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Abstract 

Driven by obesity and dysregulated lipid metabolism, metabolic syndrome (MetS) has 

emerged as a major global health challenge, intricately linked to type 2 diabetes (T2D), 

metabolic dysfunction-associated steatotic liver disease (MASLD), and cardiovascular 

disease. Although considerable progress has been made in understanding MetS, ther-

apeutic options remain limited, highlighting the need for novel mechanistic insights and 

potential targets. In this context, sphingolipid metabolism has emerged as a pivotal 

regulator of metabolic processes, yet the underlying mechanisms remain only partially 

understood.  

This study aimed to investigate how genetic and pharmacological interventions in 

sphingolipid metabolism influence lipid homeostasis in hepatic and adipose tissues, 

thereby modulating the onset and progression of metabolic disorders. 

In a high-fat diet (HFD) mouse model, sphingosine-1-phosphate (S1P)-synthesizing 

enzymes (SphK) and the S1P-degrading enzyme S1P lyase were selectively targeted 

through genetic deletion and pharmacological inhibition. The metabolic status was 

comprehensively assessed by glucose and insulin tolerance tests, body weight moni-

toring, histological analysis of hepatic steatosis, and LC-MS/MS quantification of sphin-

golipid profiles. Complementary transcriptomic and molecular analyses included RNA 

sequencing and RT-qPCR targeting hepatic lipid metabolism genes, and protein-level 

confirmation by Western Blot. 

Both genetic deletion and pharmacological inhibition of SphK2 conferred protection 

against obesity, hepatic steatosis, and impaired glucose homeostasis in mice. In both 

approaches, hepatic ceramide increased and plasma S1P levels were elevated. Simi-

larly, pharmacological inhibition of S1P lyase attenuated weight gain, improved glucose 

homeostasis and reduced markers of hepatic injury, accompanied by higher hepatic 

ceramide and elevated plasma S1P levels under HFD conditions. Mechanistically, S1P 

activated atypical PKCζ in adipose tissue, promoting lipolysis via a MAPK/HSL-de-

pendent pathway. In the liver, ceramide-induced PKCζ activation was observed, alt-

hough the precise mechanism remains to be defined. 

Together, these findings demonstrate that targeted manipulation of sphingolipid me-

tabolism exerts protective and therapeutic effects against key features of MetS. More-

over, distinct sphingolipid signatures may serve as promising biomarkers for risk pre-

diction, early diagnosis, and therapeutic targeting in metabolic disease.  
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Zusammenfassung 

Das metabolische Syndrom gehört mit steigender Inzidenz zu den größten globalen 

Gesundheitsproblemen der heutigen Zeit und wird maßgeblich durch Obesitas sowie 

damit einhergehende Störungen des Fettstoffwechsels geprägt. Da es eng mit der Ent-

stehung von Typ-2-Diabetes (T2D), metabolisch-assoziierten steatotischen Leberer-

krankungen (MASLD) und kardiovaskulären Erkrankungen verknüpft ist, besteht eine 

zentrale Herausforderung in der Entwicklung wirksamer Präventions- und Therapie-

möglichkeiten. Vor diesem Hintergrund wurde in der vorliegenden Arbeit der Sphingo-

lipidmetabolismus untersucht, von dem gezeigt wurde, dass er wesentlich zur Krank-

heitsprogression beiträgt. Die zugrundeliegenden Mechanismen sind jedoch bislang 

nur unvollständig verstanden. 

Ziel dieser Arbeit was es daher, zu untersuchen, wie Interventionen im Sphingolipid-

metabolismus zur Regulation der Lipidhomöostase in Leber und Fettgewebe beitragen 

und dadurch die Entstehung und das Fortschreiten metabolischer Erkrankungen be-

einflussen. Hierzu wurde im Mausmodell ergänzend zu einer 12- bzw. 16-wöchigen 

fettreichen Diät der Sphingolipidmetabolismus sowohl genetisch als auch pharmako-

logisch gezielt manipuliert. Dabei standen die Sphingosin-1-Phosphat (S1P) syntheti-

sierenden Enzyme Sphingosinkinasen 1 und 2 (SphK) sowie das S1P-abbauende En-

zym S1P-Lyase im Fokus.  

Der metabolische Status wurde über Glukose- und Insulintoleranztests und die Ge-

wichtsentwicklung bestimmt. Ergänzend wurden Organparameter wie Gewicht erfasst, 

Fetteinlagerungen in der Leber histologisch erfasst sowie Sphingolipidlevel, insbeson-

dere S1P und Ceramid in Plasma, Leber und Fettgewebe, mittels LC-MS/MS quantifi-

ziert. Zusätzlich erfolgten Genexpressionsanalysen mittels RNA-Sequenzierung und 

RT-qPCR mit Schwerpunkt auf zentralen Genen des hepatischen Lipidstoffwechsels.  

Die Ergebnisse zeigen, dass ein Mangel an SphK2 auf genetischer Ebene vor Symp-

tomen schützt, die mit dem metabolischen Syndrom einhergehen. Dieser protektive 

Effekt zeigte sich insbesondere bei Obesitas, Fettleber sowie Glukoseintoleranz und 

Insulinresistenz und konnte durch pharmakologische Hemmung der SphK2 bestätigt 

werden. Für beide Interventionen wurden erhöhte hepatische Ceramidspiegel sowie 

erhöhte S1P-Plasmaspiegel nachgewiesen. In ähnlicher Weise minderte die pharma-

kologische Hemmung der S1P-Lyase die Gewichtszunahme, verbesserte die Glu-
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cosehomöostase und senkte Leberschädigungsmarker. Analog führte diese Interven-

tion zu erhöhten hepatischen Ceramidspiegeln sowie erhöhten S1P Plasmaspiegeln 

unter fettreicher Diät. Mechanistisch konnte nachgewiesen werden, dass S1P im Fett-

gewebe die atypische PKCζ aktiviert und über einen MAPK/HSL-vermittelten Signal-

weg die Lipolyse fördert. In der Leber zeigte sich ein Ceramid-abhängiger Anstieg von 

PKCζ, dessen genauer Mechanismus jedoch noch weiterer Klärung bedarf.  

Zusammenfassend konnte gezeigt werden, dass ein gezieltes Eingreifen in den Sphin-

golipidmetabolismus sowohl protektiv wirkt als auch bestehende Symptome metaboli-

scher Erkrankungen therapeutisch verbessern kann. Im Hinblick auf zukünftige Thera-

pien könnten krankheitsassoziierte Sphingolipidprofile zur Entwicklung von Risiko 

Scores beitragen. Dies würde sowohl eine schnellere und präzisere Diagnose ermög-

lichen als auch durch gezielte pharmakologische Eingriffe neue therapeutische Optio-

nen eröffnen.  
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1 Introduction 

1.1 Obesity, Type 2 Diabetes, and MASLD: A Metabolic Triad 

1.1.1 Metabolic Syndrome 

In recent years, global burden of metabolic diseases has increased. Prevalence in in-

terrelated metabolic diseases like obesity, hyperlipidemia, metabolic-associated stea-

totic liver disease (MASLD), type-2 diabetes mellitus (T2D), and hypertension has risen 

worldwide.1 Since 1988, when American endocrinologist Gerald Reaven first proposed 

his theory, it has been widely accepted that metabolic diseases share common risk 

factors. Reaven’s “Syndrome X” included insulin resistance, glucose intolerance, hy-

perinsulinemia, elevated very low-density lipoprotein (VLDL) triglycerides, reduced 

high-density lipoprotein (HDL) cholesterol, and hypertension.2 The understanding of 

the relationships between pathophysiological mechanisms and risk factors has been a 

major part of the research and led to the more comprehensive term, metabolic syn-

drome (MetS).3 

The International Diabetes Federation (IDF), National Cholesterol Education Program 

Adult Treatment Panel III (NCEP-ATP III), and the World Health Organization (WHO) 

have each proposed a slightly different set of criteria for the diagnosis of MetS.4-6 How-

ever, pivotal risk factors include abdominal obesity and insulin resistance. According to 

the IDF, central obesity, defined by waist circumference with ethnicity-specific thresh-

olds or a body mass index (BMI) ≥30 kg/m2, is a mandatory requirement for diagnosing 

MetS. Additionally, at least two or more of the following criteria must be met: 

dyslipidemia (triglycerides ≥150 mg/dL and/or HDL-cholesterol <40 mg/dL in men and 

<50 mg/dL in women) or specific treatment for these lipid abnormalities, hypertension 

(systolic ≥130 mmHg and/or diastolic ≥85 mmHg) or treatment of previously diagnosed 

hypertension, and raised fasting plasma glucose (≥100 mg/dL) or a history of T2D.4 

Major contributors to the development of MetS include genetic and epigenetic factors 

as well as a sedentary lifestyle and excessive caloric intake.7 A high-calorie diet pro-

motes visceral adiposity, which has been identified as a key trigger for the metabolic 

pathways leading to MetS. This in turn results in chronic inflammation, hormonal 

dysregulation, and insulin resistance.8,9 Consequently, the presence of MetS signifi-

cantly increases the risk of developing T2D and cardiovascular disease (CVD).10 No-

tably, MetS plays a critical role in the onset of CVDs, which are the leading cause of 



   Introduction 

 2 

death in the WHO European Region. With hypertension as the leading risk factor, CVD 

accounted for 2 in 5 of all death in 2019.11 

1.1.2 Driving Forces in the Development of Obesity 

Obesity is a multifactorial disease marked by the accumulation of excessive or abnor-

mal fat, which presents significant health risks. Previously regarded as a condition pre-

dominantly affecting high-income countries, obesity prevalence is now rising across all 

socioeconomic backgrounds and ethnicities, prompting the WHO to classify it as a 

global pandemic.12 Recent data indicate that over one billion individuals worldwide are 

living with obesity, rendering it one of the most pressing global health and welfare chal-

lenges.13 The WHO classifies adults aged 18 and older with a BMI of ≥ 30 kg/m2 are 

classified as obese.12 However, this definition can lead to both, over- and underdiag-

nosis, as BMI does not accurately differentiate between adipose mass and muscle 

mass in individuals with disparate muscle development.14 To address this issue, a com-

mission has been established recently to review the criteria for the definition and diag-

nosis of clinical obesity.15 

As obesity is a primary risk factor for MetS, it is closely associated with conditions such 

as T2D, hypertension, dyslipidemia, hepatic steatosis, CVD, chronic kidney disease 

and certain forms of cancer.16 

The etiology of obesity is complex and multifaceted, involving a combination of biolog-

ical, psychological, environmental, and social factors.17 Despite the identification of 

over 100 genes implicated in weight variation and obesity development, the fundamen-

tal mechanism driving obesity is the excessive accumulation of triglycerides in adipose 

tissue.18 This accumulation is hypothesized to result from dysfunctional energy home-

ostasis, where energy intake consistently exceeds energy expenditure.19 

1.1.3 Excessive Adipose Lipid Build-Up Causes Systemic Insulin Resistance 

Adipose tissue functions not only as an energy storage organ but also as an endocrine 

and immunomodulatory organ. It is capable of regulating energy homeostasis in distant 

organs through the release of peptide and protein hormones, collectively referred to as 

adipokines.20 In the human body, two major types of adipose tissues are prominent: 

white adipose tissue (WAT), which is the predominant type of fat in mammals, and 

brown adipose tissue (BAT).21 Anatomically, WAT is categorized into two principal 
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types: subcutaneous adipose tissue (SAT), located beneath the skin, and visceral ad-

ipose tissue (VAT), which envelops abdominal organs. While visceral VAT obesity is 

considered detrimental, due to its high metabolic activity fueling FFAs into portal circu-

lation flowing through the liver, SAT obesity is not.22 

In mice, representative SAT depots include paired inguinal depots (iWAT) located in 

the limbs, while for VAT, gonadal WAT (gWAT), which is not present in humans, is a 

well-studied WAT depot associated with metabolic disorders.21 Brown adipose tissue 

(BAT) plays a critical role in non-shivering thermogenesis through lipid oxidation, as 

brown adipocytes are rich in mitochondria and express high levels of uncoupling pro-

tein 1 (UCP1), which enables uncoupling of mitochondrial respiration from ATP-pro-

duction.23 While BAT primarily functions as an energy consumption organ, WAT is 

known for storing excessive energy in the form of fat, which is why studies on obesity 

attribute a key role to WAT in the development of obesity.24 

The major source of lipid storage in WAT is white adipocytes, which comprise a single 

large lipid droplet occupying most of the cell volume, whereas the nucleus and other 

cell organelles are found in the periphery. Adipocytes derive from mesenchymal stem 

cells and play a central role in the regulation of systemic energy homeostasis by storing 

excess fat in the form of triglycerides, which can be mobilized during periods of caloric 

restriction through lipolysis.25 Prolonged periods of excess caloric intake lead to an 

increase in size (hypertrophy) and number (hyperplasia) of mature adipocytes as they 

store increasing amounts of fat.26 While hyperplasia correlates with obesity severity, 

hypertrophy is more likely to have diabetogenic properties as it has been shown to be 

a risk factor for developing T2D.27,28 

The development of obesity under conditions of excess lipid supply is characterized by 

the overexpression of triacylglycerol (TAG) biosynthetic enzymes, including glycer-

ophosphate acyltransferase (GPAT), in adipocytes. This drives TAG synthesis and is 

accompanied by an enhanced ability for lipid storage.29 However, diacylglycerol O-

acyltransferase (DGAT) enzymes are of particular significance in TAG synthesis as 

they account for nearly all TAG synthesis in the body.30  

Adipocytes that accumulate excess fat enlarge and ultimately become dysfunctional 

as they encounter hypoxia-induced metabolic stress, thereby limiting their ability to 

store excess fat. This is considered a critical stage in the onset of obesity, as hyper-

trophic adipocytes, in association with hypoxia, have been demonstrated to secrete 
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pro-inflammatory cytokines, including TNF-α, IL-6, and IL-11, which contribute to adi-

pose tissue inflammation.9 This process is accompanied by dysregulation of the secre-

tion of adipokines, such as adiponectin and leptin. Adiponectin, a hormone with anti-

inflammatory and insulin-sensitizing effects, is found to be substantially decreased in 

individuals affected by obesity.31,32 Concurrently, plasma levels of the adipokine leptin, 

which normally plays a key role in the regulation of glucose homeostasis and food 

intake, increase, ultimately resulting in hyperleptinemia, which leads to leptin re-

sistance.33 Indeed, mice lacking leptin (ob/ob) or the leptin receptor (db/db) exhibit 

weight gain, impaired glucose homeostasis, hyperinsulinemia, and insulin resistance.34 

Furthermore, an increase of monocyte chemoattractant protein-1 (MCP-1) levels cor-

relates with obese adipose tissue, which facilitates macrophage infiltration and macro-

phage polarization to an M1 phenotype. The release of IL-1, IL-6, and TNF-α into adi-

pose tissue further exacerbates inflammation and has been shown to play a role in the 

development of insulin resistance and hepatic steatosis.31,32 Consequently, pro-inflam-

matory cytokines may regulate systemic inflammation in obesity.35  

Due to the limited capacity of adipocytes to store TAGs, dysfunctional adipocytes ex-

hibit increased lipolysis and decreased TAG syntheses.36 Consequently, this leads to 

the release of non-esterified fatty acids (NEFAs) into the bloodstream, a condition re-

ferred to as hyperlipidemia, ultimately resulting in their accumulation in tissues such as 

the liver, heart, skeletal muscle, and pancreas.37 Lipids such as diacylglycerols 

(DAGs), sphingomyelin (SM), sphingosine (Sph), and sphingosine-1-phosphate (S1P) 

are also prone to accumulate in non-adipose tissues.38,39 This lipid “spillover” to non-

adipose tissues may result in lipotoxic organ damage and systemic insulin resistance, 

characterized by reduced insulin responsiveness.37 This, in turn, results in impaired 

glucose uptake and elevated blood glucose levels. Notably, lipotoxicity, rather than 

obesity per se, has been demonstrated to be a crucial factor in the pathogenesis of 

glucose intolerance. This is supported by the observation that mice overexpressing 

DGAT1 in adipose tissue develop severe obesity without exhibiting peripheral insulin 

resistance or glucose intolerance.40 

1.1.4 Pathogenesis of Insulin Resistance and Type-2-Diabetes  

Diabetes mellitus is an escalating global health issue, with type 2 diabetes accounting 

for the majority of cases. Type 1 diabetes (T1D), the autoimmune form of the disease, 
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constitutes approximately 5–10% of cases, and T2D accounts for 90–95% of diagno-

ses worldwide. In 2024, around 589 million adults between the ages 20 and 79 were 

living with diabetes, with projections suggesting this figure could climb to 853 million 

by 2050, as reported by the IDF.41 

Therefore, T2D is a prevalent metabolic disorder and one of the most frequently oc-

curring diseases globally and is characterized by two primary features: diminished in-

sulin secretion from pancreatic β-cells and a weakened insulin response in typically 

insulin-sensitive tissues, resulting in hyperglycaemia.42 

Although overt obesity is commonly linked to insulin resistance (see Section 1.1.2), the 

occurrence of insulin resistance does not necessarily lead to T2D.43 This is attributed 

to the compensatory capacity of β-cells during the prediabetic phase. Initially, this com-

pensation involves an increase in beta cell volume, as observed in both obese and 

non-diabetic individuals, as well as in diet-induced or genetically modified rodent mod-

els.44-47 In addition, in the prediabetic stage, β-cells may adapt by boosting insulin pro-

duction and secretion, resulting in hyperinsulinemia.48 

Nonetheless, inadequate compensation by β-cells eventually leads to diminished glu-

cose uptake, culminating in hyperglycemia. Prolonged hyperglycemia coupled with hy-

perlipidemia result in beta cell toxicity and failure.49 Beta-cell failure may lead to pro-

gressive beta cell loss, driven by multiple, not mutually exclusive mechanisms such as 

a reduction in beta cell mass, functional impairment, and loss of beta cell identity, all of 

which remain incompletely understood.50 

Insulin resistance, β-cell loss, and impaired insulin biosynthesis or secretion ultimately 

lead to dysfunctional insulin action. Under normal physiological conditions, insulin, in 

conjunction with its complementary hormone glucagon, precisely regulates glucose 

homeostasis. This regulation maintains blood glucose concentrations within the range 

of 3.3 and 3.5 mM, thereby ensuring normal physiological functions.51 Glucagon is se-

creted by alpha cells under low glucose concentrations, initiating glycogenolysis and 

gluconeogenesis, leading to an increase in glucose levels.52 In the postprandial state, 

characterized by elevated blood glucose levels, insulin is secreted by the β-cells. In-

sulin promotes glucose uptake by facilitating the relocation of glucose transporter 4 

(GLUT4) to the plasma membrane in muscle and adipose tissues. In the liver, insulin 

enhances glycogenesis and suppresses gluconeogenesis, leading to a reduction in the 

blood glucose levels.53 Moreover, insulin plays a role in lipid metabolism by promoting 
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the uptake of free fatty acids (FFAs) from the plasma into the liver and adipose tissue, 

which subsequently stimulates triglyceride synthesis and lipid storage.53 

In the context of T2D, the precise regulatory function of insulin, particularly in glucose 

homeostasis, is compromised. This results in persistent hyperglycemia and diminished 

insulin levels in the bloodstream, rendering insulin therapy essential for patients with 

T2D in the advanced stages of the disease. While insulin therapy becomes essential 

in advanced stages of T2D, early disease management often relies on lifestyle inter-

ventions and non-insulin pharmacological treatments to address the disease's multi-

factorial nature.54 

1.1.5 Metabolic Dysfunction-Associated Steatotic Liver Disease  

The increasing prevalence of obesity and T2D is globally accompanied by a concomi-

tant rise in the worldwide incidence of fatty liver disease, characterized by excessive 

ectopic lipid accumulation in hepatic tissue, which is increasingly recognized as the 

hepatic manifestation of metabolic syndrome.55,56 In 2023, a new terminology for fatty 

liver diseases has been adopted by multinational liver society leaders at the “European 

Association for the Study of the Liver” (EASL) congress where steatotic liver disease 

(SLD) was chosen as a general and overarching term for fatty liver diseases to encom-

pass different causes of steatosis.57 The disease previously known as “Nonalcoholic 

Fatty Liver Disease” has been renamed to “Metabolic Dysfunction-associated Steatotic 

Liver Disease” which excludes increased daily alcohol consumption (≥ 20/30g per 

week for female/male patients) and is defined as the presence of excess lipid buildup 

(≥5% of hepatocytes with intracellular fat accumulation) in the liver identified by imag-

ing or biopsy in conjunction with at least one of the following cardiometabolic risk fac-

tors (CMRFs): (pre)diabetes, obesity, hypertension, high plasma triglycerides or low 

plasma HDL-cholesterol.57  

The etiology of MASLD is highly heterogenous, with three main pathomechanisms that 

drive its progression: MASLD with a dominant hepatic genetic component; MASLD with 

a stronger metabolic component related to hepatic de novo lipogenesis (DNL); and 

MASLD with a dominant metabolic component associated with adipose tissue dysfunc-

tion.58 Genetic predisposition, as influenced by genetic variants, primarily impacts 

genes that regulate lipid metabolism, such as patatin-like phospholipase domain 3 

(PNPLA3), which hydrolyzes triglycerides from lipid droplets.59 Genetic variants 
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demonstrate an increased prevalence of hepatic steatosis, fibrosis, and lobular inflam-

mation, but not with whole-body and adipose tissue insulin resistance.59,60 A more pro-

nounced metabolic component associated with hepatic DNL, characterized by ele-

vated glucose or fructose intake and diabetes-associated hyperinsulinemia and hyper-

glycemia, is accompanied by hepatic and whole-body insulin resistance.61 Further-

more, patients diagnosed with MASLD exhibiting a dominant metabolic component re-

lated to adipose tissue dysfunction experience an increased delivery of fatty acids to 

the liver due to dysregulated adipocyte lipolysis resulting from adipose tissue insulin 

resistance.62 Notably, both metabolic pathomechanisms demonstrate an elevated risk 

of CVD, which is attributed to higher cause-specific mortality in individuals with 

MASLD.63 Given that the etiological factors of MASLD are interconnected and may 

manifest concurrently, they encompass diverse mechanisms that collectively contrib-

ute to disease progression and clinical significance. 

