle of HFD-induced diabetic mice, leading to ceramide
accumulation (Liu et al., 2023). Notably, this study demonstrated that high glucose,
PA, or ceramide treatment also increased ASM activity in H9c2 cells, a heart-derived
cell line (Liu et al., 2023). Conversely, PA-treated C2C12 mouse myotubes showed
decreased mRNA expression of the SMPD1 gene (Park et al., 2016), but exogenous
ASM treatment led to increased ceramide production (Ferreira et al., 2010). However,
streptozotocin (STZ)-treated mice, which show B-cell failure and insulin deficiency,
show either a slight reduction or no change in ASM activity across various muscle
types, including the soleus, red gastrocnemius, and white gastrocnemius (Gérska et
al., 2004). This is accompanied by an increase in total ceramide content and a
reduction in sphingomyelin content, largely driven by increased neutral
sphingomyelinase (NSM) activity at the plasma membrane (Gérska et al., 2004).
Another study on prolonged STZ- or heparin-induced diabetes in rats confirmed these
findings, showing increased ceramide content and decreased ASM activity in all three
muscle types (Btachnio-Zabielska et al., 2010). Given that ASM activity is reduced in
the skeletal muscles of T2D mouse models, this reduction could exacerbate
impairments in muscle repair, particularly during exercise when muscle fibers are
subjected to stress and damage. The decreased ASM activity may hinder essential

repair mechanisms that depend on ceramide production and plasma membrane
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resealing, processes critical for muscle recovery post-injury or exercise (Andrews et
al., 2014; Draeger et al., 2014; Gakis et al., 2023). Interestingly, ASM phospholipase
activity plays a key role in altering membrane composition by cleaving
phosphorylcholin residues from both sphingomyelin and PC (Breiden and Sandhoff,
2021). This activity is modulated by lipid metabolites such as DAGs, ceramide, free
fatty acids, and cholesterol, which promote sphingomyelin hydrolysis but inhibit PC
cleavage (Oninla et al., 2014). In skeletal muscle, ASM-mediated sphingomyelin
hydrolysis reorganizes plasma membrane lipid domains and receptor complexes,
facilitating membrane resealing and modulating damage-induced inflammatory
signaling-processes that critically influence muscle regeneration. Muscle injury is
characterized by infiltration of pro-inflammatory M1 macrophages, which are gradually
replaced by M2 macrophages which respond to anti-inflammatory signaling. M2
macrophages enhance the differentiation of muscle stem cells (satellite cells) and their
fusion into myotubes, thus contributing to muscle repair (Tidball, 2011). Interestingly
the study by Roux-Biejat et al. demonstrates that ASM-deficient mice show faster
muscle repair after injury due to a reduction in early inflammation (Roux-Biejat et al.,
2021). Following cardiotoxin-induced muscle damage, ASM-deficient mice exhibit
lower levels of pro-inflammatory cytokines and an altered macrophage phenotype. In
particular, these mice show a shift from pro-inflammatory M1 macrophages to anti-
inflammatory M2 macrophages, which support tissue repair. While these findings
suggest that ASM deficiency may benefit early repair (Roux-Biejat et al., 2021), its role
in initiating the inflammatory response may still be crucial for the overall repair process,
particularly under chronic metabolic stress. The role of ASM in muscle regeneration

and function is complex and debated (1.6.3.1).

1.5.3.2 The role of acid sphingomyelinase in MASLD and insulin resistance
In the liver, ASM is involved in the development of steatosis and fibrosis. Elevated ASM
MRNA levels have been observed in individuals with MASH (Moles et al., 2010b). In
line, HFD-fed mice showed significantly increased hepatic ASM mRNA expression and
ceramide content compared to littermates fed a normal diet. In contrast, ASM-deficient
mice showed only a slight increase in ceramide content under HFD conditions, were
resistant to HFD-induced steatosis (Fucho et al., 2014), and displayed reduced
expression of lipogenic genes such as Srebp1c, Dgat2, Fas and Acc compared to wild-

type mice (Fucho et al., 2014). The methionine-choline-deficient (MCD) diet typically
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induces steatosis by impairing hepatic PC synthesis, which reduces very low-density
lipoprotein (VLDL) secretion and leads to TAG accumulation in the liver (Haberl et al.,
2020). ASM-deficient mice show resistance to steatosis induced by a MCD diet (Fucho
et al., 2014), but maintained higher liver PC levels compared to wild-type mice (Prinetti
et al.,, 2011). This conflicting results suggests that ASM contributes to steatosis
progression but also protect the cell against VLDL accumulation, which leads to
steatosis in the absence of methionine and choline (Prinetti et al., 2011). Another study
showed that ASM is also implicated in fibrosis through CTSD activation, which
promotes hepatic stellate cell proliferation (Moles et al., 2010b). Consistently,
functional inhibition of ASM with the cationic amitriptyline, which induces detachment
of ASM from the inner lysosomal membrane and its subsequent degradation, has been
shown to reduce hepatic fibrosis in a carbon tetrachloride-induced fibrosis mouse
model (Quillin et al., 2015).

In regard to insulin signaling, pharmacological inhibition of ASM normalizes HFD-
induced hyperglycemia and improves both glucose tolerance and insulin sensitivity in
mice (Fucho et al., 2014). Similarly, genetic deletion of ASM in low density lipoprotein
(LDL) receptor-deficient (Ldlr 7~) mice, which are predisposed to metabolic disease
under HFD conditions, prevents diet-induced obesity and hyperglycemia as well as
insulin resistance (Deevska et al., 2009). These mice also exhibit a decrease in hepatic
TAG content along with increased levels of sphingomyelin, PE and interestingly also
increased levels of PC, as well as ceramide content (Deevska et al., 2009). In contrast,
hepatocytes isolated from ASM-deficient mice exhibit impaired glucose uptake and
glycogen storage and LD formation upon high glucose treatment, likely due to
enhanced AMPK phosphorylation and reduced GLUT2 expression (Osawa et al.,
2011).

Conversely, hepatic overexpression of ASM via adenoviral delivery in both wild-type
and diabetic db/db mice leads to improved glucose tolerance in vivo. In support of
these in vivo findings, primary hepatocytes isolated from wild-type mice and
transduced with adenoviral ASM showed elevated ceramide levels. However, the
ceramide increase was relatively modest compared to the extent of sphingomyelin
degradation, indicating that a substantial portion of the generated ceramide was further
metabolized to S1P. This suggests that ASM exerts insulin-like effects primarily

through S1P-mediated AKT activation. The balance between ASM-generated
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ceramide and its conversion to S1P appears to be critical for these metabolic
processes (Osawa et al., 2011).

In summary, ASM is an important regulator of sphingolipid metabolism with potential
implications for hepatic steatosis, fibrosis, and insulin resistance. Current evidence
from animal and cell models suggests that changes in ASM activity can affect ceramide
and S1P metabolism however, the precise mechanisms and their relevance in humans

remain to be elucidated.

1.6 The integrative role of physical activity in metabolic health

1.6.1 Impact of exercise training on metabolic pathways

Physical activity plays a crucial role in metabolic health, influencing various
physiological processes that directly impact the development and progression of
metabolic disorders such as T2D. Lifestyle interventions, incorporating both dietary
modifications and regular exercise, remain the primary strategies for managing T2D
(Kanaley et al., 2022; Rohling et al.,, 2016). However, variations in the type and
structure of exercise programs can lead to different metabolic outcomes in human
studies. Generally, exercise regimens are categorized into two primary forms:
resistance (or strength) and endurance (or aerobic) training. Resistance training,
characterized by the contraction of specific muscle groups at low frequency, such as
during weightlifting, primarily aims to increase muscle hypertrophy, strength, and
power. In contrast, endurance exercise, which involves high-frequency contraction of
multiple muscle groups as seen in activities like running, predominantly enhances
skeletal muscle oxidative capacity and overall endurance.

Exercise interventions can also vary in the duration, intensity, and frequency of
sessions. Standard programs designed to improve glycemic control often prescribe
moderate-intensity exercises, such as daily running sessions lasting approximately
60 minutes over several weeks (Nishida et al., 2004). However, the time commitment
required for these interventions can be a barrier for participants. High-intensity interval
training (HIIT) has emerged as a more time-efficient alternative, consisting of short
bursts of high-intensity effort followed by low-intensity intervals or rest. These
programs typically reduce the training frequency to three sessions per week (Jung et
al., 2014; Madsen et al., 2015), as recommended for individuals with T2D (ADA, 2022).
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1.6.2 Effects of acute and chronic exercise on metabolism

Acute exercise refers to a single session of physical activity that elicits immediate
physiological responses, including enhanced glucose uptake and subsequent
glycogen synthesis in skeletal muscle, as well as improved insulin sensitivity, which
can persist for up to 48 h post-exercise (Hawley and Lessard, 2008; Perseghin et al.,
1996). These acute metabolic effects are largely driven by the activation of key
signaling pathways, such as AMPK, which facilitates the translocation of GLUT4 to the
plasma membrane and promotes FAO in an insulin-independent manner (Hawley and
Lessard, 2008). Human studies demonstrate that even a single bout of exercise
increases plasma membrane GLUT4 content in both healthy individuals and those with
T2D (Kennedy et al. 1999). The extent of glucose uptake by muscle during exercise is
contingent on the intensity and duration of the activity. During prolonged exercise,
especially when muscle glycogen stores are depleted, blood glucose plays a more
prominent role in oxidative metabolism (Richter and Hargreaves, 2013).
Intramyocellular lipid (IMCL) content, which is closely linked to insulin resistance
(Krssak et al., 1999; Perseghin et al., 1999), can also be modulated by both acute and
prolonged exercise, with more pronounced IMCL utilization occurring during longer
exercise bouts, reflecting an increased reliance on lipid oxidation as glycogen becomes
limited (Krssak et al., 2000; Rico-Sanz et al., 2000).

In contrast, chronic exercise, characterized by sustained and repeated physical activity
over an extended period, induces long-term physiological adaptations in skeletal
muscle, liver, and adipose tissue, which collectively enhance insulin sensitivity
(Ashcroft et al., 2024). These adaptations encompass increased GLUT4 content and
glycogen depletion as well as alterations in IMCL content, augmented mitochondrial
biogenesis, increased oxidative capacity, and hypertrophy of muscle tissue, which
have been observed in both healthy and insulin-resistant individuals (Dubé et al., 2008;
Kanaley et al., 2022; Larsen et al., 2014). Various forms of exercise training - including
aerobic, resistance, and HIIT - demonstrate significant benefits, particularly when
sustained for periods exceeding 12 weeks, with each form showing positive effects in
T2D individuals (Thomas et al., 2006). Both aerobic and resistance training have been
shown to improve glycemic control, as evidenced by reductions in HbA1c and fasting
blood glucose levels (Rohling et al., 2016). Meta-analyses indicate that combined
aerobic and resistance exercise results in more substantial reductions in HbA1c
compared to either modality alone (Roéhling et al., 2016; Schwingshackl et al., 2014).
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Furthermore, HIIT is increasingly recognized as the most effective exercise mode for
reducing HbA1c and fasting blood glucose, as well as improving cardiorespiratory
fithess, particularly in individuals with T2D (Francois and Little, 2015; Jelleyman et al.,
2015). These distinct molecular effects of various exercise types underscore the
complexity of exercise-induced adaptations in skeletal muscle, with each modality
offering unique benefits in optimizing metabolic health, particularly for individuals with
T2D.

1.6.3 Molecular adaptations induced by exercise in skeletal muscle

Skeletal muscle is the primary site for molecular adaptations induced by exercise,
driven by contractile activity during physical activity. These adaptations include

repartitioning of IMCL as well as increased glucose uptake and mitochondrial content.

1.6.3.1 Intramyocellular lipid dynamics and sphingolipid metabolism

adaptations
IMCL, comprising TAGs, DAGs, and ceramides, play pivotal roles in skeletal muscle
metabolism, with their content being dynamically regulated by exercise. Noninvasive
"H NMR work in healthy, non-obese participants first demonstrated that higher IMCL
correlates with whole-body insulin sensitivity (M-value), a finding extended to lean,
nondiabetic first-degree relatives of individuals with T2D (Jacob et al., 1999). Elevated
IMCL are also associated with insulin resistance in obesity and T2D (Goodpaster et
al., 2000), yet also correlate with enhanced oxidative capacity and metabolic health in
athletes - a phenomenon known as the "athlete's paradox" (Goodpaster et al., 2001).
In terms of acute regulation, a single bout of prolonged treadmill running to exhaustion
decreases IMCL content in the active muscle (e.g. soleus) and shifts substrate use
towards lipid oxidation as glycogen becomes limited. In contrast, the non-exercised
muscle does not exhibit an increase in IMCL during exercise, but instead shows a
decline during early recovery, likely reflecting substrate mobilization to support
glycogen resynthesis in the previous active muscle groups (Krssak et al., 2000). Most
studies report IMCL decreases after a single endurance training bout in athletes and
lean individuals but not in obese individuals with or without T2D (Bergman et al., 1999;
Bergman et al., 2018; Creer et al., 2005). However, acute resistance exercise reduces
IMCL also in obese individuals (Creer et al., 2005; Harber et al., 2008), although IMCL

return to baseline levels typically within 2 h of recovery (Harber et al., 2008; Koopman
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et al.,, 2006). Acute exercise itself does not immediately impact intramyocellular
triglycerides (IMTG), but IMTG utilization is influenced by initial concentrations (Creer
et al., 2005) and occurs predominantly during the recovery period (3 to 18 h post-
exercise), after which IMTG levels return to baseline (Kiens and Richter, 1998).
Notably, IMTG stores and their utilization vary by sex, with women typically having
higher stores and greater utilization during exercise than men (Steffensen et al., 2002).
There are limited data on changes in muscle DAG in response to acute exercise.
Bergman et al found that a bout of exercise did not change total cell DAG concentration
in athletes and obese individuals with and without T2D (Bergman et al., 2018), but it
transiently increases muscle sphingolipids, including ceramides, sphingosine, S1P,
dihydroceramides, and glycosylceramides, in both trained and untrained individuals,
which return to baseline values or even less within 2 h post-exercise (Bergman et al.,
2016a; Helge et al., 2004). These changes may lead to improvement of insulin
sensitivity (Aerts et al., 2007). Notably, sphingomyelin levels rise after acute exercise
in trained but not untrained individuals, suggesting that sphingomyelin degradation is
not a primary source of exercise-induced ceramide accumulation (Helge et al., 2004).
Studies have shown increased levels of S1P in skeletal muscle across various exercise
models in both humans and animals (Baranowski et al., 2015; Bergman et al., 2016b;
Btachnio-Zabielska et al., 2008). One study found elevated mRNA levels of alkaline
ceramidase, which hydrolyzes ceramide into sphingosine, and sphingosine kinase 1
(SphK1), which phosphorylates sphingosine to form S1P, in human muscle biopsies
taken immediately after exercise and following a 2 h recovery period, suggesting that
exercise stimulates the breakdown of ceramide to sphingosine and its subsequent
conversion to S1P (Bergman et al., 2016b). This process, combined with increased
extracellular S1P availability, may delay muscle fatigue (Cordeiro et al., 2019) and
support muscle repair through activation of satellite cells (Calise et al., 2012; Donati et
al., 2013). Interestingly, acute exercise increases ASM protein levels in rodent models,
suggesting enhanced sphingomyelin degradation and ceramide production (Lee and
Leem, 2019). Notably, ASM inhibition has been shown to reduce muscle damage,
leading to the hypothesis that inhibiting ASM may lower ceramide levels via the
sphingomyelin pathway, thereby mitigating myofiber cell death following muscle-
damaging exercise (Lee and Leem, 2019). This is in contrasts with ASM role in
sarcolemma repair, which is critical for maintaining muscle integrity (Michailowsky et
al., 2019a).
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Chronic aerobic exercise demonstrates various effects on IMTG content in individuals
with obesity and T2D, reporting increases (Dubé et al., 2008), decreases (Bruce et al.,
2004), or no change (Bruce et al., 2006), depending on study conditions. Chronic
resistance exercise is often linked to increased IMTG levels in sedentary healthy
individuals (Shepherd et al., 2014). Interestingly, IMTG accumulation does not directly
cause insulin resistance but instead reflects an adaptation to exercise training,
enhancing fuel supply and energy capacity (Dubé et al., 2008; Goodpaster et al.,
2001). However, in sedentary individuals or those with T2D, the relationship between
IMTG and insulin resistance depends on muscle fiber type and lipid droplet localization
(Coen et al., 2010). For instance, in T2D, lipids are stored in larger droplets near the
sarcolemma in type |l fibers, whereas athletes store smaller droplets within
intramyofibrillar regions of type | fibers. These smaller droplets exhibit higher turnover
due to elevated Perilipin 5 (PLIN5) expression and interactions with mitochondria,
enabling more efficient IMTG utilization (Gemmink et al., 2020). Chronic exercise,
particularly when combined with weight loss, has been shown to reduce lipid
intermediates like DAGs and ceramides, thereby improving insulin sensitivity in
overweight and obese individuals (Bruce et al., 2006; Coen et al., 2015; Dubé et al.,
2008; Dubé et al., 2011). However, these effects remain inconsistent, likely due to the
advanced state of insulin resistance in some individuals (Petersen and Jurczak, 2016;
Shepherd et al., 2017; Summers and Goodpaster, 2016). These data indicate that,
chronic endurance exercise training can decrease whole cell DAG and ceramide
concentration and composition, although these changes are not required for enhanced
insulin sensitivity. This also suggests that alterations in specific ceramide species
within distinct subcellular compartments may be more relevant in insulin
desensitization than the overall amount of muscle ceramides. Notably, only the
accumulation of specific ceramide species, such as C18:0 in the mitochondrial/ER
subsarcolemmal fraction, is consistently linked to reduced insulin sensitivity (Bergman
et al., 2016a; Perreault et al., 2018). The role of ASM in exercise, particularly in relation
to ceramide synthesis, remains complex and somewhat contradictory. ASM activity
has been shown to gradually decrease with the duration of exercise in rodents
(Btachnio-Zabielska et al., 2011). However, a 5-week aerobic exercise program in rats
demonstrated increased ASM activity (Btachnio-Zabielska et al., 2008). Yet, as ASM
is critical for sarcolemma membrane repair, its observed increase may reflect the

heightened need for membrane repair post-exercise (Michailowsky et al., 2019a).
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Interestingly other sphingolipids like sphingosine and S1P remain unchanged in trained
compared with untrained individuals (Bergman et al., 2016a), as well as following
exercise training with or without weight loss (Coen et al., 2015; Dubé et al., 2011).
Long-term (=212 weeks) exercise has been associated with increases in PC and PE
levels and a reduced PC:PE ratio in normoglycemic and prediabetic individuals,
improvements linked to enhanced insulin sensitivity (Lee et al., 2018). The resulting
changes in membrane composition, including a reduced PC:PE ratio, may enhance
muscle function and calcium homeostasis by modifying membrane integrity, fluidity,
and lipid raft organization. These adaptations support InsR kinetics, improving insulin

signaling and facilitating glucose uptake (Lee et al., 2018).

1.6.3.2 Mitochondrial adaptations

Mitochondria are highly dynamic organelles that continuously adapt to the metabolic
demands of skeletal muscle, particularly during exercise. These adaptations occur
through coordinated changes in mitochondrial respiration, biogenesis, dynamics, and
mitophagy, collectively working to optimize energy homeostasis and maintain
mitochondrial quality. Exercise is a powerful stimulus for mitochondrial remodeling, yet
the magnitude and nature of these adaptations differ between healthy individuals and

those with metabolic disorders such as T2D.

Acute exercise enhances mitochondrial respiration primarily through the activation of
key signaling pathways, including calcium/calmodulin-dependent protein kinase
(CaMK) in response to elevated intracellular Ca?* levels (Ojuka et al., 2003), p38 MAPK
via ROS-mediated signaling (Irrcher et al., 2009; Puigserver et al., 2001) and AMPK
due to the increased AMP:ATP ratio caused by muscle contractions (Winder et al.,
2000). These mechanisms have been elucidated using rodent models as well as
rodent and human myotubes. Additionally, phosphoproteomic analyses of human
muscle biopsies of healthy young men following endurance, sprint, and resistance
exercise have identified exercise-induced activation of mTOR and protein kinase A
(PKA), further affecting mitochondrial function (Blazev et al., 2022). These pathways
converge on peroxisome PGC-1a, a master regulator of mitochondrial respiration and
oxidative metabolism (Handschin and Spiegelman, 2008; Puigserver and Spiegelman,
2003), resulting in enhanced mitochondrial respiration in healthy individuals

(Hernandez-Alvarez et al., 2010). However, the upregulation of PGC-1a expression in
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skeletal muscle of individuals with T2D in response to acute endurance exercise
appears to be blunted, suggesting an impaired mitochondrial regulatory response
(Hernandez-Alvarez et al., 2010).

Chronic exercise training, such as 6-weeks of endurance or low volume HIT, enhances
mitochondrial respiration by increasing oxidative capacity, ATP production, and
mitochondrial efficiency, contributing to improved metabolic health in normoglycemic
individuals (Gibala et al., 2012). Complementary evidence from rodent models has
provided mechanistic insights into these adaptations, demonstrating that chronic
endurance exercise leads to elevated expression of PGC-1a and enhanced
mitochondrial lipid metabolism (Mozaffaritabar et al., 2024). These adaptations in
rodents are associated with upregulation of key proteins involved in energy sensing,
lipid mobilization, and mitochondrial dynamics, including AMPK-a, mTOR, hormone-
sensitive lipase (HSL), adipose triglyceride lipase (ATGL), G protein-coupled receptor
41 (GPR41), phosphatidylcholine cytidylyltransferase 2 (PCYT2), and MFN1
(Mozaffaritabar et al., 2024). Rodent studies further show that 4-weeks of voluntary
wheel running, which reflect endurance training, markedly increase mitochondrial
content in skeletal muscle, as evidenced by elevated levels of mitochondrial enzymes
such as citrate synthase and cytochrome c oxidase (Drake et al., 2016). These
molecular adaptations are consistent with human data, where several months of
regular exercise - particularly combined endurance and resistance training - have been
shown to increase mitochondrial content by approximately 20-50% in skeletal muscle
of both individuals with T2D and normoglycemic controls (Phielix et al., 2010).
Importantly, resistance exercise and HIIT can complement endurance training in
promoting mitochondrial adaptions. In a 9-month intervention study involving
individuals with T2D, combined endurance and resistance training elicited greater
increases in mitochondrial content than endurance training alone, which showed only
modest effects (Sparks et al.,, 2013). Moreover repeated bouts of endurance and
interval training over a 4-week period have been shown to upregulate NRF-1 and NRF-
2 as well as mitochondrial transcription factor A (TFAM), thereby promoting
mitochondrial DNA replication and the transcription of oxidative phosphorylation genes
(Islam et al., 2020), mechanisms central to mitochondrial biogenesis. Finally, regular
exercise can partially restore mitochondrial function in individuals with T2D, who show
impaired mitochondrial biogenesis at baseline (Bonen, 2009; Larsen et al., 2014).
Some reports indicate that alternative pathways, such as AMPK activation, may

37



compensate for the blunted PGC-1a response, allowing mitochondrial improvements
even in insulin-resistant muscle (Kjgbsted et al., 2018; Nishida et al., 2020; Viollet et
al., 2009)

Mitochondrial dynamics, including fusion and fission, also play a crucial role in the
adaptive response to exercise, potentially modulating mitochondrial respiration (Chen
et al., 2023). A single bout of exercise induces rapid changes in mitochondrial
dynamics, though findings on specific protein responses are inconsistent. Some
human studies show that MFN1/2 mRNA levels remain unchanged within the first 2-
4 h post-exercise, along with stable MFN2 protein levels (Cartoni et al., 2005; Perry et
al., 2010). However, other studies report an immediate post-exercise increase in MFN2
MRNA expression without changes in OPA1, FIS1, or DNM1L (encoding DRP1) mRNA
(Kruse et al., 2017). Interestingly, MFN2 protein levels acutely increase in healthy
individuals but remain unchanged in T2D subijects, indicating a potentially impaired
fusion response in diabetic muscle (Kruse et al., 2017). Despite this, activating
phosphorylation side of DRP1 at Ser®'® was elevated in both groups (Kruse et al.,
2017), suggesting that acute exercise induces mitochondrial fragmentation to facilitate
the removal of damaged mitochondria. Notably, an early-onset T2D cohort failed to
upregulate MFN2 gene expression post-exercise, reinforcing the notion that
mitochondrial fusion capacity is compromised in T2D muscle (Hernandez-Alvarez et
al., 2010). This reduced capacity for mitochondrial fusion may underlie the impaired
mitochondrial adaptations observed in T2D individuals, contributing to metabolic
inflexibility and reduced insulin sensitivity (Jheng et al., 2012).

Chronic exercise significantly remodels mitochondrial dynamics by promoting fusion
and reducing excessive fission in skeletal muscles. For instance, a 12-week aerobic
training in sedentary adults did not increase MFN1 or MFN2 expression but led to
significant reductions in FIS1 and Parkin, suggesting a decline in both mitochondrial
fission and mitophagy (Axelrod et al., 2019). Conversely, prolonged training tend to
increase MFN1, MFN2, and OPA1 levels, leading to a more interconnected
mitochondrial network (Arribat et al., 2019; Balan et al., 2019) and attenuates
mitochondrial fission signaling in healthy individuals. Similarly, a 12-week aerobic
training intervention showed a trend toward increased MFN1 and MFNZ2, and
importantly, a reduction in DRP1 phosphorylation in obese insulin-resistant adults,
which correlated with improved insulin sensitivity and fat oxidation (Fealy et al., 2014).

Training for more than 8-weeks restores also a more balanced fission/fusion dynamic
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in diabetic muscle, by elongating mitochondrial network (Axelrod et al., 2019; Hood et
al., 2019), a critical change since diabetes is often associated with lower MFN2 and
smaller mitochondria (Kelley et al., 2002) as compared to healthy individuals, and by
increasing MFN content and mitochondrial size, which contribute to enhanced insulin
sensitivity (Genders et al., 2020). However, other studies suggest that individuals with
obesity or T2D exhibit a diminished ability to enhance mitochondrial fusion capacity.
For instance, in some cases exercise failed to induce MFN2 protein upregulation in
T2D individuals, suggesting an attenuated mitochondrial plasticity in metabolic
disorders (Hernandez-Alvarez et al., 2010). This impaired fusion response, coupled
with the upregulation of DRP1-mediated fission in T2D muscle, leads to fragmented,
less efficient mitochondria, further exacerbating insulin resistance and metabolic
dysfunction (Jheng et al., 2012). Finally trained athletes exhibit higher basal levels of
FIS1 and OPA1 compared to individuals with T2D, even though T2D muscle displays
increased mitochondrial fragmentation. This underscores the complexity of
mitochondrial dynamics, as it extends beyond fusion and fission to include inner
mitochondrial membrane remodeling and cristae organization (Djalalvandi and
Scorrano, 2022; Houzelle et al., 2021).

Beyond mitochondrial fusion and fission, mitophagy - the selective degradation of
damaged mitochondria via autophagy - plays a central role in exercise-induced
mitochondrial quality control and cellular homeostasis (Pickles et al., 2018). However,
exercise-induced mitophagy adaptations also appear to be muscle-specific. For
instance, acute exercise increases mitophagy markers, such as Parkin and LC3b-Il, in
soleus muscle, whereas no such changes are observed in the myocardium, gastric
muscle, or abdominal muscle (Yoo et al., 2019). This muscle-specific induction of
mitophagy likely reflects differential mitochondrial stress exposure during exercise.
During muscular contractions, mitochondria are exposed to increased energetic and
oxidative stress, which may lead to mitochondrial depolarization and the accumulation
of dysfunctional organelles (Oliveira and Hood, 2019) that require selective removal.
In response, the loss of mitochondrial membrane potential stabilizes PINK1, which
accumulates on the outer mitochondrial membrane and subsequently activates Parkin.
Parkin ubiquitinates mitochondrial proteins, triggering their recruitment into
autophagosomes and subsequent degradation via the lysosomal system (Pickles et
al., 2018). In healthy individuals, a single exercise session induces transient increases
in mitophagy, characterized by the lipidation of LC3 proteins, which promotes
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autophagosome formation. However, the mechanism underlying exercise-induced
mitophagy has not been fully elucidated. A rodent study showed that acute exercise-
induced mitophagy was preceded by increased AMPK and unc-51 like autophagy
activating kinase 1 (ULK1) activity (Laker et al., 2017). AMPK phosphorylates ULK1 at
Ser®® initiating autophagosome formation. Simultaneously, AMPK phosphorylates
mitochondrial fission factor (MFF), facilitating DRP1 recruitment to fragment
mitochondria and mark them for degradation (Laker et al., 2017). Human studies of
young non-obese healthy males indicated that exercise activates phosphorylation of
ULK1 primarily through AMPK and mTOR in skeletal muscle (Mgller et al., 2015;
Schwalm et al., 2015). In T2D, the mitophagy response to acute exercise appears to
remain intact, as indicated by increased ULK1 phosphorylation (Ser®>®) and reduced
inhibitory phosphorylation (Ser’®”), alongside elevated SQSTM1 and activation of the
transcription factor FoxO3a, which promotes autophagy gene expression (Kruse et al.,
2017). Chronic exercise also enhances the muscle mitophagy machinery as part of its
long-term quality control improvements. Endurance-trained individuals exhibit higher
basal expression of mitophagy proteins compared to untrained counterparts. For
instance, one study comparing physically active and sedentary men, found that regular
exercise was associated with an ~80% higher protein content of FIS1 and significantly
elevated Parkin levels, particularly in older trained individuals (Balan et al., 2019).
However, the extent to which chronic exercise improves mitophagy in T2D remains
uncertain. In a 12-week endurance exercise study, mitochondrial complex Il increased
without significant changes in mitophagy markers in T2D muscle (Brinkmann et al.,
2017).
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Figure 3: Acute and chronic exercise-induced adaptions in skeletal muscle and

systemic metabolism in the context of T2D.

Acute exercise (top panel, blue background) increases reactive oxygen species (ROS), cytosolic
calcium (Ca?*), and the ATP/AMP ratio, thereby activating upstream kinases including p38 mitogen-

activated protein kinase (p38 MAPK),

the mechanistic target of rapamycin (MTOR),

and

calcium/calmodulin-dependent protein kinases (CaMKs), which converge on AMP-activated protein
kinase (AMPK). AMPK orchestrates key adaptive processes by promoting mitophagy through
mitochondrial fission factor (MFF) and unc-51-like autophagy activating kinase 1 (ULK1) along with the
PTEN-induced kinase 1 (PINK1)/Parkin pathway. It further induces mitochondrial biogenesis via
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), nuclear respiratory
factors 1 and 2 (NRF-1/2), and mitochondrial transcription factor A (TFAM), and enhances glucose
uptake through glucose transporter type 4 (GLUT4) translocation. Myokine release stimulates hepatic
glucose production and adipose tissue lipolysis, raising circulating non-esterified fatty acids (NEFAs)
and promoting intramyocellular lipid (IMCL) utilization, including triacylglycerols (TAGs), diacylglycerols
(DAGs), and ceramides, the latter synthesized via serine palmitoyltransferase 1 (SPT1). Ceramide
breakdown through ceramidase and SphK1 yields sphingosine-1-phosphate (S1P), which may improve
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insulin sensitivity via sphingosine-1-phosphate receptor (S1PR) activation. Upward arrows indicate
increased gene or protein expression, whereas red circled Xs mark blunted responses in T2D.

Chronic exercise (bottom panel, green background) leads to sustained metabolic improvements in
individuals with T2D, including enhanced mitochondrial content, increased fatty acid oxidation (FAQO),
improved lipid repartitioning, and elevated insulin sensitivity. These adaptations, largely driven by
persistent AMPK signaling, promote mitochondrial fusion (via mitofusin 1/2 [MFN1/2] and optic atrophy
protein 1 [OPA1]), attenuate mitochondrial fission (via dynamin-related protein 1 [DRP1] and fission 1
protein [FIS1]), and result in an elongated and functionally efficient mitochondrial network. Chronic
training also reduces the accumulation of lipotoxic lipid intermediates, thereby supporting systemic
metabolic health in T2D. Circled question marks indicate mechanisms or responses for which the current
literature presents conflicting or inconclusive findings. Figure created with BioRender.com.

Mitochondrial adaptations to exercise are essential for maintaining skeletal muscle
energy homeostasis and overall metabolic health. While these responses are robust
in normoglycemic individuals, those with T2D show more variable and often attenuated
adaptations. The regulation of mitochondrial biogenesis, fusion, fission, and mitophagy
is intricately linked to metabolic flexibility, and understanding these mechanisms may
help optimize exercise interventions to improve metabolic health in both healthy
individuals and those with T2D.

1.7 Hypotheses and objectives

Since ASM is involved in membrane remodeling and cellular stress responses,
particularly in apoptosis, autophagy, and lipid metabolism, this dissertation explores its
potential tissue-specific roles in skeletal muscle and liver. The first part focuses on
skeletal muscle, aiming to investigate the regulation of ASM and its relationship to
mitochondrial adaptations in response to a supervised HIIT program in individuals with
varying degrees of insulin resistance and glucose tolerance. The second part
addresses the liver, motivated by evidence that elevated ASM expression is associated
with MASH in humans, while experimental downregulation in murine models reduces
steatosis development during HFD. Building on this, the dissertation investigates the
effects of ASM on hepatocellular viability and LD formation under conditions of

metabolic stress, and further examines its consequences for insulin signaling.

The hypotheses tested in the first part of this dissertation are:
(i) Exercise increases ASM activity in skeletal muscle, influencing lipid
metabolism, mitochondrial function, and insulin sensitivity.
(i) ASM promotes plasma membrane remodeling in skeletal muscle, thereby

supporting membrane repair and facilitating insulin signaling.
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The hypotheses tested regarding the second part of this dissertation are:
(i) Inhibition of ASM reduces the harmful effects of PA-induced lipotoxicity,
thereby improving cell viability.

(iv)  Inhibition of ASM preserves insulin signaling under PA-induced stress.
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2 Material and Methods

2.1 Materials

2.1.1 Consumables and equipment

Table 1: Consumables

Name

Company

0.2 um filter

Cell culture flasks (25 cm?, 75 cm?)

Cell culture plates (6-; 12-; 24-; 96-wells)
Centrifuge tubes (15 ml; 50 ml)
Immobilon-P
(PVDF) Transfer Membrane

MicroAmp Fast Optical 96-well Reaction
Plate (QRT-PCR)

Polyvinylidene

MicroAmp Optical Adhesive Film (QRT-PCR)

Mini-PROTEAN TGX Stain-Free Gels

Pipette tips (10 pl; 20 pl; 100 pl; 200 pl; 1 ml)

Reaction tubes (0.5 ml; 1.5 ml; 2 ml; 5 ml)

Serological pipets (5 ml; 10 ml, 25 ml; 50 ml)

Syringe (1 ml; 5 ml; 10 ml)
Whatman paper

Table 2: Equipment

Name
BBD 6220 incubator

Benchtop Centrifuge 2216 MK
ChemiDoc XRS+ Imaging System

difluoride

Sartorius Lab instrument GmbH & Co. KG,
Goettingen, Germany

Sarstedt, NUmbrecht, Germany

Sarstedt, Nimbrecht, Germany

Greiner Bio-One, Kremsmiuinster, Austria

Millipore, Burlington, USA

Applied Biosystems Inc, Waltham,
Massachusetts, USA
Applied Biosystems Inc, Waltham,
Massachusetts, USA
BioRad Laboratories Inc., Hercules,

California, USA

Eppendorf, Hamburg, Germany

Greiner Bio-One, Kremsmiinster, Austria
Eppendorf, Hamburg, Germany

Sarstedt, Nimbrecht, Germany

B. Braun SE, Melsungen, Germany

GE Healthcare Life Science, Chicago, USA

Company

Thermo Fisher Scientific, Waltham,
Massachusetts, USA
Hermle Labortechnik, Wehingen, Germany

BioRad Laboratories Inc., Hercules,
California, USA
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Cytation™ 5 Cell Imaging Multi-Mode
Reader

Heating cabinet

HeraSafe KS 15 biological safety cabinet
Infinite 200 Pro microplate reader

Megafuge ST4 Plus centrifuge

Mini-Protean Tetra System Gel Tank

Neubauer chamber

pH-Meter

Pipets research plus

PowerPac Basic Power supply

Primovert microscope

Rocker 2D basic rocking shaker
Stainless Steel Beads 5 mm
SW 22 water bath

Thermomixer compact
TissueLyser Il

Trans-Blot Turbo Transfer System

Vortex-Shaker VTX-3000L

2.1.2 Reagents and solutions

Table 3: Reagents and solutions

Name

Agilent Technologies, Santa Clara,
California, USA

Binder Labortechnik, Hebertshausen,
Germany

Thermo Fisher Scientific, Waltham, USA
Tecan, Maennedorf, Switzerland
Thermo Fisher Scientific, Waltham,
Massachusetts, USA

BioRad Laboratories Inc., Hercules,
California, USA

Paul Marienfeld GmbH & Co. KG, Lauda-
Konigshofen, Germany

Hanna Instruments Woonsocket, Rhode
Island, USA

Eppendorf, Hamburg, Germany

BioRad Laboratories Inc., Hercules,
California, USA

Carl Zeiss AG, Oberkochen, Germany
IKA, Staufen, Germany

Qiagen, Hilden, Germany

Julabo, Seelbach, Germany

Eppendorf, Hamburg, Germany
Qiagen, Hilden, Germany

BioRad Laboratories Inc., Hercules,
California, USA

Lab unlimited, Dublin, Ireland

Company

0,25% Trypsin EDTA (1x)
10x Tris/Glycine buffer (Transfer Buffer)

10x Tris/Glycine/SDS buffer (Running
Buffer)

Gibco, Carlsbad, California

BioRad Laboratories Inc., Hercules,
California, USA

BioRad Laboratories Inc., Hercules,
California, USA
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16% Formaldehyde (w/v), Methanol-
free (PFA)

4x Laemmli sample buffer

Albumin fraction V (pH 7.0)
Blue Prestained Protein Standard, Broad
Range (11-250 kDa)

BODIPY™ 493/503 (4,4-Difluoro-1,3,5,7,8-

Pentamethyl-4-Bora-3a,4a-Diaza-s-
Indacen) Invitrogen™

Bovine Serum Albumin (BSA) Control for
BSA-Fatty Acid Complexes (5 mM)
BSA-Palmitate Saturated Fatty Acid
Complex (5 mM)
cOmplete-protease-inhibitor cocktail
D-(+)-Glucose

Dimethylsulfoxid (DMSO)

D-Mannitol

Di-Phosphate-Buffered Saline (DPBS) (1x)

Eagle's Minimum Essential Medium
(EMEM)

Ethanol absolute
Ethylenediaminetetraacetic acid (EDTA)
Fetal Bovine Serum (FBS)

HCI

Hoechst Nucleic Acid Stains Invitrogen™

Immobilon Western Chemiluminescent HRP

Substrate

Insulin from bovine pancreas
Isopropanol (2-Propanol)
METAFECTENE® PRO

Methanol

NaCl

Nonidet® P40 (NP-40)
Penicillin-Streptomycin (10.000 U/mL)

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

BioRad Laboratories Inc., Hercules,
California, USA
AppliChem, Darmstadt, Germany

New England BioLabs, Ipswich, USA

Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Cayman Chemical, Ann Arbor, Michigan,
USA

Cayman Chemical, Ann Arbor, Michigan,
USA

Roche, Basel, Switzerland
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Gibco, Carlsbad, California

ATCC, Manassas, Virginia, USA

VWR, Radnor PA, USA

Sigma-Aldrich, St. Louis, Missouri, USA
Merck, Darmstadt, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
Thermo Fisher Scientific, Waltham,
Massachusetts, USA

Millipore, Burlington, USA

Sigma-Aldrich, St. Louis, Missouri, USA
Merck KGaA, Darmstadt, Germany
Biontex Laboratories GmbH, Miinchen,
Germany

Merck KGaA, Darmstadt, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
AppliChem, Darmstadt, Germany
Gibco, Carlsbad, California
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PhosStop phosphatase inhibitor cocktail

Powdered milk

Thiazolyl blue tetrazolium bromide (MTT),

membrane-permeable dye
Tris ultrapure
Tween20

B-Mercaptoethanol

2.1.3 Buffers

Table 4: Buffers

Roche, Basel, Switzerland
Roth, Karlsruhe, Germany
Abcam, Cambridge, UK

AppliChem, Darmstadt, Germany
Sigma-Aldrich, St. Louis, Missouri, USA
Sigma-Aldrich, St. Louis, USA

Name Component Concentration
ASM activity assay buffer NaCl 150 mM
Tris-HCI (pH 7.4) 50 mM
Triton X-100 0.6 %
protease inhibitor cocktail 1:25
Protein loading buffer 4x Laemmli Sample Buffer 90 %
3-Mercaptoethanol 10 %
Tris buffered saline Tween Tris (pH 7.5) 20 mM
20 (TBST) NaCl 150 mM
Tween20 0.1%
Radioimmunoprecipitation Tris-HCI (pH 7.4) 25 mM
assay (RIPA)-buffer NacCl 150 mM
EDTA 1 mM
NP-40 0.2 %
PhosStop phosphatase 1:10
inhibitor cocktail
cOmplete-protease-inhibitor  1:25
cocktail
SDS running buffer 10x Tris/Glycine/SDS buffer 10 %
ddH20 90 %
Western-Blot transfer buffer ~ 10x Tris/Glycine buffer 10 %
Methanol 20 %
ddH20 70 %
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2.1.4 Protein standard and antibodies

Table 5: Protein standard for Western blot analysis

Name Bands in kDa Company

Blue Prestained Protein 250, 180, 130, 95, 72, 55, New England BioLabs,
Standard, Broad Range (11- 43, Ipswich, USA

250 kDa) 34, 26, 17, 11

Table 6: Primary and secondary antibodies for Western blot analysis

Name

Dilution

Company

Anti-Akt rabbit #9272

Anti-Phospho-Akt (Ser473)
rabbit #9271
Anti-IRS-2 rabbit #4502

Anti-Phospho-IRS-2
(Ser388) rabbit 07-1517
Anti-Acid sphingomyelinase
antibody [EPR23090-181]
rabbit ab272729
Secondary Anti-rabbit I1gG,
HRP-linked Antibody #7074

2.1.5 Primers and small interfering RNA (siRNA)

1:1000 in 5 % BSA solution

1:1000 in 5 % BSA solution

1:1000 in 5 % BSA solution

1:500 in 5 % BSA solution

1:1000 in 5 % milk solution

1:20000 in 5 % milk solution

Cell Signaling Technology,
Danvers, USA

Cell Signaling Technology,
Danvers, USA

Cell Signaling Technology,
Danvers, USA

Merck KGaA, Darmstadt,
Germany

Abcam, Cambridge, UK

Cell Signaling Technology,
Danvers, USA

All primers were obtained from Qiagen (QuantiTect Primer Assays, 249900), with the

corresponding GeneGlobe identification numbers listed in the table:

Table 7: Primers for gRT-PCR

Name

Company

B2M mouse (QT01149547)
PPIA mouse (QT00247709)

HPRT1 mouse (QT00166768)
SMPD1 (ASM) mouse (QT00111041)
ACTB2 human (QT01680476)
SMPD1 (ASM) human (QT00111041)

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany
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Table 8: siRNA for gene silencing
Name, Target Sequenze Company

Ambion™ Silencer™ 5°->3" Sense Life Technologies,
Select Validated siRNA CUACCUACAUCGGCCUUAALt  Carlsbad, California, USA
SMPD1 human (4427038) Antisense

UUAAGGCCGAUGUAGGUAGtt
2.1.6 Kits
Table 9: Kits
Name Company

Acid Sphingomyelinase Activity Assay Kit Echelon Biosciences Inc. Salt Lake City,

USA
MycoStrip™ 100 Mycoplasma Detection Kit  InvivoGen, Toulouse, France
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Waltham,
Massachusetts, USA
QuantiTect Reverse Transcription Kit Qiagen, Hilden, Germany
QuantiTect SYBR Green PCR Kit Qiagen, Hilden, Germany
RNeasy Mini Kit Qiagen, Hilden, Germany

2.1.7 Cell lines and media

HepG2
Human hepatocellular carcinoma cells HepG2 [HB-8065 ™] were obtained from ATCC

(Manassas, Virginia, USA).

Growth medium

Eagle's Minimum Essential Medium (EMEM) containing Earle’s Balanced Salt
Solution, non-essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and
1500 mg/L sodium bicarbonate and supplemented with 10% (v/v) FBS and 1 %

penicillin/streptomycin (P/S) was used to keep the cells in culture.

Starvation medium

Growth medium without FBS was used as starvation medium.

49



2.2 Methods

2.2.1 Mouse tissue sample acquisition

Mouse tissue samples used in this study were obtained from a separate study
conducted previously by our group. Detailed methods regarding the acquisition,
preparation, and initial processing of these samples are described before (Dewidar et
al., 2023). In brief, diabetes was induced in male C57BL/6j mice by administering STZ,
a compound known for its selective toxicity towards pancreatic 3-cells, followed by 12-
weeks of a regular chow (DIAB) or HFD (MASH), the latter causing diabetes-related
MASH. The study included also mice fed only a regular chow (CON) or a HFD (OBES).

For the purposes of this dissertation, these samples were used directly as provided.

2.2.2 Cell biological methods

2.2.2.1 Cultivation of the HepG2 cell line

From human hepatoblastoma cell line HepG2, cells were thawed from long-term
storage following the recommended procedure of ATCC (Manassas, Virginia, USA).
Cells were cultured in growth media in an incubator set at 5% CO2 and 37 °C. Upon
reaching approximately 80% confluency, cells were washed twice with prewarmed
phosphate buffered saline (PBS), detached using 0.25% Trypsin EDTA, neutralized
with growth medium, and transferred into new culture flasks at a 1:6 ratio. Prior to
experiments, the cells underwent three passages. To prevent contamination, regular
mycoplasma tests were conducted according to manufacturer’s protocol (InvivoGen,
Toulouse, France). Cryopreservation of HepG2 cell line was carried out using EMEM
medium containing 20% FBS, 1 % P/S and 10% DMSO, (v/v).

2.2.2.2 Gene silencing with siRNA transfection of HepG2 cells

SMPD1 (ASM) gene silencing was achieved using siRNA (Life Technologies,
Carlsbad, California, USA). METAFECTENE® PRO (Biontex Laboratories GmbH,
Minchen, Germany) was used as transfection reagent for the delivery of the siRNA
into HepG2 cells, following manufacturer’s instructions. Various experimental
approaches were tested and among those, the reverse transfection gave the highest
knock-down rate. The transfection complex, consisting of transfection reagent and

siRNA mixed in a ratio of 3:1 in growth media to achieve a final siRNA concentration
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of 10 nm, was incubated at room temperature for 20 min before being added to the
HepG2 cell suspension. The cells were then plated in dishes and 12 h later, the
medium containing the transfection mixture was replaced with fresh growth medium.
Samples were collected or assayed 72-96 h after transfection. The efficiency of gene
knockdown was confirmed through western blot analysis and ASM enzymatic activity

assay.

2.2.2.3 Treatment of HepG2

Cells were seeded in dishes with or without siRNA, and 12 h prior cell treatment, the
medium was replaced by fresh starvation medium. Subsequently, either high-lipid or
high-glucose load was simulated. PA, a common long-chain saturated fatty acid
(C16:0) in Western diet (Burlingame et al., 2009), was complexed with bovine serum
albumin (BSA) to create aqueous solutions for cell treatment. In this study, a
commercially available 5 mM PA already coupled with BSA in NaCl was used, at a
molar ratio of 6:1 which falls within the physiological condition range (Alsabeeh et al.,
2018). The uncomplexed 5 mM BSA (Cayman Chemicals, Ann Arbor, Michigan, USA)
was used as control. For high-glucose load, 1 M D-6-Glucose and 1 M Mannitol as
osmotic control, both prepared in PBS, were utilized. The mentioned solutions were
filtered using a 0.2 pM filter and prepared at the indicated concentrations in starvation
media. The treatment solutions were added to the previously seeded HepG2 cells for
indicated time periods. To assess insulin signaling, cells were stimulated with 10 nM

insulin for 10 min following each treatment condition.
2.2.2.4 Assessment of cell viability

2.2.2.41 MTT assay

MTT cell viability assay was used to assess cell viability and proliferation, indirectly
reflecting cell toxicity, following glucose treatment. HepG2 cells were plated in 96-well
plates at a density of 1 x 10* cells/well and incubated in growth medium for 12 h.
Subsequently, the medium was discarded and the cells received the treatments
described in section 2.2.2.3 for different durations. At designated time points, the cells
were rinsed with PBS once and then exposed to starvation medium containing
0.5 mg/mL MTT for 3 h. Following this incubation period, the medium was aspirated
from each well and replaced with 100 yl DMSO. The plates were agitated on an orbital
shaker for complete dissolution of the purple MTT formazan (1-(4,5-Dimethylthiazol-2-
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y)-3 ,5-diphenylformazan) and absorbance was measured at a wavelength of 590 nm
in a plate reader system (Tecan infinite200Pro Software i-control). To obtain technical
replicates and ensure reproducibility, each treatment condition was applied to three

wells.

2.2.2.5 Cell staining with Hoechst and BODIPY

To investigate the impact of PA or high-glucose treatment on HepG2 cell metabolism,
cell count and LD formation were evaluated by using Hoechst and BODIPY staining,
respectively. Hoechst staining utilizes blue fluorescent dyes that become highly
fluorescent when bound to DNA and that exhibit low toxicity in most types of cells.
BODIPY (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene) was
utilized for microscopy-based quantification of neutral lipid content. Following siRNA
transfection (2.2.2.2) and/or experimental treatment (2.2.2.3), HepG2 cells were
washed with warm PBS before applying a mixture containing Hoechst at a ratio of
1:5000 (4 uM) and BODIPY at a ratio of 1:2500 (2 uyM) for 15 min in the dark at room
temperature (RT). Subsequently staining solution was removed and the cells were
fixed as described below. Analysis of cell count and LD formation was conducted with

the Cytation™ 5 Cell Imaging Multi-Mode Reader, as described in the following section.