 
Figure 1. Schematic representation of liver disease progression from healthy tissue to hepatocellular car-
cinoma. Healthy liver tissue may develop metabolic-associated steatotic liver disease (MASLD) in the presence of 
excessive lipid accumulation. This can progress to metabolic-associated steatohepatitis (MASH), characterized by 
steatosis, ballooning, inflammation, and fibrosis. In advanced stages, irreversible cirrhosis and ultimately hepato-
cellular carcinoma (HCC) may develop. The illustration is based on and adapted from multiple published sources 
(see main text). Created with BioRender.com. Published under BioRender Publication License. 

Individuals with MASLD exhibit simple steatosis, which is characterized by an abnor-

mal lipid accumulation in ≥ 5% of hepatocytes. Early MASLD is usually asymptomatic 

and results from disturbances in hepatic fatty acid metabolism, which regulates the 

fatty acid uptake and transport, DNL, fatty acid oxidation (FAO), and lipoprotein secre-

tion.64 As hepatocytes are exposed to prolonged elevations of intracellular lipids, they 

experience mitochondrial dysfunction and oxidative stress, increasing the susceptibility 

for lipid peroxidation, which leads to plasma membrane damage.65 This, in turn, trig-

gers the activation of Kupffer cells that release pro-inflammatory cytokines such as 

TNF-α, IL-1β and IL-6, which then attract immune cells, exacerbating the inflammatory 

response further causing damage to the hepatocytes.66 In response to this chronic 
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injury, hepatic stellate cells (HSC) are activated and undergo transdifferentiation from 

their quiescent state to a myofibroblast-like phenotype, which enables the production 

of extracellular matrix (ECM) proteins such as collagen thereby promoting the devel-

opment of fibrosis and ultimately driving the progression to metabolic-associated ste-

atohepatitis (MASH).67 Histologically, MASH can be distinguished from MASLD in 

H&E-stained liver sections by the presence of hepatocyte ballooning, which refers to 

cytoplasmic swelling and loss of normal cell shape caused by hepatocyte injury.68 It is 

estimated that within 8-13 years, 12-40% of MASLD cases will progress to the poten-

tially reversible condition MASH, with a further 12-15% of these cases, if left untreated, 

advancing to cirrhosis, which is characterized by irreversibility.69 Figure 1 (page 7) de-

picts the progressive stages from steatosis to advanced liver disease. 

Liver cirrhosis can be classified as compensated or decompensated. In the compen-

sated cirrhosis stage, the liver maintains its normal functions. However, individuals with 

decompensated liver cirrhosis experience severe symptoms due to the liver's inability 

to perform its vital functions.70 Persistent fibrosis ultimately increases the risk of devel-

oping hepatocellular carcinoma (HCC), with up to 7% of patients with compensated 

cirrhosis progressing to HCC.69,71 Accordingly, understanding the mechanisms that 

drive the transition from a healthy liver to MASLD and eventually to HCC is crucial for 

developing targeted therapies that prevent disease progression. 

In this context, growing efforts focus on programmed cell death pathways to elucidate 

the mechanisms underlying stage transitions. Beyond apoptosis, regulated and immu-

nogenic forms of cell death, such as pyroptosis, ferroptosis, and necroptosis are ex-

amined as contributors to liver disease progression.72-74 Necroptosis, mediated by 

RIPK3 and MLKL, has been implicated in MASLD, as its lytic nature promotes inflam-

mation and the release of damage-associated molecular patterns (DAMPs), thereby 

contributing to the inflammatory characteristic of MASH.75 In this regard, sublethal 

necroptosis in hepatocytes can induce DAMP release, subsequently promoting fibrosis 

and hepatocarcinogenesis.76 Accordingly, DAMPs are understood to actively contrib-

ute to hepatic inflammation and disease progression.77  
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1.2 Dysregulated Lipolysis in Metabolic Disease 

Lipolysis plays a pivotal role in metabolic diseases, as its dysregulation may contribute 

to their onset and progression. In healthy individuals, adipose tissue lipolysis facilitates 

energy mobilization by breaking down TAGs into FFAs and glycerol, thereby contrib-

uting to the systemic energy supply. Additionally, in BAT, lipolytic products such as 

FFAs fuel thermogenesis, which occurs in mitochondria rich in UCP1.23 

During periods of energy deprivation or cold exposure, lipolysis is activated through 

the release of catecholamines, such as norepinephrine and epinephrine, which stimu-

late ꞵ-adrenergic receptors.78 Synthetic ꞵ-adrenergic agonists like isoprenaline (iso-

proterenol) may also stimulate lipolysis.79 Upon activation of G protein-coupled ꞵ-ad-

renoreceptors (GPCRs), the Gαs subunit of the associated Gs protein becomes acti-

vated, ultimately leading to the stimulation of adenylyl cyclase (AC). This in turn, in-

creases intracellular cAMP levels, leading to cAMP-dependent activation of protein ki-

nase A (PKA).80 PKA then phosphorylates target proteins such as hormone-sensitive 

lipase (HSL) and perilipin 1 (Plin1). While HSL-phosphorylation triggers its transloca-

tion to the surface of lipid droplets, Plin1, a lipid droplet coating protein, stabilizes lipid 

droplets by protecting them from lipases.81 Its phosphorylation induces a conforma-

tional change that renders the lipid droplets more accessible to lipases, ultimately lead-

ing to the sequential hydrolysis of TAG to DAG, catalyzed by the rate-limiting step of 

the hydrolysis from TAGs.82 This process is initiated and catalyzed by adipose triglyc-

eride lipase (ATGL), which is encoded by the gene known as patatin-like phospho-

lipase domain-containing protein 2 (PNPLA2) gene. Subsequent degradation by HSL 

and monoacylglycerol lipase (MGL) ultimately yields glycerol and FFAs, which are re-

leased into the bloodstream.79 While FFAs may be either re-esterified to TAGs or serve 

as substrate for energy production in heart, muscle, and liver, glycerol is eventually 

taken up by the liver, where it feeds gluconeogenesis by conversion to dihydroxyace-

tone phosphate.83 

During periods of caloric excess, insulin exerts negative regulatory effects on lipolysis 

through the PI3K/Akt-mediated activation of phosphodiesterase 3B (PDE3B), which 

subsequently degrades cAMP, a second-messenger essential for PKA activation.84 In 

the context of T2D, this critical regulatory function of insulin is compromised due to the 

development of insulin resistance in peripheral tissues, often resulting from lipotoxic 

damage. Notably, mice deficient in MGL demonstrated improved glucose tolerance and 
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insulin sensitivity despite a weight gain comparable to controls.85 Furthermore, mice 

with an adipocyte-specific knockout of ATGL exhibited reduced adipocyte lipolysis, 

which was associated with enhanced systemic glucose and insulin tolerance, as well 

as a significant reduction in diet-induced steatosis.86 

Additionally, lipid droplet-associated proteins, such as perilipins and cell death-induc-

ing DNA fragmentation factor-like effectors (CIDE), including CIDEA in brown adipose 

tissue and the liver, CIDEB in the liver, and CIDEC/FSP27 predominantly in white adi-

pose tissues, may function as negative regulators of lipolysis. This is achieved by pro-

moting the fusion of lipid droplets, thereby altering the surface-to-volume ratio and ul-

timately limiting lipase accessibility, leading to cellular lipid accumulation.87 Interest-

ingly, expression of both Cidea and Cidec is upregulated under conditions of obesity 

or high-fat diets. Supporting this, overexpressing Cidea in mouse liver resulted in he-

patic lipid accumulation due to the formation of large lipid droplets.88 Moreover, knock-

out mice for both Cidea and Cidec exhibited decreased hepatic lipid accumulation and 

increased insulin sensitivity when subjected to dietary challenges or a genetically 

obese background.88,89 

In the context of metabolic diseases, dysregulated lipolysis leads to an increase in 

circulating FFAs, which in turn promotes ectopic fat deposition and hepatic steatosis. 

These events contribute to insulin resistance, thereby playing a role in the pathogene-

sis of T2D. 

1.3 Sphingolipid Metabolism 

Metabolic syndrome is characterized by disruptions in lipid and glucose metabolism. 

Beyond classical regulators, sphingolipids have emerged as bioactive lipids that not 

only fulfill structural functions but also actively modulate signaling pathways in liver and 

adipose tissue, emphasizing their functional relevance in this study. 

Sphingolipids represent a significant class of eukaryotic lipids and were first described 

by J. L. W. Thudichum in 1884 in his “Treatise on the chemical constitution of the 

brain”.90 Therein, he reported his identification of sphingosine in brain extracts and 

named it after the Greek mythological creature Sphinx, due to the many enigmas it 

posed until its discovery.90 Sphingolipids are amphipathic molecules that, serve as 

structural components of the plasma membrane of eukaryotic cells, thereby influencing 

a plethora of cellular processes.91 All sphingolipids consist of a sphingoid backbone 
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arising from the condensation of a fatty acyl-CoA and an amino acid. The most abun-

dant long chain sphingoid base in mammalian cells, sphingosine, is composed of 18 

carbon atoms. It serves as a backbone for the synthesis of complex sphingolipids, 

including ceramide (Cer), where it is amide-linked to fatty acyl chains of varying length 

and degree of saturation and may undergo further modification via an O-linkage to 

different polar head groups.92 Due to their structural diversity, sphingolipids are the 

most structurally diverse lipid class. They are ubiquitously distributed throughout the 

body, with distinct tissue-specific sphingolipid profiles resulting from different head 

groups as well as variations in fatty acyl chain length and saturation. These structural 

variations contribute to the unique functional roles of sphingolipids in different tissues.93  

Research focusing on sphingolipids has revealed their involvement in numerous pro-

cesses related to proliferation, differentiation, migration, and apoptosis.94 Thus, the 

multifunctional nature of sphingolipids in mammalian cells has led to the discovery that 

alterations in their profiles can result in the development of various diseases. 

1.3.1 De Novo Synthesis and Recycling Pathway of Sphingolipids 

As key players in lipid metabolism, sphingolipids originate from de novo synthesis path-

ways that incorporate palmitate, thereby directly linking sphingolipid metabolism to 

overall lipid homeostasis. The pathway is initiated in the endoplasmic reticulum (ER), 

where serine palmitoyltransferase (SPT), a (PLP)-dependent membrane-bound heter-

odimer, catalyzes the first and rate-limiting step by condensing serine with fatty acyl-

CoA to form 3-keto-dihydrosphingosine (Figure 2a, page 12).95,96 Substrates for SPT 

are L-serine and palmitoyl-CoA (16:0), one of the most abundant acyl-CoA species in 

mammalian cells.97 The carbonyl group of 3-ketodihydrosphingosine undergoes a 

rapid reduction to dihydrosphingosine (sphinganine) by NADPH-dependent enzyme 3-

ketodihydrosphingosine reductase (KDSR), which is subsequently N-acylated to pro-

duce dihydroceramide.98 The acylation of the amino group of sphinganine is mediated 

by (dihydro)ceramide synthase and occurs via the addition of acyl-CoA esters derived 

from unsaturated or saturated fatty acids. Six ceramide synthases (CerS1-6), each with 

distinct acyl-CoA preferences, generate dihydroceramides of varying chain lengths 

(C14 to C26) with specific subcellular localizations and tissue distributions.99,100 Finally, 

dihydroceramide is converted to ceramide by dihydroceramide desaturase 1 (DEGS1) 

which introduces a 4-5 trans double bond into the sphingoid backbone.101 
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Figure 2. Sphingolipid metabolic pathway. Schematic overview of the a) sphingolipid pathway and b) the sub-
cellular localization of the involved enzymes and intermediates. De novo sphingolipid synthesis initiates with the 
condensation of L-serine and palmitoyl-CoA, a reaction catalyzed by serine palmitoyl transferase at the endoplas-
mic reticulum. Subsequent reactions result in the formation of ceramide. Within the Golgi apparatus, ceramides 
may be incorporated into various complex sphingolipids or converted to sphingomyelin. Ultimately, in the salvage 
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pathway, ceramide is transformed into S1P, which is irreversibly degraded by S1P lyase. ACER, alkaline cerami-
dase; ACSL, acyl-CoA synthetase long chain; ASAH; acid ceramidase; ASM, acid sphingomyelinase; CERK, 
ceramide kinase; CerS, ceramide synthase; CERT, ceramide transfer protein; DAG, diacylglycerol; DEGS1, dihy-
droceramide desaturase 1; DGAT, Diacylglycerol O-Acyltransferase; GCase, glucosyl ceramidase; GCS, gluco-
sylceramide synthase; KDSR, 3-ketodihydrosphingosine reductase; NSMase, neutral sphingomyelinase; PC, phos-
phatidylcholine; PLPP1, phospholipid phosphatase 1; S1P; sphingosine-1-phosphate; SGPL1, S1P lyase; SGPP, 
sphingosine-1-phosphate phosphatase; SMS, sphingomyelin synthase; SphK, sphingosine kinase; SPT, serine pal-
mitoyl transferase. Adapted from published work by Kuo and Hla (2024), Hannun and Obeid (2018), and Lee et al. 
(2023).94,102,103 Created with BioRender.com. Published under BioRender Publication License. 

Ceramide is then transported to the Golgi, where it can translocate between the mem-

brane leaflets.104 From there, it reaches the cis-Golgi either via vesicular transport or 

by non-vesicular trafficking mediated by ceramide transfer protein (CERT), delivering 

ceramides to trans-Golgi contact sites (Figure 2b, page 12).105 

As the fundamental precursor of all complex sphingolipids, ceramide undergoes mod-

ifications at the 1-hydroxyl position, thus making it a key component in sphingolipid 

metabolism. For instance, the direct phosphorylation of ceramide by ceramide kinase 

converts ceramide to ceramide-1-phosphate (C1P), a reaction that can be reversed by 

ceramide-1-phosphate phosphatase.106 Additionally, ceramide can be N-acetylated to 

form 1-O-acylceramides, which are incorporated and stored within lipid droplets. This 

process primarily takes places in the liver and is catalyzed by the triacylglycerol-form-

ing enzyme DGAT2 and involves the formation of a multienzyme complex consisting 

of DGAT2, CerS, and long-chain fatty acid CoA-ligase 5 (ACSL5).107 

Acylceramides, in turn, can be hydrolyzed back into ceramide through cleavage of their 

ester bonds.107 Alternatively, ceramide can be converted into glucosylceramide at the 

cytosolic side of the Golgi by the sequential addition of sugar groups, catalyzed by 

UDP-glucose ceramide glycosyltransferase (UGCG).108,109 This provides the core 

structure for more complex glycosphingolipids. In the lysosome, various glycosidases 

typically cleave the sugar moieties from glycosphingolipids, thereby releasing 

ceramide (Figure 2a+b, page 12).110 

 

Furthermore, within the Golgi lumen, sphingomyelin synthases (SMSs) transfer the 

phosphocholine group of phosphatidylcholines (PC) to ceramide, thereby generating 

SM and DAG.111,112 SM is then transported to the outer leaflet of the plasma membrane 

or the lysosome via vesicular transport.113 Both neutral- and acid sphingomyelinase 

(NSMase and ASM) catalyze the release of ceramide. ASM is located in the lysosomal 

membrane, where it degrades SM from endocytosed membranes, while NSMase is 

mainly found in the plasma membrane of neural tissues.114 The regenerated ceramide 
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can subsequently be further catabolized by ceramidases, which deacetylate ceramide 

to produce Sph.115 Acid ceramidase 1 (ASAH1) is predominantly localized within lyso-

somes, operating under acidic conditions, while neutral ceramidase (ACER2) is mainly 

present in mitochondria and plasma membranes.116 Alkaline ceramidases 1-3 

(ACER1-3), which function in high pH environments, are distributed across different 

subcellular locations: ACER1 in the ER, ACER2 in the Golgi complex, and ACER3 in 

both the ER and Golgi.116 Consequently, two isoenzymes, known as sphingosine ki-

nase 1 (SphK1) and sphingosine kinase 2 (SphK2), catalyze the phosphorylation of 

sphingosine to produce sphingosine-1-phosphate (S1P).117,118  

From this point onwards, S1P can follow one of two distinct routes: it may either be 

dephosphorylated and recycled via the salvage pathway, which begins with the 

dephosphorylation of S1P or undergo irreversible degradation. In the salvage pathway, 

S1P is first dephosphorylated back to Sph, which can then be re-acetylated by CerSs 

to regenerate ceramide (Figure 2a, page 12).119 This reaction is catalyzed by two S1P 

phosphohydrolases, SGPP1 and SGPP2, which share similar localization but differ in 

expression, both exhibiting high levels in placenta and kidney.120,121 Furthermore, three 

lipid phosphate phosphohydrolases (LPP1-3) can also dephosphorylate S1P. These 

enzymes hydrolyze various phospholipids, including phosphatidic acid (PA), lysophos-

phatidic acid (LPA), C1P and diacylglycerol pyrophosphate.122  

The terminal cleavage of S1P is catalyzed by sphingosine-1-phosphate lyase 

(SGPL1), which cleaves the bond between C2 and C3, producing ethanolamine phos-

phate and 2-trans-hexadecenal (Figure 2, page 12).123 While ethanolamine phosphate 

can be utilized to form phospholipids, 2-trans-hexadecenal is converted to hexade-

cenoic acid by fatty aldehyde dehydrogenase (FALDH) and subsequently activated by 

long-chain ACSL to hexadecenoyl-CoA. This intermediate can then be further metab-

olized to palmitoyl-CoA, which can re-enter the de novo sphingolipid biosynthesis.124 

1.3.2 Ceramide as a Central Hub in Sphingolipid Metabolism 

The dynamic equilibrium between intracellular concentrations of the bioactive sphin-

golipids S1P, ceramide, and Sph, collectively referred to as the sphingolipid rheostat, 

is a critical determinant of cellular fate.125,126 While S1P is known to exert pro-survival 

and pro-proliferative effects by promoting cell growth, migration, angiogenesis, and 

survival, ceramide and Sph tend to have more pro-apoptotic and anti-proliferative func-

tions, including cell cycle arrest, apoptosis and other stress-related responses.126,127 
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The tight regulation of the canonical de novo synthesis of sphingolipids, the sphingo-

myelin hydrolysis pathway, and the salvage pathway ensures the homeostasis of 

sphingolipids, with ceramide serving as a central metabolic hub. It is noteworthy that 

the enzymes that facilitate the interconversion of ceramides play a pivotal role in de-

termining the amount of ceramide, while also indirectly influencing the concentrations 

of complex sphingolipids.128 Furthermore, ceramide itself functions as a key regulator 

of the de novo synthesis of sphingolipids mediated by three orosomucoid-like (OR-

MDL) proteins. By sensing ceramide pools in the ER membrane, they inhibit the de 

novo sphingolipid synthesis through interaction and modulation of the rate-limiting en-

zyme SPT.129-131 Interestingly, cytosolic S1P, synthetized by SphK1, has been demon-

strated to inhibit CerS2, thus representing an additional feedback inhibition loop.132 

In ceramide catabolic pathways, the SMS enzyme is hypothesized to play a central 

role in maintaining sphingolipids and cellular homeostasis, as DAG, an important in-

termediate in lipid metabolism, is formed as a byproduct of this reaction112. In contrast 

to the pro-apoptotic effects of ceramide, DAGs exert mitogenic effects by activating 

various isoforms of protein kinase C (PKC).133 Alternatively, ceramide undergoes cat-

abolic breakdown to form Sph, S1P or other derivatives, which may either be resyn-

thesized into ceramide or result in terminal cleavage by S1P lyase to generate hexa-

decenal and ethanolamine (Figure 2, page 12). The latter serves as a precursor in 

phospholipid metabolism, thereby occupying a crucial position at the intersection of 

these pathways and representing another critical regulatory node in sphingolipid me-

tabolism.134  

As previously stated, enzymes involved in ceramide/sphingolipid turnover exhibit dis-

tinct subcellular localizations, which result in corresponding local differences in sphin-

golipid concentrations. This enables second messenger actions on a multitude of cel-

lular compartments.135  

Ceramides have been shown to target serine/threonine protein phosphatases, includ-

ing protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), both of which 

are crucial regulators of apoptosis.136,137 Mechanistically, PP2A promotes apoptosis by 

dephosphorylating and inactivating the pro-survival protein B-cell lymphoma-2 (BCL-

2).138 Ceramide-induced apoptosis can also occur through the formation of ceramide 

channels, the membrane permeability of which enables the release of proapoptotic 

cytochrome c and other intermembrane proteins into the cytosol.139 Further, ceramide 
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has been shown to colocalize with voltage-dependent anion channel 2 in the mitochon-

drial membrane, leading to recruitment of Bcl-2-associated X protein (Bax) and Bcl-2 

homologous antagonist/killer proteins (Bak) into the mitochondria. This enhances the 

permeability of the outer mitochondrial membrane and facilitates the release of cyto-

chrome c.140 Additionally, ceramide has been found to activate protein kinase C zeta 

(PKCζ), which, like PP2A, deactivates the pro-survival protein AKT through 

dephosphorylation.141 

1.3.3 Sphingosine Kinases 

Ceramide-derived sphingosine serves as the exclusive substrate for sphingosine ki-

nases, the sole enzymes catalyzing its phosphorylation to sphingosine-1-phosphate 

(S1P), a crucial regulatory step in sphingolipid metabolism. Both kinases are encoded 

by distinct genes, each of which contains five conserved domains. The C4 domain of 

both enzymes is unique for SphKs, while the C1-C3 domains exhibit substantial ho-

mology with protein kinases and the C5 not only is conserved in SphKs but also in 

enzymes such as ceramide kinases and diacylglycerol kinases.142 

Sphingosine kinases are activated through phosphorylation in response to extracellu-

lar signals, including growth factors (VEGF, EGF, and PGDF), which signal via receptor 

tyrosine kinases that activate downstream kinases, such as ERK1/2.143,144 Inflamma-

tory stimuli, such as TNF-α, also contribute to SphK activation.145 SphK1 is commonly 

activated by protein kinase C (PKC) and triggered by phorbol esters such as phorbol 

12-myristate 13-acetate (PMA).146 G-protein-coupled receptors also contribute to 

SphK activation via second messengers (see Section 1.3.4). 

This phosphorylation enhances the enzymatic activity of SphKs and can influence their 

subcellular localization, thereby regulating S1P production and its involvement in nu-

merous cellular processes. SphK1 primarily resides in the cytosol but can translocate 

to the plasma membrane upon phosphorylation at Ser225 by PKC in response to stim-

uli such as PMA.146 In contrast, SphK2 is localized within the nucleus and is also found 

in other organelles, including the ER and mitochondria.147,148 In addition, SphK2 activity 

has been associated with the incorporation of palmitate into ceramide, suggesting iso-

enzyme-specific functions in sphingolipid metabolism.148 

Although ubiquitously present, SphKs display distinct expression profiles across tis-

sues. In murine tissues, SphK1 expression was found to be the highest in the lung and 

spleen, whereas SphK2 expression was highest in the liver and heart.117,118 However, 
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total sphingosine kinase activity was found in all tissues, with SphK1 accounting for 

the largest proportion in most tissues, especially the brain, heart and colon.149 Both 

sphingosine kinases have been demonstrated to exhibit redundant functions, with the 

deletion of a single kinase failing to result in a significant reduction in S1P levels or 

apparent phenotype in various mouse models. Notably, the concurrent deletion of both 

kinases has been shown to cause a deficiency of S1P, leading to severe developmental 

hemorrhaging and high lethality.150 This finding indicates that total SphK activity and 

SphK-generated S1P are essential for viability. 

Furthermore, SphKs have been implicated in several pathological conditions, particu-

larly in cancer formation. Elevated SphK1 expression in various tumor types promotes 

cancer cell proliferation and migration.151 This correlates with a higher severity, poor 

prognosis and chemotherapy resistance.152-154 SphK2 serves as a prognostic bi-

omarker of non-small cell lung cancer (NSCLC), where its overexpression is linked to 

disease progression.155 In colorectal cancer, high SphK2 expression levels are also 

correlated with cell proliferation and migration.156  

Given the critical roles of SphKs and S1P, the SphK/S1P pathway has emerged as a 

promising and innovative therapeutic target for various diseases. Over the past dec-

ade, there has been notable interest in developing novel SphK inhibitors, with a focus 

on their potential clinical applications. SphK inhibitors typically target either the sphin-

gosine-binding pocket in the C4 region or ATP-binding site in the C2 region of the en-

zyme.142 Common inhibitors, such as DMS or SKI-II, block both SphK1 and SphK2, 

although they also affect off-targets such as PKC and Degs1.157,158 For 5c, a selective 

inhibitor of SphK1, anti-sickling properties have been demonstrated.159 PF-543, which 

is also an SphK1 inhibitor, is 100-fold more selective for SphK1 than for SphK2 and 

exhibits anti-fibrotic, anti-inflammatory, and anti-cancer effects.160,161 K145, selective 

for SphK2, shows anti-tumor properties in vivo and in vitro, whereas ABC294640, an-

other potent SphK2 inhibitor, promotes tumor cell autophagy.162,163 Despite receiving 

FDA orphan drug designation as opaganib for neuroblastoma treatment, ABC294640’s 

inhibition of DEGS1 limits its suitability as a specific SphK2 inhibitor.164 In response to 

the non-specific inhibition observed with ABC294640, researchers like Webster Santos 

and colleagues are focusing on the design and synthesis of novel SphK2 inhibitors to 

enhance specificity and therapeutic efficacy.165 
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1.3.4 The Intricate Dynamics of S1P Homeostasis and Signaling 

Maintaining the Crucial Balance of S1P 

The SphKs described above are the exclusive source of S1P, whose levels are tightly 

controlled by synthesis, degradation, and transport. This balance sustains the sphin-

golipid rheostat and supports several essential physiological processes. The presence 

of high S1P levels in plasma and lymph, reaching micromolar concentrations, contrasts 

sharply with nanomolar S1P levels in tissue interstitial fluids, creating a crucial S1P 

gradient.166 This gradient is vital for the egress of hematopoietic and progenitor cells 

from extramedullary hematopoietic tissues to the lymph, as well as for lymphocyte mi-

gration from lymphoid organs to the bloodstream.167,168 The establishment and mainte-

nance of this gradient depend on S1P biosynthesis, storage, and release by three ma-

jor cell types: erythrocytes, which lack S1P-degrading enzymes;169,170 platelets, which 

release S1P upon activation;171 and endothelial cells.172 Erythrocytes play a key role 

in regulating plasma S1P levels. Blocking S1P export from erythrocytes can reduce 

plasma S1P levels by up to 50%.173 Interestingly, vascular endothelial cells, but not 

hepatocytes, have been shown to secrete S1P in vitro, thereby directly contributing to 

the plasma S1P pool.172 Once in the bloodstream, S1P has two major fates, as it un-

dergoes rapid turnover in the plasma with a half-life of approximately 15 minutes.172 

Extracellular S1P can be reabsorbed by cells, where it is initially dephosphorylated by 

nonspecific plasma membrane phosphatases, facilitating its uptake as sphingosine, 

which is then converted back to S1P.174,175 While cellular S1P reuptake typically re-

duces circulating S1P, loss of SphK2 impairs the uptake of S1P from the bloodstream 

into lymphoid tissues, resulting in paradoxically elevated plasma S1P levels.176 Addi-

tionally, in a carrier-mediated route, S1P binds to and is transported by lipoproteins, 

which act as acceptors and chaperones for other lipids, including cholesterol and tri-

glycerides. Notably, more than 60% of circulating S1P is bound to HDL and, to a lesser 

extent, low-density lipoproteins (LDL), while approximately 30% is associated with al-

bumin.177 Apolipoprotein M (ApoM), expressed in liver hepatocytes and tubular epithe-

lial cells of the kidney bound to HDL, is essential for facilitating S1P binding to HDL, 

as evidenced by the absence of S1P in the HDL fraction of ApoM-deficient mice, a 

finding that may be reversed by ApoM overexpression.178,179  

Specialized S1P export proteins are crucial for maintaining the S1P gradient and sup-

porting extracellular signaling functions. 
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The major facilitator superfamily transporter 2b (MFSD2B) enables S1P efflux from 

erythrocytes and platelets in a proton gradient-dependent manner.173,180 This depend-

ency is evidenced by high S1P concentrations in erythrocytes and a marked decrease 

in plasma S1P levels in MFSD2B knockout mice.173 The transporter spinster homolog 

2 (SPNS2), initially identified in zebrafish, also functions as an S1P transporter. It is 

expressed in vascular endothelial cells with SPNS2 knockout studies revealing a sig-

nificant reduction in plasma S1P levels.181,182 

ATP-binding cassette (ABC) transporters also play a key role in facilitating S1P efflux 

in specific cell types. For instance, ABCC1 mediates S1P release in mast cells,183 

Langerhans cells,184 brain and spinal cord endothelial cells,185 and fibroblasts.186 Con-

versely, ABCA1 has been shown to facilitate S1P efflux from erythrocytes and astro-

cytes. These findings were validated in a rat model using the ABCA1 inhibitor gly-

buride.187,188 

In summary, S1P pools and gradients are essential not only for cellular homeostasis 

and various physiological processes but also for maintaining the balance of sphin-

golipid metabolism. 

G Protein-Coupled S1P Receptor Signaling 

S1P can act as an intracellular second messenger or, once exported to the extracellular 

space, exert pleiotropic autocrine and paracrine effects through binding to its five spe-

cific G protein-coupled receptors (S1PR1–5), thereby initiating diverse downstream 

signaling pathways. This “inside-out” signaling is mediated by five specific S1P recep-

tors (S1PR1-5).189 S1PRs, which belong to the GPCR family, were first identified and 

characterized by Lee and colleagues in 1998 and are differentially expressed across 

various tissues.190 The receptors are ubiquitously expressed and, upon binding to S1P, 

couple to heterotrimeric G-protein complexes composed of three distinct Gα subunits: 

Gαi, Gα12/13 and Gαq (Figure 3).191 S1PR1 exclusively couples to Gαi, while S1PR2 and 

S1PR3 can interact with all three Gα subunits.192,193 S1PR4 and S1PR5 primarily signal 

through Gαi and Gα12/13.194,195 Each Gα subunit then undergoes conformational change 

and propagates the ligand-binding signal by activating several classical downstream 

signaling pathways: 
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Figure 3. S1P signaling through five specific G-protein coupled receptors. G-protein coupled S1P receptors 
(S1PR) are activated upon the binding of S1P, initiating downstream signaling cascades through Gα subunits. a) 
Interaction of S1P receptor subtypes with S1PR modulators and their respective downstream cellular Gα subunit 
targets. b) Downstream signaling pathways of Gαi, Gαq, and Gα12/13 subunits. Signaling through Gαi promotes prolif-
eration through activation of small GTPase Ras and ERK. Activated Gαi inhibits adenylyl cyclase (AC), thereby 
reducing cAMP levels. Additionally, the activation of PI3K, which subsequently activates Akt and the small GTPase 
Rac. promotes migration and cell survival. Both Gαi and Gαq activate PLC, which in turn leads to the activation of 
PKC and the release of intracellular free Ca2+, ultimately triggering various cellular responses. Gα12/13 signaling 
activates the small GTPase Rho and ROCK, leading to stress-fiber formation and thus inhibiting migration. Adapted 
from published work by Chun et al. (2021).196 Created with BioRender.com. Published under BioRender Publication 
License.  

Gαi triggers the activation of small GTPase Ras and PI3K, which subsequently induces 

the MAPK signaling pathway as well as PKB/Akt and the small GTPase Rac, promoting 

cellular processes like proliferation, migration, and cell survival.192,197 It also activates 

phospholipase C (PLC), leading to elevated intracellular calcium (Ca2+) levels and ac-

tivation of PKC, essential for various cellular responses.198 Additionally, Gαi signaling 

inhibits AC, thereby reducing cAMP levels.199 Gαq primarily activates PLC pathways 

and Gα12/13 signaling activates the small GTPase Rho and ROCK, which inhibits cellu-

lar migration, reduces endothelial barrier function and to induce vasoconstriction (Fig-

ure 3).200-202 



   Introduction 

 21 

Thus, S1PRs enable the heterogeneous regulation of various physiological processes, 

including the above-mentioned, contingent upon the distinct distribution and relative 

expression patterns of both S1PRs and Gα proteins. 

Intracellular S1P Signaling 

Beyond its well-established receptor-mediated functions, compartmentalized intracel-

lular pools of S1P act as second messengers that directly engage distinct molecular 

targets, thereby regulating diverse signaling pathways independently of S1PR activa-

tion. 

S1P, generated by SphK1, participates in TNFα-induced NF-κB activation, where it 

serves as a cofactor for the E3 ubiquitin ligase TRAF2. TRAF2 mediates lysine-63-

linked polyubiquitination of receptor-interacting protein 1 (RIP1), leading to the activa-

tion of nuclear factor kappa-light-chain-enhancer of activated β-cells (NF-κB). This 

highlights S1P’s role in inflammatory, antiapoptotic and immune processes.203 Another 

cytoplasmic target of S1P is atypical protein kinase C (aPKC), which S1P directly binds 

at its kinase domain, thereby protecting cells from apoptosis, as demonstrated in HeLa 

cells.204 Additionally, S1P interacts with peroxisome proliferator-activated receptor 

gamma (PPARγ), where its phosphate head group binds to His322 within the PPARγ 

ligand-binding pocket. This binding induces PPARγ expression and complex formation 

with peroxisome proliferator-activated receptor-γ coactivator 1 (PGC1β). In vitro stud-

ies have shown that the PPARγ:PGC1β complex translocates to the nucleus in endo-

thelial cells, contributing to angiogenesis and vascular development.205 Moreover, in-

tercellular S1P triggers calcium mobilization from thapsigargin-sensitive stores in an 

S1PR-independent manner, demonstrated through photolysis of caged-S1P in HEK-

293, SKNMC and HepG2 cells.206 

Within the nucleus, SphK2-derived S1P directly targets and inhibits histone deacety-

lases (HDACs), specifically HDAC1 and HDAC2, leading to enhanced histone acety-

lation and consequent epigenetic regulation of gene expression.207 Additionally, S1P 

interacts with human telomerase reverse transcriptase (hTERT), mimicking hTERT 

phosphorylation at Ser921. This interaction prevents ubiquitination, of hTERT ulti-

mately promoting cell proliferation and preventing senescence.208 
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In mitochondria, SphK2/S1P colocalizes with prohibitin 2 (PHB2) at the inner mitochon-

drial membrane, where it facilitates complex IV assembly, thus modulating mitochon-

drial respiration.209 This mechanism has shown cardioprotective effects in ischemic 

preconditioning models in SphK2-deficient and control mice.210 

1.3.5 Therapeutic Implications in Sphingolipid-Related Pathologies 

Dysregulation of sphingolipid metabolism is known to correlate with the development 

of a range of diseases, which has led to the implementation of several therapeutic 

approaches.  

Sphingolipidoses are a prevalent group of lipid storage disorders characterized by de-

ficiencies in enzymes essential for sphingolipid catabolism, leading to the pathological 

accumulation of these lipids.211 An example is Niemann-Pick disease, an autosomal 

recessive disorder marked by sphingomyelinase-deficiency.212 Sphingolipidoses gen-

erally affect the immune and nervous systems, and current treatment options are lim-

ited. Available therapies include enzyme replacement therapy, enzyme enhance-

ment/chaperone therapy, and bone marrow or stem cell transplantation.211 

Multiple sclerosis (MS), a neurodegenerative disorder driven by lymphocyte infiltration 

of the central nervous system, has also been associated with S1P. Fingolimod 

(FTY720; Gilenya®), an antagonist of S1PR1, S1PR3, S1PR4, and S1PR5, is a pro-

drug that requires phosphorylation in situ and is an in-class orally active drug approved 

for relapsing-remitting MS.213 It acts by preventing lymphocyte egress from lymph 

nodes, thereby reducing the formation of focal lesions.214 Additional S1PR modulators, 

including Siponimod (Mayzent®), Ozanimod (Zeposia®) and Ponesimod (Ponvory®), 

have been developed and approved for specific forms of MS.215-217 

Furthermore, already approved drugs are increasingly being investigated for potential 

additional therapeutic indications. For instance, Ozanimod is being assessed as a po-

tential treatment for inflammatory bowel conditions like Crohn's disease and ulcerative 

colitis.218 Due to its immunomodulatory properties, Ponesimod is being tested for treat-

ment of psoriasis.219 Similarly, ABC294640, an orally available and the first in-class 

SphK2 inhibitor originally assessed for advanced solid tumors, is undergoing clinical 

trials for various cancer types.220 

Additionally, a broad range of sphingolipid metabolic enzyme inhibitors, although not 

yet approved, are being tested for their efficacy in treating sphingolipid-related disor-
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ders. Notable examples include the highly selective SPT inhibitor myriocin, amitripty-

line as an effective ASM inhibitor, and the (dihydro)ceramide synthase inhibitor 

Fumonisin B1.221 

1.4 The Role of Sphingolipids in the Development of Metabolic Dis-
orders 

Numerous studies have demonstrated that sphingolipid mediators, including ceramide 

and S1P, play a critical role in regulating obesity and glucose homeostasis with distinct 

regulatory roles in various metabolic tissues, including the liver, adipose tissue, and 

muscle. To date, significant progress has been made in elucidating the complex links 

between sphingolipid metabolism and the pathogenesis of metabolic diseases, identi-

fying potential therapeutic targets. However, some findings within this body of research 

remain partially contradictory. 

1.4.1 Ceramide Drives the Development of Metabolic Diseases 

Sphingolipid accumulation can occur through endogenous de novo biosynthesis, the 

sphingolipid salvage pathway, or the sphingomyelin pathway. By increasing substrate 

supply to SPT, excess palmitate thereby stimulates sphingolipid synthesis.222 In paral-

lel, when serine availability declines, as reported in obesity and T2D, SPT can con-

dense alanine and glycine yielding 1-deoxysphingolipids that have been implicated in 

diabetic neuropathy.223,224 Consequently, although de novo sphingolipid synthesis and 

substrate availability influence ceramide accumulation, dietary ceramides are not di-

rectly absorbed in the gastrointestinal tract. Instead, they are hydrolyzed into FFAs, 

such as palmitate. However, dietary sphingosine, can be utilized by gastrointestinal 

microbiota to generate sphingolipids, which subsequently enter systemic circulation 

and reach organs like the liver.225 Importantly, dietary FFAs directly fuel de novo 

ceramide synthesis, and the composition of dietary fatty acids critically determines the 

extent of ceramide production. For instance, individuals consuming diets rich in satu-

rated fats, as opposed to polyunsaturated fats, exhibit higher plasma and liver 

ceramide levels and increased hepatic lipid accumulation.226,227  

Furthermore, circulating FFAs released from fat depots during inflammation and insulin 

resistance, driven by enhanced adipocyte lipolysis, are taken up by ectopic tissues to 

serve as substrates for ceramide synthesis.228 However, the ceramide precursor pal-

mitate not only functions as a substrate but has also been demonstrated to increase 
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both mRNA levels and the activity of the ceramide-forming enzyme Degs1 in myotubes. 

Consequently, palmitate promotes ceramide synthesis and induces insulin resistance 

by diminishing Akt phosphorylation, which can be mitigated by knockdown of Degs1.229 

In vivo studies have confirmed this by using either Fenretinide, a DEGS1 inhibitor, to 

pharmacologically block DEGS1, or by employing heterozygous and inducible liver-

specific, adipose-specific, as well as global Degs1 knockout strategies. All approaches 

led to a reduction in ceramide levels (Cer16:0–Cer24:0 and Cer24:1) within tissues, which 

is associated with enhanced insulin sensitivity and improved liver steatosis.230-232 

Other studies aimed at lowering global ceramide levels have targeted the rate-limiting 

step in sphingolipid synthesis in diet-induced or genetically obese (ob/ob) rodent mod-

els through the administration of Myriocin, an inhibitor of SPT. The therapeutic appli-

cation of Myriocin, dependent on both time span and dosage, resulted in a reduction 

in body weight, amelioration of hepatic lipid accumulation, and improvement in insulin 

resistance, as well as enhanced glucose homeostasis.233,234 The improvement in glu-

cose homeostasis was evidenced by enhanced insulin signaling, as indicated by in-

creased Akt phosphorylation in skeletal muscle and liver tissues.235  

Interestingly, the levels of the endogen inhibitors of SPT, ORMDLs, exhibit an inverse 

correlation with the expression of obesity-related genes in human subcutaneous 

WAT.236 This relationship is further corroborated by the observation of higher ceramide 

levels in HFD-fed ORMDL3-deficient mice, which is associated with increased body 

weight and insulin resistance.237 

While the majority of studies indicate a beneficial role in reducing ceramide levels, the 

adipose tissue-specific deletion of either Sptlc1 or Sptlc2 impaired adipose tissue func-

tion, led to a lipodystrophic phenotype and the development of hepatosteatosis, sys-

temic insulin resistance, and hyperglycemia.238,239 This underscores the critical im-

portance of tightly regulated de novo sphingolipid synthesis for maintaining normal 

metabolic function. 