2.2.2.6 Fixation of HepG2 cells with paraformaldehyde

HepG2 cells were fixed to preserve their cytoskeleton and physiological state using
4 % warm paraformaldehyde (PFA). Following removal of the medium, the cells
underwent two washes with warm PBS before being treated with pre-warmed 4 % PFA
for a 20 min at RT. The PFA was then removed and the cells were washed three times
with PBS.

2.2.2.7 Validation of cell count and lipid droplet formation

Fixed cells were captured using a 10 x objective lens of a Cytation™ 5 Cell Imaging
Multi-Mode Reader, equipped with DAPI (377/447) and GFP (469/525) light cubes.
The images, which include cell nuclei stained with Hoechst and LDs stained with
BODIPY, underwent preprocessing and analysis, which involved generating primary
and secondary masks to detect individual cell nuclei and calculate the average green

fluorescence intensity surrounding each cell.
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2.2.3 Biochemical methods

2.2.3.1 Protein concentration with bicinchoninic acid protein assay

The Pierce bicinchoninic acid (BCA) protein assay kit was used to assess protein
concentration. Following the manufacturer's guidelines, protein concentrations were
calculated using a standard curve of BSA. The absorbance of a series of known BSA
solutions was plotted against their concentrations, and the concentration of each

unknown sample was determined based on this standard curve.

2.2.3.2 Lysis of HepG2 cells

After removing cell media from cells and washing them with cold PBS, the cells were
scraped and collected in centrifuge tubes followed by centrifugation at 2.000 x g for
5 min. After discarding the supernatant, radioimmunoprecipitation assay (RIPA) lysis
buffer or ASM activity assay buffer was added to the pellet. Subsequently cells were
placed on ice for 30 min and vortexed every 10 min. Finally, the cells suspension was
centrifuged at 16.000 x g for 15 min at 4 °C, and the supernatant was transferred to a
new tube for assessment of protein concentration. The lysate was then stored at -80 °C

till further analysis.

2.2.3.3 Lysis of tissue

Tissue lysis requires vigorous mechanical homogenization. The frozen tissue was
placed in a reaction tube and a 5 mm stainless bead was added together with RIPA
buffer (approximately 300 ul of RIPA buffer for 20-30 mg of liver or skeletal muscle
tissue). Tissues were homogenized with a TissuelLyser 2 times 1 min at 25 Hz or until
the tissue was disrupted. The resulting homogenate was centrifugated at 16.000 x g at
4 °C for 15 min. Next, the supernatant was transferred to a new tube and the protein
concentration was determined using a BCA protein assay kit. Finally, the lysate was

stored at -80°C for further analysis.

2.2.3.4 SDS-PAGE and Western blot analysis

Expression of proteins of interest was assessed by SDS-PAGE and Western-Blot.
For the separation of proteins extracted from HepG2 or tissues, protein lysate was
heated at 95 °C for 5 min before being loaded onto 4-20 % gradient Mini-PROTEAN
TGX Stain-Free precast gels. The gel was electrophoresed in a pre-made SDS running

buffer (2.1.3) until the dye reached the bottom. For visualizing total protein, Mini-
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PROTEAN TGX Stain-Free precast gels were activated using a ChemiDoc™ imager.
Using a semi-dry blotting and Tris-glycine-methanol transfer buffer (2.1.3), proteins
were transferred from the SDS-PAGE gel to a methanol activated polyvinylidene
difluoride (PVDF) membrane via Trans-Blot Turbo Transfer System. After transfer, the
membranes were UV activated for 1 min, allowing the visualization of total protein
content on the membrane. Membranes were then blocked with 5 % milk in Tris buffered
saline Tween 20 (TBST), followed by an incubation with primary antibody at 4 °C over
night and with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h
at RT. The protein of interest was visualized with Bio-Rad ChemiDocTM MP Imaging
System through chemiluminescence produced by the peroxide reagent and Luminol
enhancer reagent. Finally, densitometric analysis was performed with the software
ImagelLab 6.0.1 (Bio-Rad 199 Laboratories). Protein expression was normalized to
GAPDH or total protein, and an inter-run calibrator (IRC) was included on each gel to

correct for run-to-run variation.

2.2.3.5 ASM activity assay

ASM enzymatic activity was measured using the ASM activity assay kit (Echelon
Bioscience, Salt Lake City, UT) in accordance with the manufacturer’s instructions.
Frozen skeletal muscle tissue samples (15-25 mg) were homogenized in eight times
their volume of cold ASM activity assay buffer (2.1.3). For thorough lysis, 2 mm glass
beads (Sigma-Aldrich) were employed in conjunction with a Tissue Lyser (3 times
1 min at 20 Hz). For HepG2 cells, the cells were scraped in cold PBS and transferred
to a reaction tube. Following centrifugation at 600 x g, the PBS was removed and the
resulting cell pellet was dissolved in ASM activity assay buffer (2.1.3), approximately
20-50 ul depending on the size of the cell pellet. Tissue and cell lysate were centrifuged
at 10.000 x g for 10 min at 4 °C to remove debris, and 15-20 ug of total protein was
used to assess ASM activity according to the manufacturer's protocol. Fluorescence
was measured using a fluorescence plate reader (Tecan Infinite 200Pro, Software i-
control) at 360 nm excitation and 460 nm emission. ASM activity was normalized to

total protein content, which was quantified using the BCA protein assay kit (2.2.3.1).
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2.2.4 Molecular biological methods

2.2.4.1 RNA isolation

The Qiagen RNeasy Mini Kit was utilized to extract total RNA from HepG2 cells and
animal tissues, according to the manufacturer's instructions. Briefly, samples were
lysed and homogenized in a denaturing guanidine-thiocyanate—containing buffer to
deactivate RNAses for intact RNA purification. Ethanol was added for proper binding
conditions, and then the sample was applied to a RNeasy Mini spin column where total
RNA binds to the membrane while contaminants are washed away efficiently. The
high-quality RNA was eluted in RNase-free water. The concentration of isolated RNA
was measured using a Tecan Plate reader and NanoQuant Plate™ at 260 nm with a
280 nm ratio allowing to determine RNA quality. Finally, the isolated RNA was stored
at -80 °C until further use.

2.2.4.2 cDNA synthesis

The cDNA QuantiTect Reverse Transcription Kit was utilized to convert RNA to cDNA
following the manufacturer's guidelines. After removal of genomic DNA, the RNA
sample undergoes reverse transcription using a mix containing Quantiscript Reverse
Transcriptase, Quantiscript RT Buffer, and RT Primer Mix. The process occurs at42°C,
followed by an inactivation step at 95°C. This yields complementary DNA (cDNA) from
an RNA template through reverse transcription, which can then be directly used as

template for quantitative Real-Time Polymerase Chain Reaction (QRT-PCR).

2.2.4.3 Quantitative gRT-PCR

The obtained cDNA (2.2.4.2) was employed to assess the efficiency of ASM silencing
in HepG2 cells and to examine SMPD1/ASM transcription levels in mouse skeletal
muscle and liver using qRT-PCR. The amount of cDNA present in the samples, which
undergoes exponential amplification via RT-PCR, was measured through fluorescence
signal. To achieve this, the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden,
Germany) were utilized, following the manufacturer’'s protocol. The reactions were
performed in triplicates for each sample, and three reference genes (housekeeping
genes) were used for tissue analysis, whereas one housekeeping gene was used for
HepG2 cell analysis. Additionally, an inter-run calibrator (IRC) was present on each
plate and afterwards used as calibrator. For qRT-PCR, a 10 ul total volume reaction

mixture was prepared as follows:
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Table 10: qRT-PCR reaction mix

Substance Ml
SYBR Green 5
Primer mix (Qiagen) 1

cDNA (5ng/ul) 1-3
Nuclease-free H20 Add x pl
> 10

The individual phases of the qRT-PCR cycle, which occur at different times and

temperatures in the thermocycler, are listed in the following table.

Table 11: qRT-PCR cycling conditions

Temperature Time

95 °C 15:00 min

94 °C 00:15 min

55 °C 00:30 min

72 °C 00:30 min 40 times
95 °C 00:15 min

55 °C 01:00 min

+0,3 °C until 95 °C

2.2.4.4 Relative analysis of mRNA levels
The qRT-PCR data were evaluated using the double delta Ct analysis (AACt) (Livak
and Schmittgen, 2001; Schmittgen and Livak, 2008). After normalization of Ct values
of the gene of interest with the reference genes, the normalized results were scaled to
the IRC, to obtain the expression fold change of each sample relative to the IRC, as
described below:

e ACt = Ct(gene of interest)- Ct( geometric mean of all reference genes)

e AACt = ACt(sample) - ACt(IRC)

e 2-AACt
Calibrated normalized relative quantities (CNRQ values) were used for statistical

analysis.

2.2.5 Statistical analysis and programs

Statistical analyses for the published clinical study embedded in this thesis (chapter

3.1) were conducted in collaboration with a professional statistician to ensure
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methodological robustness. The statistical methods applied in that section are detailed
within the respective publication and its figure legends.

For the experimental studies conducted within this thesis, statistical analyses were
performed using GraphPad Prism (version 10.4.1). The statistical approaches used for
the unpublished experimental data presented in this thesis were independently
reviewed by a professional statistician to verify the appropriateness of the selected
statistical models and tests. The analyses themselves, however, were conducted
exclusively by the author of this thesis. Data are presented as mean t standard
deviation (SD). Comparisons between two groups were conducted using unpaired two-
tailed Student’'s t-tests. For experiments involving multiple groups or repeated
measures (e.g., time points or treatment conditions), one-way or two-way ANOVA was
applied, followed by Tukey’s, Dunnett’s or Sidak’s multiple comparison tests as
appropriate. Correlation analyses were conducted using Pearson’s correlation
coefficient. A p-value <0.05 was considered statistically significant. All in vitro
experiments were independently replicated at least three times unless otherwise
noted. Heatmaps were generated in R-Studio (version 2024.12.1+563). During the
final editing phase, language-editing software (ChatGPT, OpenAl, GPT-5 version) was
used only for minor grammatical adjustments. The author takes full and sole
responsibility for all unpublished data analyses, interpretations, and the entire written

content of this thesis.
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3 Results

This thesis integrates findings from two complementary experimental approaches to
elucidate the role of ASM in metabolic regulation. The first part presents data from a
clinical study investigating ASM protein and activity levels and its associations with
mitochondrial quality control in human skeletal muscle following exercise training in
men with T2D. The second part comprises mechanistic experiments in murine and
cellular models designed to explore the tissue-specific function of ASM under

metabolic stress conditions.

3.1 Publication: “Exercise training increases skeletal muscle
sphingomyelinases and affects mitochondrial quality control in

men with type 2 diabetes”

(Hendlinger et al., 2025)
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Graphical abstract of published data from the first part of this thesis.
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ARTICLE INFO ABSTRACT
Keywords: Lipotoxic ceramides (CERs) are implicated in the development of insulin resistance, type 2 diabetes (T2D) and
Type 2 diabetes related complications. Exercise training improves insulin sensitivity, potentially via reducing intracellular lipids

Insulin resistance
High-intensity interval training
Sphingomyelinases

Ceramides

Mitochondrial quality control

or enhancing mitochondrial oxidation. Acid sphingomyelinase (ASM), which hydrolyzes sphingomyelin (SM) to
CERs, is crucial for muscle repair and development, yet its role in insulin-resistant states and response to exercise
remain unclear.

We assessed ASM protein and activity, neutral sphingomyelinase (NSM) and sphingolipid species in skeletal
muscle of insulin-sensitive (IS, n = 12), insulin-resistant (IR, n = 11) and T2D men (n = 20), before and after a
12-week high-intensity interval training (HIIT). Comprehensive phenotyping comprised hyperinsulinemic-
euglycemic clamps, spiroergometry, targeted lipidomics and assessment of markers of mitochondrial quality
control.

ASM protein was lower at baseline and increased after HIIT only in T2D (p < 0.05), while ASM activity rose
across all groups (IS p < 0.01; IR and T2D p < 0.001). HIIT also increased NSM protein in all groups (p < 0.05).
Despite lower baseline SM levels in T2D, HIIT led to elevated CERs species in T2D (C16:0, C20:0, C22:0, C24:1,
C24:0) and in IR (C16:0, C20:0) (all p < 0.05). Regression analysis suggested that changes in ASM protein and
activity relate to changes in mitochondrial fusion and fission as well as AMP-activated protein kinase (AMPK)-
mediated mitophagy.

In conclusion, HIIT induces expression of both ASM and NSM and alters CER profiles in insulin-resistant
skeletal muscle, independently of changes in insulin sensitivity. ASM could therefore rather contribute to
exercise-induced mitochondrial remodeling than driving lipotoxicity, warranting further investigation of ASM as
a potential target for exercise mimetic therapies.

accumulation of bioactive lipid species, such as diacylglycerols (DAGs)

1. Introduction and ceramides (CERs), in insulin-responsive tissues including liver and
skeletal muscle [2]. CERs accumulation has been observed in some
According to the most recent edition of the IDF atlas, type 2 diabetes [3,4], but not in other studies of insulin-resistant muscle [5,6], raising

mellitus (T2D), affects more than 580 million people worldwide and its the question of the role of certain CER species in muscle [7]. CERs are
prevalence continues to rise, mainly due to hypercaloric sedentary  8enerated via (i) de novo synthesis from saturated fatty acids, (ii)
lifestyle [1]. Insulin resistance is a typical feature of T2D, which results lysosomal salvage catalyzed by acid sphingomyelinase (ASM), also
from adipose tissue dysfunction, altered lipid handling and ectopic ~ termed  sphingomyelin  phosphodiesterase 1  (SMPD1) and
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Abbreviations

ASM acid sphingomylinase

AMPK  AMP-activated protein kinase
BMI body mass index

BSL baseline

CER ceramide

DAG diacylglycerol

DRP1 dynamin-related protein 1
HbAlc hemoglobin Alc

HIIT high-intensity interval training
IRS1 insulin receptor substrate 1
1S insulin-sensitive

TR insulin-resistant

LD lipid droplet

MFN mitofusin

NSM neutral sphingomyelinase

OPA1l optic atrophy 1
PKB/AKT protein kinase B

PINK PTEN-induced kinase

ROS reactive oxygen species

SM sphingomyelin

SMPD sphingomyelin phosphodiesterase
T2D Type 2 diabetes mellitus

VDAC  voltage-dependent anion channel

predominantly via the sphingomyelin (SM) pathway catalyzed by ASM
and neutral sphingomyelinase (NSM; SMPD3/4) [8].

ASM protein content was found to be lower in skeletal muscle of
sedentary insulin-resistant individuals [9], possibly reflecting impaired
membrane remodeling, while elevated ASM activity could drive CER
buildup [4,10]. In line, animal models showed divergent ASM patterns
with increased activity in cardiac muscle during high-fat diet [10], but
unchanged or reduced activity in diabetic skeletal muscle [11]. NSM
activity was also found to be elevated in skeletal muscle of insulin-
resistant humans, which leads to lower SM content [4,12]. These
enzymatic alterations may enhance accumulation of CERs, which has
been linked to mitochondrial stress, reflected by impaired oxidative
phosphorylation along with increased reactive oxygen species (ROS)
production and mitochondrial fragmentation [7]. This further suggests
abnormal mitochondrial quality control, which comprises mitochon-
drial fusion, fission, biogenesis and mitophagy and relates to insulin
resistance and T2D [13].

Exercise training represents one important strategy for the man-
agement of T2D [14,15], by increasing skeletal muscle glucose uptake
and mitochondrial biogenesis, repartitioning intramyocellular lipids and
ultimately improving insulin resistance [16-19]. Exercise training de-
creases both DAGs and CERs in skeletal muscle of insulin-resistant in-
dividuals [20-22], although individual CERs species show
heterogeneous and compartment-specific responses depending on ex-
ercise mode [23,24]. Skeletal muscle SMs also respond differently to
exercise with lower baseline, but higher post-exercise levels in trained
individuals [25] and variable levels in sedentary prediabetic and T2D
individuals after endurance training [12,26]. Exercise training may also
affect sphingolipid-metabolizing enzymes. While data from humans are
limited, rodent studies suggest acute exercise increases in ASM protein
[27] and variable effects on ASM activity [28,29]. Finally, elevated NSM
transcript and activity levels remain unchanged in athletes and seden-
tary humans [25,30]. Of note, modifications in lipid composition will
likely affect mitochondrial functionality and quality control, which are
improved by acute and chronic exercise, as demonstrated by increased
mitofusin (MFN) expression, autophagy markers and mitophagy-related
signaling pathways in skeletal muscle [31-33].

However, the effects of supervised effective exercise programs on
skeletal muscle ASM, NSM, sphingolipids and their relationship to
mitochondria in human with different degrees of insulin resistance and
glucose tolerance are yet unknown. We hypothesized that (i) ASM
expression differs among individuals with and without T2D and in-
creases upon high-intensity interval training (HIIT) and that (ii) any
ASM-mediated changes in CERs species would depend on muscle mito-
chondrial oxidative capacity. Thus, we investigated skeletal muscle ASM
protein levels and activity as well as CER contents in persons without
and with T2D, at baseline and after 12-week HIIT, the currently most
efficient exercise mode to improve cardiorespiratory fitness (VOzmax),
whole-body insulin sensitivity, body composition and mitochondrial

function [34-36].
2. Material and methods
2.1. Study participants

The screening procedure, inclusion and exclusion criteria for the
clinical study have been reported in detail before [36,37]. Of the 116
individuals initially screened, 67 were excluded due to predefined
criteria. Individuals were excluded if they engaged in regular endurance
training exceeding 60 min weekly, had known cardiovascular, renal or
hepatic disease, were taking insulin-sensitizing agents or beta-blockers,
consumed more than 30 g of alcohol per day or were current smokers.
Additional 6 individuals were excluded due to time constraints for study
completion. The study recruited only Caucasian men aged 50-60 years,
of whom most featured overweight or class I obesity, although body
mass index (BMI) was not a predefined matching criterion [37]. An a
priori sample size calculation was performed based on data from a
previous study of our research group [38], aiming to detect a 20 %
relative change in M-value with a statistical power of 80 % and a cut off
of p < 0.05. To account for multiple comparisons, the significance
threshold was adjusted to p < 0.025 using the Bonferroni correction.
Thus, the final cohort comprised 20 T2D and 23 glucose-tolerant men,
the latter were subdivided into insulin-sensitive (IS, n = 12) and insulin-
resistant (IR, n = 11) individuals (Table §1), based on clamp-derived
whole-body insulin sensitivity (M-value), with values <5.5 mg kg
min~! indicating insulin resistance [36,37]. The original individual data
on M-values at baseline and after HIIT have been already reported [36].
Additionally, IS and IR participants showed no evidence of impaired
fasting glucose or impaired glucose tolerance during the 75-g oral
glucose tolerance test (oGTT), and none reported a family history of
T2D. Among participants with T2D, 3 were drug-naive, while 9 were on
metformin, 2 on sulfonylureas, 5 on metformin/DPP-4 inhibitor com-
bination and 1 on a metformin/basal insulin combination therapy. They
all refrained from drug intake for 3 days prior to metabolic tests to
exclude their acute effects [39]. All participants gave written informed
consent prior inclusion into the clinical study, which was approved by
the institutional review board of the Medical Faculty of Heinrich Heine
University Diisseldorf and registered on ClinicalTrials.gov with regis-
tration number NCT02039934. This study is a secondary analysis based
on the previously published observations of changes in both insulin
sensitivity and mitochondrial functionality and quality control [36,37].

2.2. Study protocol

The supervised HIIT protocol clinical study was performed at the
German Diabetes Center (Deutsches Diabetes-Zentrum, DDZ) on a cycle
ergometer, 3 times weekly, but not on consecutive days, for a total of 12
weeks as described [36]. Briefly, each supervised HIIT training session
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lasted 35 min, comprising four 4-minute high-intensity intervals at 90 %
of participants’ baseline spiroergometry-determined maximal heart rate
prior to inclusion in the study (HRm). These were alternated with three
3-minute intervals at 70 % of participants’ HRm. Body weight stability
was confirmed by monthly monitoring. Before (at baseline, BSL) and
after 12 weeks of HIIT (HIIT), all participants underwent blood sam-
pling, skeletal muscle biopsies (m. vastus lateralis), cardiometabolic
tests and quantification of liver lipid content by *H-magnetic resonance
spectroscopy [36]. Hyperinsulinemic-normoglycemic clamp tests were
performed at 72 h after the final HIIT session to exclude acute effects of
HIIT. Any glucose-lowering medication was discontinued for 72 h prior
to the studies to exclude their acute metabolic effects.

2.3. Cardiometabolic tests

Spiroergometry was performed to obtain maximal oxygen uptake
(VO2max) by using an electronically-braked ergometer (Ergoline ergo-
metrics 900, Bitz, Germany) [36]. Two-step hyperinsulinemic [insulin
dose: 20 mU and 40 mU/(m? body surface area*min)]-euglycemic
(target blood glucose: 5 mmol/1) clamp tests were performed to mea-
sure M-values [36].

2.4. Skeletal muscle biopsy

On the day of the clamp test, biopsies were obtained from the m.
vastus lateralis directly prior to the initiation of the insulin infusion [5].
Briefly, the respective thigh region was anaesthetized (Lidocain 2 %, B.
Braun, Melsungen, Germany) and 100-500 mg of muscle tissue were
taken with a Bergstrom needle, immediately snap frozen in liquid ni-
trogen, split into ~50 mg aliquots and stored at —80 °C until further
analysis.

2.5. Targeted sphingolipid analysis

Skeletal muscle biopsies (30-50 mg) were homogenized and frac-
tionated into lipid droplet, cytosolic, and crude membrane fractions for
separate analyses of CERs and SMs. CER concentrations were quantified
by liquid chromatography with tandem mass spectrometry (LC-MS/MS)
as described [40]. In an independent set of homogenized and fraction-
ated muscle samples (30-50 mg), SMs were extracted using n-butanol-
based phase separation and redissolved in 250 pl of methanol. Subse-
quent analysis quantified by LC-MS/MS was based on a previously
developed method [41] with the following changes. Separation of the
compounds was achieved by a changing gradient of eluent A (5 mM
ammonium formate in water/acetonitrile 40:60, v/v) and eluent B (5
mM ammonium formate in acetonitrile/2-propanol, 10:90, v/v). The
following linear gradient was applied: (i) 51 % eluent B for 3.0 min, (ii) a
gradient from 51 % to 90 % eluent B over 16.0 min, (iii) holding for 3
min, (iv) returning to 51 % eluent B in 0.5 min, (v) and holding for 7.5
min. The column effluent was injected directly into a Thermo Q Exactive
Plus (Thermo Fisher Scientific, Waltham, MA, USA) operating in positive
ion mode: Spray Voltage: 3.20 kV, Capillary temperature: 230 °C, S-lens
RF level: 50.0, sheath gas flow: 30, auxiliary gas flow: 5. Spectral data
constituting total ion counts were analyzed using the MacCoss Lab
Software Skyline (open-source MacCoss Lab, University of Washington,
Seattle, WA, USA). The following transition settings were used: Scan
range: 133.4-2000 m/z, MS1 filtering: Orbitrap, resolving power 70,000
at m/z 400. Total ion counts for extracted lipid species: SM_16:0 (m/z
703.575 [M + H]"), SM_18:0 (m/z 731.606 [M + H]"), SM_18:1 (m/z
729.591 [M + H]1), SM_20:0 (m/z 759.638 [M + H]™), SM_22:0 (m/z
787.669 [M + HI"), SM_24:0 (m/z 815.700 [M + H1"), SM_24:1 (m/z
813.684 [M + H]™), were normalized for the internal standard DDM (m/
2 528.338 [M + NH4] ), tissue wet weight (Ww), and quantified via the
SPLASH™ LIPIDOMIX™ Mass Spec Standard Avanti Polar Lipids
(Avanti Research, Alabaster, AL, USA). Total CER and SM contents were
calculated as the sum of all detected species across subcellular fractions.
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2.6. Western blotting

Skeletal muscle expression levels of proteins of interest were assessed
by Western blotting as described [36]. Freshly lysed samples (25-50 mg
snap-frozen tissue) were homogenized in 10 times (w/v) (250-500 pl per
sample) of lysis buffer [25 mM Tris-HCI, 1 mM EDTA, 150 mM NacCl, and
0.20 % NP-40] supplemented with protease (cOmplete Tablets, EASY-
pack, Roche Diagnostics) and phosphatase (PhosSTOP, EASYpack,
Roche Diagnostics) inhibitors to extract total soluble proteins. Homog-
enization was performed using a Tissue Lyzer (20 Hz, 1 min, three cy-
cles), followed by centrifugation (13.000 rpm, 15 min, 4 °C) to remove
insoluble material, including nuclei and unbroken cellular membranes.
Proteins were transferred on polyvinylidene difluoride (PVDF) mem-
branes from Millipore (Burlington, MA, USA), which were incubated
overnight at 4 °C with freshly prepared primary antibodies diluted in
Tris-buffered saline with Tween 20 (TBST) containing 5 % (w/v) non fat
dry milk or bovine serum albumin (BSA), as recommended by the sup-
plier (Table 52). Following incubation with primary antibodies, mem-
branes were incubated for 2 h at room temperature with secondary
antibodies freshly diluted in 5 % non-fat dry milk in TBST (Table S2),
followed by protein detection with Immobilon Western Chemilumines-
cent horseradish peroxidase (HRP) Substrate (Millipore, Burlington,
MA, USA) by using a Bio-Rad ChemiDocTM MP Imaging System in
combination with the software ImageLab 6.0.1 (Bio-Rad Laboratories,
Hercules, CA, USA) for densitometric analysis. Data are expressed in
arbitrary units (A.U.) and normalized either to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) or total protein content. To
confirm the suitability of GAPDH for normalization, we verified that the
protein abundance of GAPDH does not differ significantly between IS, IR
and T2D groups at BSL or HIIT. For analysis and comparison of the
protein expression on different gels, an inter-run calibrator (IRC) was
loaded as reference sample on each gel to correct for run-to-run varia-
tion [42].