Research efforts have focused on directly targeting ceramide biosynthetic genes, spe-

cifically ceramide synthases. It has been demonstrated that in murine livers, ceramide 

species Cer16:0 and Cer18:0 increase after 16 weeks on a high-fat high-cholesterol diet 

(HFHCD), with Cer16:0 and Cer24:1 further elevated during disease progression from 

MASLD to MASH.240 An increase in Cer16:0 has also been observed in both visceral 

and subcutaneous WAT in mice and humans, correlating with the mRNA levels of the 
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Cer16:0-producing enzyme CerS6, BMI, insulin resistance, and adipocyte size.241 Con-

sistent with these findings, the use of CerS6 antisense oligonucleotide in ob/ob mice 

and the global knockout of CerS6 in a HFD model resulted in reduced hepatic Cer16:0 

levels and prevention of diet-induced obesity (DIO) and its consequences, such as 

glucose intolerance and insulin resistance. A liver-specific knockout improved glucose 

tolerance and hepatic insulin sensitivity.241,242 Hammerschmidt et al. demonstrated sig-

nificant differences between CerS5 and CerS6-derived ceramides in the liver. While a 

knockout of either CerS5 or CerS6 reduced Cer16:0 levels in hepatocytes, only the 

CerS6 knockout prevented diet-induced metabolic deterioration. This distinction is at-

tributed to CerS6-deficiency reducing Cer16:0 in hepatic mitochondria, thereby protect-

ing against mitochondrial fragmentation and enhancing hepatic mitochondrial respira-

tion, a benefit not observed in CerS5-deficient livers, highlighting the cellular localiza-

tion of CerS6.243  
Similarly, inhibition of the Cer18:0-producing enzyme CerS1 in skeletal muscle, 

achieved through the administration of inhibitor P053 to HFD-fed mice, resulted in in-

creased fatty acid oxidation and reduced TAG levels. However, this intervention did not 

confer protection against insulin resistance. In contrast, both global and muscle-spe-

cific knockout of CerS1 were effective in protecting against insulin resistance, attributed 

to an increase in muscle-derived Fgf21.244,245 In INS-1 β-cells, CerS4 has been identi-

fied as a critical regulator of apoptosis. It has been demonstrated that the upregulation 

of CerS4, induced by palmitate- and glucose, elevates levels of Cer18:0, Cer22:0 and 

Cer24:1, leading to cell death. Conversely, siRNA-mediated downregulation of CerS4 

partially mitigated apoptosis.246 Notably, haploinsufficiency of the enzyme CerS2, re-

sponsible for producing very-long-chain ceramides (Cer20:0–Cer26:0),132 resulted in a 

significant reduction of long-chain ceramides in the liver. This was accompanied by a 

compensatory increase in Cer16:0, which heightened the susceptibility to Cer16:0-medi-

ated exacerbation of steatohepatitis and insulin resistance upon dietary induction.247 

However, during progression and development of obesity and metabolic diseases even 

more factors control ceramide accumulation. For instance, obesity-induced overex-

pression and release of pro-inflammatory cytokines, such as TNF-α, IL-1β or IL-6 fur-

ther exacerbate ceramide synthesis by upregulating SPT in macrophages and stimu-

lating ASM activity.248,249 Of note, ceramides amplify inflammatory signaling through a 



   Introduction 

 26 

feedback mechanism, activating the transcription factor NF-κB and promoting expres-

sion of inflammatory genes.250 

Interestingly, reduced adiponectin levels in obesity contribute to ceramide accumula-

tion, as adiponectin enhances ceramide degradation via adiponectin receptor (Adi-

poR1 and AdipoR2)-mediated ACER activation.251 Holland and colleagues demon-

strated, that in a leptin-deficient mouse model, overexpression of AdipoRs in adipose 

and liver tissues restored ceramidase activity, reducing ceramide levels and alleviating 

hepatic steatosis.252 Similarly, the overexpression of ACER specifically in adipocytes 

and hepatocytes both resulted in decreased ceramide levels in hepatocytes, reduced 

hepatic steatosis, and enhanced systemic insulin tolerance and glucose utilization.253 

Furthermore, the dynamic turnover between SM and ceramide has been implicated in 

the regulation of hepatic lipid metabolism and steatosis. While liver-specific overex-

pression of SMS2 promoted SM accumulation, ceramide reduction in the liver, fatty 

acid uptake, and liver steatosis, a global SMS2 knockout challenged with a HFHCD, 

accompanied by elevated ceramide and reduced SM levels, abrogated hepatic stea-

tosis. In vitro, ceramide treatment of Huh7 cells resulted in a reduction of PPARγ2 and 

its target genes Cd36 and Fsp27.254 Although a SMS2 deficiency was shown to allevi-

ate hepatic steatosis, fibrotic lesions in the liver persist.255 Additionally, in a 12-week 

HFD model, inhibition by SMS2 inhibitor LY93 (40 mg/kg/d) in parallel with HFD, led to 

the abolishment of insulin resistance, as demonstrated by intraperitoneal ITT and in-

crease in IRS-1, Akt, and GSK-3β phosphorylation in the liver.256  

In line with this, ceramides have also been reported to exhibit beneficial effects. In 

studies involving T1D and DIO mouse models, it was observed that Cer24:1 levels were 

lower in plasma and liver.257 However, supplementation of nervonic acid (C24:1) ame-

liorated body weight gain, glucose tolerance, and insulin sensitivity by enhancing ex-

pression of peroxisome proliferator-activated receptor alpha (PPARα) and Peroxisome 

proliferator-activated receptor gamma coactivator-1 alpha (PGC1α) expression.258 Fur-

thermore, the deletion of Acer3 resulted in elevated hepatic Cer18:1 level in mice sub-

jected to a palmitate-enriched western diet (PEWD), conferring protection against early 

inflammation and fibrosis by suppressing oxidative stress in hepatocytes.259 
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1.4.2 The S1P/SphK/S1PR Axis in the Context of Metabolic Diseases 

S1P, its synthesizing enzymes SphK1/2, and its signaling via S1PR1–5 receptors and 

intracellular targets form a complex regulatory axis within the sphingolipid metabolic 

pathway, contributing to the development and progression of metabolic disorders. 

Elevated plasma S1P levels have been documented in diabetic, diet-induced or genet-

ically obese rodent models, as well as in human obese subjects, in comparison to their 

lean counterparts.257,260 In diet-induced obese mice, liver S1P levels were similarly el-

evated, accompanied by an increase in Sph.240 Regarding disease progression, in a 

cohort of human patients with cirrhosis and HCC, matched for age and sex, serum 

levels of S1P, Sph, and ceramide were significantly higher in HCC patients.261 Con-

sistent with this, SphK1 has been shown to contribute to disease progression in a 

MASLD mouse model, where global SphK1 knockout mice were protected from pro-

inflammatory cytokine production in response to high-fat feeding, thus implicating a 

role in the progression from MASLD to MASH.262 Indeed, SphK1 levels were found to 

be higher in HCC tissue and were associated with tumor size and stage, whereas low 

SphK1 expression correlated with overall survival.263  

Mechanistically, intracellular S1P in various cell types has been shown to activate aP-

KCs, mediate profibrotic expression of Col α1(I) and Col α1(III) in human hepatogenic 

profibrotic cells (hHPCs) activated by TGF-β1, regulate glucose-stimulated insulin-se-

cretion in pancreatic β-cells, and to promote release of proinflammatory cytokines 

TNFα, IL-6, MCP-1 in adipose tissue.204,264-266 In line with its β-cell-specific effects, 

enhanced intracellular S1P degradation via SGPL1 overexpression in pancreatic β-

cells conferred protection against cytokine-induced toxicity.267 

Sphingosine kinases, which regulate S1P levels in cells, are expressed at higher levels 

in the terminal stage of 3T3-L1 differentiation, resulting in higher S1P levels.268 SphK1 

expression and activation may be promoted by TGF-β1 via TGF-βR as well as gluco-

corticoids and consequently were found to be elevated in the adipose tissue of ob/ob, 

diet-induced obese (DIO) mice and obese T2D humans.264,266,268,269 Concomitantly, 

siRNA-mediated suppression of SphK1 in adipocytes attenuated lipid droplet accumu-

lation and adipocyte marker gene expression, while a global SphK1 deficiency, despite 

higher adipose tissue mass, led to improved systemic insulin sensitivity and reduced 
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inflammation, both accompanied by a reduction of functional PPARγ.264,268 Further-

more, overexpression of SphK1 or treatment with S1P promoted hepatic lipid storage 

in a PPARγ-dependent manner.270  

Notably, while diet-induced obese SphK1 knockout mice developed diabetes due to β-

cell death, adipocyte-specific loss of SphK1 promoted adipocyte hypertrophy, hepatic 

TAG accumulation, and systemic glucose intolerance.271,272 Similarly, in KK/Ay diabetic 

mice and C2C12 cells, adenoviral SphK1 overexpression increased insulin signaling 

and glucose uptake, thereby lowering plasma glucose, insulin, NEFA and TAG levels 

and hyperglycemia-induced liver injury.273 Consistently, SphK1 overexpression in mice 

subjected to a HFD protected against HFD-induced insulin resistance by promoting 

ceramide clearance in skeletal muscle and reducing JNK signaling.274 

In contrast to SphK1, the data concerning SphK2 exhibit partial inconsistency. While 

SphK2 has been demonstrated to enhance glucose-stimulated insulin secretion 

through S1P production in pancreatic β-cells, its chronic activation under lipotoxic con-

ditions induces β-cell apoptosis by initiating mitochondrial apoptotic signaling via Bcl-

xL interaction. Furthermore, genetic deletion of SphK2 mitigated the loss of β-cell mass 

and improved the diabetic phenotype in a HFD plus streptozotocin (STZ)-induced 

mouse model.265,275 Aged SphK2 deficient mice exhibit protection against age-related 

obesity and insulin resistance, along with elevated adiponectin levels and increased 

Atgl expression in adipose tissue.276 Conversely, a liver-specific knockout of SphK2 

exacerbated glucose intolerance and insulin resistance, attributed to Sph accumula-

tion, whereas its global deletion has been reported to result in higher energy expendi-

ture, protecting mice from DIO and glucose intolerance.277,278 Contrarily, short term 

HFD-feeding of SphK2-deficient mice was associated with MASLD development.279 

These findings underscore the tissue-specific and context-dependent roles of SphK2 

in metabolic regulation, as its overexpression in mice and primary hepatocytes was 

shown to reduce hepatic lipid accumulation and enhance glucose tolerance and insulin 

sensitivity likely through SphK2-mediated upregulation of FAO genes.280 

In the context of liver disorders, a 16-week western diet plus sugar water (WDSW)-

induced mouse model of early MASH in SphK2-deficient mice, demonstrated upregu-

lation of proinflammatory gene expression, hepatic lipid deposition and impairment of 

oxidative phosphorylation.281 However, in a long-term HFD plus sugar water model, 

SphK2 ablation protected male mice from HCC.282,283 



   Introduction 

 29 

As the sole source of S1P, sphingosine kinases play a crucial role in determining the 

availability of S1P. This availability, in turn, influences the extracellular functions of S1P, 

which are mediated through its receptors and are integral to various aspects of meta-

bolic regulation. Studies utilizing the S1P antagonist FTY720, which targets S1R1 and 

S1PR3-5, demonstrated reduced hepatic TAG levels as well as decreased hepatic ste-

atosis, liver injury, and inflammation in mouse models of MASLD and MASH.284,285 Es-

trasimod, which binds with high affinity to S1PR1, S1PR4, and S1PR5, has been 

shown to ameliorate liver injury and inflammation in a murine MASH model.286 Recent 

findings indicate that the deletion of S1PR1 in myeloid cells mitigated murine MASH 

by reducing monocyte-derived macrophage infiltration.287 

Beyond immune cells, S1P signaling is implicated in adipocyte differentiation. Treat-

ment with the S1PR2 inhibitor JTE-013 inhibited adipogenic differentiation of 3T3-L1 

preadipocytes, whereas the S1PR1/3 antagonist VPC-23019 also inhibited this pro-

cess.288 This suggests that S1P receptor subtypes exert opposing effects on adipocyte 

differentiation, with S1PR2 inhibiting and S1PR1/3 promoting adipogenesis. Similarly, 

selective blockade of S1PR2/3 by JTE-013, VPC-23019, or siRNA reduced lipid accu-

mulation in Huh7 hepatocytes.270 Additionally, S1PR2 signaling was also implicated in 

the apoptotic control of β-cells, where S1PR2-deficiency attenuated STZ-induced β-

cell death.289 In hepatocytes, elevated S1P signaling via S1PR2, similar to palmitate, 

inhibits insulin signaling, an effect that can be reversed by JTE-013.290  

In the context of cholestasis-induced liver fibrosis, there is an observed increase in the 

expression levels of S1PR2. Consistent with this, conjugated bile acids activate S1PR2 

in rodent primary hepatocytes, potentially promoting fibrogenic and inflammatory re-

sponses via AKT and ERK signaling pathways.291 Notably, both the genetic S1PR2 

knockout and its pharmacological inhibition with JTE-013 confer protection against fi-

brosis and result in a reduction of fibrosis, as evidenced by decreased expression of 

alpha smooth muscle actin (α-SMA).292,293 Similarly, S1PR3 was found to be upregu-

lated and involved in HSC activation, further promoting the recruitment of bone mar-

row-derived cells to fibrotic liver tissue, which is demonstrated by the observed de-

crease in α-SMA expression upon S1PR3 inhibition in the human HSC cell line LX-

2.294,295 In contrast, hepatic steatosis, impaired glucose tolerance, adipose tissue in-

flammation, and reduced levels of adiponectin mRNA, was not improved in HFD-chal-

lenged S1PR3-knockout mice.296  
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2 Research Aim 

The metabolic syndrome, characterized by multiple risk factors that contribute to 

comorbidities such as MASLD, T2D, CVD, and hypertension, has reached epidemic 

proportions. This increase is driven by sedentary lifestyles and dietary changes. In 

clinical practice, addressing or preventing obesity and its comorbidities has proven 

challenging, as pharmacological interventions often lack long-term efficacy. Conse-

quently, it is imperative to elucidate the underlying mechanisms linking these interre-

lated pathologies to develop targeted therapeutic interventions. 

Emerging evidence suggests that sphingolipid signaling plays a significant role in lipid 

and energy metabolism, potentially driving the development and progression of various 

metabolic abnormalities. These abnormalities ultimately result in dysfunctional adipose 

tissue and impaired glucose and insulin homeostasis. However, the precise contribu-

tions of distinct enzymes regulating S1P turnover, as well as its bioactive properties 

and impact on signaling pathways, are not yet fully understood. 

The primary objective of this study is to investigate the role of S1P turnover in the 

development of metabolic disorders such as obesity, MASLD, and T2D by using ge-

netic and pharmacological strategies. A high-fat diet mouse model is utilized to char-

acterize the metabolic phenotype of mice deficient in one of the sphingosine kinases 

responsible for S1P production, focusing on hepatic lipid metabolism. A second ap-

proach evaluates pharmacological SphK2 inhibition and its therapeutic potential to in-

fluence systemic metabolism and liver function in treating established MASLD, com-

parable to the genetic model. As a third approach, an alternative therapeutic strategy 

targeting the S1P-degrading enzyme S1P lyase is applied to increase S1P levels, com-

bining phenotype and hepatic lipid metabolism assessment with a detailed analysis of 

adipose tissue function, particularly white adipose tissue lipolysis. Liver and plasma 

sphingolipid profiles are systematically examined across all approaches to reveal links 

between modifications in sphingolipid metabolism and systemic or tissue-specific out-

comes. 

This strategy aims to elucidate the impact of interventions in S1P metabolism on liver 

and adipose tissue homeostasis in cases of diet-induced obesity with MASLD and T2D. 

The objective is to uncover mechanisms of hepatic sphingolipid remodeling that may 

identify therapeutic targets. 
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3 Material and Methods 

3.1 Material 

3.1.1 Devices 

Device and Model Name Manufacturer 

BZ-X microscope Keyence Corporation, Osaka, Japan 

C1000 Touch™ Thermal Cycler Bio-Rad Laboratories, Hercules, USA 

Centrifuge 5430 R Eppendorf SE, Hamburg, Germany 

Centrifuge 5810 R Eppendorf SE, Hamburg, Germany 

CFX96™ Real-Time System  Bio-Rad Laboratories, Hercules, USA 

ChemiDoc™ XRS+ Imaging System Bio-Rad Laboratories, Hercules, USA 

Climate cabinet (MKKL1200) Flohr Instruments, Nieuwegein, The Netherlands 

Drying oven  Memmert GmbH & Co. KG, Schwabach, Germany 

Gel Doc XR+ Gel Imaging System Bio-Rad Laboratories, Inc., Hercules, USA 

Ismatec Reglo Digital Pump (ISM834C) Cole-Parmer, Vernon Hills, USA 

KERN ADJ200-4 analytical balance Kern & Sohn GmbH, Balingen, Germany 

Kern EMB 500-1 small pet scale Kern & Sohn GmbH, Balingen, Germany 

LCMS-8050 triple quadrupole mass 
spectrometer 

Shimadzu Deutschland GmbH, Duisburg, Germany 

Leica EG1150H embedding station Leica Microsystems GmbH, Wetzlar, Germany 

MD 4C NT vacuum pump Vacuubrand GmbH + Co. KG, Wertheim, Germany 

Microplate Reader CLARIOstar Plus BMG Labtech, Ortenberg, Germany 

Mini PROTEAN® Tetra Cell  Bio-Rad Laboratories, Inc., Hercules, USA 

Mini Trans-Blot® Cell Bio-Rad Laboratories, Inc., Hercules, USA 

Multi-Tube Vortex Mixer (VXMTAL) Ohaus Europe GmbH, Greifensee, Switzerland 

Multipette E3 Eppendorf, Hamburg, Germany 

NanoDrop One Thermo Fisher Scientific, Waltham, USA 
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Device and Model Name Manufacturer 

Nexera UHPLC system (Solvent Deliv-
ery Unit LC-40D X3, System Controller 
SCL-40, Autosampler SIL-40C X3, Col-
umn Oven CTO-40C, Degassing Unit 
DGU-405) 

Shimadzu Deutschland GmbH, Duisburg, Germany 

Nitrogen Generator NGM 22-LC/MS cmc Instruments GmbH, Eschborn, Germany 

Power PAC 200 Bio-Rad Laboratories, Hercules, USA 

RVC 2.25 CDplus rotary vacuum con-
centrator 

Martin Christ Gefriertrocknungsanlagen GmbH, 
Osterode am Harz, Germany 

Sliding Microtome Microm HM 430 Thermo Fisher Scientific, Waltham, USA 

Spotchem™ EZ SP-4430 Axon Lab AG, Reichenbach, Germany 

StatStrip Xpress2 Nova Biomedical Corporation, Waltham, USA 

Thermomixer Eppendorf, Hamburg, Germany 

Tissue float bath Hydro H2P  LAUDA Dr. R. Wobser GmbH & Co. KG, 
Lauda-Königshofen, Germany 

TissueRuptor® Qiagen GmbH, Hilden, Germany 

Ultrapure water system  Stakpure GmbH, Niederahr, Germany 

Vacuum infiltration tissue processor 
Tissue-Tek® VIP™5Jr. 

Sakura Finetek Europe B.V., 
Alphen aan den Rijn, The Netherlands 

  

3.1.2 Consumables 

Product Manufacturer 

26G x ½“ needle (303800) Becton, Dickinson and Company, 
Franklin Lakes, USA 

Cell Strainer, 100µm (83.3945.100) Sarstedt, Nümbrecht, Germany 

Cell Strainer, 40µm (83.3945.040) Sarstedt, Nümbrecht, Germany 

Filtropur S 0.2 sterile filter 
(83.1826.001) 

Sarstedt, Nümbrecht, Germany 

Filtropur S 0.45 sterile filter (83.1826) Sarstedt, Nümbrecht, Germany 

Immobilon®-P PVDF membrane 
(IPVH00010) 

Merck Millipore (Merck KGaA), 
Darmstadt, Germany 
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Product Manufacturer 

Microscope Slides 26 x 76mm Engelbrecht Medizin- und Labortechnik GmbH, 
Edermünde, Germany 

Microseal® B Adhesive Sealer for PCR 
plates (MSB-1001) 

Bio-Rad Laboratories, Hercules, USA 

Microtest Plate 96 Well, F (82.1581) Sarstedt, Nümbrecht, Germany 

Omnifix®-F syringe 1 mL (9161406V) B. Braun SE, Melsungen, Germany  

PCR plate full skirt LP transp. 
(72.1980) 

Sarstedt, Nümbrecht, Germany 

QIAshredder (79656) Qiagen GmbH, Hilden, Germany 

SPOTCHEM™ II Liver-1 profile 
(77182) 

Arkray, Inc., Kyoto, Japan 

StatStrip Xpress Glucose Strips 
(42214) 

Nova Biomedical Corporation, Waltham, USA 

Swingsette™ embedding cassettes 
(XY25.1) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

TC plate 6 well, Standard, F (83.3920) Sarstedt, Nümbrecht, Germany 

TC plate 6-well, Cell+, F (83.3920.300) Sarstedt, Nümbrecht, Germany 

Tissue Ruptor Disposable Probes 
(990890) 

Qiagen GmbH, Hilden, Germany 

Vasofix® Safety IV catheter 18G B. Braun, Melsungen, Germany  

Vicryl™ Plus 4-0, P3 (MPVCP494) Ethicon, Inc., Raritan, NJ, USA 

Whatman Paper 3mm (3030-672) Cytvia, Marlborough, USA 

  

3.1.3 Chemicals and Reagents 

Basic Laboratory Chemicals 

Product Manufacturer 

[gamma-32P]ATP Hartmann Analytic, Braunschweig, Germany 

Adenosine 5’-triphosphate (ATP) 
(A-2383) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Albumin bovine Fraction V, pH 7.0 
(11930.04) 

Serva Electrophoresis GmbH, 
Heidelberg, Germany 
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Product Manufacturer 

Ammonium chloride (A9434) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Ammoniumpersulfat (APS) (A3678) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Calcium chloride dihydrate (A3587) AppliChem GmbH, Darmstadt, Germany 

Coomassie brilliant blue R250 
(1.12553) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

D-glucose (G-7021) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

D-Saccharose (4621.1) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Dansyl Hydrazine for HPLC (A5552) Tokyo Chemical Industry Co., Ltd, 
Zwijndrecht, Belgium 

Dipotassium hydrogen phosphate 
(P3786) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Disodium hydrogen phosphate (A1372) PanReac AppliChem, Darmstadt, Germany 

DTT (A1101) PanReac AppliChem, Darmstadt, Germany 

EDTA (8043.2) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

EGTA (3054.3) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Glycine PUFFERAN® ≥99%, p.a. 
(3908.2) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

HATU (C01011) Carbolution Chemicals GmbH, 
St. Ingbert, Germany 

HEPES (6763.3) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Hydrochloric acid (182883) PanReac AppliChem, Darmstadt, Germany 

IGEPAL® CA-630 (I3021) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

L-(-)-Malic acid (M1000) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

L-glutamic acid monosodium salt hy-
drate (G1626) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Magnesium acetate (63052) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Magnesium chloride (208337) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Magnesium sulfate heptahydrate 
(63138) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

NADH (N7004) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Non-fat dried milk powder (A0830) AppliChem GmbH, Darmstadt, Germany 
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Product Manufacturer 

Potassium chloride (P5405) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Potassium dihydrogen phosphate 
(1.04873) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Pyruvic acid sodium salt (106619) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

ROTIPHORESE® Gel30 (37.5:1) 
(3029.1) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium chloride (P029) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sodium deoxycholate (D6750) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Sodium dihydrogen phosphate 
(1.06370) 

Supelco (Merck), Darmstadt, Germany 

Sodium dodecyl sulfate (20765) Serva Electrophoresis GmbH, 
Heidelberg, Germany 

Sodium hydroxide pellets (131687) PanReac AppliChem, Darmstadt, Germany 

TEMED (1.107322.0100) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

TRIS Hydrochlorid PUFFERAN® ≥99%, 
p.a. (9090) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

TRIS PUFFERAN® ≥99.9%, p.a. (4855) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Tween®20 (polyoxyethylene sorbitan 
monolaurate) (63158) 

Honeywell Riedel-de Haën, Seelze, Germany 

β-Mercaptoethanol (A1108) AppliChem GmbH, Darmstadt, Germany 

  

Histological Reagents 

Product Manufacturer 

Vitro-Clud® mounting medium 
(04-0001) 

R Langenbrinck GmbH, Emmendingen, Germany 

Erythrosine, bluish (1B-255) Waldeck GmbH & Co. KG, Division Chroma, 
Münster, Germany 

Sirius Red F3BA (1A280)  Waldeck GmbH & Co. KG, Division Chroma, 
Münster, Germany 

Picric acid (74069) Honeywell Fluka, Seelze, Germany 
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Animal Use Compounds 

Product Manufacturer 

Ketamine 500 mg/10mL Panpharma, Luitré, France 

Xylazine 20 mg/mL WDT, Garbsen, Germany 

Huminsulin® Normal 100 (HI0210) Eli Lilly and Company, Indianapolis, USA 

  

Recombinant Proteins and Enzymes 

Product Manufacturer 

Collagenase type II, CLS (C2-22) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Cozy™ Hi Prestained Protein Ladder 
(PRL0102) 

HighQu GmbH, Kraichtal, Germany 

Precision Plus Protein Dual Color 
Standards (1610374) 

Bio-Rad Laboratories, Inc., Hercules, USA 

Recombinant dephosphorylated MBP 
(13-110) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Recombinant human PKCζ protein 
(ab60848) 

Abcam, Cambridge, UK 

Glycerol-3-Phosphate Dehydrogenase 
(GDH) (47962023) 

Roche Diagnostics GmbH, Mannheim, Germany 

Glycerokinase from Cellumonas sp. 
(G6142) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

  

Small Molecule Inhibitors and Modulators 

Product Manufacturer 

4-deoxypyridoxine hydrochloride 
(D0501) 

Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

AUY954 (9000548) Cayman Chemical, Ann Arbor, USA 

Bisindolylmaleimide I (203290) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

C2-ceramide (860502P) Avanti Polar Lipids, Inc., Alabaster, USA 

C17-sphingosine (860640P) Avanti Polar Lipids, Inc., Alabaster, USA 

CYM5520 (17638) Cayman Chemical, Ann Arbor, USA 
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Product Manufacturer 

CYM5541 (15190) Cayman Chemical, Ann Arbor, USA 

Dexamethasone (D4902) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Fumonisin B1 (62580) Cayman Chemical, Ann Arbor, USA 

IBMX (I5879) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Isoproterenol (I6504) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Ly93 (MCE-HY-114307) MedChemExpress LLC, Monmouth Junction, USA 

PC 18:1-18:0 (850476) Avanti Polar Lipids, Inc., Alabaster, USA 

PD98059 (S1177) Selleck Chemicals LLC, Houston, USA 

Phosphatidy-L-serine (2TAT) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

PKC𝜁𝜁 pseudo-substrate inhibitor 
(sc-3098) 

Santa Cruz Biotechnology, Dallas, USA 

Rosiglitazone (R2408) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

S1PL-IN-1 (HY-115566) MedChemExpress, Monmouth Junction, USA 

Small molecule HSL-inhibitor 
(NNC0076-0079) 

Novo Nordisk, Bagsværd, Denmark 

Sphingosine-1-Phosphate, D-erythro 
(BML-SL140) 

Enzo Life Sciences, Farmingdale, USA 

SQ22536 (S8283) Selleck Chemicals LLC, Houston, USA 

Wortmannin (S2758) Selleck Chemicals LLC, Houston, USA 

  

Solvents 

Product Manufacturer 

Acetic acid 99-100%, GPR RECTA-
PUR® (20103) 

VWR Chemicals (Avantor), Radnor, USA 

Acetonitrile for LC-MS (701881) AppliChem GmbH, Darmstadt, Germany 

Chloroform ROTISOLV HPLC (7331.1) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Dimethyl sulfoxide (D8418) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Ethanol ROTIPURAN® ≥99.8%, p.a. 
(9065.2) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 
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Product Manufacturer 

Formic acid ≥98% ROTIPURAN® 

(4724) 
Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Hydrazine Hydrate (225819) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Methanol CHROMASOLV™ LC-MS 
≥99.9% (34966) 

Honeywell Riedel-de Haën, Seelze, Germany 

Triethylamine ≥99% (T0886) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Xylene (4436.2) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

  

3.1.4 Commercial Kits 

Product Manufacturer 

Free Fatty Acid Assay Kit (ab65341) Abcam, Cambridge, United Kingdom 

innuPREP DNase I Digest Kit (845-KS-
5200250) 

IST Innuscreen GmbH, Berlin, Germany 

innuPREP RNA Mini Kit 2.0 (845-KS-
2040250) 

IST Innuscreen GmbH, Berlin, Germany 

Pierce™ BCA Protein Assay Kit (23225) Thermo Fisher Scientific, Waltham, USA  

PowerTrack™ SYBR™ Green Master 
Mix (A46109) 

Applied Biosystems (Thermo Fisher Scientific), 
Waltham, USA 

RevertAid TM First Strand cDNA Syn-
thesis Kit (K1691) 

Thermo Fisher Scientific, Waltham, USA 

Ultra-Sensitive Rat Insulin ELISA 
(90060) 

CrystalChem, IL, USA 

  

3.1.5 Primer Sequences for Quantitative Real-Time PCR 

Table 1. Primer sequences  
Target 5’ to 3’ Sequence 
Acc1 forward ACATTCCGAGCAAGGGATAAG  

 reverse GGGATGGCAGTAAGGTCAAA  

B2m forward GAGCCCAAGACCGTCTACTG  

 reverse GCTATTTCTTTCTGCGTGCAT  

Cd36 forward AGATGACGTGGCAAAGAACAG  

 reverse CCTTGGCTAGATAACGAACTCTG  



   Material 

 39 

Target 5’ to 3’ Sequence 
Cidea forward CTTAAGGGACAACACGCATTTC  

 reverse CGAAGGTGACTCTGGCTATTC  

Cidec forward TGTTCATGGTCCTGCTGAAG  

 reverse TCTTAGTTGGCTTCTGGGAAAG  

Fasn forward CTCATTGGTGGTGTGGACAT  

 reverse TTGGAGAGATCCTTCAGCTTTC  

Lipe forward CCAGCCTGAGGGCTTACTG  

 reverse CTCCATTGACTGTGACATCTCG  

Plin2 forward AAGAGCCAGGAGACCATTTC  

 reverse CCACGAGACATAGAGCTTATCC  

Pnpla2 forward TCCGTGGCTGTCTACTAAAGA  

 reverse TGGGATATGATGACGTTCTCTCC  

Tbp forward AGAACAATCCAGACTAGCAGCA  

 reverse GGGAACTTCACATCACAGCTC  

Pparg Mm_Pparg_1_SG QuantiTect Primer Assay, QT00100296, Qiagen, Hilden, Germany 
  

All oligonucleotides specific to Mus musculus were obtained from Eurofins Genomics 

Europe Shared Services GmbH (Ebersberg, Germany) unless stated otherwise. 

3.1.6 Antibodies 

Primary Antibodies 

Target Dilution Manufacturer 

phospho-HSL (Ser660) (45804) 1:1000 Cell Signaling Technology, Danvers, USA 

CD36 1:500 not determined 

HSL (4107) 1:1000 Cell Signaling Technology, Danvers, USA 

PKCζ (H-1) (sc-17781) 1:200 Santa Cruz Biotechnology, Dallas, USA 

p-PKCζ (H-2) (sc-271962) 1:100 Santa Cruz Biotechnology, Dallas, USA 

GAPDH (5G4cc) 1:2000 HyTest Ltd., Turku, Finland 

β-Actin (ACTB) (a1978) 1:1000 Sigma-Aldrich, Merck KGaA, 
Darmstadt, Germany 

phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (9101) 

1:1000 Cell Signaling Technology, Danvers, USA 

p44/42 MAPK (Erk1/2) (9102) 1:1000 Cell Signaling Technology, Danvers, USA 
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Secondary Antibodies 

Target Dilution Manufacturer 

Horse Anti-Mouse IgG (H+L), 
Peroxidase (PI-2000) 

1:5000 Vector Laboratories, Newark, USA 

Goat Anti-Rabbit IgG (H+L), 
Peroxidase (PI-1000) 

1:5000 Vector Laboratories, Newark, USA 

   

Conjugated Antibodies 

Target Dilution Manufacturer 

PKCζ (H-1) agarose-conjugated 
(AC) (sc-17781)  

1:50 Santa Cruz Biotechnology, Dallas, USA 

   

3.1.7 Media, Buffer and Solutions 

Commercial Buffers 

Product Manufacturer 

DPBS (1X) (14190) Gibco (Thermo Fisher Scientific), Waltham, USA  

Sodium chloride solution 0.9% Fresenius Kabi, Bad Homburg, Germany 

UltraPure™ TM Distilled Water 
DNase/RNase free (10977) 

Invitrogen (Thermo Fisher Scientific), 
Waltham, USA 

BD Pharm Lyse™ Lysing Buffer 
(555899) 

Becton, Dickinson and Company, 
Franklin Lakes, USA  

ROTI®Histofix 4% (P087) Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Paraplast® R embedding medium 
(X880.1) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Hemalum solution acid acc. to Mayer 
(T865.2) 

Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

HBSS calcium, magnesium (14025) Gibco (Thermo Fisher Scientific), Waltham, USA 

HBSS (14175-095) Gibco (Thermo Fisher Scientific), Waltham, USA 

Antibiotic-antimycotic (15240-062) Gibco (Thermo Fisher Scientific), Waltham, USA 

L-Glutamine 200 mM (25030-081) Gibco (Thermo Fisher Scientific), Waltham, USA 

Gentamicin 10mg/mL (15710-049) Gibco (Thermo Fisher Scientific), Waltham, USA 
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Product Manufacturer 

Fetal Bovine Serum Value FBS 
(A5256701) 

Gibco (Thermo Fisher Scientific), Waltham, USA 

4x Laemmli Sample Buffer (1610747) Bio-Rad Laboratories, Inc., Hercules, USA 

M-PER™ Mammalian Protein Extraction 
Reagent (78501) 

Thermo Fisher Scientific, Waltham, USA 

Halt™ Phosphatase Inhibitor (78428) Thermo Fisher Scientific, Waltham, USA 

Halt™ Protease & Phosphatase Inhibitor 
Cocktail (78442) 

Thermo Fisher Scientific, Waltham, USA 

Halt™ Protease Inhibitor (1860932) Thermo Fisher Scientific, Waltham, USA 

Insulin solution human (I9278) Sigma-Aldrich, Merck KGaA, Darmstadt, Germany 

Mammalian Cell Lysis Buffer, 5X 
(ab179835) 

Abcam, Cambridge, United Kingdom 

Collagen I, Rat Tail (10483-01) Gibco (Thermo Fisher Scientific), Waltham, USA 

Insulin-Transferrin-Selenium 100X 
(41400-045) 

Gibco (Thermo Fisher Scientific), Waltham, USA 

DMEM, high glucose (41965) Gibco (Thermo Fisher Scientific), Waltham, USA 

William’s Medium E (P04-29510) PAN-Biotech GmbH, Aidenbach, Germany 

Stable Glutamine 200mM (P04-82100) PAN-Biotech GmbH, Aidenbach, Germany 

Trypsin-ETDA, 0.05% (11580626) Gibco (Thermo Fisher Scientific), Waltham, USA 
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Western Blot Buffers 

RIPA buffer 0.1% (w/v) 
1% (v/v) 

0.5% (w/v) 

SDS 
NP-40 (IGEPAL) 
Sodium deoxycholate 
in PBS, add 1X Halt™ Protease & Phos-
phatase Inhibitor  

Stacking gel buffer 1M 
0.74% (w/v) 

TRIS 
SDS 
in ddH2O, set to pH 6.8 with HCl 

Separating gel buffer 1.5 M 
0.386% (w/v) 

TRIS 
SDS 
in ddH2O, set to pH 8.8 with HCl 

Stacking gel 68% (v/v) 
17% (v/v) 
14% (v/v) 
1% (v/v) 

0.001% (v/v) 

ddH2O 
Acrylamide (30%) 
Stacking gel buffer 
APS (10%) 
TEMED 

Separation gel  ad 100% 
*% 

26% 
1% 

0.001% 

ddH2O 
Acrylamide (30%) 
Separation gel buffer 
APS (10%) 
TEMED 
*depending on required gel percentage 

Running buffer 192 mM 
25 mM 

0.1% (w/v) 
 

Glycine 
TRIS 
SDS 
in ddH2O, set to pH 8.3 – 8.6 

Transfer buffer 192 mM 
25 mM 

20% (v/v) 

Glycine  
TRIS 
Methanol 
in ddH2O, set pH 8.3 – 8.6 

Wash buffer (PBS-T) 0.1% (v/v) Tween-20 
in PBS 
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Primary Hepatocyte Isolation and Culture 

Primary Hepatocyte Medium 1% 
1% 

0.1% 
0.1 µM 

0.001% 
10% 

Antibiotic-Antimycotic 
L-glutamine 
Gentamicin 
Dexamethasone 
ITS Liquid Media supplement (100X) 
FCS* 
in 500 mL William’s Medium E 
*only added for cell plating 

KH buffer (10x) 1.03 M 
23.5 mM 
1.76 mM 

NaCl 
KCl 
KH2PO4 
in ddH2O, set pH 7.4 with NaOH, sterile 

Glucose solution 50 mM D-Glucose in ddH2O, sterile 

Glutamine solution 47.9 mM Glutamine in ddH2O, sterile 

HEPES solution (10x) 250 mM HEPES in ddH2O, sterile 
set pH 8.5 or pH 7.6 with NaOH 

Amino acid solution (6.5x) 0.14 g/L 
0.27 g/L 
0.4 g/L 

0.55 g/L 
 

0.65 g/L 
0.8 g/L 
1.0 g/L 
1.3 g/L 

 

L-aspartic acid, L-cysteine 
L-alanine, L-citrulline 
L-asparagine, L-isoleucine 
L-methionine, L-phenylalanine, L-proline, 
L-tyrosine 
L-ornithine, L-serine, L-tryptophan 
L-leucine, L-valine 
L-histitine, L-glutamic acid, L-glycine 
L-lysine, L-threonine 
(all Sigma-Aldrich, Merck KGaA, Darm-
stadt, Germany) 
dissolve in 4M NaOH 
set pH to 7.6 by 2N HCl, sterile 

EGTA solution  124.9 mM EGTA (dissolve with NaOH) in ddH2O 
set pH to 7.6 with HCl, sterile 

MgSO4 solution 99.8 mM MgSO4 × 7 H2O in ddH2O, sterile  

CaCl2 solution 129.23 mM CaCl2 × 2 H2O in ddH2O, sterile 
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EGTA perfusion buffer 63% (v/v) 
10.2% (v/v) 
10.2% (v/v) 
15.2% (v/v) 

1% (v/v) 
add fresh: 

Glucose solution 
KH buffer 
10x HEPES solution (25 mM) 
Amino acid solution 
Glutamine solution 
0.4% (v/v) EGTA solution 

Collagenase perfusion buffer 62.6% (v/v) 
10.1% (v/v) 
10.1% (v/v) 
12.1% (v/v) 

1% (v/v) 
add fresh: 

Glucose solution 
KH buffer 
HEPES solution 
Amino acid solution 
Glutamine solution 
4% (v/v) CaCl2 solution + 
0.323 mg/mL (≈ 40 U/mL) Collagenase 

Suspension buffer 62.5% (v/v) 
10.1% (v/v) 
10.1% (v/v) 
15.1% (v/v) 

1% (v/v) 
0.4% (v/v) 
add fresh: 

Glucose 
KH buffer 
HEPES (pH 7.6) 
Amino acid solution 
Glutamine solution 
MgSO4 solution 
0.8% (v/v) CaCl2 solution + 
0.2% (w/v) BSA 

3T3-L1 Cell Culture and Differentiation 

Growth Medium 10% (v/v) 
1% (v/v) 

1 mM 
2 mM 

 

FCS 
Antibiotic-Antimycotic 
Sodium pyruvate 
L-glutamine 
in DMEM, high glucose 

Differentiation Medium I 1 µg/mL 
2 µM 

0.25 µM 
0.5 mM 

 

Insulin 
Rosiglitazone 
Dexamethasone 
IBMX 
in Growth Medium 

Differentiation Medium II 1 µg/mL 
 
Insulin 
in Growth Medium 
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Adipocyte Isolation and Culture 

Collagenase Solution 1% (v/v) 
2.5% (w/v) 
0.2% (w/v) 

Antibiotic-Antimycotic 
BSA 
Collagenase type II 
in HBSS calcium, magnesium 
set to pH 7.4, sterile filtered 

Wash buffer 3.5% (w/v) 
1% (v/v) 

BSA 
Antibiotic-Antimycotic 
in HBSS 

Erythrocyte lysis buffer 154 mM 
10 mM 

0.1 mM 

NH4Cl 
K2HPO4 
EDTA 
in ddH2O, set to pH7.4, sterile filtered 

Growth Medium 10% (v/v) 
1% (v/v) 

FCS 
Antibiotic-Antimycotic 
in DMEM high glucose 

Induction Medium 850 nM 
1 µm 
1 mM 

0.5 mM 

Insulin 
Rosiglitazone 
Dexamethasone 
IBMX 
in Growth Medium 

Differentiation Medium 850 nM 
 
Insulin 
in Growth Medium 

Assay Buffers 

SMS Assay 
Homogenization Buffer 

50 mM 
5% 

1 mM 
 
 

TRIS-HCl 
Sucrose 
EDTA 
in ddH2O 
adjust pH to 7.4 
add fresh:1X Halt™ Protease Inhibitor 

SMS Assay 
10X Reaction Buffer 

500 mM 
250 mM 

TRIS-HCl 
KCl 
in ddH2O 
adjust pH to 7.4 
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Lipolysis Assay 
Hydrazine Buffer 

50 mM 
0.05% 
1 mM 

0.75 mg/mL 
0.375 mg/mL 

25 µg/mL 
0.5 µg/mL 

Glycine (pH 9.8) 
Hydrazine Hydrate 
MgCl2 
ATP 
NADH  
GDH (95 µM) 
Glycerokinase 

Kinase Assay 
Reaction Buffer 

140 µM 
2 µM 

10 µCi 
2.5 mM 

5 µM 
50 µM 

3.75 mM 

Phosphatidylserine 
ATP 
[gamma-32P]ATP 
TRIS-HCl (pH 7.5) 
EGTA 
DTT 
Mg(CH3COO)2 

 

3.1.8 Mouse Strains and Diets 

Table 2. Mouse strains 

Strain International Nomenclature Origin 

WT C57BL/6J The Jackson Laboratory, Bar Harbor, USA 

SphK1–/– B6J.129S6(B6N)-Sphk1tm1Rpl/J Richard Proia (National Institutes of Health, 
Bethesda, USA). 

SphK2–/– B6J.129S6(B6N)-Sphk2tm1Rpl/J Richard Proia (National Institutes of Health, 
Bethesda, USA). 

SMS2–/– C57BL/6;129-Sgms2tm1Jia Xian-Cheng Jiang, SUNY Downstate Medical 
Center, Division of Comparative Medicine, 
New York, USA 

   

Wild-Type C57BL/6J Mice 

For wild-type experiments, male adult B6, Cg-S1pr2tm1Jch (Cg = B6J.129(B6N) x 

B6N;129 x B6;Cg) mice, originally obtained from Jackson Laboratory, were used. All 

knockout strains used in this study were generated on a C57BL/6J background. Ac-

cordingly, C57BL/6J were designated as wild-type controls and henceforth referred to 

as wild type (WT). 
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Sphingosine Kinase 1 and 2 Knockout Mice (SphK1–/– and SphK2–/–) 

Sphingosine kinase 1 knockout mice (B6J.129S6(B6N)-Sphk1tm1Rpl/J) and sphingosine 

kinase 2 knockout mice (B6J.129S6(B6N)-Sphk2tm1Rpl/J) were generated and kindly 

provided by Richard Proia (National Institutes of Health, Bethesda, USA).150,297 

Sphingomyelin Synthase 2 Knockout Mice (SMS2–/–) 

Sphingomyelin synthase 2 knockout mice (C57BL/6;129-Sgms2tm1Jia) were generated 

and kindly provided by Xiang-Cheng Jiang (SUNY Downstate Medical Center, Division 

of Comparative Medicine, New York, USA).298 

Mouse Diets 

Mice received either a maintenance diet (NC; V1534; ssniff Spezialdiäten GmbH, 

Soest, Germany) or a high-fat diet (HFD; C1090-60; Altromin Spezialfutter GmbH & 

Co. KG, Lage, Germany). Table 3 provides overview of the dietary composition. 

Table 3. Composition of Mouse Diets.