2.7. Acid sphingomyelinase (ASM) activity

ASM activity was measured by using the Echelon Bioscience assay kit
(Salt Lake City, UT, USA) according to the manufacturer’s instructions.
An aliquot of 15-25 mg of frozen skeletal muscle tissue was homoge-
nized 3-times for 1 min each at 20 Hz in 8-times the volume of cold lysis
buffer (150 mM NaCl; 50 mM Tris-HCI (pH 7,4); 0,6 % Triton X-100;
1:25 protease inhibitor cocktail (cOmplete Tablets, EASYpack, Roche
Diagnostics, Basel, Switzerland) with a Tissue Lyzer II (Qiagen, Hilden,
Germany). Following debris removal by centrifugation (10.000g, 10
min, 4 °C), 15-20 pg of total protein were used to assess ASM activity.
Immediately following sample preparation, the samples (BSL, HIIT)
were processed using kits with the same lot number and analyzed
simultaneously, using 96-well plates included in the kits, alongside with
the provided standards. Fluorescence was measured in technical dupli-
cates by fluorescence plate reader (Tecan infinite 200Pro Software i-
control; Mannedorf, Switzerland) at 360/460 nm excitation/emission.
Data on ASM activity was normalized to protein content (pg), which was
quantified using the bicinchoninic acid assay kit (Thermo Fisher Sci-
entific, Waltham, MA, USA). Intra-assay CVs was less than 10 % for BSL
and HIIT samples.

2.8. Statistical analysis

Data are given as mean and standard deviation (SD) or median (1st
and 3rd quartile), as appropriate. All variables except age, BMI and
hemoglobin Ale (I1bA1c) were log-transformed before analysis. Mixed
models for repeated measurements stratified by groups were applied in
order to investigate changes between BSL and HIIT. To analyze between-
group differences, generalized ANOVA was performed where residual
variances were separately modelled in each group. We used linear
regression analysis stratified by groups to investigate associations
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between changes in ASM protein and ASM enzymatic activity as well as
NSM protein with various metabolic and molecular parameters. These
included changes in liver lipid content, M-value, VOs;max and bio-
markers of insulin signaling, mitochondrial dynamics and mitophagy
markers as well as sphingolipids (SMs and CERs). P-values from two-
sided tests <5 % were considered to indicate significant differences.
No formal correction for multiple comparisons was applied due to the
biological interdependence of variables. Therefore, findings should be
interpreted as exploratory and hypothesis-generating. All analysis were
performed using SAS version 9.4 (SAS Institute, Cary, NC, USA) and
graphs were plotted using GraphPad Prism 9.2 (GraphPad Software Inc.,
La Jolla, CA, USA). R package ComplexHeatmap version 2.16.0 was used
to build heatmaps.

3. Results
3.1. Participants’ characteristics at baseline and after HIIT

The anthropometric and clinical laboratory data have been previ-
ously reported [36,37]. Briefly, IS had comparable age, slightly lower
BMI, but higher M-value than IR and T2D groups at BSL (Table §1). As
expected, HbAlc was higher in T2D than in IR and IS groups. VOzmax
was lower only in T2D compared to IS. Upon HIIT, VOsmax increased
uniformly across all groups, while M-value increased only in IR and T2D
(Table S1) [36,37]. For the present analyses, we calculated the exercise-
induced changes within each group and compared the differences
(A-values) between HIIT and BSL. The change of M-value from BSL to
HIIT (AM-value) was higher in both insulin-resistant groups (IR and
T2D) than in the IS group (Fig. 1A). VOomax increased in 98 % of par-
ticipants following HIIT, with greater changes (AVOsmax) in T2D
compared to IR (Fig. 1B). These results indicate that insulin-resistant
individuals may benefit more from HIIT in terms of cardiometabolic
variables than insulin-sensitive individuals.

3.2. ASM activity and NSM protein rise after HIIT independently of
insulin sensitivity

We next examined skeletal muscle ASM protein and activity as well
as NSM protein in IS, IR and T2D group. At BSL, ASM protein levels (in
arbitrary units, A.U.) were higher in both IS (1.08 + 0.6) and IR (1.37 +
1.1) participants than in T2D (0.62 + 0.53, for both p < 0.01) (Fig. 1C).
Following HIIT, ASM protein levels increased in T2D (1.07 + 0.92; p <
0.05) but decreased in IS (0.71 + 0.42; p < 0.05), the latter showing also
lower ASM protein levels than IR (1.3 £ 1.3) (Fig. 1C). In line, AASM
protein was higher in T2D than in IS (Fig. 1D). In contrast, ASM activity
rose by 3.5-4.7 fold across all groups (Fig. 1E) without differences be-
tween groups (Fig. 1F). Interestingly, NSM protein levels (in A.U.) were
lower in IR (0.33 + 0.33) than in IS (0.81 £ 0.74; p < 0.05) and T2D
(0.83 £ 0.57; p < 0.01) at BSL, but increased in all groups about 1.6-4.2
fold upon HIIT, with the most pronounced change in IR (p < 0.001)
(Fig. 1G), also reflected by higher ANSM protein in IR than in T2D
(Fig. 1H). These findings suggest that HIIT increases ASM activity and
NSM protein in skeletal muscle independently of insulin sensitivity.

3.3. Despite lower total sphingomyelin at baseline, certain long-chain
ceramides increase upon HIIT in T2D

To further explore whether increased ASM activity and NSM protein
levels contribute to CER accumulation via the SM pathway, we quanti-
fied total sphingomyelin (T-SM) and ceramide (T-CER) content as well
as their species (SM C/CER C) in skeletal muscle of representative sub-
groups (T2D, n = 8; IR, n = 8; IS, n = 5-6) at BSL and after HIIT. At BSL,
T-SM content (in nmol/g Ww) was lower in T2D (8.68 + 1.68) than in IS
and IR (11.95 + 1.37, p < 0.001 and 13.74 + 3.72, p < 0.05) (Fig. 2A).
Following HIIT, T-SM remained lower in T2D than in IR. T-CER levels
were comparable among all groups at BSL (in nmol/g Ww: 16.7 + 3.28
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in IS, 16.1 + 2.9 in IR, 15.12 + 3.78 in T2D) and after HIIT (in nmol/g
Ww: 17.59 = 2.58 in IS, 18.17 + 1.44 in IR, 18.07 + 3.34 in T2D)
(Fig. 2B). At BSL, all SM species were higher in IS than in T2D, except of
C18:1 and C18:0 (Fig. 2C). Neither SM species (Fig. 2C) nor CER species
changed upon HIIT in IS (Fig. 2D). Notably CER C22:0 was higher in IS
than in IR after HIIT (Fig. 2D). In IR individuals, all SM species were
elevated at BSL compared to T2D, except for C18:1. HIIT induced a rise
in SM C16:0 and C22:0 and a reduction in C18:0. Notably, SM species
remained elevated in IR compared to T2D also after HIIT, with the
exception of C18:1 and C22:0 (Fig. 2E). Furthermore CER C16:0 and
C20:0 were increased in IR after HIIT (Fig. 2F). In contrast individuals
with T2D showed no changes in SM species following HIIT (Fig. 2G).
However, all CER species, except of C18:1 and C18:0, were increased
exclusively in T2D after HIIT (Fig. 2H). Notably, CERs C22:0 and C24:1
were also higher in T2D than in IR after HIIT (Fig. 2H). These results
indicate that HIIT induces distinct alterations in SM and CER species in
skeletal muscle of insulin-resistant individuals, suggesting a possible
dissociation between SM catabolism and CER production.

3.4. Membrane sphingomyelin species are reduced in T2D, while HIIT
increases specific sphingomyelin species in muscle lipid droplet of IS

Lipid species were additionally analyzed in three subcellular com-
partments: cytosol, membrane, and lipid droplets (LDs). No differences
in cytosolic- and LD-SM species were observed between the groups,
except for lower SM C18:0 in both fractions of IS compared to IR after
HIIT. Conversely, almost all membrane-SM species were higher in both
glucose-tolerant groups compared to T2D individuals, except for C18:1
(Fig. 3A, B). In IS, none of the cytosolic- nor membrane-SM species
changed, while all LD-SM species significantly — except for C20:0 by
trend (p = 0.07) — increased (Fig. 3A). Upon HIIT, no significant changes
were observed in any of the 3 fractions in IR and T2D individuals
(Fig. 3B, C). These data demonstrate that HIIT selectively increases SM
species in LDs of insulin-sensitive individuals, while membrane and
cytosolic SM levels remain unchanged across all groups.

3.5. Membrane long-chain ceramides increase in T2D individuals upon
HIT

In IS, cytosolic- and membrane-CER C22:0 were elevated compared
to IR at BSL, and HIIT did not alter CER species in any subcellular
fraction. However, cytosolic-CER C18:1 was lower in IS than in IR
following HIIT (Fig. 4A). In IR, HIIT increases cytosolic-CER C18:1 and
membrane-CER C16:0 and C20:0, as well as LD-CER C22:0 (Fig. 4B).
Notably, T2D exhibited higher membrane-CER C24:0 than IR group at
BSL. Following HIIT, T2D showed increases in cytosolic-CER C22:0 and
C24:0, membrane-CER C20:0, C22:0, C24:1, C24:0 and LD-CER C24:0
(Fig. 4C). Overall, these results indicate that HIIT affects CER content
within the subcellular compartments only in insulin-resistant
participants.

3.6. Association of changes in protein expression and activity of muscle
sphingomyelinases with changes of mitochondrial dynamics and

sphingolipids

CERs influence mitochondrial dynamics by promoting fission and the
release of cytochrome c¢ [43], potentially affecting cardiorespiratory
fitness and insulin resistance [44,45]. Thus, we next investigated
whether changes (A-values) in ASM protein and activity, NSM protein as
well as changes in SMs or CERs might drive the changes in insulin
sensitivity and mitochondrial dynamics and quality control [37].

Regression analysis of A-values did not reveal an association be-
tween muscle ASM protein or activity level and T-CER, but a negative
relationship of AASM activity with ACER C16:0, C24:1, C24:0 and ALD-
SM C22:0 and C24:0 in T2D (Fig. 5A). However, AASM activity was
positively associated with all measured LD-SM species in IR and by trend
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Fig. 1. ASM activity and NSM protein rise after HIIT independently of insulin sensitivity.

(A) Changes in M-value and (B) changes in VOsmax, both expressed as A of values after training minus values at baseline (HIIT-BSL) in insulin-sensitive individuals
(IS, n = 12) as well as in insulin-resistant humans without (IR, n = 11) or with type 2 diabetes (T2D, n = 19 for M-value and n = 20 for VO;max). (C) Protein levels of
acid sphingomyelinase (ASM) in IS (n = 12), IR (n = 11) and T2D (n = 19) at baseline (BSL) and after 12-weeks of HIIT (HIIT). (D) Changes in ASM protein level
expressed as A (HIIT-BSL). (E) ASM enzymatic activity at BSL and HIIT, (F) changes in ASM enzymatic activity as A (HIIT-BSL). (G) Protein level of NSM in IS (n =
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12), IR (n = 11) and T2D (n = 19) at BSL and after HIIT. (H) Changes in protein level expressed as A (HIIT-BSL).

Data are presented as mean =+ standard deviation (SD), A.U., arbitrary units. #p < 0.05, ##p < 0.01 vs T2D; *p < 0.05, **p < 0.01, ***p < 0.001 BSL vs HIIT; ip <

0.05 IS vs IR, based on generalized ANOVA. Comparison of M-values and VO,max between HIIT and BSL data has been previously published [36,37].
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Fig. 2. Despite lower total sphingomyelin at baseline, certain long-chain ceramides increase upon HIIT in T2D.

(A) Total sphingomyelin (T-SM) and (B) total ceramide (T-CER) content in skeletal muscle of IS (n = 5 for T-SM and n = 6 for T-CER), IR (n = 8) and T2D (n = 8) at
baseline (BSL) and after HIIT. Sphingomyelin (SM) and ceramide (CER) species in skeletal muscle of IS (C) and (D), IR (E) and (F), as well as T2D (G) and (H),
respectively, at BSL and after 12-weeks of HIIT (HIIT).

Data are presented as mean = SD, *p < 0.05, **p < 0.01 BSL vs HIIT; {p < 0.05, {if < 0.001 vs IR; #p < 0.05, ##p < 0.01, ###p < 0.001 vs T2D based on
generalized ANOVA.
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Fig. 3. Membrane sphingomyelin species are reduced in T2D, while HIIT increases specific sphingomyelin species in muscle lipid droplet of IS,
Sphingomyelin (SM) species in cytosol, membrane and lipid droplet (LD) fractions in the skeletal muscle of (A) IS (n = 5-6), (B) IR (n = 8) and (C) T2D (n = 8) at

baseline (BSL) and after 12-weeks of HIIT (HIIT).

Data are presented as mean + SD, *p < 0.05 BSL vs HIIT; {p < 0.05 vs IR; #p < 0.05, ##p < 0.01 vs T2D based on generalized ANOVA.

negatively in T2D (Fig. 5B, Table $3). AASM protein and AASM activity
associated negatively with AM-value in the T2D group (Fig. 5A,B).
Although T-CER were weakly and negatively associated with the M-
value in the IR group at BSL (p = —1.45; p = 0.051), there was no as-
sociation between AT-CER and AM-value across the whole cohort.
ANSM protein exhibited distinct group-specific associations; indeed, it
associates negatively with AT-CER and Amembrane-CER C18:0 in IS,
but positively with different CERs (ACER C16:0, C20:0 and Acytosolic-
CER C16:0, C18:1, C22:0, C24:0) in IR (Fig. 5C). AT-SM did not correlate
with AT-CER (data not shown), suggesting that SM- to- CER conversion
is not a major regulatory mechanism. Overall, changes in T-CER did not
seem to drive changes in mitochondrial dynamics (data not shown),

except for the IR group showing a positive association with the
mitophagy marker activated PTEN-induced kinase 1, expressed as phos-
PINK™ 257 /PINK (p = 3.79; p = 0.02). Interestingly, AASM protein or
AASM activity correlated with biomarkers of mitochondrial fusion
(mitofusin 2; MFN2), fission (activated form of dynamin-related protein
1 expressed as phos-DRPlserm‘s/DRpl), mitophagy (phos-PlNKThr257/
PINK, and activated Parkin, expressed as phos-Pa.r]dnserE'S/Parkin) as
well as exercise-induced mitophagy-related AMP-activated protein ki-
nase (AMPK; phos-AMPKa™"72/AMPKq).

Across the entire cohort, AASM protein positively related to AMFN2,
Aphos-DRP1 516 /DRP1, Aphos-Parkin®"®*/Parkin and Aphos-AMPK«
Thrl72 , AMPKar (Fig. 5A, Table $3). Among IR, AASM protein associated

1
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Fig. 4. Membrane long-chain ceramides increase in T2D individuals upon HIIT.
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Ceramide (CER) species in cytosol, membrane and lipid droplet (LD) fractions in skeletal muscle of (A) IS (n = 6), (B) IR (n = 8) and (C) T2D (n = 8) at baseline (BSL)

and after 12-weeks of HIIT (HIIT).

Data are presented as mean + SD, *p < 0.05 BSL vs HIIT; fp < 0.05, {ip < 0.01 vs IR, based on generalized ANOVA.

positively with AVOymax, AMFN2, Aphos-AMPKa ™172/AMPKa, while
the AASM protein tended to correlate negatively with AOPA1 (Optic
athrophy 1) in IS (p = —0.82, p = 0.07) (Fig. 5A, Table 53). AASM ac-
tivity associated positively with AMFN2 across the whole cohort
(Fig. 5A). In T2D, AASM activity also associated positively with AMFN2,
but negatively with Aphos-AMPKa ™ 172/AMPKa (Fig. 5B). AASM ac-
tivity further showed a trend towards a positive association with AMFN1
inIS (f = 0.15, p = 0.06) and with Aphos-DRP157°16/DRP1 ( = 1.09; p
= 0.05) and significantly with Aphos-PINK ™25 /PINK in IR (Fig. 5B,
Table 53). ANSM protein was negatively associated with AMFN2,
Avoltage-dependent anion channel (VDAC) and positively with Aphos-
insulin receptor substrate (IRS)1511%1/IRS1 across the whole cohort,

whereas it positively related to Aphos-AMPKa ™172/AMPKa and
negatively to AMFN2 only in T2D (Fig. 5C). Collectively, the regression
analysis revealed group-specific associations of ASM and NSM with lipid
species as well as markers of mitochondrial quality control, suggesting
that ASM might contribute to the regulation of mitochondrial quality
control specifically in insulin-resistant individuals.

4. Discussion
This study shows that reduced skeletal muscle ASM protein levels

increase with HIIT only in individuals with T2D, while ASM activity
generally rises upon HIIT irrespective of insulin sensitivity at BSL. HIIT-
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Fig. 5. Association of changes in protein expression of muscle sphingomyelinases with changes of mitochondrial dynamics and sphingolipids.
Heatmaps showing regression analysis of changes in markers of mitochondrial dynamics, total (T-) and species of sphingomyelin (SM) and ceramides (CER) with (A)
ASM protein and (B) enzymatic activity as well as (C) neutral sphingomyelinase (NSM) protein in the whole study population (ALL), insulin-sensitive (IS), insulin-

resistant (IR) and type 2 diabetes (T2D) individuals.

Yellow color denotes positive and purple color denotes negative correlations; each cell with an asterisk refers to a significant linear regression analysis (*p < 0.05,
“*p < 0.01). Cells without asterisk indicate that the correlations did not reach statistical significance. Western blot analysis for proteins of the insulin signaling and
markers of mitochondrial dynamics at baseline (BSL) and after 12-weeks of HIIT (HIIT) have been previously published [36,37]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

induced changes in ASM activity are more pronounced by trend in T2D
and relate to changes in features of mitochondrial dynamics. Indeed,
associations between ASM and biomarkers for mitochondrial fusion
(MFN2), fission (phos-DRP1%¢"®1®/DRP1) and mitophagy (phos-PINK
Thr257 /PINK, phos-Parkin®"°/Parkin, phos-AMPKa '™72/AMPKa)
were stronger in the insulin-resistant groups than in the insulin-sensitive
group, potentially reflecting greater dependency on adaptive remodel-
ing under glucose-intolerance conditions.

Interestingly, skeletal muscle SM content was lower in T2D, whereas
CER content was similar among individuals with different insulin
sensitivity at BSL and associate with M-values only in the IR group.
Notably, only insulin-resistant individuals displayed HIIT-induced
changes in SM species and increases in specific CER species upon
HIIT, although changes in T-CER were overall modest. These findings
indicate a dissociation between SM catabolism and CER generation with
no impact of CERs on whole-body — mainly reflecting skeletal muscle —
insulin sensitivity.

In the basal resting state, ASM protein levels were lower in in-
dividuals with T2D compared to those with normal glucose tolerance
(both IR and IS), which is in line with a recent proteomics study
reporting higher protein expression of ASM in insulin-sensitive
compared to insulin-resistant individuals [9]. However, data on skel-
etal muscle ASM protein levels in the context of diabetes are only
available from experimental models. These models found elevated ASM
protein levels in the myocardium of high-fat fed mice [10] and in adi-
pose tissue of Goto-Kakizaki rats as a model of spontaneous T2D [46]
compared to control animals. Of note, our study found comparable BSL
ASM activity among humans exhibiting different degrees of insulin
sensitivity. This aligns with previous animal studies reporting un-
changed or even decreased ASM activity in various muscles of strepto-
zotocin (STZ)-induced diabetic rats compared to healthy controls [11].
Conversely, ASM activity increased in mouse myocardium upon high-fat
diet [10] and human studies have shown elevated plasma ASM activity
in individuals with metabolic dysfunction-associated steatohepatitis
(MASH) or T2D [47,48]. It has been suggested that ASM may be
implicated in the development of liver steatosis through mechanisms
involving endoplasmic reticulum stress, autophagy and lysosomal
membrane permeabilization [49]. Taken together, these studies point to
tissue-, species- and disease model-specific differences in ASM protein
expression and activity. Such variability may differentially impact
metabolic pathways and cellular functions in preclinical models and
human metabolic diseases.

ASM activity can favor synthesis of CER via the SM pathways,
potentially reducing AKT phosphorylation and impairing insulin-
stimulated glucose uptake [7,50]. However, increased ASM activity
did not raise muscle T-CER levels in aerobic-trained rats [29]. The
present lipidomic analysis also revealed neither differences in T-CER
levels between the groups nor significant associations with insulin
sensitivity across all groups at BSL. Likewise, only some [3,20], but not
all [5,6] previous studies reported a negative correlation between
muscle CER content and insulin sensitivity in humans. While the
different findings may result from study design or altered CER biosyn-
thetic pathways [2,7,51], our data do not support the concept that T-
CER play a primary role in skeletal muscle insulin resistance [5].

This study also found lower SM contents and no compartment-
specific response in T2D, but a specific increase of SM in the LD frac-
tion in IS individuals upon HIIT, in line with previous studies [4,12].
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Given that SM can act as a metabolic “sink™ preventing CER formation,
the observed sequestration in LD may limit CER production at mem-
brane sites via NSM, thereby maintaining or improving insulin action
[52]. The protein level of NSM increased in all groups upon HIIT and
ANSM positively associated with Aphos-IRS151%1/IRS1 in the whole
cohort, supporting the notion that NSM may contribute to insulin
resistance through CER-mediated interference with IRS1 function [53].

Conversely ASM protein increased exclusively in T2D and may
represent a response to exercise-induced sarcolemmal stress, which is
known to be more pronounced in individuals with diabetes after exer-
cising [54]. However, the increases in ASM protein and activity in the
T2D group could also exert beneficial effects by facilitating muscle re-
covery as reported in models of muscle dystrophy [55], possibly by
Ca®"-dependent exocytosis of lysosomes and endocytotic removal of
membrane lesions [56]. Alternatively, the reduced ASM protein levels
mainly observed in the IS group after training may indicate a physio-
logical response to exercise-induced oxidative stress and autophagy
[57,58]. Nevertheless, ASM activity uniformly increased across all
groups after HIIT, supporting its potential role in the intricate process of
repair of skeletal muscle independent of insulin sensitivity [55,59]. Of
note, previous studies did not report exercise-induced differences in the
levels of ASM and other sphingomyelinases in human skeletal muscle
[9]. Surprisingly, the present study observed trend towards an increase
in T-CER levels in IR and T2D after HIIT despite enhanced insulin
sensitivity [36], underlining that T-CER contents cannot sufficiently
explain for insulin resistance in human skeletal muscle, as discussed
above [3,5,6,20]. One could speculate that the levels of acide ceram-
idase (ASAH1), which catalyzes the hydrolysis of CER, are lower in
insulin-resistant than in insulin-sensitive individuals [9] and decrease
upon HIIT, resulting in higher CER levels. However, this contrast with
proteomic studies showing that the expression of ASAH1 remains un-
changed at least during short-term HIIT for 2 or 5 weeks [60,61]. The
insulin-resistant individuals (IR and T2D) even showed higher muscle
CER C20:0 and C16:0 species after HIIT, with the latter known to in-
crease in murine myoblasts upon ASM exposure [62]. People with T2D
also had higher CER C24:1 and C24:0 species after HIIT compared to
BSL. While some studies have linked these very-long-chain CERs in
human plasma to insulin resistance [63,64], their specific role within
skeletal muscle remains still unclear. Rodent studies revealed that C24
CERs might support fj-oxidation and mitochondrial respiration [7,65].
Whether these results reflect a possible protective effect against obesity,
warrants further investigation in humans. However, the increase of
specific CER species in IR and T2D after HIIT, did not correspond to
reductions in SM species, suggesting that these CER likely arise from
other pathways such as de novo synthesis, rather than from SM degra-
dation in line with a previous study in trained and untrained healthy
individuals [25]. The parallel increase of ASM activity and certain long-
chain CER species observed specifically in T2D group might reflect co-
ordinated but independent responses to exercise-related muscle
remodeling, rather than a direct enzyme-product relationship.

Finally, HIIT affects mitochondrial quality control to maintain skel-
etal muscle integrity and function [13,31]. Abnormal mitochondrial
dynamics are also frequently observed in skeletal muscle in T2D [13]. As
ASM has been linked to mitochondrial fusion and fission in cancer
models [66] and ASM-deficient mouse muscle shows reduced expression
of the fusion protein OPA1 [67], we examined wheter ASM might also be
involved in mitochondrial remodeling in response to exercise. The
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observed positive associations of the AASM protein level or activity with
changes (A-values) of markers of mitochondrial fusion (MFN2), fission
(phos-DRP1%¢"5!/DRP1) and mitophagy (phos-Parkin €5 Parkin)
across the entire study population, collectively hint at an interplay be-
tween ASM, mitochondrial quality control and metabolic function.
Indeed, ASM is involved in modulating mitochondrial morphology and
function via fusion/fission processes as shown in melanoma cells and
ASM-deficient mouse muscle [66,67]. In addition, the positive associa-
tion between AASM and AMFN2 in T2D group, suggests that ASM may
contribute to enhanced fusion of mitochondria, which are less abundant
and morphologically smaller with lower oxidative capacity in T2D [68].
Moreover the present study showed that changes in ASM protein relate
positively to changes in phos-AMPKa Thr172/ AMPKa in the IR group,
while changes in ASM activity showed an negative association with
changes in phos-AMPKa ™72/AMPKa in T2D. This could potentially
hinder exercise-induced mitophagy and contribute to maintenance of
mitochondria integrity. Of note, some T2D individuals were on met-
formin treatment. Although metformin is not the primary molecular
target of AMPK [69,70], chronic metformin treatment has been shown
to increase skeletal muscle AMPK activity even after withdrawal [71].
To minimize potential confounding, we focused on exercise-induced
changes (A-values) in AMPK phosphorylation rather than absolute
levels.

Taken together, these findings suggest that ASM may support im-
provements in mitochondrial function and insulin sensitivity, consistent
with previous observations in L6 myoblasts [72]. In contrast, the
negative association of ANSM protein with AMFN2 and positive with
phos-AMPKa Thel72 /AMPKa in T2D points to an opposing effect of NSM.

This study comes with specific strengths and limitations. The pro-
spective design with supervised exercise training and comprehensive
phenotyping overcomes several limitations of studies on physical ac-
tivity. However, the relatively small and homogeneous cohort,
comprising only overweight, middle-aged Caucasian male participants
limits the generalizability of our findings to other populations. More-
over, muscle CER and SM species were analyzed in subgroups of par-
ticipants, due to limited tissue availability and technical constraints.
Although the age and BMI of these subgroups were similar to those of the
whole cohort, selection bias cannot be completely excluded and the
results should be interpreted cautiously. Moreover, the lack of multiple
testing correction may increase the risk of type I error. Due to the bio-
logical interrelatedness of the markers and the hypothesis-generating
nature of this analysis, the results from the regression analyses should
be considered exploratory and are intended to inform future mechanistic
studies. This analysis also did not differentiate between the lysosomal
and secreted forms of ASM, of which the latter may exert a dominant-
negative effect on lysosomal ASM activity or lack activity. While this
limits conclusions about isoform-specific roles, such as lysosomal ASM
in membrane repair or intracellular signaling, our interpretation is
based on total ASM activity, which increased with HIIT regardless of
isoform origin and was consistently associated with changes in markers
of mitochondrial quality control. Finally, these findings cannot prove
causality for the proposed mechanisms, but the data obtained before and
after HIIT intervention at least allowed to observe a sequence of events
in a clinical study.

In this context, it is noteworthy that although HIIT increased ASM
activity in both insulin resistant groups, we observed no consistent rise
in CER species, but even a negative relationship between the HIIT-
induced increase in ASM activity and specific CER species in T2D, sug-
gesting that ASM may not be the primary driver of CER accumulation
post-HIIT. Moreover, our group recently showed that HIIT reduces
fission protein DRP1 and increases fusion protein MFN2 in T2D [37]. If
ASM-induced CER accumulation were a dominant factor driving mito-
chondrial fission, we would expect an increase in DRP1 activation rather
than the observed reduction. Instead, the observed beneficial adapta-
tions - such as reduced DRP1 activation and increased MFN2 expression
— along with the rise of ASM activity point towards alternative pathways.
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One such mechanism may involve AMPK activation, which is known to
enhance mitochondrial quality through mitophagy. Likewise, Mas-
trototaro et al. reported an increased mitophagy in T2D upon HIIT [37].
Taken together, these finding suggest that ASM may contribute to
mitochondrial remodeling independently of CER, possibly via a AMPK-
linked mechanism. Thus, our results raise the possibility that ASM may
be involved in modulating exercise-induced mitochondrial functionality
and thereby representing a possible target for further studies on exercise
mimetic drugs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2025.156361.
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3.2 Unpublished experimental data on acid sphingomyelinase

function in liver and cellular models

Building on the human data presented in the first part of this thesis, the second part
focuses on mechanistic studies aimed at elucidating tissue-specific roles of ASM under
metabolic stress conditions. To this end, experiments in murine models of diabetes,
obesity, and fatty liver disease, as well as in hepatoma cells exposed to high-lipid or
high-glucose stimuli, were performed. These studies extend the clinical findings by
addressing whether ASM contributes to tissue-specific lipid handling and affects insulin

signaling, thereby providing novel insights into its context-dependent role in metabolic

regulation.
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3.2.1 Acid sphingomyelinase protein level is not altered in skeletal

muscle of a murine diabetes model

In contrast to human skeletal muscle data, where ASM protein content was decreased
in T2D compared to glucose-tolerant individuals, quadriceps of diabetes (DIAB),
obesity (OBES) and fatty liver disease (MASH) mouse models showed similar levels
of ASM protein in all groups compared to chow-diet (CON) littermates (ASM protein
levels in arbitrary units [A.U.] as mean = SD: DIAB, 0.43 + 0.2; OBES, 0.57 = 0.19;
MASH, 0.43 + 0.25; CON, 0.61 + 0.23). For ASM activity all groups showed similar
levels (ASM activity in pmol/ug of protein/min as mean £ SD: DIAB, 0.31 £ 0.12; OBES,
0.41 £ 0.38; MASH, 0.35 £ 0.2; CON, 0.39 + 0.3).

3.2.2 Hepatic alterations of acid sphingomyelinase protein and activity in

a murine diabetes model

3.2.2.1 Acid sphingomyelinase protein level and activity are upregulated
in liver tissue of murine obesity model
To further investigate the tissue-specific function of ASM, the levels of ASM mRNA,
protein, and activity were assessed in the liver tissue of CON, OBES, DIAB and MASH
mice. The levels of ASM mRNA remained similar across the groups, regardless of
insulin sensitivity and stages of liver disease progression (Figure 4A). In contrast, ASM
protein levels were significantly elevated in the OBES mice compared to all other
groups (Figure 4B). ASM activity was also notably higher in the OBES group compared
to the CON and DIAB groups (Figure 4C). Interestingly, insulin sensitivity did not impact
on ASM protein levels or its activity and no significant differences in ASM protein and

activity levels were observed when comparing the DIAB group with the CON group.
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Figure 4: ASM protein level and activity are upregulated in liver tissue of murine obesity
model.

(A) ASM mRNA, (B) protein and (C) enzymatic activity levels in liver tissue from CON (N=8), DIAB
(N=8), OBES (N=8) and MASH (N=8) mouse; *p<0.05; **p<0.01; ***p<0.001 based on one-way ANOVA
and Tukey's multiple comparison test, Data represent technical triplicates and the mean absorbance
values are presented as one experiment. Data are expressed as mean + SD.

3.2.2.2 Hepatic acid sphingomyelinase protein and activity correlate with
body weight and fat mass.

Next, correlation analyses of liver ASM protein and activity levels with blood glucose,
fat mass, and body weight were conducted. ASM protein levels exhibited an inverse
correlation with blood glucose levels but showed positive correlations with body weight
and fat mass (Figure 5A-C). Similarly, ASM activity did not significantly correlate with
blood glucose levels, but displayed positive correlations with body weight and fat mass
(Figure 5D-F).
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Figure 5: ASM protein level and activity correlate with body weight and fat mass.

Correlation analysis of hepatic ASM protein and enzymatic activity with blood glucose (A, D), body
weight (B, E) and fat mass (C, F) in CON (N=8), DIAB (N=8), OBES (N=8) and MASH (N=8) mice; two-
tailed *p<0.05, **p<0.01, ***p<0.001 based on Pearson r-correlation.

Furthermore, as ASM is implicated in inflammatory signaling and apoptosis, correlation
analyses were performed of ASM protein and activity with markers of inflammation and
fibrosis. These included CD45 (receptor-type tyrosine-protein phosphatase C), F4/80
(EGF-like module-containing mucin-like hormone receptor-like 1 / macrophage
marker), monocyte chemoattractant protein-1 (MCP-1), TNF-q, IL-6, collagen type |
alpha 1 chain (Col1a1), tissue inhibitor of metalloproteinase 1 (TIMP-1), procollagen
type Il (PCIIl), a- smooth muscle actin (a-SMA), liver collagen level by Sirius Red
staining (SR), or hydroxyproline levels none of which showed significant correlation
with ASM protein nor activity (Figure S 1A). As abnormalities in mitochondrial have
been linked to the progression of MASH (Dewidar et al., 2023), ASM protein and
activity were further correlated with FAO-driven mitochondrial respiration, assessed in
mechanically permeabilized liver samples with the Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria), as described previously (Dewidar et al., 2023). No
significant correlations were observed between ASM protein levels or activity with
FAO-driven mitochondrial respiration, plasma NEFA, hepatic TAG content, or distal
insulin signaling markers like phos-AKT Thr3%/AKT or phos-AKTSe73/AKT (Figure S
1B).
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3.2.3 Acid sphingomyelinase regulation in HepG2 cells under high-

glucose or high-lipid conditions

Next, experiments in HepG2 cells were performed under conditions of high-glucose
and high-lipid load, in order to elucidate whether the increase in ASM levels observed
in the liver of OBES compared to MASH mice, was attributable to the elevated lipid
content of the HFD or to alterations in glucose metabolism induced by STZ
administration. To ensure that the applied treatments represented suitable in vitro
conditions, cell viability was first assessed under both glucose and PA exposure.
Changes in viability served as a control to confirm that the treatments elicited cellular
responses comparable to those described in MASLD. In addition, since PA exposure
reflects the progression of MASLD, where hepatic lipid accumulation is characterized

by increased LD formation, LD content was also examined.

3.2.3.1 High-glucose does not affect acid sphingomyelinase protein, while
high-palmitate increases its expression
High concentrations of glucose lead to glucotoxicity — a key feature of metabolic
dysfunction and a hallmark of MASH — and are known to reduce HepG2 cell viability
(Chandrasekaran et al., 2010). To assess whether high-glucose exposure affects ASM
expression, HepG2 cells were incubated with glucose concentrations ranging from
1 mM to 50 mM, with 5§ mM serving as normoglycemic control (CTRL). An osmotic
control was included of 5 mM D(+)-glucose with 45 mM D(-)-mannitol. Cells were
analyzed after varying timepoints, with detailed data provided in the supplements
(Figure S 2). Glucose increased cell viability at 30 mM, 35 mM, and 40 mM compared
to CTRL after 48 h of treatment (Figure 6A), whereas higher concentrations reduced
viability at later timepoint (Figure S 2B). Western blot analysis demonstrated that ASM
protein levels remained unchanged following 48 h of glucose treatment (Figure 6B;
Figure S 2 for additional timepoints). To investigate the effects of high-lipid exposure
HepG2 cells were treated with PA conjugated to BSA, and cell number and ASM
protein expression were analyzed. BSA treatment alone (50-400 uM) had no significant
effect on cell number (Figure S 3A/B). Each PA concentration was normalized to the
corresponding BSA vehicle control to account for potential vehicle effects. Prolonged
exposure significantly reduced cell number at concentrations of 200, 300 and 400 uM

after 48 h (Figure 6C), indicating the occurrence of lipotoxicity, although mechanisms
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such as caspase activity or fragmented DNA were not assessed. However PA
exposure for 48 h gradually increased ASM protein expression at 200 yM and 300 uM
compared to CTRL, while with 400 yM PA ASM levels returned to values comparable
to CTRL (Figure 6D).
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Figure 6: High-glucose does not affect acid sphingomyelinase protein, while high-lipid
load increases its expression.

(A) Cell viability assessed via MTT assay with varying glucose concentrations for 48 h. Experiments
were conducted with n=3, each containing technical quadruplicates. Values were normalized to the
mean of quadruplicates for each biological replicate. (B) ASM protein level at varying glucose
concentrations for 48 h assessed via Western blot and normalized to total protein (n=6). (C) Cell number
measured via Hoechst staining after 48 h (n=8) of palmitate (PA) normalized to respective BSA
concentration on HepG2 cells and (D) respective ASM protein level at varying PA concentrations for
48 h assessed via Western blot and normalized to total protein (n=6). Data expressed as mean + SD;
#p<0.05, ##p<0.01, ##Hp<0.001, ####p<0.0001 vs untreated control cells (CTRL) based on one-way
ANOVA & Dunnett’s multiple comparison test.
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3.2.3.2 High-palmitate exposure increases HepG2 lipid droplet formation

To investigate whether the reduction in cell viability observed under PA treatment was
preceded by changes in lipid storage, LD formation was analyzed at 24 h and 48 h
using BODIPY staining. HepG2 cells were treated with PA conjugated to BSA, with
BSA alone serving as vehicle control (data in Figure S 3C/D). After normalization of
PA-induced LD formation to the corresponding BSA treatment, a marked increase in
LDs was detected after 24 h at concentrations of 50, 100, and 200 uM compared to
CTRL (Figure 7A). This increase became more pronounced after 48 h of PA exposure,

with elevated LD formation at all concentrations tested HepG2 cells (Figure 7B).
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Figure 7: High-palmitate exposure increases HepGz2 lipid droplet formation.

Lipid droplet (LD) formation measured via BODIPY staining in HepG2 cells after (A) 24 h (n=12) and (B)
48 h (n=8) of palmitate (PA) - & BSA-treatment shown as ratios. Values were normalized to the mean
of untreated cells (CTRL). Data expressed as mean + SD; #p<0.05, ###p<0.001, ##HH#p<0.0001 vs
CTRL based on one-way ANOVA & Dunnett’s multiple comparison test.

3.2.4 Knockdown of acid sphingomyelinase in HepG2 cells via siRNA

The above findings show that PA decreases cell count and increases the formation of
LD as well as ASM protein content in HepG2 cells, suggesting a potential link between
ASM protein and the observed lipotoxic effects.

Thus, the impact of ASM downregulation on cell viability and LD formation under PA
treatment was investigated. Knockdown (KD) efficiency was assessed by measuring
the levels of ASM mRNA, protein, and enzymatic activity at 24 h, 48 h, 72 h, and 96 h
post-transfection (Figure S 4). ASM mRNA levels, measured via qRT-PCR, were

reduced by ~78 % after 48 h, followed by a decrease in protein expression (~69%) and
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enzymatic activity declined by ~66% at 72 h post transfection, as compared to cells
treated only with the transfection reagent (vehicle) (Figure S 4).
For all subsequent experiments, only samples with knockdown efficiency 265% for

both ASM protein and enzymatic activity were considered for the analysis.

3.2.4.1 Knockdown of acid sphingomyelinase aggravates palmitate-driven

cell loss and impairs lipid droplet formation
Once the efficiency of ASM KD via siRNA was confirmed, as shown by reduced mRNA,
protein and activity levels, the effect of the KD on cell viability was assessed. As
expected, treatment with the transfection reagent (vehicle-Metafecten) or siRNA (ASM
KD) alone did not affect cell number compared to untreated cells (CTRL) after 24 h
and 48 h (Figure S 5A/B). Likewise, BSA treatment had no significant impact on cell
number in either ASM KD or wild-type HepG2 cells compared to CTRL (Figure S 5A/B).
After normalization of PA to the respective BSA concentrations, a stronger reduction
in cell number was observed in ASM KD cells compared to wild-type cells following
24 h of treatment (Figure 8A). Unpaired t-tests confirmed significant differences
between KD and wild-type cells at all PA concentrations tested (data not shown). After
48 h, the reduction in cell number became more pronounced, and even lower PA
concentrations already caused a detectable decrease compared to wild-type cells
(Figure 8B). ASM KD exacerbated the PA-induced reduction in cell number by ~29.5%
after 24 h and by ~14.2% after 48 h compared to wild-type cells. This enhanced loss
of viability was unexpected and prompted the suggestion that LD formation may also
be impaired in ASM KD cells. Thus, LD formation was analyzed by BODIPY staining
(Figure S 5C/D). Comparison of PA treatment normalized to the respective BSA control
revealed increased LD formation at 24 h and 48 h in wild-type cells, whereas this
response was absent or even reduced in ASM KD cells compared to CTRL (Figure
8C/D).
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Figure 8: Knockdown of ASM aggravates palmitate-driven cell loss and impairs lipid
droplet formation.

Cell number measured via Hoechst staining after (A) 24 h (n=12) and (B) 48 h (n=8-12) of palmitate
(PA) - & BSA-treatment ratios in HepG2 wild-type and ASM knockdown (KD) cells and normalized to
mean of untreated cells (CTRL). Lipid droplet (LD) formation measured via BODIPY staining after (A)
24 h (n=12) and (B) 48 h (n=8) of palmitate (PA) - & BSA-treatment ratios in HepG2 wild-type and ASM
knockdown (KD) cells. Data expressed as mean + SD; $£<0.05, 1<0.01, 1p<0.001 vs CTRL; #p<0.05,
#p<0.001 vs wild-type based on one-way ANOVA & Tukey’s multiple comparison test, unpaired t-test
not shown.

3.2.4.2 Knockdown of acid sphingomyelinase aggravates palmitate- or
high-glucose-induced insulin resistance
The previous results demonstrated that PA treatment led to an upregulation of ASM
protein in wild-type HepG2 cells (Figure 7D), and that ASM KD results in decreased
cell number and LD formation (Figure 8) upon PA treatment. These findings suggest
that ASM plays a protective role against lipotoxicity in hepatoma cells in contrast to the
initial hypothesis. As no correlations between ASM and distal insulin signaling
(phosAKT/AKT) were observed in the MASLD mouse model, but ASM can localize at
the plasma membrane and regulate membrane composition, the analysis was

extended to proximal insulin signaling. Given that lipotoxicity is implicated in the
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development of insulin resistance, only PA concentrations presumed to cause minimal
lipotoxicity were selected to specifically investigate the early onset of insulin resistance.
Phos-AKTSe™73/AKT levels were reduced not solely by PA but also by respective BSA
concentrations compared to untreated CTRL, indicating potential vehicle effects and
making it uncertain whether the impairment reflects PA itself or components within the
BSA preparation (Figure S 6C). Accordingly, no significant effect of PA treatment was
observed on distal insulin signaling (phos-AKTSe73/AKT), in either wild-type or ASM
KD cells, analyzing the ratios PA/BSA (Figure 9A). In contrast, proximal insulin
signaling (phos-IRS2%¢388/|RS2) was selectively impaired by PA treatment, with
stronger effects in ASM KD cells (Figure 9B), while BSA alone showed no effect (Figure
S 6D).
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Figure 9: ASM knockdown in HepG2 cells inhibits proximal insulin signaling pathway in
response to palmitate treatments compared to wild-type cells.

Western-Blot analysis of HepG2 wild-type and ASM knockdown (KD), following palmitate (PA) treatment
for 48 h and 10 nm insulin for 10 min. Ratios of PA/BSA of each condition and treatment concentration,
normalization to untreated cells (CTRL) as inter-run calibrator (IRC). (A) Ratio phos-AKTSe73/AKT (n=3-
4) and (B) ratio phos-IRS2%¢r388/|RS2 (n=3). Data expressed as mean * SD; $p<0.001 vs CTRL; *p<0.05
vs wild-type, based on one-way ANOVA & Tukey’s multiple comparison test.

In the MASLD mouse model ASM protein showed a negative correlation with blood
glucose levels, despite showing no associations with distal insulin signaling and was
not altered by varying glucose concentrations. However, PA treatment in HepG2 cells
indicated that ASM acts at the level of proximal insulin signaling, the analysis was
extended to high-glucose conditions.

Figure 10A shows that high glucose (35 mM, 45 mM, 50 mM) led to a reduction in distal

insulin signaling in wild-type cells, as evidenced by decreased phos-AKTSe73/AKT
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ratios compared to normoglycemic CTRL cells. This impairment was even more
pronounced in ASM KD, where a significant reduction in insulin signaling was already
observed at 25 mM glucose (Figure 10A). Interestingly, wild-type cells treated with high
glucose showed a gradual inhibition of IRS2 with increasing glucose concentrations,
although this was not significantly different from normoglycemic CTRL. In contrast,
ASM KD cells displayed greater inhibitory effects under high-glucose treatment, as
indicated by increased phos-IRS25¢38/|RS2 levels, with significant differences
observed at 45 mM and 50 mM glucose treatments compared to CTRL. Notably, at
50 mM glucose, the inhibitory effect was significantly more pronounced in ASM KD

cells than in wild-type cells (Figure 10B).
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Figure 10: ASM knockdown in HepG2 cells increases insulin resistance in response to
high-glucose treatment compared to wild-type.

Western-blot analysis of HepG2 wild-type and ASM knockdown (KD) cells, following glucose treatment
for 48 h and 10 nm insulin for 10 min. (A) Ratio phos-AKTSe™73/AKT and (B) ratio phos-IRS25¢r388/|RS2.
Data expressed as mean + SD; #p<0.05, ##p<0.01, ###p<0.001, #H##p<0.0001 vs CTRL; *p<0.05,
**p<0.01 vs wild-type, based on one-way ANOVA & Tukey’s multiple comparison test
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4 Discussion

This dissertation aimed to advance our understanding on the role and modulation of
ASM in lipid-induced insulin resistance, with a particular emphasis on its tissue-specific
functions. In the first section of this thesis human studies were conducted to evaluate
ASM protein levels and activity in the skeletal muscle of IS, IR, and T2D individuals
undergoing a 12-week training intervention. The results revealed that basal ASM
protein levels are significantly affected by the metabolic status of individuals.
Furthermore, our findings highlighted that ASM plays a crucial role in exercise-induced
changes in mitochondrial dynamics, which appear to be independent of ceramide
accumulation. This observation underscores the potential of ASM as a modulator of
mitochondrial function beyond its established role in ceramide synthesis. In the second
section of this thesis, another important aspect was the investigation of the molecular
mechanisms through which ASM influences liver lipid metabolism and its implications
in T2D-associated comorbidities, including the progression of liver fibrosis. Previous
research has shown that the absence of ASM confers protection against hepatic
fibrosis, underscoring the pivotal role of ASM in the pathophysiology of liver disease.
However, our findings challenge this view by suggesting a more nuanced, context-
dependent role of ASM. ASM expression and activity are upregulated in response to
PA treatment, which reduces cell viability and increases formation of LD. Furthermore,
ASM KD led to a marked reduction in cell number and LD formation under lipotoxic
conditions, indicating that ASM may actually support cell viability and lipid storage
capacity during metabolic stress. These results point to a potentially protective or
adaptive role of ASM in early lipid handling.

Moreover, ASM KD cells exhibited a more pronounced impairment in insulin signaling,
particularly at the level of proximal signaling, following both high-lipid and high-glucose
exposure. These findings support the notion that ASM modulates insulin sensitivity not
only through ceramide accumulation but also via alternative mechanisms, potentially
involving plasma membrane integrity.

Overall, this dissertation provides novel insights into the tissue-specific role of ASM in
metabolic regulation. By integrating findings from human studies and mechanistic in
vitro models, this work broadens our understanding of ASM as a complex modulator

of lipid metabolism, insulin signaling, and mitochondrial dynamics.
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4.1 Extended discussion of published findings

4.1.1 Acid sphingomyelinase is implicated in mitochondrial adaptations

and plasma membrane remodeling in skeletal muscle

The first section of this thesis showed that (i) ASM protein is downregulated in skeletal
muscle of T2D individuals as compared to glucose-tolerant humans; (ii) exercise
training enhances ASM activity along with increases in specific ceramides - particularly
the C24:0 and C24:1 species; and (iii) changes in ASM protein and activity are linked
to modifications in MFN2 and AMPK-dependent mitochondrial quality control, rather
than to whole-body insulin sensitivity.

Based on our data, it can be hypothesized that ASM supports exercise-induced
metabolic remodeling primarily through its canonical role in sphingomyelin hydrolysis.
Indeed, ceramides can be further metabolized into bioactive lipids, such as S1P, which
promotes cell differentiation and proliferation (Maceyka et al., 2002) as well as muscle
adaption by regulating fatigue resistance (Cordeiro et al., 2019), repair mechanisms
(Calise et al., 2012; Donati et al., 2013) and cytoskeletal remodeling (Cordeiro et al.,
2019; Sassoli et al., 2019). Indeed, increased S1P levels have been observed in
human and animal skeletal muscle following various exercise regimens (Baranowski
et al., 2015; Bergman et al., 2016b; Btachnio-Zabielska et al., 2008), suggesting that
exercise stimulates the conversion of ceramide to sphingosine and its subsequent
phosphorylation to S1P (Bergman et al., 2016b). Rodent studies further indicate that
acute exercise increases ASM protein levels, suggesting that exercise promotes
sphingomyelin degradation and subsequent ceramide production (Lee and Leem,
2019). Overexpression of ASM in hepatocytes also activates this pathway, which show
higher ceramide levels- but not as high as expected from sphingomyelin breakdown
alone - suggesting that some ceramide is further metabolized to S1P. This metabolic
pathway may underlie insulin-like effects mediated by S1P through AKT activation
(Osawa et al., 2011). Although some studies report that acute exercise elevates both
ceramides and S1P (Bergman et al., 2016a; Helge et al., 2004), increases in
sphingomyelin levels have been observed in untrained, but not in trained, individuals,
suggesting that sphingomyelin degradation is not the sole contributor to exercise-
induced ceramide and S1P accumulation (Helge et al., 2004). This aligns with our
findings in IR and T2D individuals, where the HIIT-induced increase in specific

ceramide species did not coincide with a reduction in sphingomyelin species, indicating
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that these ceramides likely originate from alternative pathways such as de novo
synthesis rather than sphingomyelin hydrolysis.