 

 Maintenance diet (NC) 
(V1534, ssniff) 

High fat-diet (HFD) 
(C1090-60, Altromin) 

Gross Energy (kcal) 3.893 6.658 
Metabolizable Energy (kcal) 3.057 5.228 
Macronutrients (kcal + % of energy)   
    Fat 275 (9%) 3,151 (60%) 
    Protein 1,009 (33%) 842 (16%) 
    Carbohydrates 1,773 (58%) 1,236 (24%) 
Raw Nutrients & Moisture (mg/kg; %)   
    Moisture 28,679 (1.23%) 28,679 (2.87%) 
    Crude ash 32,308 (0.64%) 32,308 (3.23%) 
    Crude fibre 47,433 (0.49%) 47,433 (4.74%) 
    Crude fat 350,363 (0.33%) 350,063 (35.01%) 
    Crude protein 210,400 (1.90%) 210,400 (21.04%) 
    Nitrogenfree extractives 331,118 (5.41%) 331,118 (35.00%) 
Fatty Acids (mg/kg + % of mg)   
    Arachidic acid C-20:0 100 (0.01%) 3,791 (0.38%) 
    Eicosenoic acid C-20:1 200 (0.02%) 1,706 (0.17%) 
    ɑ-Linolenic acid C-18:3 2,300 (0.23%) 3,129 (0.31%) 
    Linolenic acid C-18:2 18,000 (1.80%) 22,119 (2.21%) 
    Palmitic acid C-16:0 4,700 (0.47%) 56,559 (5.66%) 
    Stearic acid C-18:0 800 (0.08%) 37,173 (3.72%) 
    Oleic acid C-18:1 6,200 (0.62%) 111,563 (11.16%) 
    C16:1 100 (0.01%) ̶ 
    C14:0 100 (0.01%) ̶ 
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3.1.9 Software 

Software Product Company/Developer 

BioRender.com* BioRender Inc., Toronto, Canada 

BZ-X800 Viewer Keyence Corporation, Osaka, Japan 

CFX Maestro Bio-Rad Laboratories, Hercules, USA 

ChatGPT** (Version GPT-5, Sep 2025) OpenAI, San Francisco, USA 

CLARIOstar® MARS version 3.42 R3 BMG Labtech, Ortenberg, Germany 

CLARIOstar® version 5.70 BMG Labtech, Ortenberg, Germany 

Fiji - Is Just ImageJ (1.54p) Fiji developer community (https://fiji.sc) 

Graphpad Prism version 10.4.2 Graphpad Software, LLC, San Diego, USA 

GSEA version 4.3.2 UC San Diego and Broad Institute 

HALO Image Analysis Platform (4.0.5107) 
+ HALO Vacuole Quantification module 

IndicaLabs, New Mexico, USA 

Image Lab 3.0.1 (Beta 2) Bio-Rad Laboratories, Hercules, USA 

Oroboros DatLab version 7.4.0.4 Oroboros Instruments GmbH, Innsbruck, Austria 

Paperpal** Cactus Communications, Mumbai, India 

R version 4.2.2 The R Foundation for Statistical Computing, 
Vienna, Austria 

* 
 

** 

BioRender.com was used to create graphical illustrations. Published under Bioren-
der.com publication license. 
ChatGPT and Paperpal were used for linguistic refinement and stylistic improvements. 
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3.2 Methods 

3.2.1 Animal Experiments 

Animal Housing and Legal Provisions 

All mouse experiments were performed with the approval of the Landesamt für Ver-

braucherschutz und Ernährung Nordrhein-Westfalen (LAVE NRW; State Office for 

Consumer Protection and Food Safety of North Rhine-Westphalia) in accordance with 

directive 2010/63/EU of the European Parliament and the Council on the protection of 

animals used for scientific purposes (81-02.04.2022.A03; 84-02.04.2016.A547). 

Animals were housed and bred in the animal facility of the Heinrich Heine University 

Düsseldorf (ZETT, Zentrale Einrichtung für Tierforschung und wissenschaftliche Tier-

schutzaufgaben). The mice were maintained at 22 °C, a relative humidity of 55%, and 

a 12-hour light/dark cycle. Normal chow diet and water were provided ad libitum.  

High-Fat Diet-Induced Obesity Model 

Male mice aged 16 ± 2 weeks were fed a high-fat diet (60% kcal from fat) for 12 weeks. 

Control groups were fed a standard maintenance diet (Table 3). Body weight was de-

termined weekly during the feeding period. Glucose and insulin tolerance tests were 

carried out at 10 and 11 weeks of feeding, respectively. At the end of the 12-week trial, 

the mice were weighed, and food was withdrawn overnight. Before dissection, mice 

were euthanized by anesthesia (10 mg/kg ketamine and 10 mg/kg xylazine) adminis-

tered by intraperitoneal injection and subsequent blood withdrawal following success-

ful verification and the absence of righting and pedal reflexes. The mice were placed 

in a supine position and the surgical field was disinfected with 70% ethanol, and the 

heart was exposed by carefully opening the thoracic cavity. Blood was then collected 

from the heart prior to exsanguination through transcardial perfusion with phosphate-

buffered saline (PBS). Liver, gonadal, and inguinal white adipose tissues were har-

vested and weighed. The organs were either snap-frozen and stored at -80 °C or trans-

ferred to 4% formaldehyde (PFA). For liver studies, the liver was divided into individual 

lobes, with the median, lower right, and caudal lobes for cryopreservation and the left 

and upper right lobes for histology. 
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SLS1081832 Treatment 

SLS1081832, a sphingosine kinase 2 inhibitor, was used to characterize the effects of 

sphingosine kinase 2 deficiency in obese mice. For that, male 15 ± 1 weeks old 

C57BL/6J mice were subjected to a high-fat diet (60% kcal from fat) for a duration of 

16 weeks. After 10 weeks, mice were randomly divided into two groups. The first group 

received daily intraperitoneal injections of 10 mg/kg SLS1081832 in 36.1% PEG-400, 

9.1% ethanol (70%), 4.6% solutol, and 50% aqua ad iniectabilia, for the remaining 6 

weeks, during which the high-fat diet was continued. The other group served as the 

vehicle control group. Glucose and insulin tolerance tests were performed after 14 and 

15 weeks of feeding, respectively. At the end of the 16-week period, the mice were 

euthanized as previously described, and tissues were collected for subsequent analy-

sis. The inhibitor SLS1081832 was synthesized and kindly provided by Webster San-

tos and colleagues (Department of Chemistry, Virginia Tech, Virginia, USA). 

4-Deoxypyridoxine Treatment 

S1P levels were elevated by pharmacological inhibition of the S1P-degrading enzyme, 

S1P lyase, using 4-deoxypyridoxine (DOP), which was administered via drinking water.  

In a therapeutic approach, mice were subjected to a HFD (60% kcal from fat) for 10 

weeks. Subsequently, the mice were randomly assigned to two groups, and the HFD-

feeding was continued for an additional 6 weeks, with one group receiving a treatment 

of 180 mg/L (equivalent to 30 mg per kg body weight per day) SGPL1 inhibitor DOP. 

Glucose Tolerance Test 

Intraperitoneal glucose tolerance tests (ipGTT) were performed using the modified pro-

tocol of Zhang (2011).299 The test was conducted following an overnight fasting period 

in new cages with a normal water supply. On the day of the assay, mice were weighed, 

and a drop of blood was collected by tail vein puncture to determine basal blood glu-

cose level using the StatStrip Xpress2 glucose/ketone meter prior to intraperitoneal 

injection of 2 g/kg glucose from a 30% glucose solution in sterile filtered PBS. Blood 

glucose levels were measured at 15, 30, 60, 90, and 120 minutes after the initial glu-

cose injection under constant observation. 
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Insulin Tolerance test 

Intraperitoneal insulin tolerance tests (ipITT) have been used to assess insulin re-

sistance. The test was conducted according to the modified protocol described by Vi-

nué and Gonzalez-Navarro (2015).300 After a fasting period of four hours, the mice 

were weighed, and basal blood glucose levels were determined by tail vein puncture 

using the StatStrip Xpress2 Glucose/Ketone Meter. An insulin bolus of 1 IU/kg was 

injected intraperitoneally from a solution of 0.25 U insulin in 0.9% NaCl. Blood glucose 

levels were measured 15, 30, 45, 60, 90, and 120 minutes after insulin administration. 

Throughout the test, the mice were closely monitored to identify signs of hypoglycemia 

such as tremors and inactivity. A glucose dosage (1 g/kg body weight) was kept ready 

for rapid administration if necessary. 

3.2.2 Plasma Biochemical Analyses 

Collection of Blood Samples 

Whole blood was collected from euthanized mice as described before and transferred 

into tubes coated with 0.5 M EDTA in 0.9% NaCl to a final EDTA concentration of 

20 mM per milliliter of blood. Plasma was separated from whole blood by centrifugation 

(1,500 × g, 10 min, 4 °C) and used for subsequent analyses, including insulin ELISA, 

assessment of liver injury markers, and LC-MS/MS (for sample preparation, see Sec-

tion 3.2.12). 

Assessment of Liver Injury Markers in Plasma 

The quantitative determination of alanine aminotransferase (GPT/ALT) and aspartate 

aminotransferase (GOT/AST) in the plasma, was conducted using Spotchem™ Liver-

1 profile strips from Arkray on a Spotchem™EZ SP-4430 by Axonlab. 

Quantification of Plasma Insulin by ELISA 

Plasma insulin was measured in 5 µL of undiluted mouse plasma using Ultra-Sensitive 

Rat Insulin ELISA kit according to the manufacturer’s Wide Range Assay (0.1 – 

12.8 ng/mL) protocol. 
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3.2.3 Histology 

Tissue samples from liver, gWAT and iWAT were harvested and fixed in ROTI®Histofix 

4% for two weeks. Prior to embedding in paraffin, the tissues were dehydrated through 

an ascending graded ethanol series (50%, 40 °C, ≥15 min; 2×70%, 40 °C, 1 h; 2×96%, 

40 °C, 1 h; 3×99.5%, 40  °C, 1 h; 2×NeoClear, 40 °C, 1 h; 4×paraffin, 60 °C, 1 h) per-

formed in the Central Unit for Animal Research and Animal Welfare Affairs of the Hein-

rich Heine University Düsseldorf using an automated vacuum infiltration tissue proces-

sor. The dehydrated tissues were subsequently embedded in paraffin. The embedded 

tissues were sectioned at a thickness of 5 µm for liver tissue and 6 µm for gWAT and 

iWAT using a sliding microtome. These sections were subsequently stained and im-

aged using the Keyence BZ-X microscope. 

Hematoxylin-Eosin Staining 

To examine the morphology of liver and adipose tissues, hematoxylin and eosin (H&E) 

staining was performed to visualize basophilic structures, including cell nuclei and the 

endoplasmic reticulum (blue), as well as eosinophilic structures, such as the cytoplasm 

(red). Briefly, tissue sections were first deparaffinized using a xylene series (3×10 

minutes), followed by rehydration using a descending ethanol series (2×100%, 2×96%, 

1×70%). The sections were then transferred to distilled water for one minute. Next, the 

sections were incubated in Mayer's hemalaun solution for 5 minutes and developed 

under running tap water for 10 minutes. After a brief rinse in distilled water, eosin stain-

ing was performed for 30 seconds using a 1% erythrosine solution in distilled water. 

The sections were then washed briefly in distilled water and dehydrated using an as-

cending ethanol series (3x70%, 2x96%, 2x100%), followed by a final xylene step. The 

sections were then covered with coverslips by using Vitro-Clud® for long-term storage.  

Sirius Red Staining 

Hepatic fibrosis was evaluated by Sirius Red staining, which enables the visualization 

of collagen fibers within tissue sections. Liver sections were deparaffinized using a 

xylene series (2x 10 minutes, 2x 1 minute) and rehydrated in a descending ethanol 

series (2x 100%, 1x 96%, 1x 70%). After transferring the sections to distilled water, 

they were incubated in Mayer´s hemalaun for 10 minutesfollowed by a development 

step under running tap water. Subsequently, the sections were incubated in a 0.1% 
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Picro-Sirius Red solution in saturated aqueous picric acid for 30 minutes. The sections 

were quickly dehydrated in ethanol (3x 100%), cleared in xylene, and mounted in Vitro-

Clud® for long-term storage. 

Image Quantification 

To quantify vacuole area in H&E-stained liver sections, HALO Image Analysis Platform 

version 4.0.5107 (Indica Labs, Inc.) was employed to accurately assess the vacuolar 

area per image. Vessel containing areas have been removed from the total area ana-

lyzed. See appendix (Appendix Figure 1) for an example of image analysis. Results 

are presented as vacuole area per total analyzed area. 

The diameter and area of the adipocytes were determined by calculating the mean of 

at least three fields of view at 100-fold magnification using Adiposoft plugin in Fiji. 

3.2.4 Primary Mouse Hepatocyte Isolation and Cell Culture 

Primary mouse hepatocytes were isolated from C57BL/6J and SphK2–/– mice by the 

two-step collagenase perfusion method first described by Seglen in 1976 which is 

based on the previous work of Berry and Friend.301,302 In this study, a modified protocol 

described by Godoy and colleagues was employed.303 

The EGTA perfusion buffer, collagenase perfusion buffer, and suspension buffer were 

prepared and pre-warmed to 37 °C (refer to Section 3.1.7). Additionally, 6-well cell cul-

ture plates were pre-coated with collagen I at a concentration of 5 µg/cm2 following the 

manufacturer’s instructions. Mice were anesthetized via intraperitoneal injection of ket-

amine/xylazine (10 mg/kg ketamine and 10 mg/kg xylazine). Upon successful verifica-

tion of anesthesia, indicated by the and absence of righting and pedal reflexes, the 

mice were positioned supine. The surgical field was prepared with 70% ethanol to en-

sure aseptic conditions before performing a longitudinal incision from caudal to cranial 

in the upper abdominal wall without penetrating the peritoneum. Subsequently, the per-

itoneum was carefully excised without damaging the surrounding viscera, allowing for 

relocation of the intestines to the left side of the abdominal cavity. This procedure ex-

posed the inferior vena cava (abdominal artery) and the portal vein. A loose ligature 

was placed around the vena cava, followed by a minor diagonal incision into the vein, 

which facilitated the insertion of a 18G Vasofix® Safety intravenous catheter at a flat 

angle into the blood vessel. Following the correct placement of the needle, the ligature 

was secured, ensuring effective perfusion with the perfusion buffer as indicated by the 
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immediate blanching of the liver. A relief incision was made in the portal vein, and the 

liver was perfused with EGTA perfusion buffer at a flow rate of 15mL/minutes. After 10 

to 15 minutes, warm collagenase perfusion buffer was infused via a three-way valve 

while maintaining the flow rate. The digestion step, depending on collagenase activity, 

lasted 5 to 10 minutes. A comprehensive digestive process was confirmed when the 

liver exhibited a malleable consistency. The liver was gently excised and transferred 

into a petri dish containing suspension buffer, after which the liver capsule was carefully 

opened with forceps under sterile conditions. Primary hepatocytes were released into 

suspension buffer until only liver capsule remained. To eliminate tissue debris, the cell 

suspension was filtered through a 100 µM cell strainer into a 50 mL tube. Non-paren-

chymal cells were removed by centrifuging the cell suspension at 50 × g and 4 °C for 

5 minutes, followed by discarding of the supernatant. After a second washing and cen-

trifugation step, the cell pellet was carefully resuspended in 10 mL suspension buffer 

and placed on ice. The cell number and viability of the obtained primary hepatocytes 

was determined using Trypan blue. Finally, the cells were plated in Primary Hepatocyte 

Medium (see Section 3.1.7) supplemented with 10% fetal calf serum (FCS) at a density 

of 50.000 cells/cm2. The cells were allowed to adhere for 2 to 3 hours before a washing 

step with PBS and medium exchange to Primary Hepatocyte Medium. The following 

day, medium was changed to remove cell debris before performing further experi-

ments. 

3.2.5 C17-Sphingosine Kinase Activity Assay 

An assay to assess sphingosine kinase activity was conducted in primary mouse 

hepatocytes one day after isolation and plating. Two hours before the assay, the me-

dium was replaced with Primary Hepatocyte Medium devoid of FCS. A concentration 

of 5 µM C17-sphingosine or ethanol as vehicle was added to the medium for a duration 

of 30 minutes. Subsequently, the cells were harvested using Trypsin-EDTA solution. 

The trypsinized cells were then divided into two equal parts and centrifuged at 100 × g 

and 4 °C for 3 minutes. The supernatant was discarded, and the pellets from the same 

wells were split and utilized for both protein concentration determination (refer to Sec-

tion 3.2.11) and methanol precipitation for LC-MS/MS measurement of C17-S1P (refer 

to Section 3.2.12).  
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3.2.6 Cell Culture and Differentiation of Primary and 3T3-L1 Adipocytes 

Primary Mouse Adipocyte Isolation and Differentiation 

Murine primary adipocytes were isolated from mouse gonadal white adipose tissue as 

described in Weske et al.304 by using a modified protocol by Oeckl et al.305 Initially, the 

tissue was dissected and washed with PBS, then placed into a 15 mL tube containing 

5 mL collagenase solution. The digestion was performed for 1 hour at 37 °C, with the 

tube being vigorously shaken by hand every 10 minutes. The digested tissue was 

passed through a 100 μM cell strainer and the tube was rinsed with an equal amount 

of wash buffer, which was also filtered through the strainer. The cells were then centri-

fuged at 250 × g for 5 minutes at room temperature. The tube was gently inverted 

several times before a second centrifugation step was performed. Following this, the 

fat layer and supernatant were discarded, and erythrocyte lysis was conducted using 

1 mL of erythrocyte lysis buffer for 5 minutes at room temperature. The reaction was 

halted by adding 10 mL of wash buffer and the cells were centrifuged at 500 × g for 5 

minutes. The supernatant was removed, cells were resuspended in 10 mL of growth 

medium, and the cell suspension was filtered through a 40 μM cell strainer before 

seeding into cell culture plates. Cells were incubated at 37 °C and 5% CO2 overnight 

to allow adherence and the medium was changed the following day. Growth medium 

was changed every other day until cells reached 80%–100% confluency. To initiate 

differentiation, the medium was changed to double the volume of induction medium. 

On day 3 of differentiation, the medium was switched to differentiation medium, which 

was changed every other day until the cells were fully differentiated on day 8. For me-

dia and buffer formulations refer to Section 3.1.7. 

3T3-L1 Cell Culture and Differentiation 

3T3-L1 cell culture and differentiation was performed by Dr. Sarah Weske. The 3T3-

L1 preadipocytes were obtained from the European Collection of Cell Culture 

(86052701, ECACC, Salisbury, UK) and maintained in T-175 flasks containing growth 

medium at 37 °C, 5% CO2, and 90% humidity. For the differentiation experiments, the 

cells were seeded in growth medium onto Cell+ 6-well plates to a density of 96,000 per 

well. Differentiation was induced when the cells reached 80% confluence by replacing 

the medium with differentiation medium I. After 2 days, differentiation medium was re-

placed by differentiation medium II for an additional 2 days. Thereafter, the medium 
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was changed to growth medium, which was refreshed every two days until cells were 

fully differentiated on day 14. For details on the composition of the cell culture medium, 

refer to Section 3.1.7 

3.2.7 Lipolysis Assay 

The lipolysis assay was performed by Dr. Sarah Weske. Glycerol release from differ-

entiated 3T3-L1 cells and primary adipocytes was measured 16 hours after induction 

of lipolysis in the presence or absence of 10 μM S1P, 10 μM AUY954, 10 μM 

CYM5520, 10 μM CYM5541, 1 μM VD-78, or 1 μM isoproterenol. In some conditions, 

cells were pre-incubated for 1 hour with 3 μM Bisindolylmaleimide I, 10 μM PKCζ 

pseudo-substrate inhibitor, 25 μM small molecular HSL inhibitor, 10 μM PD98059, 

100 nM Wortmannin, 100 μM SQ22536 or 25 μM Fumonisin B1. Following incubation, 

cell culture supernatants were collected, and 80 μL of supernatant was incubated with 

250 μL Hydrazine buffer (for composition see Section 3.1.7) for 2 hours at room tem-

perature. Absorbance was measured at 340 nm using a microplate reader. Glycerol 

concentrations were determined based on a glycerol standard curve with known glyc-

erol concentrations.  

3.2.8 Kinase Assays 

In Vitro Kinase Assays with Recombinant or Immunoprecipitated PKCζ 

The in vitro kinase assay was performed by Lea Esser (Institute of Molecular Medi-

cine I, Heinrich Heine University Düsseldorf). For the in vitro kinase assays using re-

combinant enzyme, 150 ng recombinant human PKCζ protein was incubated with 5 μg 

recombinant dephosphorylated myelin basic protein (MBP) and 10 μM S1P or metha-

nol (vehicle control) in reaction buffer (for composition see Section 3.1.7) at 30 °C for 

30 minutes. The reaction was terminated by the addition of Laemmli sample buffer, 

and the samples were subjected to SDS-PAGE. Gels were stained with Coomassie 

brilliant blue, followed by autoradiography. 

For assays using immunoprecipitated PKCζ, 250 mg frozen gWAT was homogenized 

in 2 mL M-PER Mammalian Protein Extraction Reagent + Halt Protease- and Phos-

phatase Inhibitor Cocktail. Homogenates were incubated on ice for 30 min, then cen-

trifuged at 16,000 × g for 15 minutes. The supernatant was transferred to fresh tubes, 



   Methods 

 57 

and protein concentration was determined using the BCA protein assay. Immunopre-

cipitation was carried out overnight at 4 °C using 750 µg of total protein and 10 μg 

agarose-conjugated PKCζ (H-1) antibody. Beads were washed three times with extrac-

tion buffer and centrifuged at 2,000 × g for 1 minute. Kinase assays were then per-

formed as described for recombinant protein. 

Multiplex Kinome Activity Profiling 

Protein extraction was performed in accordance with the “Protocol for Preparation of 

Lysates of Tissue sections” by PamGene (PamGene International, ‘s-Hertongenbosch, 

The Netherlands). Briefly, protein extraction from 10 × 10 µm liver tissue sections per 

sample on ice was initiated by adding pre-cooled M-PER™ Mammalian Protein Ex-

traction Reagent (100 µL per 60 µm frozen tissue sections), supplemented with Halt™ 

Protease and Halt™ Phosphatase Inhibitor. The lysis process was facilitated by gently 

pipetting the mixture up and down ten times every ten minutes during a 30-minute 

incubation period on ice, ensuring the pipette tip remained in the solution throughout 

incubation. After 30 minutes, the homogeneity of the lysis was assessed, and if neces-

sary, the mixture was further homogenized using a disposable pestle. Subsequently, 

the lysates were centrifuged at > 10,000 × g and 4 °C for 15 minutes, and the super-

natant of each sample was transferred into several pre-cooled vials. Protein concen-

tration was determined using the BCA assay (3.2.11). 