Beyond sphingolipids, exercise-induced remodeling of plasma membrane
phospholipids may further improve insulin sensitivity. Both acute and long-term (12-
week) exercise interventions have been shown to increase the absolute levels of PC
and PE while concurrently reducing the PC:PE ratio in normoglycemic and prediabetic
individuals, (Lee et al., 2018), which is associated with improved membrane integrity,
calcium handling, and optimized insulin receptor kinetics (Lee et al., 2018). Another
study found that baseline levels of PC and PE were higher in athletes compared to
obese and T2D subjects, but their response to exercise varied: levels decreased in
athletes, remained unchanged in obese individuals, and increased in those with T2D
(Newsom et al., 2016). However, the PC:PE ratio did not change in response to
exercise and was inversely correlated with insulin sensitivity across the whole cohort.
(Newsom et al., 2016).

ASM may contribute to this membrane remodeling mainly by hydrolyzing
sphingomyelin rather than cleaving phosphocholine residues from PC to form sn1,2-
DAG. This preference is regulated by lipid metabolites such as DAGs, ceramides,
NEFAs, and cholesterol, which enhance sphingomyelin hydrolysis while inhibiting PC
cleavage (Breiden and Sandhoff, 2021; Oninla et al., 2014). In fibroblasts and liver,
ASM-derived ceramide and sphingosine can also reduce PC biosynthesis through two
mechanisms. First, ceramides directly inhibit CTP:phosphocholine cytidylyltransferase
(CCT), a key enzyme in the CDP-choline pathway, thereby reducing de novo PC
synthesis (Bladergroen et al., 1999; Ramos et al., 2002; Ramos et al., 2003). Second,
sphingosine, generated from ceramide via CDase, has been shown to further
suppresses CCT activity (Sohal and Cornell, 1990). Additionally, ASM-mediated
depletion of S-adenosylmethionine (SAM) may impair the PEMT pathway, further
limiting PC production through reduced PE methylation (Mari et al., 2004). Thus,
decreased hepatic PC levels may result from both impaired methylation and direct
inhibition of CCT. This dual mechanism is supported by evidence from ASM knockout
mice, which exhibit elevated hepatic PC levels (Prinetti et al., 2011), as well as liver
samples from MASH individuals, where increased ASM mRNA goes along with a
reduced PC:PE ratio (Li et al., 2006; Moles et al., 2010b). While ASM-mediated PC
reduction appears to be beneficial for hepatic metabolism and glucose homeostasis,
its effects in skeletal muscle may differ. Despite acting through similar pathways, ASM
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may influence muscle membrane integrity via modulation of the PC:PE ratio with
opposing physiological outcomes. Two possible mechanisms could explain this: (i)
direct hydrolysis of PC, though this is unlikely given that ceramides and DAGs inhibit
ASM-driven PC cleavage, or (ii) indirect suppression of PC synthesis due to ceramide-
and sphingosine-mediated inhibition of the CDP-choline pathway and PEMT activity.
Thus, ASM may contribute to membrane composition remodeling during chronic
exercise by lowering PC levels through ceramide generation and consequently
enhancing membrane stability in skeletal muscle.

Beyond possible effects on plasma membrane composition, ASM may also act directly
at mitochondria. In line with our correlation data, an RNA sequencing localization study
has revealed the presence of ASM mRNA on the mitochondrial outer membrane (Fazal
et al., 2019). Consistent with these observations, Karunakaran et al. recently
demonstrated that inhibition of ASM, and thus reduced ceramide generation,
attenuates chemotherapy-induced pancreatic B-cell dysfunction by lowering
mitochondrial ROS production through aldehyde dehydrogenase 2 (ALDH2) and
casein kinase 2 (CK2) signaling pathways (Karunakaran et al., 2024). Furthermore,
ASM expression has been shown to influence mitochondrial fusion and morphology in
mouse melanoma cells (Coazzoli et al., 2020), and its mitochondrial localization has
been suggested (Matsumoto et al., 2003). Together, these studies support our findings
and lead to the hypothesis that the phospholipid-cleaving activity of ASM near or on
the mitochondrial membrane might directly modulate mitochondrial fusion and fission
events. However, comprehensive studies are still needed to confirm the potential

involvement of ASM in plasma membrane modulation and mitochondrial functions.

4.2 Unpublished data on regulation of acid sphingomyelinase in
skeletal muscle of murine diabetes model, liver and hepatoma

cell models

The second part of this thesis focuses on mechanistic studies aimed at elucidating
tissue-specific roles of ASM under metabolic stress conditions. In contrast to human
skeletal muscle, where ASM protein were reduced in T2D compared to glucose-
tolerant individuals, no alterations were observed in skeletal muscle of murine models
of diabetes, obesity, and fatty liver disease diabetes, suggesting that ASM changes

are exercise-driven and absent without such a stimulus. In these same models,
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however, metabolic stress induced ASM changes in the liver. Because access to
human liver tissue was not feasible, hepatoma cells exposed to high-lipid or high-
glucose stimuli were used to further elucidate the underlying molecular mechanisms.
Hepatic insulin resistance is an early hallmark of MASLD, and lipotoxic conditions such
as elevated ceramides are known to impair insulin signaling. Therefore, this section
also examined whether ASM contributes to tissue-specific lipid handling and affects

insulin signaling, suggesting a context-dependent role in metabolic regulation.

4.2.1 Hepatic acid sphingomyelinase is upregulated in obesity and

modulates lipid storage and metabolic flexibility

Elevated ASM gene expression has been documented in individuals with MASLD and
shown to correlate with disease severity (Moles et al., 2010a). Experimental whole
body inhibition or genetic knockout of ASM has further been shown to prevent HFD- or
carbon tetrachloride-induced hepatic fibrosis, positioning ASM as a promising
therapeutic target (Fucho et al., 2014; Quillin et al., 2015). Previous studies have also
demonstrated that MCD-induced liver injury is associated with increased ASM activity.
Forinstance, Caballero et al. observed a rapid rise in ASM activity and ceramide levels
in the liver within two days of MCD or methionine-deficient diet (Caballero et al., 2010).
In this study, no differences in hepatic ASM mRNA levels were observed in DIAB and
MASH mouse models as compared to control. However, ASM protein levels were
significantly upregulated in the OBES mouse group compared to all other groups, while
ASM activity was elevated relative to the CON and DIAB groups. Interestingly, this
finding contrasts with research by Chocian et al., which reported decreased ASM
activity in the livers of HFD-fed rats (Chocian et al., 2010). Furthermore, whole-cohort
analysis revealed that ASM protein and activity correlated positively with body weight
and fat mass, while ASM protein levels inversely correlated with blood glucose levels.
These results suggest that elevated glucose levels may suppress the HFD-induced
rise of ASM activity, potentially reflecting the metabolic consequences of
hyperglycemia.

It is well-established that mitochondrial adaptions in FAO and altered oxidative
phosphorylation play a critical role in the progression of MASLD (Fromenty and Roden,
2023) and that ceramides are implicated in modulating mitochondrial FAO (Fucho et
al., 2017). For instance genetically induced shifts in ceramide chain length strongly
affect mitochondrial function. Mice with CerS2 deficiency (] C22:0/C24:0, 1C16:0) show
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reduced PA oxidation capacity and diminished activity of ETC complex Il and IV under
HFD compared to wild-type littermates (Hajduch et al., 2021), whereas CerS6 deletion
(1C16:0) enhances PA oxidation and mitochondrial respiration (Hajduch et al., 2021).
Furthermore, ceramides can directly impair mitochondrial respiration by inhibiting the
ubiquinone pool of complex Il and affecting NADPH oxidase activity (Holland and
Summers, 2008). Moreover, ceramides can specifically target mitochondria for
autophagic clearance - a process that may reduce FAO capacity (Scarlatti et al., 2004;
Sentelle et al., 2012). Ceramide synthesis can be induced by TNF-a via tumor necrosis
factor receptor 1 (TNFR1)-mediated activation of ASM, leading to increased ROS
production and subsequent altering mitochondrial function in hepatocytes (Colell et al.,
2002; Garcia-Ruiz et al., 2003; Schwabe and Brenner, 2006). Hence, the correlation
of FAO-driven mitochondrial respiration with ASM expression was assessed. Although
previous evidence links ASM and ceramides to mitochondrial FAO, a whole-cohort
analysis revealed no correlations between ASM protein levels or activity and
mitochondrial FAO. Collectively, these data do not support the notion that ASM-derived
ceramides directly influence mitochondrial FAO in the used MASLD mouse model.

Further analyses also revealed that neither ASM protein levels nor its activity correlated
with key markers of inflammation (e.g., TNF-a) or fibrosis (e.g., a-SMA). This finding is
unexpected given that previous studies have demonstrated that TNF-a activates ASM
and that ASM depletion confers resistance to TNF-a-induced apoptosis in mouse
hepatocytes (Garcia-Ruiz et al., 2003; Mari et al., 2004). Additionally, the present
results did not support the findings by Moles et al. who reported that ASM activity
increased during the in vitro activation of hepatic stellate cells (HSCs), characterized
by upregulation of a-SMA, and that chemical inhibition of ASM markedly reduced a-
SMA protein and mRNA levels. (Moles et al., 2010b). These discrepancies may be
explained by differences in experimental models. Indeed, Moles et al. employed
isolated HSCs or the LX2 human cell line, whereas our study was based on whole liver

homogenates from MASLD mouse model.

4.2.2 Acid sphingomyelinase expression is unaltered under

hyperglycemia and does not mediate glucotoxicity

HepG2 cells were exposed to high concentrations of glucose, to investigate whether
ASM protein levels are affected by hyperglycemia. Although glucotoxicity is associated

with caspases activation, mitochondrial cytochrome c release, and ER stress (Jiang et

88



al., 2020; Sharma et al., 2011) and ASM-driven ceramide mediated apoptosis (Gulbins
et al., 2015), prolonged high-glucose exposure reduced cell viability without changing
ASM expression. Therefore, these data indicate that ASM is not involved in the specific
mechanisms leading to glucotoxicity and cell death in HepG2 cells.

These results suggest that hyperglycemia does not exert either a stimulatory or
inhibitory effect on ASM protein levels in HepG2 cells. It could be further speculated
that factors like hyperinsulinemia may underlie the unaltered ASM levels observed in
the DIAB and MASH mice model groups.

4.2.3 Palmitate treatment induces acid sphingomyelinase activity and

lipid droplet formation and lowers cell viability

The liver becomes susceptible to lipotoxicity when the influx of NEFAs - primarily
derived from adipose tissue lipolysis or dietary intake - exceeds its ability to oxidize or
export lipids. This imbalance leads to the formation of LDs, which initially serve as a
protective mechanism against fatty acid toxicity but may exacerbate steatosis when
lipid homeostasis is disrupted (Alsabeeh et al., 2018). Elevated levels of circulating
NEFAs, especially PA, are strongly associated with insulin resistance, mitochondrial
proton leak, ROS formation, ER stress, inflammation and the progression of metabolic
diseases, such as T2D and MASLD (Egnatchik et al., 2014; Gao et al., 2018; Mota et
al., 2016; Nakamura et al., 2009; Peng et al., 2011; Shi et al., 2018; Zhang et al., 2012).
Studies using HepG2 cells have demonstrated that PA treatment could be used as in
vitro HFD-induced fatty liver model (Krishnan et al.,, 2018), and that it induces
mitochondrial calcium overload, oxidative stress, and apoptosis through the activation
of the JNK cascade and ceramide accumulation (Alsabeeh et al., 2018; Gao et al.,
2010; Malhi et al., 2006; Zhang et al., 2012; Zhu et al., 2016). These mechanisms not
only impair insulin signaling but also propagate inflammatory responses, contributing
to systemic metabolic dysregulation (Pardo et al., 2015).

To investigate the role of ASM in lipid-induced insulin resistance, HepG2 cells were
exposed to PA, in order to model lipotoxicity and insulin resistance in vitro. In cell
culture experiments, the molar ratio of fatty acids to bovine serum albumin (FA:BSA)
is critical in determining the extent and nature of lipotoxic effects and influences the
fraction of unbound fatty acids available for cellular uptake. (Alsabeeh et al., 2018;
Oliveira et al., 2015). Physiological serum FA:BSA ratios typically range from 1:1 to

3:1, but these ratios can rise to 5:1 in disease states such as obesity and MASLD,
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further exacerbating lipotoxicity (Kleinfeld et al., 1996; Yamato et al., 2007). Given the
importance of this parameter, the molar ratio of 6:1 was used, known to induce
lipotoxicity in vitro (Alnahdi et al., 2019). Unfortunately, many studies do not explicitly
report the FA:BSA ratios used in their PA treatments, complicating the comparison of
results and limiting the interpretive strength of such studies. In the present study the
used PA-BSA treatment caused a progressive, dose-and time-dependent decline in
HepG2 cell viability, as previously shown (de Sousa et al., 2021; Maseko et al., 2024;
Zeng et al.,, 2020). In addition, BSA treatment alone did not result in significant
differences in LD formation, as assessed by BODIPY staining. Moreover, a 24 h
exposure to PA resulted in a dose-dependent increase in LD formation. These
observations are consistent with previous studies utilizing Oil Red O or Nile Red
staining, which reported enhanced LD accumulation following 24 h PA treatment at
concentrations of 200-250 uM, though the molar ratios in these studies were not
specified (Fang et al., 2024; Mayer et al., 2020; Weng et al., 2023) Notably, further
increases in PA concentration did not led to additional LD formation at the 24 h time
point. However, prolonged PA exposure for 48 h resulted in increased LD
accumulation across all treatment groups, with more pronounced effect at intermediate
(100-200 pM) concentrations rather than at the highest concentrations. This finding
suggests that there may be a saturation threshold for LD formation. Eynaudi et al.
(2021) similarly reported maximal LD content, assessed by BODIPY staining, after 6 h
of treatment with 200 uM PA, followed by a declining with multiple, smaller
mitochondria associated LDs at 18 h exposure (Eynaudi et al., 2021). These
mitochondria exhibited a higher membrane potential (Ay_m) and increased ATP
production (Eynaudi et al., 2021). Another study shows that exposing HepG2 cells to
2mM PA for 12 and 24 h caused less lipid accumulation than 0.5 or 1 mM PA,
suggesting cytotoxic effects at high PA concentrations even over short treatment
periods (Gomez-Lechdn et al., 2007). Collectively, we observed that LD accumulation
is reduced at high-PA concentrations over prolonged exposure along with decreased
cell viability, supporting the hypothesis that increased LD formation functions as a
protective mechanism against lipotoxicity by sequestering excess fatty acids into
TAGs, which are less harmful to the cell (Alsabeeh et al., 2018; Mashek, 2021).
Nevertheless, once the capacity for LD formation is exceeded, lipotoxic effects become
apparent. It is important to note that the protective role of LDs is not solely dependent

on their abundance but also on their size, composition, and dynamic interactions with
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other cellular compartments, critical for lipid metabolism and signaling (Mashek, 2021).
Analysis of ASM protein and activity revealed no significant change within 24 h of PA
treatment. However, prolonged PA exposure led to an increase in ASM levels at
moderate concentrations (200-300 uM), which then returned to control levels at
400 pM. To the best of current knowledge, these findings appear to be novel. While it
is well established that PA treatment increases de novo ceramide synthesis in HepG2
cells (Charytoniuk et al., 2019; Deevska et al., 2017; Frandsen et al., 2022), changes
in ASM activity under PA exposure have not been reported. The present results
suggest that ASM may contribute to ceramide accumulation under conditions of
moderate lipotoxic stress (Chaurasia and Summers, 2021; Delcheva et al., 2024). But
the absence of further ASM elevation at high PA exposure points to a temporally limited

role or association with additional cellular processes.

4.2.4 Acid sphingomyelinase protects from early onset of lipotoxicity

Next, the impact of ASM KD on cell viability and LD formation was assessed, to
determine whether ASM contributes specifically to early lipotoxic responses. This study
shows that ASM KD did not affect cell viability and that PA exposure resulted in a more
pronounced reduction in cell number in ASM KD compared to wild-type cells. This
effect was particularly evident after 24 h of PA treatment at lower to mid-range
concentrations (50-300 uM), suggesting that reduced ASM activity exacerbates PA-
induced lipotoxicity. In parallel, LD formation appears to be impaired in the absence of
ASM, which may compromise lipid storage capacity and cellular adaptation to PA-
induced stress leading to the suggestion that ASM is required for efficient LD
biogenesis during lipotoxic stress. The reduced LD abundance in ASM KD cells is
unlikely to result from enhanced LD consumption, as differences were evident only
under PA exposure, indicating a failure to induce rather than maintain LD formation.
Similarly to these findings, cell-based studies have demonstrated that high-glucose
concentrations increase LD accumulation in primary hepatocytes, an effect that is
attenuated by pharmacological inhibition or KD of ASM (Osawa et al., 2011), while
ASM inhibition with desipramine in PA-treated HepG2 cells likewise reduced
intracellular TAG levels compared to untreated controls (Deevska et al.,, 2009).
Together, these observations support a context-dependent function of ASM in lipid

metabolism, influenced by both cell type and the nature of the metabolic stressor.

91



Impaired LD storage may force excess fatty acids toward mitochondrial FAO,
increasing ROS production and subsequent lipotoxicity, which is consistent with the
observed reduction in cell number. While direct links between ASM and LD biogenesis
remain underexplored in literature, it may be speculated that ASM activity at the plasma
membrane might influence trafficking of palmitoylated proteins required for LD
dynamics (Suzuki et al., 2015; Xiong et al., 2019). Palmitoylation, the covalent
attachment of PA (C16:0) to cysteine residues, anchors proteins to membranes and
facilitates trafficking, signal transduction, and vesicle fusion (Bijlmakers and Marsh,
2003; Smotrys and Linder, 2004). In glioblastoma cells, it was shown that ASM
localizes to the outer leaflet of the plasma membrane even under non-stress conditions
and that ASM-generated ceramides traffic to the Golgi apparatus and facilitate the
export of palmitoylated proteins. In the absence of ASM, these proteins become
trapped in the trans-Golgi network, possibly due to insufficient ceramide levels in the
Golgi membrane (Xiong et al., 2019). In support of this concept, Suzuki et al.
demonstrated that palmitoylation is required for proper localization of ELMO domain
containing 2 (ELMOD2), a GTPase-activating protein involved in targeting ATGL to
LDs in adipocytes. (Suzuki et al., 2015). Thus, loss of ASM may impair trafficking of
key lipogenic and lipolytic proteins via palmitoylation, resulting in disruption of LD
formation and lipid buffering. Thus, the present results suggest a protective function of
ASM in HepG2 cells under PA-induced stress, promoting LD biogenesis and limiting
lipotoxicity. These findings contrast with existing literature describing ASM as a
mediator of lipotoxicity in hepatocytes. For example, Garcia-Ruiz et al. showed that
ASM is required for TNF-a and Fas-induced apoptosis via ceramide signaling (Garcia-
Ruiz et al., 2015), and Fernandez et al. reported protection from alcohol-induced ER
stress and steatosis in ASM-deficient mice. Elevated ASM mRNA levels were also
found in individuals with alcoholic hepatitis, supporting its pathological role in liver injury
(Fernandez et al., 2013). In contrast, another study described less TAG accumulation
and LD formation in liver tissue of ASM knockout mice upon HFD (Deevska et al.,
2009). This discrepancy may reflect model-specific differences. HepG2 cells are less
responsive to inflammatory signaling due to low TNF-a responsiveness (Hill et al.,
1995) and lack the immune and paracrine context present in vivo. The HepG2 model
used in the present study mimics nutrient-induced lipotoxicity rather than cytokine-
driven liver injury, potentially shifting ASM’s role from a pro-apoptotic effector to a

regulator of lipid storage. Moreover, pro-lipotoxic effects of ASM reported in vivo are
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often linked to inflammatory stress (Garcia-Ruiz et al., 2015), which may not be fully

activated in HepG2 cells under PA treatment.

In summary, this present data uncover a new role of ASM in supporting LD formation
during saturated fatty acid overload. In the absence of ASM, the reduced lipid storage
capacity likely redirects fatty acids toward oxidative metabolism, thereby enhancing
lipotoxicity. Although this contrasts with the established view of ASM as a mediator of
hepatic injury, particularly under inflammatory conditions, it is consistent with emerging
evidence implicating ASM in intracellular trafficking, membrane remodeling, and lipid

homeostasis.

4.2.5 Acid sphingomyelinase preserves hepatic insulin signaling by

regulating IRS2 phosphorylation

Given that ASM KD in HepG2 cells reduced LD formation and aggravated lipotoxic
stress under PA treatment, these findings suggest a potential protective role of ASM
in maintaining lipid and membrane homeostasis during metabolic stress. Since
lipotoxicity is closely associated with insulin resistance, we next assessed whether
ASM downregulation also alters insulin signaling in hepatocytes under conditions of
elevated lipid or glucose exposure. ASM protein expression and enzymatic activity
increased following 48 h of PA treatment, indicating that ASM upregulation may
represent an adaptive response to counteract membrane stress or to facilitate lipid
processing. Despite this, insulin signaling at the level of AKT phosphorylation (Ser473)
remained largely unaffected after PA treatment, with only the highest concentration
(200 uM) leading to a reduction in phos-AKTSe73/AKT. Notably, a similar reduction
was observed in BSA controls at that dose, suggesting a non-specific effect on AKT
activation in HepG2 cells under these conditions. IRS2 is essential for hepatocyte
insulin signaling and contains multiple regulatory phosphorylation sites. While tyrosine
phosphorylation promotes signal transduction, certain serine/threonine residues such
as Ser303 and Ser675 are inhibitory (Park et al., 2013). Although the functional
consequences of many IRS2 phospho-sites remain to be fully elucidated, Ser388 is
detectable by commercial antibodies and has been linked to inhibitory regulation of
IRS2 (Cao et al., 2024; He et al., 2021b). However, PA treatment led to a marked
increase in IRS2 phosphorylation at Ser388, which was further enhanced in ASM KD
cells, indicating that ASM may limit IRS2 inhibitory phosphorylation under high-lipid
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load conditions. One possible explanation is that ASM-generated ceramides modulate
plasma membrane microdomain architecture, thereby influencing the localization and
activation of insulin signaling components. In other cell types, ASM inhibition disrupts
ceramide-enriched membrane domains, resulting in increased sphingomyelin, loss of
membrane cholesterol, and mislocalization of key signaling proteins from the plasma
membrane like K-Ras (Cho et al, 2016). A similar mechanism may occur in
hepatocytes, where ASM KD may stabilizes sphingomyelin-rich rafts and prevents
ceramide-driven membrane remodeling. Notably, sphingomyelin enrichment has been
associated with impaired InsR function, including its dissociation from caveolin-1 and
reduced tyrosine kinase activity, effects that appear independent of ceramide depletion
(Lietal.,2011). Thus, persistent sphingomyelin-rich domains may misposition the InsR
and IRS2, reducing their interaction and promoting inhibitory phosphorylation events.
Furthermore, ASM inhibition leads to sphingomyelin accumulation and may
secondarily increase PC levels, either through reduced substrate turnover by
sphingomyelin synthase or via compensatory activation of glycerophospholipid
synthesis, as observed in ASM-deficient livers (Deevska et al., 2009). This lipid shift
toward excess PC and sphingomyelin, can modify membrane fluidity and receptor
organization. In hepatocytes, PC is sensed by phosphatidylcholine transfer protein
(PC-TP, also known as StARD2), which forms a complex with the mitochondrial
thioesterase (THEM2) to regulate insulin signaling. Elevated PC availability stabilizes
the PC-TP-THEM2 complex in an inhibitory configuration that represses IRS2 function
(Ersoy et al., 2013). In line with the present findings, this mechanism may contribute to
the enhanced IRS2 Ser388 phosphorylation observed in ASM-deficient cells under PA
treatment.

Under high-glucose conditions, a similarly dose-dependent decrease in AKT
phosphorylation was observed, with a more pronounced effect in ASM KD cells. A
modest but reproducible increase in IRS2 Ser388 phosphorylation was also detected,
which again intensified with ASM KD. These data suggest that ASM helps maintain
insulin responsiveness not only under lipotoxic but also glucotoxic stress, possibly by
preserving a membrane environment that shields IRS2 from premature inhibitory
modification. In line with these results, Osawa et al. (2011) demonstrated that ASM
overexpression in primary hepatocytes enhanced AKT activation and improved
glucose tolerance in wild-type and diabetic db/db mice. They proposed that ASM-
derived ceramides are rapidly converted to S1P, a metabolite that activates pro-
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survival and insulin-sensitizing pathways via S1P receptor signaling. (Osawa et al.,
2011). However, not all data support a protective role for ASM; Fucho et al. (2014)
reported that pharmacological ASM inhibition normalized HFD-induced hyperglycemia
and improved insulin sensitivity (Fucho et al., 2014), while Deevska et al. (2009) found
that ASM deletion in LDL receptor-deficient mice prevented HFD-induced obesity,
hyperglycemia, and hepatic steatosis (Deevska et al., 2009). These contrasting
findings underline the context-dependent function of ASM and ceramide signaling.