Multiplex kinome activity profiling was conducted by the group of Emiel van der Vorst 

at the Institute for Molecular Cardiovascular Research (IMCAR, Aachen). The study 

involved determining protein tyrosine kinases (PTK) and serine- threonine kinase 

(STK) profiles using the PamChip® microarray platform with the PamStation®12 

(PamGene International). This research specifically focuses on STK profiles. For these 

analyses, 2 µg of protein and 400 µM ATP were applied to the STK-PamChip®, which 

comprises 144 individual phospho-sites. An antibody mix was also added to detect the 

phosphorylated Ser/Thr. Following a 1-hour incubation at 30 °C, during which the sam-

ple was continuously pumped through the porous material to optimize binding kinetics, 

phosphorylation intensity was quantified using a secondary FITC-conjugated antibody. 

A LED imaging system was employed for imaging and background correction, and the 

spot intensity was quantified using the BioNavigator software (version 6.3, PamGene). 

Upstream Kinase Analysis (PamGene International) served as a functional scoring 

method to rank kinases based on combined specificity scores (peptides linked to a 
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kinase, derived from six databases) and sensitivity scores (treatment-control differ-

ences). A heatmap displays the median final scores of kinases that exceed 1.2, with 

adjusted P-values for multiple comparisons by the false discovery rate (FDR) being 

less than 0.05. 

3.2.9 Quantitative Reverse Transcriptase Polymerase Chain Reaction 

RNA-Isolation from Liver Tissue 

RNA from liver tissue was isolated using the innuPREP RNA Mini Kit 2.0 according to 

the manufacturer’s instructions. Briefly, 15-20 mg tissue was homogenized in 450 µL 

lysis buffer RL by using the TissueRuptor II and QIAshredder homogenizer. After-

wards, the homogenized tissue lysate was subjected to the extraction protocol. RNA 

concentration and purity were measured by NanoDrop One. 

Synthesis of First Strand Complementary DNA 

Complementary DNA (cDNA) was obtained from extracted RNA via reverse transcrip-

tion by using the RevertAid TM First Strand cDNA Synthesis Kit. The reaction was 

performed in a thermocycler using 2000 ng RNA and Oligo(dT)18 primers according to 

the manufacturer’s First Strand cDNA synthesis protocol. 

Real-Time Quantitative Polymerase Chain Reaction 

Real-time quantitative PCR (qPCR) was performed using PowerTrack™ SYBR Green 

Mastermix (Thermo Fisher Scientific, Waltham, USA). The individual reactions were 

prepared as shown in Table 4 and carried out on the CFX96™ Real-Time System (Bio-

Rad Laboratories, Hercules, USA) with the thermal profile depicted in Table 5. Table 1 

on page 38 provides the sequences of the primers utilized in this study.  

Table 4. Reaction mixture for qRT-PCR 

Component Final concentration Volume 
cDNA  1 µL 

5’ Primer 10 pmol/mL 0.5 µL 
3’ Primer 10 pmol/mL 0.5 µL 

SYBR green powertrack 1X 10 µL 
Nuclease-free water  ad 20 µL 
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Table 5. Thermal profile for qRT-PCR “Fast cycling mode” 

Step 
1 

Enzyme 
activation 

2 
Denaturation 

3 
Annealing/ 
Extension 

4 
Step to 65 °C 

5 
Melting curve 

Temperature ( °C) 95.0 95.0 60.0 65.0 65.0 – 95.0 
Time (min) 2:00 0:05 0:30 0:05 0.5 °C/s 

Number of cycles 1x 40x 1x  
     

3.2.10 RNA Sequencing 

Sample Preparation 

To prepare samples for RNA-sequencing (RNA-seq), total RNA was extracted from 

liver tissue as described in Section 3.2.9. Additionally, a DNA digestion step was per-

formed to remove potential DNA contaminations using the innuPREP DNase I Digest 

Kit which is embedded in the first washing step of the RNA isolation protocol.  

Quality Control and 3’Prime RNA Sequencing 

RNA-seq, including initial quality control and first-level analysis of the sequencing data, 

was performed by the team at the Genomics & Transcriptomics Laboratory (GTL) from 

Biologisch-Medizinisches Forschungszentrum (BMFZ) of the Heinrich Heine University 

Düsseldorf. 

Total RNA quantification was performed by fluorometric measurements with the Qubit 

device and the RNA High Sensitivity assay (Thermo Fisher Scientific Inc., MA, USA). 

RNA integrity was assessed via capillary electrophoresis using the Fragment Analyzer 

and the DNF-471 Total High Sensitivity Assay (Agilent Technologies Inc., Santa Clara, 

USA). Only samples with an RNA Quality Number (RQN) within the acceptable range 

(7.4–9.5) were selected for library preparation. 

For library preparation, 50 ng of total RNA per sample was processed according to the 

manufacturer’s protocol using the QuantSeq 3’ mRNA-Seq V2 Library Prep Kit with 

UDI and UMI Second Strand Synthesis Module for QuantSeq FWD (Lexogen GmbH, 

Vienna, Austria). The resulting libraries were bead-purified, normalized, and subjected 

to 3’-mRNA sequencing on the NextSeq2000 system (Illumina Inc., SD, USA), using 

single-end sequencing with a read length of over 75 base pairs. Each sample gener-

ated an output of approximately 5 million reads. Conversion of raw sequencing data 

(bcl files) to fastq format, adapter trimming, and demultiplexing were performed using 

the bclconvert tool. 
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Data Processing and Initial Statistical Analysis 

Fastq files were processed using CLC Genomics Workbench (version 24.0.1, QI-

AGEN, Venlo, NL). The first UMI tag was extracted from all reads and annotated ac-

cordingly, while reads lacking UMI were discarded. Adapter sequences and low-quality 

bases were trimmed using default parameters, removing bases below Q13 from the 

read ends and allowing a maximum of two ambiguous nucleotides. The filtered reads 

were mapped to the reference genome GRCm39 (Mus musculus). Samples were 

grouped based on their experimental conditions and biological replicates (n=4) before 

performing multigroup comparisons. Differential expression analysis was conducted 

using the built-in RNA-seq analysis workflow in CLC, and p-values were adjusted for 

multiple testing using both the false discovery rate (FDR) and Bonferroni correction.  

Visualization and Functional Assessment of RNA Sequencing Data 

The results of the differential expression analysis were visualized using Principal Com-

ponent Analysis (PCA), as a heatmap that included only genes with Bonferroni-cor-

rected p-values <0.05 and a fold change (FC) > 1.5, or as volcano plots displaying log2 

fold changes (> 1.5) against –log10 of FDR-adjusted p-values (FDR p-value <0.05). 

Further data processing was performed using the Gene Set Enrichment Analysis 

(GSEA) software, following the standard parameters recommended in the software’s 

guidelines. GSEA was conducted using the GOCC_LIPID_DROPLET gene set from 

the Molecular Signatures Database (MSigDB) and a custom gene set comprising 

genes associated with MASLD.306 The results were visualized as normalized enrich-

ment plots using R (version 4.2.2) with the clusterProfiler and enrichplot packages. 

3.2.11 Protein Analyses 

Protein Extraction from Tissue 

Protein extraction from 15 mg liver and 40 mg gWAT tissue was achieved by homoge-

nization in 500 µL RIPA buffer (see Section 3.1.7) using the TissueRuptor II. After-

wards, samples were centrifuged (max. speed, 4 °C, 5 min). Protein concentration of 

the supernatant was determined using the microplate-based Thermo Scientific™ 

Pierce BCA Protein Assay Kit and the standard protocol with a working range of 25 to 

2,000 µg/mL. The protein concentration was then detected by OD determination at 

562 nm in a plate reader. 
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SDS-PAGE 

Extracted proteins from gWAT and liver were separated by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). A sample of 25 µg protein for liver 

and 30 µg for gWAT was prepared using 4x Laemmli buffer and ddH2O, boiled at 95 °C 

for 5 min, and subsequently loaded on a 1.5 mm 4–20% gel. Depending on the exper-

iment, either the Precision Plus Protein Dual Color Standard or the Cozy™ Hi Pres-

tained Protein Ladder was used as a molecular weight standard. The electrophoresis 

was carried out in Running buffer (see Section 3.1.7) at constant voltage of 70 V for 30 

min, followed by 130 V, until the dye front reached the end of the gel. 

Western Blot 

Proteins were transferred to a polyvinylidene difluoride membrane (PVDF; Merck Mil-

lipore, Burlington, USA) using a wet blot method. The transfer was conducted for 16 

hours at a constant voltage of 30 V and 4 °C in a transfer buffer (see Section 3.1.7). 

Afterwards, the blotting construction was disassembled, and membrane was briefly 

washed in Wash buffer (see Section 3.1.7), followed by blocking in 5% non-fat dried 

milk powder in Wash buffer for 1 hour. After blocking, membrane was washed 

(3×10 min) in Wash buffer and subsequently incubated with primary antibody diluted 

in 5% BSA in Wash buffer overnight at 4 °C sealed with parafilm. The following day, 

the membrane was washed (3×10 min) in PBS-T and afterwards incubated with sec-

ondary antibody diluted in 0.5% non-fat dried milk powder in Wash buffer at room tem-

perature for 1 hour. Subsequently, the membrane was washed (3×10 min) in Wash 

buffer. Development of the membrane was performed using 500 µL Immobilon Forte 

Western HRP-Substrate and imaging on a ChemiDoc XRS (Bio-Rad Laboratories, 

Hercules, USA). The primary and secondary antibodies as well as used dilutions of 

this study are listed in Section 0. 

3.2.12 LC-MS/MS 

Liquid Sample Preparation for LC-MS/MS Measurements 

Lipids were extracted from plasma using methanol precipitation. Plasma samples 

(e.g. 50 µL) were diluted 1:10 with distilled methanol (LCMS grade). An internal stand-

ard (10 µL) was added, and the samples were precipitated at -80 °C. After overnight 

precipitation, the tubes were centrifuged at the maximum speed (21,460 × g) for five 
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minutes at 4 °C. The supernatant was transferred into 1.5 mL LCMS-certified glass 

vials with a screw neck, and the samples were stored at -80 °C until measurement. 

Tissue Sample Preparation for LC-MS/MS Measurements 

For lipid measurements in liver and gWAT tissue, about 5 mg and 25 mg , respectively, 

was supplemented with 500 µL distilled methanol (LCMS grade) and 10 µL of internal 

standard. The tissue was homogenized using the TissueRuptor II, and the resulting 

homogenates were added to 1 mL and subjected to methanol precipitation overnight 

at -80 °C. After precipitation, the tissue homogenate was centrifuged at the maximum 

speed (21,460 × g) and 4 °C for five minutes and the supernatant was transferred into 

a new vial. Following evaporation in a SpeedVac at 16 bar for 60 to 90 minutes, the 

residue was dissolved in 300 µL distilled methanol by vortexing at 2,400 rpm. The dis-

solved sample was transferred into 1.5 mL LCMS-certified glass vials with a screw 

neck, and the samples were stored at -80 °C until measurement. 

Derivatization of Fatty Acids with Dansyl Hydrazine 

Prior to measurement, fatty acids were derivatized with dansyl hydrazine in acetonitrile 

(ACN) to enhance ionization efficiency. To achieve this, 20 – 300 µL aliquots yielding 

1-2 mg of tissue were taken from LC-MS/MS samples prepared as described above. 

The remaining methanol contained in the sample aliquots was evaporated using the 

SpeedVac. To ensure derivatization quality, an external standard prepared in serial di-

lution (10 nM, 30 nM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM and 30 µM) was derivatized 

in parallel with the samples. Samples were redissolved in 170 µL distilled ACN and 

vortexed for 2 minutes. Derivatization of the samples was carried out by adding 30 µL 

dansyl hydrazine (75 mM in ACN, 2.25 µmol, 1.50 equiv.), 30 µL HATU (51 mM in 

ACN, 1.00 equiv.), and 30 µL triethylamine (3 mM in ACN) followed by a two-hour in-

cubation at room temperature under continuous agitation. Afterwards, 3 µL formic acid 

(79.5 µmol, 1.56 equiv.) was added followed by a second incubation step for 30 

minutes under continuous agitation. Then, the organic solvent was evaporated using 

the SpeedVac before the residue was dissolved by adding 300 µL distilled ACN. The 

samples were vortexed and transferred into LCMS-certified glass vials with an inlay 

and a screw neck and stored at -80 °C until measurement. 
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LC-MS/MS Measurements 

LC-MS/MS measurements were performed by Dr. Philipp Wollnitzke. Sphingolipids, 

phospholipids, and fatty acids were detected through positive electrospray ionization 

(ESI) or atmospheric pressure chemical ionization (APCI) depending on method of 

measurement using and LCMS-8050 triple quadrupole mass spectrometer connected 

to a Dual Ion Source and a Nexera X3 front-end-system. The ion source and gas set-

tings were as follows: Interface Temperature: 300 °C, Desolvation Temperature: 

526 °C, DL temperature: 250 °C, and Heat Block Temperature: 400 °C. For detailed 

account of the configuration options for each measuring procedure see table below. 

Table 6. LC-MS/MS configuration 
 S1P/Sph Cer LPC/PC/SM FFA 
Interface ESI APCI ESI ESI 
Nebulizing gas flow (L/min) 3 2.4 2 3 
Heating gas flow (L/min) 10 3 10 10 
Drying gas flow (L/min) 10 3 10 10 
 

Gradient separation of lipids was carried out with Nexera X3 UHPLC system from Shi-

madzu Deutschland GmbH. High-performance liquid chromatography (HPLC)/Chro-

matographic separation was performed with varying columns in accordance with the 

specific measurement method. Appendix Table 1 provides a comprehensive overview 

of the mobile phase utilized for each method, including the corresponding gradient 

settings for gradient elution, flow rate, injection volume and oven temperature. 

LC-MS/MS Data Analysis and Quantification 

Multiple Reaction Monitoring (MRM) was used to collect data for further qualitative 

analysis and quantification. External standard curves were generated by measuring 

increasing amounts of analyte (for details on internal and external standards, see Ap-

pendix Table 2). The fragment ions (m/z) used for each analyte are listed in Appendix 

Table 3. Linear regression analysis was used to determine standard curve linearity and 

correlation coefficients. Peak areas were normalized to the corresponding internal 

standard peak areas and external standard curve. All LC-MS/MS analyses were per-

formed using LabSolutions 5.114 and analyzed using LabSolutions Insight (Shimadzu, 

Kyoto, Japan). The initial data analysis was performed by Dr. Philipp Wollnitzke. Addi-

tional processing of the collected data was performed using Excel. 
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3.2.13 Sphingomyelin Synthase Activity Assay 

The activity of sphingomyelin synthase was assessed using a modified method previ-

ously described by Jiang and colleagues.298 In this procedure, liver tissue was homog-

enized in homogenization buffer (see Section 3.1.7). Subsequently, the homogenate 

was centrifuged at 3,000 × g for 10 minutes and the protein content of the supernatant 

was determined using the BCA assay. Next, 100 µg protein of each tissue sample was 

prepared in 10x reaction buffer (see Section 3.1.7) containing 30 µM C2-ceramide 

(20:0 - 18:1/2:0), 50 µM PC (36:1 - 18:1/18:0) with ddH2O to a final reaction volume of 

600 µL. Optionally, adjusted C2-ceramide concentrations or SMS2 inhibitor LY93 may 

be added to the reaction mixture. The samples were then incubated at 37 °C for 1 hour 

with continuous gentle shaking. The reaction was terminated by the addition of 800 µL 

distilled chloroform/methanol (2:1/v:v) plus 10 µL ISTD and vigorous vortexing. To ini-

tiate phase separation, the samples were centrifuged at 7,200 × g for 10 minutes, and 

the organic phase was transferred to a new tube. Finally, the samples were concen-

trated by vacuum centrifugation and redissolved in 300 µL distilled methanol before 

being transferred into 1.5 mL LCMS certified glass vials with an inlay and screw neck 

and stored at -80 °C until analysis. The C2-SM content in the samples was determined 

using the LC/MS-MS protocol for LPC, PC, and SM measurements. This content was 

subsequently normalized to LPC 17:0, as its retention time was the closest and the 

transition is also identical. Conclusions regarding the activity of sphingomyelin syn-

thase were derived through a comparative analysis with the respective control groups. 

3.2.14 Statistics 

Data are presented as mean ± standard deviation (SD). Statistical analysis was per-

formed using a two-tailed Student’s t-test (paired or unpaired), one-way ANOVA, or 

two-way ANOVA followed by appropriate post hoc tests using GraphPad Prism® 10. 

Statistical significance was set at P ≤ 0.05. Further information regarding the statistical 

data is available in the respective caption. 
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4 Results 

4.1 A Global Knockout of Sphingosine Kinase 2, but Not 1, Mitigates 
the Metabolic Phenotype Induced by a High-Fat Diet 

An initial approach for understanding the role of sphingolipids in the common symp-

toms of MetS, particularly obesity and MASLD, involves examining the influence of 

S1P-producing enzymes SphK1 and SphK2, as well as the alterations in the plasma 

and liver sphingolipidome associated with the knockout of these enzymes. 

To investigate the effect of a high-fat diet (HFD; 60% kcal from fat) on mouse strains 

with different sphingolipid profiles, male SphK1 and SphK2 knockout (SphK1–/– and 

SphK2–/–) mice, along with their corresponding controls (wild-type C57BL/6J mice also 

referred to as WT), were fed either a HFD or normal chow diet (NC) for 12 weeks. At 

the end of the 12-week period, mice were euthanized after an overnight fast, and blood, 

liver and adipose tissues, specifically gWAT and iWAT, were collected. 

4.1.1 SphK2-Deficient Mice Are Protected from High-Fat Diet-Induced Fat Depo-
sition and Metabolic Dysfunction 

To evaluate the metabolic phenotype and differentiate between diet-induced effects 

and genotype-specific variations, control groups of all genotypes were maintained on 

a NC diet. SphK2–/– mice exhibited a significantly lower body weight at both the start 

and end of the experiment compared to the remaining two groups, as confirmed by a 

separate analysis using one-way ANOVA with Tukey’s post hoc test for multiple com-

parisons. This observation did not extend to the liver, gWAT, and iWAT weight param-

eters of NC-fed mice. However, the gWAT of SphK1–/– mice was significantly increased 

compared to both other groups (Figure 4). 

Following the administration of a high-fat diet, both WT and SphK1–/– mice exhibited a 

30% increase in body weight (Figure 4a). In contrast, SphK2-deficient mice did not 

exhibit any increase in body weight despite being subjected to a high-fat diet for 12 

weeks (Figure 4b). While the livers of SphK1–/– mice exhibited a modest increase in 

weight upon HFD, no such changes in liver weight were noted in the other mouse 

strains (Figure 4c). Consistent with body weight observations, SphK2–/– did not demon-

strate an HFD-induced increase in adipose tissue mass in two representative fat de-

pots, gWAT and iWAT. Both fat depots showed an increase in mass of up to 4.9- and 
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2.8-fold, respectively, in both WT and SphK1–/– mice (Figure 4d+e). Notably, SphK1–/– 

mice on a control diet display a 40% higher fat mass compared to WT controls.  

 
Figure 4. SphK2 knockout mice are protected from diet induced weight gain. WT, SphK1–/– and SphK2–/– mice 
were fed either a NC or high-fat diet (60% kcal from fat) for 12 weeks. Mice were sacrificed after an overnight fast. 
(a) Final body weight of all groups. (b) Body weight development of HFD-fed mice over 12 weeks. Organ weights 
of (c) liver, (d) gWAT, and (e) iWAT (n = 5–7 per group). LC-MS/MS measurements of S1P levels in (f) plasma and 
(g) liver. Data are presented as mean ± SD. nWT+NC = 9–10, nWT+HFD = 9–12, nSphK1–/–+NC = 13–14, nSphK1–/–+HFD = 14–
15, nSphK2–/–+NC = 12–14, nSphK2–/–+HFD = 12–13 unless otherwise stated. Statistical analysis was performed using two-
way ANOVA with Tukey’s post hoc test for multiple comparisons. Statistical significance is indicated as follows: 
* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

To assess the impact of global deletion of SphK1 or SphK2 on sphingolipid metabolism, 

particularly S1P synthesis, LC-MS/MS analyses were performed (Figure 4f+g). SphK1-

deficient mice showed a slight reduction in plasma S1P levels, whereas SphK2–/– mice 
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exhibited pronounced, diet-independent increases of 2.8-fold. The association be-

tween SphK2 deficiency and elevated plasma S1P levels is well documented.174,176 

Conversely, hepatic S1P levels remained unchanged in both knockout models. 

 

Following the significant accumulation of adipose tissue observed in both representa-

tive fat depots under HFD conditions, an analysis of liver tissue was conducted to as-

sess lipid deposition. Histological examination of H&E-stained liver sections revealed 

evident lipid deposition in livers from HFD-fed WT and SphK1–/– mice (Figure 5a+b). In 

contrast, SphK2–/– mice subjected to a HFD did not demonstrate an increase in fat 

vacuole area.  

 
Figure 5. Hepatic lipid accumulation is reduced in livers of SphK2–/– mice. WT, SphK1–/– and SphK2–/– mice 
were fed NC or HFD for 12 weeks. (a) Representative H&E-stained liver sections (scale bar: 200 µM) and (b) 
quantification of vacuole area per total area. (c) Sirius Red staining of representative liver sections from all groups 
(scale bar: 200 µM). Plasma levels of (d) GOT/AST and (e) GPT/ALT. Data are presented as mean ± SD. nWT+NC = 
9–10, nWT+HFD = 9–11, nSphK1–/–+NC = 11–13, nSphK1–/–+HFD = 11–14, nSphK2–/–+NC = 12–13, nSphK2–/–+HFD = 12–14. Statis-
tical analysis was performed using two-way ANOVA with Tukey’s post hoc test for multiple comparisons. Statistical 
significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 
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Sirius Red staining of liver sections was conducted to evaluate fibrotic changes in he-

patic tissue, revealing an absence of fibrotic lesions irrespective of genotype or dietary 

conditions (Figure 5c). Relevant plasma parameters indicative of liver damage, specif-

ically GOT/AST and GPT/ALT, were measured, showing an elevation in SphK1–/– mice 

fed an HFD, whereas WT and SphK2–/– mice did not exhibit a significant increase in 

liver injury markers. 