Taken together, the present results suggest that ASM exerts a protective role during
the early stages of lipid- and glucose-induced insulin resistance in hepatocytes, likely
by maintaining membrane composition and microdomain architecture that support
proper IRS2 function. However, the role of ASM appears to depend on the metabolic
state, the duration of stress exposure, and the downstream lipid metabolites
generated. In the cellular model used in this thesis, the absence of ASM exacerbated
proximal insulin signaling defects, which points to a membrane-based mechanism by
which ASM may regulate IRS2 phosphorylation and preserve hepatic insulin

sensitivity.

4.3 Limitations

While this thesis provides novel insights and robust findings on the role of ASM in
metabolic regulation, it is important to acknowledge several methodological and
conceptual limitations that should be considered when interpreting the results.

The limitations of the human study are already described in the publication (Section
3.1)

The murine models of diabetes and MASLD used in this work only partially recapitulate
human pathophysiology. Diabetes was induced via STZ and diet: high-dose STZ
ablates B-cells and mimics insulin-deficient diabetes (T1D or SIDD), whereas low-dose
STZ combined with HFD models insulin resistance with moderate hyperglycemia
(closer to SIRD) (Dewidar et al., 2023). Such chemically induced models cannot fully
capture the gradual, polygenic nature of human T2D or other subtypes. Likewise, the
diet-induced obese mouse model of MASLD manifests steatosis and mild inflammation
but does not progress to the advanced stages of human liver disease within the 12-
week timeframe. This may also explain why no differences were observed between
STZ-treated mice and controls in ASM expression, a finding not necessarily reflecting

human phenotypes.
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The in vitro findings were obtained in HepG2 hepatoma cells, which, as carcinoma-
derived lines, differ substantially from healthy primary hepatocytes and cannot
replicate the multicellular architecture of the liver. While these cells provided a
controlled system to study ASM function, their metabolic and signaling responses may
not fully represent those in liver tissue. Moreover, although changes in viability, LD
accumulation, and insulin signaling were observed with PA and ASM KD, ceramide
and S1P levels as well as downstream metabolic or organelle stress markers were not
measured. This leaves the biochemical mechanism inferred rather than proven and
limits clarification of how ASM deficiency exacerbates lipotoxic injury.

Across all experimental arms, certain technical limitations should be acknowledged.
Total ASM activity was measured without distinguishing between L-ASM and S-ASM
isoforms or resolving subcellular localization, preventing assignment of effects to a
specific isoform or compartment.

In summary, these limitations mean that the human exercise results should be viewed
as proof-of-concept for a narrow demographic, and that the roles of ASM observed in
cell and animal models require confirmation in more physiologically integrated
systems. While these data suggest that ASM may buffer lipotoxic stress in the liver and
support mitochondrial adaptation in muscle, these interpretations remain provisional.
They should be considered as hypothesis-generating evidence, providing a foundation

for the mechanistic and translational studies outlined in the following section.

4.4 Conclusion and outlook

ASM protein expression was reduced in skeletal muscle of individuals with T2D at
baseline compared to glucose-tolerant humans but significantly rose following HIIT,
accompanied by elevated enzymatic activity in all groups. ASM activity correlated with
markers of mitochondrial remodeling such as MFN2 and AMPK-driven mitophagy,
suggesting a role for ASM in mitochondrial quality control rather than in ceramide-
driven lipotoxicity. These findings propose a model in which ASM contributes to
exercise-induced mitochondrial maintenance, possibly via effects on membrane
architecture or organelle cross-talk.

In hepatic cells and tissue, ASM activity increased following PA exposure or HFD
conditions, accompanied by enhanced LD formation and moderately reduced cell
viability. Surprisingly, KD of ASM further aggravated the detrimental effects of PA,

markedly reducing cell viability and LD accumulation, suggesting a protective role of
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ASM in buffering lipotoxic stress by promoting lipid sequestration into LD. In the
absence of ASM, the reduced capacity for lipid storage may increase cellular exposure
to toxic lipid species, potentially due to impaired palmitoylation or dysregulation of
proteins required for LD biogenesis. Moreover, ASM appears to support hepatic insulin
signaling under conditions of metabolic stress. Indeed, ASM KD enhanced inhibitory
IRS2 phosphorylation in PA-treated HepG2 cells, indicating a disruption of proximal
insulin signaling possibly through disruption of membrane microdomain structure.
Thus, it could be speculated that ASM help maintain lipid compartmentalization and
insulin sensitivity in hepatocytes under moderate nutrient challenge, while chronic or
excessive ASM activation may contribute to inflammation and steatosis.

Altogether, this PhD thesis identifies ASM as a dual-function enzyme, supporting
mitochondrial adaptation in skeletal muscle during physiological stress while
maintaining lipid and membrane homeostasis in liver under early metabolic challenge.
These context-specific effects underscore the complexity of ASM signaling and prompt
several avenues for future investigation.

Future work should focus on determining the effect of ASM on mitochondrial
morphology, autophagic flux or organelle interactions in human primary myotubes
undergoing electric pulse stimulation (EPS), which reassemble contraction-like stimuli
in vitro. Additionally, high-resolution microscopy techniques could further clarify
whether ASM translocates to mitochondria and other organelles or modulates their
function indirectly via membrane remodeling.

In the liver, more physiologically representative models such as hepatic organoids,
could clarify the spatial and temporal roles of ASM in lipid accumulation, inflammation,

and fibrogenesis under glucotoxic, lipotoxic or cytokine-rich conditions.

In conclusion, this work provides novel insights into the dualistic and context-sensitive
roles of ASM in metabolic regulation. By combining clinical, biochemical and
mechanistic approaches, it lays the foundation for future studies to define whether and
how ASM represents a modifiable node for the prevention or treatment of metabolic
diseases such as T2D and MASLD.

97



5 Supplements

5.1

ACC
AKT
ALDH2
AMPK
APSa

ASM
ATF6
Atgbs
ATGL
ATP
BAX
Bid
BSA
CaMK

Chbl
CCT
CD45

CDase
cDNA
CEPT1

CerK
CerS
CGI-58
CHOP
CK2

Abbreviations

acetyl-CoA carboxylase

protein kinase B

aldehyde dehydrogenase 2
AMP-activated protein kinase

dapter protein with PH and SH2
domains

acid sphingomyelinase

activating transcription factor 6
autophagy protein 5

adipose triglyceride lipase

adenosine triphosphate
Bcl-2-associated X protein

BH3 interacting domain death agonist
bovine serum albumin
calcium/calmodulin-dependent protein
kinase

casitas B-lineage lymphoma
CTP:phosphocholine cytidylyltransferase
receptor-type tyrosine-protein
phosphatase C

ceramidase

complementary DNA
choline/ethanolamine
phosphotransferase 1

ceramide kinase

ceramide synthase

comparative gene identification 58
C/EBP homologous protein

casein kinase 2

CLEC16A C-type lectin domain family 16 member

Col1a1
CSA
CTSD

A
collagen type | alpha 1 chain
citrate synthase activity

cathepsin D

DAGs
DES1
DGAT2
DM
DMSO
DNL
DRP1
EDTA

diacylglycerols

dihydroceramide desaturase
diacylglycerol-O-acyltransferase 2
Diabetes Mellitus

dimethylsulfoxid

de novo lipogenesis

dynamin related protein 1

ethylenediaminetetraacetic acid

ELMOD2 ELMO domain containing 2

EMEM
ER
ETC
F4/80

FAO
FAS

Eagle's Minimum Essential Medium
endoplasmic reticulum

electron transport chain

EGF-like module-containing mucin-like
hormone receptor-like 1

fatty acid oxidation

fatty acid synthase

Fas or Apo-1 CD95 or apoptosis antigen 1

FBS
FOXO1

fetal bovine serum
forkhead box O1

FUNDC1 FUN14 domain-containing protein 1

G-6-P
GBA
GCS
GLUT4
GPAT1
GPR41
GPX4

glucose-6-phosphate
glucocerebrosidase

glucosylceramide synthase
glucosetransporter typ 4
glycerol-3-phosphate acyltransferase 1
G protein-coupled receptor 41

glutathione peroxidase 4

GRP78 or BiP 78-kDa glucose-regulated protein

GSK3
GSV
GYS
H202
HFD
HIT

glycogen synthase kinase 3
GLUT4 storage vesicles
glycogen synthase
hydrogen peroxide
high-fat-diet

High-intensity interval training
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HSC
HSL
HSP
IKK
IL-6
IMCL
IMTG
InsR
IRC
IRE1
IRS
JNK
KD
KDSR
L-ASM
LC3l

LC50
LD
LDL
LMP
MARD
MASH

MASL

MASLD

MCD
MCP-1
MFF
MFN
mNSM

MOD
mRNA
MST1

hepatic stellate cell
hormone-sensitive lipase
heat-shock protein

inhibitor of kB kinase
interleukin-6
intramyocellular lipid
intramyocellular triglycerides
insulin receptor

inter-run calibrator
inositol-requiring enzyme 1
insulin receptor substrate
c-Jun N-terminal kinase
knockdown
3-ketodihydrosphingosine reductase

lysosomal ASM

microtubule-associated protein 1A/1B-

light chain
lethal concentration 50
lipid droplet

low-density lipoprotein

lysosomal membrane permeabilization

mild age-related diabetes
metabolic dysfunction-associated
steatohepatitis

metabolic dysfunction-associated
steatotic liver

metabolic dysfunction-associated
steatotic liver disease
methionine-choline-deficient
monocyte chemoattractant protein-1
mitochondrial fission factor
mitofusin
mitochondrial-associated neutral
sphingomyelinase

mild obesity-related diabetes
messenger RNA

macrophage stimulating 1

mTORC2mechanistic target of rapamycin

NAFLD
NEFAs

complex 2
non-alcoholic fatty liver disease

non-esterified fatty acids

NF-«kB
NIX
NPD
NRF-1
NSM
Oaze-
OH-
OPA1

nuclear factor kappa B
BNIP3-like protein X
Niemann-Pick disease
nuclear respiratory factor 1
neutral sphingomyelinase
superoxide

hydroxyl radicals

optic atrophy 1

p38 MAPKp38 mitogen-activated protein kinase

PA
Parkin
PBS
PC
PCIIl

palmitic acid/palmitate

E3 ubiquitin protein ligase
phosphate buffered saline
phosphatidylcholine

procollagen type IlI

PC-TP, or StARD2 phosphatidylcholine transfer

PCYT2
PDIA4
PDK1
PDX1
PE
PEMT

PGC-1a

PI3K
PINK
PIP2
PIP3
PKA
PKCs
PKR
PERK
PLIN5
PP2A
PPAR-y
PTEN
PTPs

protein

phosphatidylcholine cytidylyltransferase
protein disulfide isomerase A4
phosphoinositide-dependent kinase 1
Pancreatic and duodenal homeobox 1
phosphatidylethanolamine
phosphatidylethanolamine N-
methyltransferase

proliferator-activated receptor y coactivator
1a

phosphoinositide 3-kinase
PTEN-induced kinase 1
phosphatidylinositol-4,5-bisphosphate
phosphatidylinositol-3,4,5-trisphosphate
protein kinase A

protein kinase Cs

protein kinase R

PKR--like endoplasmic reticulum kinase
perilipin 5

protein phosphatase 2A

peroxisome proliferator-activated receptor y
phosphatase and tensin homolog

protein tyrosine phosphatases

gRT-PCR Real-Time Polymerase Chain Reaction

ROS
RT

reactive oxygen species
room temperature
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S1P sphingosine-1-phosphate

SAID severe autoimmune diabetes

SAM S-adenosylmethionine

S-ASM  secretory ASM

Ser serin

SERCA sarcoplasmic/endoplasmic reticulum
calcium ATPase

SIDD severe insulin-deficient diabetes

SIRD severe insulin-resistant diabetes

siRNA  small interfering RNA

SOCS3 suppressor of cytokine signaling 3

SphK  sphingosine kinase

SPP S1P phosphatase

SPT serine palmitoyltransferase
SQSTM1 sequestosome 1
SR sarcoplasmic reticulum

SRs Sirius Red staining

SREBP-1c sterol regulatory element-binding
protein 1c

STZ streptozotocin

T1D Type 1 diabetes mellitus

T2D Type 2 diabetes mellitus

TAG triglycerides

TFAM  mitochondrial transcription factor A

THEM2 thioesterase 2

Thr threonine

TIMP-1 tissue inhibitor of metalloproteinase 1

TNFR1 tumor necrosis factor receptor 1

TNF-a tumor necrosis factor-a

TRAIL  TNF-related apoptosis-inducing ligand

RB3 tribbles pseudokinase-3

Tyr tyrosine

ULK1 unc-51 like autophagy activating kinase1

UPR unfolded protein response

VLDL  very low-density lipoprotein

WAT white adipose tissue

XBP1 spliced X-box binding protein 1

a-SMA  a- smooth muscle actin

Y _m membrane potential
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5.2 Supplements of published data

Supplemental Figure 1

Included

Screened
(n=116)

Baseline investigation

(n=49)

| 12-weeksHIT F———

Analyzed
(n=43)

Insulin-sensitive
(IS, n=12)

Insulin-resistant
(IR, n=11)

Type 2 diabetes
(T2D, n=20)

Fig. S1: Flow chart of study design
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Supplemental Figure 2
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Fig. S2: Representative Western-blots of ASM, GAPDH (A) and NSM, total protein (B) baseline (BSL) and

after HIT

102



Supplemental Figure 3
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Fig. $3: Ceramide ratios of membrane/cytosol and membrane/LD are not effected by HIIT

Total ceramide (CER) ratios of membrane/cytosol fraction (A) and ratios of membrane/lipid

droplets (LD) (B) in skeletal muscle of IS (n=6), IR (n=8) and T2D (n=8) at baseline (BSL) and

after 12-weeks of HIIT (HIIT). Ratios of membrane/cytosol and membrane/LD ceramide species

in skeletal muscle of IS (C/D), IR (E/F) and T2D (G/H) individuals at BSL and after 12-weeks of

HIIT. Data are presented as mean + SD, Statistics based on mixed model ANOVA.
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Table S1: Anthropometric and metabolic parameters at baseline (BSL) and after 12-weeks of HIIT (HIIT) in

IS, IR and T2D individuals.

‘ Parameter IS (n=12) IR (n=11) T2D (n=20)

BSL HIT BSL HIT BSL HIT
Age (years) 58+4 . 564 57+6 :

" BMI (kg/m?) = 2934138 29114 322+22% | 321+24 | 312:28 30.8+28
HbA1c (%) 54403 | 55+03 5.4+03 5.4+0.4 72411 | 9108
M-value 78 : 7.6 4.6 52 25 3.1
(mg*kg1*min-) (6.5,7.8) (5.5, 8.5) 3.2, 5.2™ (4.8, 6.4)%* (1.8,4.5"" (2.7,5.9)**
VO,max 26.2 ' 30.9 24.7 27.9 23.2 ' 27
(mi*kg*min) (24.9,29) (27.5, 33.8)* (24.1,25.8) (26.4,29.6)*** | (21.2,26.1)* | (25.3,30.4)%**

Data are shown as means + SD or median (g1, g3). #p<0.05, ##p<0.01, ###p<0.001 vs IS; tp<0.05, and

Tt1p<0.001 vs IR; *p<0.05, **p<0.01, ***p<0.001 HIT vs BSL. Anthropometric and metabolic parameters

have been previously published [36].

Abbreviations: BMI, body mass index; HbAlc, hemoglobin Alc.

104



Table S2: List of primary and secondary antibodies used for protein detection.

Target protein Dilution Supplier Catalog ID
Acid Sphingomyelinase 1/1000 Abcam ab272729
AMPKa 1/1000 Cell Signaling Technology #2532
DRP1 1/1000 Cell Signaling Technology #5391
GAPDH 1/20000 Cell Signaling Technology #2118
IRS1 1/1000 Millipore 06-248
MFN1 1/1000 Abcam ab57602
MFN2 1/1000 Abcam ab56889
Neutral Sphingomyelinase 1/1000 Abcam ab131330
OPA1l 1/1000 BD Biosciences 612607
Parkin 1/1000 Cell Signaling Technology #4211
PINK1 1/1000 Abcam ab23707
VDAC 1/1000 Abcam ab14734
1/1000
phos-AMPKa (Thr172) Cell Signaling Technology #2535
in TBST + 5% BSA
1/1000
phos-DRP1(Ser616) Cell Signaling Technology #3455
in TBST + 5% BSA
1/1000
phos-IRS1(Ser1101) Cell Signaling Technology #2385
in TBST + 5% BSA
1/1000
phos-PARKIN(Ser65) Ubiquigent 68-0056-100
in TBST + 5% BSA
1/1000
phos-PINK1(Thr257) Ubiquigent 68-0057-100
in TBST + 5% BSA
Anti-rabbit IgG HRP-conjugated 1/20000 Cell Signaling Technology #7074
Anti-mouse IgG HRP-conjugated 1/10000 Cell Signaling Technology #7076
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Table 53: Regression analysis of A-values ASM protein and activity as well as NSM

Regression coefficient B and p-value are given for each association. P-values < 0.05 are shown in

Association

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

protein with variables.

with

AASM activity
APKCO

APKCe

AOPA

ADRP1
ADRPSG!’GIE
ADRP*™*/DRP1
AMFN1

AMEN2

APINK
AphosPINK™2
AphosPINK™7 /pINK
AParkin

AParkin®®®
AphosParkin®®*/Parkin
AVDAC

AAMPKa

AphosAMPKa' ™72

Thr172

AphosAMPKa JAMPKa

AIRS1

AphosIRS1%H

Ser1101

AphosIRS1 /IRS1

bolt.

ALL
B=0,215
p=0,1306
B=-0,215
p=0,21369
B=-0,018
p=0,91084
B=-0,018
p=0,88681
B=-0,09
p=0,28575
R=0,241
p=0,07965
B=0,33
p=0,01557
B=0,013
p=0,83147
B=0,154
p=0,02896
B=-0,06
p=0,55398
B=0,11
p=0,15526
B=0,176
p=0,20596
B=-0,213
p=0,05153
B=0,094
p=0,03856
B=0,307
p=0,01587
B=0,031
p=0,72841
B=-0,063
p=0,52861
B=0,353
p=0,02454
B=0,482
p=0,01421
B=0,071
p=0,56754
B=0,141
p=0,38456
B=-0,096
p=0,58307

IS
p=-0,169
p=0,76773
p=0,271
p=0,63897
B=0,49
p=0,55
B=-0,818
p=0,0663
p=0,059
p=0,80684
B=0,048
p=0,82303
B=-0,012
p=0,97497
p=-0,209
p=0,11374
B=-0,244
p=0,24903
B=-0,561
p=0,12382
B=0,21
p=0,48061
B=0,771
p=0,14412
B=-0,26
p=0,4242
B=0,07
p=0,63653
B=0,331
p=0,3045
B=-0,161
p=0,54704
p=-0,224
p=0,58361
p=0,516
p=0,22826
B=0,725
p=0,37146
B=-0,336
p=0,3736
p=0,446
p=0,6553
B=0,034
p=0,9809

IR
B=0,304
p=0,23773
B=-0,178
p=0,34006
B=-0,037
p=0,75245
B=0,281
p=0,18717
B=-0,174
p=0,33776
B=0,524
p=0,2003
B=0,698
p=0,05027
B=0,167
p=0,18795
B=0,34
p=0,03729
B=-0,18
p=0,51588
B=0,306
p=0,06259
B=0,486
p=0,12428
B=-0,045
p=0,79599
B=-0,021
p=0,84285
B=0,024
p=0,91403
B=-0,131
p=0,49084
B=0,04
p=0,87154
B=0,909
p=0,04424
B=1,182
p=0,00377
B=-0,212
p=0,41484
B=-0,41
p=0,49204
B=0,38
p=0,77088

T2D
B=0,104
p=0,6054
B=-0,156
p=0,66657
B=0,086
p=0,77829
B=0,139
p=0,43042
B=-0,008
p=0,94884
B=0,15
p=0,4308
B=0,159
p=0,38948
B=-0,014
p=0,88557
B=0,063
p=0,40268
B=-0,015
p=0,86495
B=-0,036
p=0,72103
B=-0,017
p=0,91496
B=-0,141
p=0,3891
B=0,097
p=0,10339
B=0,238
p=0,20446
B=0,139
p=0,23999
B=-0,027
p=0,82897
B=0,139
p=0,49383
B=0,166
p=0,4949
B=0,188
p=0,2371
B=-0,002
p=0,98921
B=-0,153
p=0,36464
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AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

AASM protein

Aliver_lipid_content
AM-value

AVO,max

AT-CER

ACER_C16:0

ACER_C18:1

ACER_C18:0

ACER_C20:0

ACER_C22:0

ACER_C24:1

ACER_C24:0

AT-SM

ASM_C16:0
ASM_C18:0

ASM_C18:1

ASM_C20:0
ASM_C22:0
ASM_C24:0
Amembrane_SM_C16:0
Amembrane_SM_C18:0
Amembrane_SM_C18:1
Amembrane_SM_C20:0
Amembrane_SM_C22:0
Amembrane_SM_C24:0

Amembrane_SM_C24:1

p=0,098
p=0,16451
B=-0,1
p=0,17941
p=0,008
p=0,60543
B=-0,022
p=0,64544
B=-0,075
p=0,42389
$=-0,083
p=0,37472
B=0,021
p=0,70499
B=-0,056
p=0,54493
B=0,055
p=0,34956
B=-0,044
p=0,48911
B=0,017
p=0,74868
=0,095
p=0,1365
3=0,059
p=0,3018
3=-0,052
p=0,0867
R=-0,043
p=0,4568
R=0,020
p=0,7405
B=0,088
p=0,1157
R3=0,128
p=0,0408
R=0,100
p=0,0858
#=-0,095
p=0,0444
3=-0,054
p=0,4440
R=0,013
p=0,8512
R=0,077
p=0,2572
B=0,129
p=0,0802
R=0,104
p=0,1389

B=-0,037
p=0,92476
B=-0,024
p=0,88138
B=-0,079
p=0,27083
=-0,197
p=0,36853
B=-0,412
p=0,5033
B=-0,07
p=0,84646
B=-0,105
p=0,71038
(3=-0,682
p=0,34925
B=-0,16
p=0,62845
B=-0,276
p=0,44083
=-0,197
p=0,53463
=0,158
p=0,6863
3=0,120
p=0,7804
8=0,082
p=0,7386
B=0,213
p=0,7784
R=0,238
p=0,7235
R=0,268
p=0,6439
R=0,303
p=0,6133
R=0,096
p=0,7734
=0,090
p=0,6060
B=0,325
p=0,6772
B=0,288
p=0,6553
3=0,271
p=0,6168
R=0,327
p=0,5828
R=0,122
p=0,7053

B=-0,122
p=0,29242
B=-0,079
p=0,42731
p=0,039
p=0,04511
B=0,098
p=0,26778
B=-0,011
p=0,9403
B=0,157
p=0,11277
p=0,181
p=0,08576
B=-0,021
p=0,90664
B=0,095
p=0,46414
p=0,077
p=0,49255
p=0,063
p=0,54716
3=0,138
p=0,3749
k=-0,011
p=0,9130
k=-0,042
p=0,2449
R=-0,132
p=0,1635
R=-0,037
p=0,6809
R=0,026
p=0,7501
=0,040
p=0,6707
=0,016
p=0,8674
=-0,044
p=0,4487
R=-0,119
p=0,3117
=-0,006
p=0,9594
R=0,038
p=0,7245
R=0,056
p=0,6421
R=0,039
p=0,7519

B=0,262
p=0,00108
B=-0,341
p=0,00314
B=-0,001
p=0,9485
B=-0,07
p=0,34811
B=-0,105
p=0,43829
B=-0,183
p=0,30958
B=-0,018
p=0,81017
B=-0,056
p=0,46827
B=0,045
p=0,55816
B=-0,105
p=0,21782
B=0,006
p=0,9325
R=0,069
p=0,4102
=0,070
p=0,4461
R=-0,062
p=0,2517
R=-0,009
p=0,8783
R=0,017
p=0,8465
R=0,099
p=0,2567
R=0,150
p=0,1292
R=0,116
p=0,2374
R=-0,121
p=0,1885
R=-0,030
p=0,7349
R=0,002
p=0,9851
R=0,083
p=0,4686
R=0,147
p=0,2245
=0,118
p=0,3495
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AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM protein
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity

AASM activity

Acytosol_SM_C16:0
Acytosol_SM_C18:0
Acytosol_SM_C18:1
Acytosol_SM_C20:0
Acytosol_SM_C22:0
Acytosol_SM_C24:0
Acytosol_SM__C24:1
ALD_SM_C16:0
ALD_SM_C18:0
ALD_SM_C18:1
ALD_SM_C20:0
ALD SM C22:0
ALD_SM_C24:0
ALD_SM_C24:1
AASM protein
APKCO

APKCe

AOPA

ADRP1

ADRP*"®*®
ADRP*™'°/DRP1
AMFN1

AMFN2

APINK

AphosPINK™™7

R=0,024
p=0,7414
B=0,002
p=0,9709
3=-0,036
p=0,6013
B=0,019
p=0,8459
B=0,093
p=0,3089
R=0,088
p=0,2659
R=0,049
p=0,4994
=-0,066
p=0,6831
3=-0,058
p=0,6566
R=-0,137
p=0,3397
3=-0,093
p=0,5677
3=-0,010
p=0,9488
B=0,012
p=0,9375
=-0,017
p=0,9181
p=0,283
p=0,1306
B=0,018
p=0,92929
p=0,151
p=0,4236
B=-0,07
p=0,64211
B=0,037
p=0,72186
B=0,204
p=0,21464
B=0,168
p=0,3084
B=0,1
p=0,15679
B=0,243
p=0,00265
p=-0,001
p=0,99149
B=-0,038
p=0,68477

=0,103
p=0,8515
R=0,184
p=0,7480
3=0,218
p=0,8009
R=0,189
p=0,8328
B=0,395
p=0,6719
B=0,286
p=0,7030
R=0,097
p=0,8536
3=-0,398
p=0,4707
R=-0,438
p=0,0690
3=-0,409
p=0,2020
=-0,324
p=0,5875
=-0,179
p=0,7431
=-0,175
p=0,7582
3=-0,382
p=0,4244
p=-0,06
p=0,76773
B=-0,053
p=0,81778
B=0,186
p=0,56893
B=-0,188
p=0,53107
B=0,103
p=0,4836
B=0,152
p=0,22342
B=0,049
p=0,82839
B=0,148
p=0,05924
B=0,179
p=0,15813
B=0,109
p=0,64965
p=-0,37
p=0,01724

k=-0,134
p=0,3399
R=-0,079
p=0,5582
3=-0,196
p=0,0872
R=-0,119
p=0,5770
=-0,045
p=0,8058
R3=-0,075
p=0,6089
$=-0,108
p=0,4803
R=0,107
p=0,7601
3=0,216
p=0,4356
R=0,098
p=0,7217
=0,086
p=0,7797
R=0,176
p=0,5887
#=0,200
p=0,5679
R=0,183
p=0,6284
B=0,556
p=0,23773
B=-0,372
p=0,20013
B=-0,036
p=0,84485
B=0,107
p=0,76441
B=0,164
p=0,56051
B=1,252
p=0,03645
B=1,087
p=0,05248
B=-0,078
p=0,69632
B=0,087
p=0,70611
B=-0,467
p=0,23421
=0,294
p=0,22716

3=0,045
p=0,6437
3=0,015
p=0,8433
3=0,014
p=0,8345
R=0,022
p=0,8523
3=0,109
p=0,3374
#=0,125
p=0,2501
=0,074
p=0,4210
R=-0,097
p=0,7164
R=-0,105
p=0,6073
B=-0,149
p=0,5136
R=-0,134
p=0,6378
B=-0,045
p=0,8591
R=-0,017
p=0,9444
R=-0,050
p=0,8414
B=0,163
p=0,6054
B=0,769
p=0,14231
B=0,462
p=0,30546
B=0,144
p=0,51516
B=0,079
p=0,66003
B=-0,231
p=0,34171
B=-0,31
p=0,14182
B=0,169
p=0,21425
B=0,23
p=0,01148
B=0,001
p=0,99017
B=0,007
p=0,96211
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AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity
AASM activity

AASM activity

AphosPINK™7/PINK
AParkin
AParkin®*"®®
AphosParkin®™®/Parkin
AVDAC

AAMPKa

Thri72

AphosAMPKa

Thr172

AphosAMPKo JAMPKa

AIRS1
AphosIRs1%™M
AphosIRS1% 1% /Rs1
Aliver lipid_content
AM-value

AVO;max

AT _CER
ACER_C16:0
ACER_C18:1
ACER_C18:0
ACER_C20:0
ACER_C22:0
ACER_C24:1
ACER_C24:0

AT-SM
ASM_C16:0

ASM_C18:0

p=-0,037
p=0,81775
B=-0,062
p=0,64168
B=0,088
p=0,10914
B=0,15
p=0,34012
p=-0,109
p=0,30624
B=0,169
p=0,20473
B=-0,011
p=0,97318
B=-0,269
p=0,51328
B=0,169
p=0,27649
p=0,132
p=0,42229
p=-0,127
p=0,47156
B=-0,002
p=0,97742
B=-0,102
p=0,24861
B=0,022
p=0,21244
B=-0,029
p=0,59243
B=-0,123
p=0,23421
B=0,036
p=0,73621
B=0,062
p=0,30684
B=-0,122
p=0,23592
B=-0,06
p=0,36795
B=-0,043
p=0,55139
#=-0,079
p=0,17209
3=-0,039
p=0,5928
R=-0,019
p=0,7727
R=0,024
p=0,4964

B=-0,479
p=0,13797
(=0,149
p=0,45746
p=-0,018
p=0,843
B=-0,167
p=0,40306
=0,026
p=0,87488
(=0,007
p=0,97947
B=0,884
p=0,4183
=1,931
p=0,30217
B=0,225
p=0,33457
B=-0,007
p=0,98394
B=-0,166
p=0,74143
B=-0,132
p=0,53482
=0,041
p=0,66971
B=0,013
p=0,76186
B=-0,021
p=0,79524
B=-0,082
p=0,71262
=0,119
p=0,29066
B=0,094
p=0,2951
B=-0,153
p=0,56764
B=-0,079
p=0,48218
B=-0,058
p=0,65399
p=-0,082
p=0,45228
R=-0,116
p=0,1584
R=-0,135
p=0,1030
R=0,040
p=0,5333

B=0,761
p=0,04872
B=-0,032
p=0,90725
p=0,148
p=0,31852
B=0,181
p=0,60156
B=-0,327
p=0,26886
B=0,338
p=0,29311
B=0,577
p=0,43011
B=0,466
p=0,56478
B=-0,197
p=0,58452
B=-0,359
p=0,15707
B=-0,244
p=0,72104
B=-0,114
p=0,49911
B=-0,116
p=0,36022
B=0,017
p=0,62929
B=0,053
p=0,62724
B=-0,059
p=0,7351
B=0,039
p=0,76765
B=0,138
p=0,30788
B=-0,144
p=0,47783
B=0,01
p=0,94931
B=0,069
p=0,6036
B=0,002
p=0,98483
R=-0,110
p=0,5579
R=0,014
p=0,9031
R=-0,056
p=0,1715

B=0,001
p=0,9959
B=-0,017
p=0,94154
B=0,085
p=0,32063
B=0,101
p=0,70605
B=-0,242
p=0,13164
B=0,599
p=0,01315
B=-0,604
p=0,15301
B=-1,203
p=0,00887
B=0,148
p=0,63401
B=0,19
p=0,48989
p=-0,065
p=0,84377
B=0,152
p=0,17239
p=-0,399
p=0,015
B=0,02
p=0,39243
B=-0,259
p=0,08645
B=-0,581
p=0,01734
B=-0,219
p=0,59668
B=-0,034
p=0,83607
B=-0,262
p=0,09412
B=-0,211
p=0,18918
B=-0,356
p=0,03363
B=-0,278
p=0,02169
3=0,193
p=0,2917
3=0,169
p=0,4013
3=0,119
p=0,3320
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AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

AASM activity

ASM_C18:1

ASM_C20:0

ASM_C22:0

ASM_C24:0

ASM_C24:1
Amembrane_SM_C16:0
Amembrane_SM_C18:0
Amembrane_SM_C18:1
Amembrane_SM_C20:0
Amembrane_SM_C22:0
Amembrane_SM_C24:0
Amembrane SM_C24:1
Acytosol_SM_C16:0
Acytosol_SM_C18:0
Acytosol_SM_C18:1
Acytosol_SM_C20:0
Acytosol_SM_C22:0
Acytosol_SM_C24:0
Acytosol_SM__(C24:1
ALD_SM_C16:0
ALD_SM_C18:0

ALD SM_C18:1
ALD_SM_C20:0
ALD_SM_C22:0

ALD_SM_C24:0

R=0,001
p=0,9925
R=-0,094
p=0,1522
R=-0,059
p=0,3610
R=-0,053
p=0,4683

R=0,024
p=0,7281
£=-0,009
p=0,9060

R=0,017
p=0,7606
R=-0,016
p=0,8429
R=-0,088
p=0,2544
R=-0,047
p=0,5368
R=-0,045
p=0,5980

R=0,033
p=0,6815
R=-0,061
p=0,4540

R=0,016
p=0,8103

R=0,009
p=0,9098
R=-0,139
p=0,2015
R=-0,134
p=0,1846
R=-0,116
p=0,1839
R=-0,038
p=0,6396
R=-0,080
p=0,6617

R=0,014
p=0,9255
R=-0,051
p=0,7528
R=-0,134
p=0,4579
R=-0,098
p=0,5739
R=-0,090
p=0,6101

R=0,014
p=0,9459
R=-0,206
p=0,1285
R=-0,173
p=0,1635
=-0,193
p=0,1011
=-0,106
p=0,0827
=-0,133
p=0,1065

R=0,036
p=0,4312
R=-0,001
p=0,9968
=-0,199
p=0,1310
R=-0,163
p=0,1574
=-0,192
p=0,1086
=-0,105
p=0,0791
R=-0,149
p=0,2211

R=0,053
p=0,7357

R=0,033
p=0,8899
R=-0,244
p=0,2129
R=-0,241
p=0,2698
R=-0,217
p=0,1797
R=-0,125
p=0,3106
R=-0,139
p=0,3290
R3=0,023
p=0,8192

R=0,004
p=0,9684
=-0,180
p=0,1630
R=-0,170
p=0,1126
R=-0,169
p=0,1499

=-0,032
p=0,7933
R=-0,068
p=0,5242
R=-0,038
p=0,6849
B=-0,055
p=0,6190
B=0,044

p=0,7044
R=-0,012
p=0,9314
=-0,099
p=0,1183
R=-0,088
p=0,5392
R=-0,085
p=0,5465
R=-0,067
p=0,5935
3=-0,094
p=0,5079
R=0,013

p=0,9281
R=-0,114
p=0,5000
R=-0,216
p=0,1405
R=-0,171
p=0,2350
R=-0,278
p=0,2474
R=-0,215
p=0,2948
R=-0,166
p=0,3196
R=-0,127
p=0,4787
3=0,779

p=0,0171
B3=0,733

p=0,0010
R=0,670

p=0,0049
R=0,673

p=0,0219
3=0,764

p=0,0099
R3=0,841

p=0,0073

=0,083
p=0,5000
R=0,059
p=0,7585
R=0,158
p=0,4283
R=0,261
p=0,2526
R=0,265
p=0,2236
=0,300
p=0,2070
=0,189
p=0,3756
R=0,140
p=0,4745
R=0,159
p=0,4994
R=0,273
p=0,2683
2=0,380
p=0,1476
R=0,387
p=0,1422
R=0,015
p=0,9443
R=0,170
p=0,2748
R=0,195
p=0,1674
R=0,032
p=0,9003
R=0,044
p=0,8661
R=0,055
p=0,8286
R=0,113
p=0,5838
R=-0,973
p=0,0550
R=-0,736
p=0,0632
R=-0,807
p=0,0715
R=-1,036
p=0,0576
R=-0,943
p=0,0492
R=-0,989
p=0,0269
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AASM activity
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein

ANSM protein

ALD_SM_C24:1
AOPA

Se:SlG/DRpl

ADRP
AMFN1
AMFN2

Thr257

AphosPINK /PINK

Ser65

AphosParkin™ " /Parkin

AVDAC

AphosAMPKa™™7?

/AMPKa
AphosIRS1**™ % /IRS1
Aliver lipid content
AM-value

AVO2max

ACER_C16:0

ACER_C18:1

ACER_C18:0

ACER_C20:0

ACER_C22:0

ACER_C24:1

ACER_C24:0
Amembrane_CER_C16:0
Amembrane_CER_C18:1
Amembrane_CER_C18:0

Amembrane_CER_C20:0

Amembrane_CER_C22:0

#=-0,020
p=0,9120
B=0,103
p=0,3659
=-0,003
p=0,9816
R=-0,082
p=0,1299
R=-0,186
p=0,0038
R=-0,170
p=0,1786
R=-0,089
p=0,4971
R=-0,169
p=0,0330
R=0,220
p=0,2802
R3=0,351
p=0,0391
R=-0,011
p=0,8700
B=0,049
p=0,4851
R=-0,010
p=0,4334
R=0,096
p=0,2730
=-0,004
p=0,9604
R=-0,055
p=0,2727
R=0,140
p=0,1099
R=-0,012
p=0,8403
B=0,051
p=0,4217
R=-0,014
p=0,7794
R=0,089
p=0,3280
=-0,009
p=0,9215
R=-0,060
p=0,2309
R=0,090
p=0,2961
R=-0,019
p=0,7492

R=-0,094
p=0,4828
R=0,097
p=0,7438
R=0,322
p=0,1218
R=-0,030
p=0,7278
R=0,064
p=0,6550
R3=-0,062
p=0,8548
R=0,182
p=0,4400
R=-0,209
p=0,1939
R=0,084
p=0,8697
R=0,582
p=0,2775
R=-0,242
p=0,3094
R=-0,075
p=0,3984
R=0,010
p=0,8073
R=0,018
p=0,9443
R=-0,209
p=0,0564
R=-0,181
p=0,0243
R=0,119
p=0,7021
=-0,002
p=0,9906
R=0,001
p=0,9973
R=-0,016
p=0,9031
R3=0,023
p=0,9321
3=-0,192
p=0,0646
R=-0,173
p=0,0393
R=0,108
p=0,6925
R=0,007
p=0,9644

3=0,897

p=0,0078
R=0,212

p=0,2599
R=0,005

p=0,9895
R=-0,093
p=0,4132
R=-0,160
p=0,3058
R=-0,483
p=0,0714
=0,235

p=0,2173
R=-0,072
p=0,6664
R=0,448

p=0,5659
R=-0,015
p=0,9923
R=0,128

p=0,1982
R=0,149

p=0,0608
3=-0,002
p=0,9348
R=0,285

p=0,0271
R=-0,068
p=0,5605
R=-0,184
p=0,1113
R=0,341

p=0,0265
R=0,141

p=0,3002
B=0,113

p=0,3391
R=0,084

p=0,4545
R=0,263

p=0,0599
=-0,109
p=0,4309
R=-0,217
p=0,0975
3=0,260

p=0,0980
R=0,092

p=0,5499

R=-0,906
p=0,0570
R=-0,307
p=0,0982
R=-0,082
p=0,6879
R=-0,144
p=0,1830
3=-0,208
p=0,0050
3=0,113

p=0,5541
R=-0,177
p=0,3978
R=-0,116
p=0,3745
R=0,608
p=0,0206
R=0,417

p=0,0734
R=-0,056
p=0,6228
R=0,104

p=0,4965
R=-0,013
p=0,4826
R=0,173

p=0,5101
B=0,144

p=0,6875
R=-0,016
p=0,9129
R=0,120

p=0,4173
R=-0,066
p=0,6552
R=0,197

p=0,2313
R=0,074

p=0,5655
R=0,195

p=0,4716
=0,189

p=0,5847
R=0,012

p=0,9267
R=0,055

p=0,7670
R=-0,047
p=0,7518
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ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein
ANSM protein

ANSM protein

Amembrane_CER_C24:1
Amembrane_CER_C24:0
Acytosol_CER_C16:0
Acytosol _CER_C18:1
Acytosol_CER_C18:0
Acytosol_CER_C22:0
Acytosol_CER_C24:1
Acytosol _CER_C24:0
ALD_CER_C18:1

ALD CER_C18:0
ALD_CER_C22:0
ALD_CER_C24:1
ALD_CER_C24:0

AT-SM

ASM_C16:0

ASM_C18:0

ASM_C18:1

ASM_C20:0

ASM_C22:0

ASM_C24:0

ASM_C24:1
Amembrane_SM_C16:0
Amembrane_SM_C18:0
Amembrane_SM_C18:1

Amembrane_SM_C20:0

B=0,041
p=0,5553
R=-0,022
p=0,6795
B=0,222
p=0,0495
R=0,048
p=0,6755
B=0,035
p=0,6786
R=0,097
p=0,2209
R=0,075
p=0,3607
R=0,074
p=0,3275
=-0,149
p=0,2625
R=-0,105
p=0,3881
#=-0,190
p=0,5607
R=-0,057
p=0,7070
R=-0,171
p=0,3360
R=0,026
p=0,6850
R=0,019
p=0,7412
R=0,013
p=0,6671
R=-0,017
p=0,7601
B=0,038
p=0,5244
R=0,014
p=0,8169
R=0,002
p=0,9780
=-0,030
p=0,6081
R=0,028
p=0,6724
R=0,029
p=0,5440
R=-0,006
p=0,9330
R=0,047
p=0,4883

R=0,020
p=0,9084
R=-0,004
p=0,9764
R=-0,027
p=0,8687
R=-0,295
p=0,1884
R=-0,217
p=0,2476
3=-0,021
p=0,8876
R=-0,111
p=0,3496
R=-0,036
p=0,7699
R=-1,719
p=0,0000
R=-0,145
p=0,5397

R=0,327
p=0,8852
R=-0,064
p=0,8535
R=-0,065
p=0,8590
R=0,182
p=0,2949
R=0,215
p=0,2263
R=-0,091
p=0,3848
R=-0,105
p=0,7227
R=0,327
p=0,2026
R=0,272
p=0,2719
R=0,319
p=0,2546
R3=0,171
p=0,3349
R=0,214
p=0,2044
R=-0,074
p=0,4658
R=-0,078
p=0,8028
R=0,320
p=0,1813

R=0,061
p=0,6609
R=0,034
p=0,7954
B3=0,714
p=0,0096
R=0,133
p=0,0138
R=0,058
p=0,7181
R=0,451
p=0,0087
R=0,279
p=0,1211
R=0,377
p=0,0412
R=-0,091
p=0,7408
R=-0,210
p=0,3640
R=0,042
p=0,0000
R=0,061
p=0,8413
3=-0,016
p=0,9554
R=0,033
p=0,8471
B=0,034
p=0,7522
R=0,061
p=0,0863
=-0,079
p=0,4638
R=0,075
p=0,4326
R=0,085
p=0,3033
R=0,074
p=0,4588
R=0,042
p=0,6923
R=0,033
p=0,8019
R=0,055
p=0,3723
R=-0,069
p=0,5994
R=0,054
p=0,6783

R=0,225
p=0,2121
R=0,096
p=0,4704
R=0,426
p=0,3969
R=0,655
p=0,3649
R=-0,032
p=0,9010
R=-0,062
p=0,7352
=0,008
p=0,9733
R=0,053
p=0,7580
R=0,962
p=0,0000
R=0,861
p=0,2588
R=0,333
p=0,7326
R=0,925
p=0,2370
2=0,298
p=0,5664
R=-0,173
p=0,2711
R=-0,154
p=0,3757
R=0,018
p=0,8712
R=-0,099
p=0,3432
R=-0,101
p=0,5344
R=-0,181
p=0,2836
R=-0,276
p=0,1468
R=-0,262
p=0,1538
B=-0,181
p=0,3965
R=0,055
p=0,7736
R=-0,110
p=0,5151
R=-0,083
p=0,6871
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5.3 Supplements of unpublished data

A

Correlation of ASM protein and activity with inflammatory and fibrotic markers

Regression
coefficient
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Correlation of ASM protein and activity with FAO, plasma FFA,
hepatic TAG content and distal insulin signlaing markers
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Figure S 1: Heatmap of correlation of ASM protein and activity with metabolic,
inflammatory, and fibrotic markers in murine models of metabolic disease.

Heatmap showing Pearson correlation coefficients (Regression coefficient) between ASM
protein/activity and various markers of (A) inflammation and fibrosis in liver of the whole cohort (n=32),
including CD45 (receptor-type tyrosine-protein phosphatase C), F4/80 (EGF-like module-containing
mucin-like hormone receptor-like 1), monocyte chemoattractant protein-1 (MCP-1), tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), collagen type | alpha 1 chain (Col1a1), tissue inhibitor of
metalloproteinase 1 (TIMP-1), procollagen type Il (PCIIl), a- smooth muscle actin (a-SMA), liver
collagen level by Sirius Red staining (SRs), or hydroxyproline levels. (B) Pearson correlation coefficients
(Regression coefficient) between ASM protein/activity coupled mitochondrial respiration [OctM]r and
uncoupled mitochondrial respiration as electron transport chain (ETC) capacity [OctM]e.as well as
plasma and hepatic fat content and distal insulin signaling markers. The colors represent the correlation
coefficient (r), with red indicating positive and blue indicating negative correlations. The numerical values
inside each tile denote the two-tailed p-values, indicating no statistical significance of the correlations.
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Figure S 2: High-glucose treatment leads to reduced cell viability in HepG2 cells with no
alterations in ASM protein over time.

Cell viability assessed via MTT assay with varying glucose concentrations for (A) 24 h, 48 h shown in
Figure 6A and (B) 72 h. Experiments were conducted with n=3, each containing technical
quadruplicates. Values were normalized to the mean of quadruplicates for each biological replicate.
Data expressed as mean * SD; #p<0.05, ##p<0.01, ##p<0.001 vs 5 mM normoglycemic control
(CTRL) based on one-way ANOVA & Dunnett’s multiple comparison test. ASM protein level at varying
glucose concentrations for (C) 24 h, 48 h shown in Figure 6B and (D) 72 h assessed via Western blot
and normalized to total protein (n=6). Statistics based on one-way ANOVA & Dunnett’'s multiple
comparison test.
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Figure S 3: High-palmitate exposure leads to reduced cell number and increased lipid
droplet formation in HepG2 cells.

Cell number measured via Hoechst staining after (A) 24 h (n=12) and (B) 48 h (n=8) of palmitate (PA) -
& BSA-treatment on HepG2 cells. Lipid droplet (LD) formation measured via BODIPY staining after (C)
24 h (n=12) and (D) 48 h (n=8) of palmitate (PA) - & BSA-treatment on HepG2 cells. Values were
normalized to the mean of untreated cells (CTRL). Data expressed as mean + SD; *p<0.05; #p<0.05,
##p<0.01, #H###p<0.0001 vs CTRL based on one-way ANOVA & Tukey’s multiple comparison test.
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Figure S 4: Knockdown of ASM in HepG2 cells via siRNA.

ASM (A) mRNA, (B) protein (C) activity at different time points after siRNA transfection (n=5). Data
expressed as mean + SD; **p<0.01, ***p<0.001, ****p<0.0001 vs vehicle, based on two-way ANOVA
and Sidak's multiple comparison test.
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Figure S 5: ASM knockdown in HepG2 cells did not affect cell number or lipid droplet
formation under BSA treatment.

Cell number measured via Hoechst staining after (A) 24 h (n=12) and (B) 48 h (n=8-12) of palmitate
(PA) - & BSA-treatment in HepG2 wild-type and ASM knockdown (KD) cells. Lipid droplet (LD) formation
measured via BODIPY staining after (C) 24 h (n=12) and (D) 48 h (n=8) of palmitate (PA) - & BSA-
treatment in HepG2 wild-type and ASM knockdown (KD) cells. Values normalized to mean of untreated
cells (CTRL). Data expressed as mean = SD; *p<0.05, *p<0.001 vs respective BSA concentration;
1<0.05, 1p<0.001 vs CTRL; #p<0.001 vs wild-type based on two-way ANOVA & Tukey’s multiple
comparison test.
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Figure S 6: ASM knockdown in HepG2 cells inhibits proximal insulin signaling pathway
in response to palmitate treatments compared to wild-type cells.

Western-Blot analysis of HepG2 wild-type and ASM knockdown (KD), following palmitate (PA) treatment
for 48 h.and 10 nm insulin for 10 min. (A) ASM protein level of wild-type (n=10) and ASM KD (n=4) cells,
and (B) ASM enzymatic activity (n=4). (C) Ratio phos-AKTSe#73/AKT (n=3-4) and (D) ratio phos-
IRS2%er388/|RS2 (n=3). Data normalized to untreated cells (CTRL) as inter-run calibrator (IRC). Data
expressed as mean + SD; *p<0.05, *p<0.001 vs respective BSA concentration; $<0.05, £p<0.001 vs
CTRL; #p<0.05, #p<0.001 vs wild-type, based on two-way ANOVA & Tukey’s multiple comparison test.
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Figure S 7: ASM knockdown in HepG2 cells in response to high-glucose treatment
compared to wild-type.

Western-blot analysis of HepG2 wild-type and ASM knockdown (KD) cells, following glucose treatment
for 48 h and 10 nm insulin for 10 min. (A) ASM protein level of wild-type (n=9) and ASM KD (n=3) cells,
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(B) ASM activity (n=3). Data expressed as mean + SD; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
##p<0.01, ####p<0.001 vs CTRL, based on one-way ANOVA & Tukey’s multiple comparison test
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