 

Given the frequent co-occurrence of obesity with T2D, fasting blood glucose levels 

were assessed prior to conducting an ipGTT. Elevated fasting blood glucose levels 

were observed in both the HFD-fed WT and SphK1–/– mice, whereas the SphK2–/– mice 

did not exhibit such elevations (Figure 6a). 

 
Figure 6. SphK2-deficient mice display improved glucose tolerance and insulin sensitivity. WT, SphK1–/– and 
SphK2–/– mice were fed NC or HFD for 12 weeks. (a) Fasting blood glucose levels. (b) Intraperitoneal glucose 
tolerance test (ipGTT) at 10 weeks of HFD using a glucose dose of 2 mg/kg with quantification of (c) area under 
curve (AUC). (d) Intraperitoneal insulin tolerance test (ipITT) at 11 weeks of HFD mice using an insulin dose of 1 
U/kg with quantification of (e) area over curve (AOC). (f) Fasting plasma insulin levels. Data are presented as mean 
± SD. nWT+NC = 7–10, nWT+HFD = 6–9, nSphK1–/–+NC = 8–10, nSphK1–/–+HFD = 8–9, nSphK2–/–+NC = 7–10, nSphK2–/–+HFD = 7–9. 
Statistical analysis was performed using one-way or two-way ANOVA followed by Tukey’s post hoc test for multiple 
comparisons. Statistical significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

In contrast, no significant changes were detected in groups maintained on a normal 

chow diet. This observation aligns with the enhanced glucose tolerance observed in 

the SphK2–/– mice compared with the WT and SphK1–/– mice on HFD (Figure 6b+c). 
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Mice on the control diet demonstrated comparable glucose tolerance across all groups 

(Appendix Figure 2a, page 145). 

To comprehensively assess the metabolic phenotype, an ipITT was performed to ex-

amine changes in peripheral insulin sensitivity. Prior to the ipITT, mice were subjected 

to a four-hour fasting period. Among all groups fed an HFD, SphK2–/– mice exhibited 

significantly enhanced insulin tolerance compared to SphK1–/– mice (Figure 6d+e). Fur-

thermore, all strains of mice on a control diet displayed comparable levels of insulin 

tolerance (Appendix Figure 2b, page 145). 

Consequently, fasting plasma insulin levels were assessed at the end of the 12-week 

feeding period. The results indicated a significant increase in insulin levels in both the 

WT and SphK1–/– groups subjected to a high-fat diet (HFD), whereas SphK2–/– mice 

maintained low insulin levels (Figure 6f). 

These findings collectively suggest that the global knockout of SphK2 provides protec-

tion against DIO and the progression of hepatic steatosis. This is further supported by 

the observation that these animals do not exhibit a diabetic phenotype, but instead 

show enhanced glucose tolerance and insulin sensitivity under HFD conditions. 

4.1.2 Genetic Interventions in the Sphingolipid Metabolism Result in Distinct 
Sphingolipid Profiles 

Sphingolipid concentrations in plasma and liver were assessed through LC-MS/MS 

analysis, revealing distinct sphingolipidomic patterns dependent on genotype and diet 

(Figure 7a). In a more detailed examination, not only S1P (Figure 4f) but also sphingo-

sine levels were found elevated to be elevated in plasma. Plasma sphingosine levels 

were elevated 3-fold, with an additional increase in Sph levels observed upon HFD in 

both kinase-deficient strains, but not in WT, where levels were significantly reduced 

(Figure 7b). Furthermore, Sph levels in the livers of SphK2–/– mice demonstrated an 

increase of at least 7-fold compared to the livers of SphK1–/– and WT mice (Figure 7c). 

Hepatic ceramide levels in SphK2–/– mice exhibited 5.3-fold and 3.7-fold higher levels 

under NC and HFD conditions, respectively, in comparison to WT (Figure 7d). In 

SphK1–/–mice subjected to HFD, total SM level in the liver were reduced upon HFD. 

Similarly, hepatic SM level in SphK2–/– were also lower under HFD conditions, corre-

sponding with the observed reduced hepatic ceramide levels during HFD (Figure 7e). 
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Figure 7. Diet- and genotype-dependent alterations in lipidomic profiles. WT, SphK1–/– and SphK2–/– mice 
were fed NC or HFD for 12 weeks. LC-MS/MS analysis was performed in plasma and liver tissue. (a) Heatmaps of 
selected lipid species in plasma and liver. Levels of (b) plasma sphingosine, (c) liver sphingosine, (d) liver ceramide, 
and (e) liver sphingomyelin. Data are presented as mean ± SD. nWT+NC = 9–10, nWT+HFD = 9–12, nSphK1–/–+NC = 11–
13, nSphK1–/–+HFD = 12–14, nSphK2–/–+NC = 10–14, nSphK2–/–+HFD = 9–13. Statistical analysis was performed using two-
way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Statistical significance is indicated as fol-
lows: * p <0.05, *** p <0.001, **** p <0.0001. Additional pairwise comparisons between grouped bars were analyzed 
using paired, two-tailed t-tests and are indicated with: # p <0.05, ## p <0.01. 

Total ceramide and SM levels were quantified across defined acyl-chain lengths 

(C16:0, C18:0, C20:0 C22:0, C24:0, and C24:1), encompassing long- and very-long-

chain species. Figure 8 (page 71) displays chain length-resolved hepatic ceramide and 

SM levels. 
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Figure 8. SphK2–/– mice exhibit higher hepatic ceramide levels. WT, SphK1–/– and SphK2–/– mice were fed NC 
or HFD for 12 weeks. LC-MS/MS analysis was performed on liver tissue. Ceramide levels were measured for indi-
vidual long-chain fatty acid (LCFA) species (a) C16:0, (b) 18:0, (c) C20:0, and (d) C22:0 as well as very long-chain 
fatty acid (VLCFA) species (e) 24:0, and (f) 24:1. SM levels were measured for individual LCFA species (g) C16:0, 
(h) 18:0, (i) C20:0, and (j) C22:0 as well as VLCFA species (k) 24:0, and (l) 24:1. Data are presented as mean ± 
SD. nWT+NC = 10, nWT+HFD = 12, nSphK1–/–+NC = 11–13, nSphK1–/–+HFD = 12–14, nSphK2–/–+NC = 12–14, nSphK2–/–+HFD = 9–13. 
Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test for multiple compari-
sons. Statistical significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. Additional 
pairwise comparisons between grouped bars were analyzed using paired t-tests and are indicated with: # p <0.05, 
## p <0.01. 
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Elevated ceramide levels, particularly of those containing long-chain fatty acids (LCFA) 

such as C16:0 and C22:0, were detected in the livers of SphK2–/–, but not SphK1–/– or 

WT mice, fed a control diet. The LCFA concentrations were observed to be up to 7.8- 

and 6.5-fold higher, respectively, compared to WT mice (Figure 8a-d). Notably, no HFD-

dependent increase in ceramide levels was observed across all groups. Conversely, 

ceramides containing very-long chain fatty acids (VLCFA), namely C24:0 and C24:1, 

exhibited an increase of 3.3- and 4.9-fold, respectively, in the livers of SphK2–/– mice 

compared the WT group on a normal chow diet (Figure 8e+f). The observed increase 

was mitigated by a reduction attributable to HFD, which was consistent across all 

groups. However, levels in SphK2–/– mice consistently exceeded those in WT and 

SphK1–/– mice. 

Hepatic levels of SM species bearing C16:0 and C20:0 acyl chains (Figure 8g+i), as 

well as VLCFA ceramides C24:0 and 24:1 (Figure 8k+l), were reduced by HFD across 

nearly all genotypes. Conversely, hepatic SMs with acyl chain lengths of 18:0 and 22:0 

were increased (Figure 8h+j).  

However, VLCFA levels of SM 36:1 (18:1/18:0) were lower in the livers of SphK2–/– 

mice on a HFD compared to those in WT and SphK1–/– mice. For SMs with fatty acid 

chains of 20:0 and longer, a decrease was also observed in the plasma (Figure 7a). 

Despite the diet-specific alterations in the SM levels, it is noteworthy that the total con-

centration of SMs in the liver was consistent for all three groups (Figure 7e, page 70). 

 

In summary, in addition to some diet-specific changes, the global deficiency of sphin-

gosine kinases, particularly in the SphK2–/– mice, is the primary cause of altered sphin-

golipid profiles. Of note are the increases in sphingosine and various ceramide species 

observed in both plasma and liver in SphK2–/– mice, along with the lack of HFD-induced 

ceramide elevation, despite pronounced obesity and MASLD in WT controls. 

 

 



   Results 

 73 

4.1.3 SphK2 Deficiency Modulates Hepatic Transcriptome and Suppresses 
MASLD-Associated Responses 

To get further insight into the phenotypic variations observed, liver gene expression 

patterns were examined through RNA-seq. With this approach, transcriptional altera-

tions influenced by genotype and treatment, that might reveal pathways that are po-

tentially involved, should be identified. 

Principal component analysis of the six experimental groups, comprising three geno-

types under two dietary conditions, revealed that the samples clustered according to 

their respective group (Figure 9a). Interestingly, while most groups exhibited distinct 

separation in the PCA, the WT NC, SphK2–/– NC, and SphK2–/– HFD groups formed 

an overlapping cluster. This suggests shared underlying biological characteristics 

across both genotype and dietary conditions. 

A heatmap depicts the top 50 differentially expressed genes, identified through ANOVA 

analysis and Bonferroni correction, between the livers of NC- and HFD-fed SphK2–/– 

and WT mice (Figure 9b). Distinct clustering patterns between NC and HFD in the 

livers of WT mice indicate a HFD-induced response. In contrast, no such clustering 

difference is observed for SphK2–/– mice, suggesting that the HFD-induced effect is 

attenuated or absent. The SphK2–/– group closely aligns with both untreated groups, 

reflecting a similar expression profile. 

Gene Set Enrichment Analyses (GSEA) was conducted to compare the HFD treatment 

effects between the SphK2–/– and WT groups (Figure 9c). A negative enrichment of the 

GOCC_LIPID_DROPLET gene set with a normalized enrichment score (NES) of -1.48, 

highlighted a WT-specific transcriptional response, contrasting with SphK2–/– mice. To 

further explore phenotypic differences, GSEA was performed using a gene set com-

prising genes upregulated in fatty livers of mice (Figure 9d).306 

The analysis revealed a significant negative enrichment (NES = -1.89), indicating that 

this gene set is underrepresented in SphK2–/– livers compared to WT. Upregulated and 

downregulated genes from this gene set are depicted in green and red, respectively, 

in a volcano plot visualizing differentially expressed genes (grey, red, green) filtered for 

a false discovery rate (FDR) < 0.05 and fold change > 1.5. (Figure 9e). 
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Figure 9. SphK2 deficiency is associated with negative enrichment of lipid-associated gene signatures un-
der high-fat diet conditions. WT, SphK1–/– and SphK2–/– mice were fed either NC or HFD for 12 weeks RNA-seq 
of total RNA from moue liver tissues of all groups (n = 4 per group) was performed by the Genomics & Transcriptom-
ics Laboratory (GTL) of the Heinrich Heine University. (a) Principal component analysis (PCA) based on variance-
filtered TPM (transcripts per million) values. (b) Heatmap of Bonferroni-corrected differentially expressed genes in 
SphK2–/– and WT livers from both NC- and HFD-fed mice. (c) Gene set enrichment analysis (GSEA) of the 
GOCC_LIPID_DROPLET gene set comparing SphK2–/–+HFD to WT+HFD. (d) GSEA of fatty liver disease-associ-
ated genes comparing SphK2–/–+HFD to WT+HFD. (e) Volcano plot of differentially expressed genes comparing 
SphK2–/–+HFD to WT+HFD. Grey, red, and green dots indicating significantly regulated genes (FDR <0.05, fold 
change > 1.5); green and red dots represent upregulated and downregulated genes from the “NAFLD gene set”, 
respectively; black dots represent non-significant genes. NES, normalized enrichment score; FDR-q, FDR-cor-
rected p-value; FC, fold change. 
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The RNA-seq analysis comparing hepatic gene expression profiles between the HFD-

fed SphK2–/– group and the HFD-fed WT control group demonstrated a negative en-

richment of gene sets associated with lipid deposition and MASLD-related genes. 

The RNA-seq analysis identified distinct gene expression profiles between the HFD-

fed SphK2–/– and control groups, emphasizing significant gene sets associated with 

lipid deposition and MASLD-related genes, which do not align with the typical hepatic 

gene expression profile of a metabolically impaired phenotype. These findings support 

the hypothesis that SphK2 deficiency alters the global and local sphingolipidome in a 

way that prevents HFD-induced transcriptional activation of genes linked to metabolic 

dysfunction may contribute to the absence of metabolic changes that the HFD was 

intended to induce. 

 

Subsequent analysis focused on canonical PPARγ target genes involved in uptake and 

storage (Cd36, Cidea, Cidec/Fsp27, Plin2), as well as markers of lipolysis (Pnpla2, 

Lipe) and lipogenesis (Acc1, Fasn). In hepatocytes, PPARγ predominantly regulates 

the uptake/storage, whereas Acc1 and Fasn are mainly controlled by SREBP1c.307 

The gene expression analysis revealed that neither Pparg itself nor the PPARγ-induced 

genes Cidea, Cidec, and Perilipin 2 (Plin2) exhibited any changes in expression levels. 

However, a lower expression of Cd36 expression, coding for fatty acid translocase, 

was observed (Figure 10a). Notably, there was a higher expression of Pnpla2, which 

catalyzes the first and rate-limiting step in lipolysis, while Lipe expression remained 

constant (Figure 10b). The expression of lipogenesis-associated genes, Acc1 and 

Fasn, was unaltered in the livers of HFD-fed SphK2-deficient mice (Figure 10c). Con-

sistent with the lower gene expression of Cd36 mRNA, CD36 protein levels were lower 

in the livers of SphK2–/– mice, with a 61% relative to WT as determined by Western 

blot analysis (Figure 10d). 

Additionally, kinase activity profiling (see Section 3.2.8, page 57) in the livers of HFD-

fed SphK2–/– mice compared to WT controls revealed marked differences in the sig-

naling activity of protein serine/threonine kinases (Figure 10e). Interestingly, these ac-

tivity changes were dependent on the kinase family, with the activity of several kinases 

from the Cdk, MAPK, GSK, and Cdk-like related group (CMGC) being lower, whereas 

the Ca2+/calmodulin-dependent kinase group (CaMK) and the Protein kinase A/G/C 

related group (AGC) exhibited increased activity in contrast to WT.  
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Figure 10. Obstruction of hepatic lipid accumulation in SphK2 deficient mice is associated with downreg-
ulation of CD36, upregulation of Pnpla2, and altered kinase signaling. RNA and protein from livers of HFD-fed 
WT and SphK2–/– mice was isolated. Gene expression of (a) PPARγ- (Pparg, Cd36, Cidea, Cidec, and Plin2), (b) 
lipolysis- (Pnpla2 and Lipe), and (c) lipogenesis-associated genes (Acc1 and Fasn) assessed via qRT-PCR (nWT = 
9, nSphK2–/– = 8). (d) Representative Western Blot of CD36 and β-Actin and relative quantification of CD36/β-Actin 
(n = 6 for both groups). (e) Serin-tyrosine kinase activity in livers of SphK2–/– mice compared to WT mice, both fed 
an HFD (n = 4 per group). Only significantly regulated kinases are shown. The coral tree depicts the degree of 
sequence similarity among the analyzed kinases, with kinases showing significant activity changes highlighted. 
Data are presented as mean ± SD. Statistical analysis was performed using an unpaired, two-tailed t-test. Statistical 
significance is indicated as follows: * p <0.05, ** p <0.01. 
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Notably, within the AGC kinase group, phosphorylation of PKC isoforms was observed 

to be higher. While both classical and novel PKCs can be activated by DAG, PKCζ, an 

atypical PKC, is activated by phospholipids rather than DAG. PKCζ is recognized for 

its significant role in metabolic regulation.308 

 

In conclusion, a deficiency in SphK2, as opposed to SphK1 and the WT, correlates with 

the absence of HFD-induced hepatic lipid accumulation, improved systemic glucose 

regulation, and enhanced insulin sensitivity. Besides markedly elevated levels of S1P 

in the plasma, this condition is characterized by higher levels of hepatic ceramide and 

sphingosine, lower expression of Cd36, higher expression of Pnpla2, and greater ac-

tivation of PKCs. Together, these findings highlight that SphK2 deficiency triggers he-

patic adaptations that render mice less susceptible to diet-induced metabolic dysfunc-

tion.  
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4.2 Therapeutic Intervention by Sphingosine Kinase 2 Inhibitor 
SLS1081832 Restores Metabolic Balance in HFD-Induced Meta-
bolic Dysregulation 

Based on the observation that sphingosine kinase 2 deficiency protects mice from diet-

induced obesity and associated metabolic complications, including impaired glucose 

homeostasis and reduced insulin sensitivity, subsequent testing aimed to determine 

whether established MASLD and insulin resistance could also be ameliorated by phar-

macological SphK2 inhibition. To this end, SLS1081832, a potent inhibitor for sphingo-

sine kinase 2, synthetized and provided by Webster Santos and colleagues, was em-

ployed as a pharmacological tool.165 

 
Figure 11. SphK2 absence reduces S1P and increases sphingosine and ceramide in primary mouse 
hepatocytes. Primary mouse hepatocytes were isolated from mice utilizing a two-step collagenase perfusion 
method. (a) 10 µM SLS1081832 was added to the culture medium of WT hepatocytes 30 minutes prior to conducting 
a sphingosine kinase assay with 5 µM C17-sphingosine. The cells were subsequently harvested and analyzed for 
C17-S1P reaction product via LC-MS/MS (n = 4). Statistical analysis was performed using a paired, two-tailed t-
test. (b) S1P, (c) sphingosine, and (d) ceramide levels in primary hepatocytes of WT and SphK2–/– mice were eval-
uated using LC-MS/MS (nWT = 9, nSphK2–/– = 8). Data are presented as mean ± SD. Statistical analysis was per-
formed using an unpaired, two-tailed t-test unless otherwise stated. Statistical significance is indicated as follows: 
* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

To evaluate the functional efficacy of the inhibitor SLS1081832, an assay utilizing C17-

sphingosine was conducted on primary mouse hepatocytes. The results indicated that 

SLS1081832 is able to decrease S1P production by an average of 71% within 30 

minutes (Figure 11a). This finding is in line with the significantly lower S1P levels (84%) 
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in primary hepatocytes of SphK2–/– compared WT mice (Figure 11b), while perfused 

whole-liver homogenates showed no reduction, likely due to the presence of residual 

S1P originating from plasma (Figure 4f, page 66). In support, SphK2–/– mice exhibit 

4.3-fold higher sphingosine levels and a 2.3- to 3.6-fold higher levels of (very) long-

chain fatty acid-associated ceramide species, as detected by LC-MS/MS in primary 

hepatocytes (Figure 11c+d). 

4.2.1 SphK2 Inhibition Reduces MASLD and Associated Metabolic Impairments 

Based on these findings, the SphK2 inhibitor was tested in a therapeutic approach. 

Male WT mice were subjected to a HFD (60% kcal from fat) for 10 weeks prior to 

receiving daily intraperitoneal injections of 10 mg/kg SLS1081832 or the correspond-

ing vehicle control for an additional 6 weeks, while continuing the HFD.  

 
Figure 12. SLS1081832 treatment improves HFD-induced lipid deposition in adipose tissues and liver. WT 
mice were subjected to a HFD for 10 weeks prior to daily intraperitoneal injections of 10 mg/kg SLS1081832, a 
specific SphK2 inhibitor, or respective vehicle control under continuous HFD-feeding for 6 weeks. Mice were sacri-
ficed after a 4-hour fast. (a) Body weight development of SLS1081832 and vehicle-treated group over 16 weeks. 
(b) Final body weight. (c) gWAT, (d) iWAT, and (e) liver weight. LC-MS/MS measurements of S1P levels in (f) liver 
and (g) plasma. Data are presented as mean ± SD. nVeh = 6, nSLS = 7. Statistical analysis was performed using an 
unpaired, two-tailed t-test. Statistical significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001 

After an initial comparable increase in body weight over the first 10 weeks of HFD 

feeding, the SLS1081832 treated group exhibited a reduction in body weight despite 

continued HFD consumption. Consequently, the treated group displayed a 22% lower 

final body weight compared to the control group at the conclusion of the experiment 
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(Figure 12a+b). Additionally, treatment with SLS1081832 resulted in a reduction in the 

weights of gWAT, iWAT, and liver by 62%, 51%, and 20%, respectively (Figure 12c-e).  

Additional LC-MS/MS measurements confirmed that hepatic S1P levels remained un-

changed following SphK2 inhibition, whereas SLS1081832-treated mice showed a 1.3-

fold increase in plasma S1P (Figure 12f+g), mirroring the liver and plasma S1P levels 

observed in global SphK2 knockout mice (Figure 4f+g, page 66). 

 

To further evaluate the therapeutic efficacy of SLS1081832, liver sections were stained 

with H&E and Sirius Red (Figure 13a+b). Histological analysis indicated reduced fat 

accumulation by 42% in the treatment group compared to controls, while no differences 

in fibrotic potential were observed. (Figure 13b+c). However, the treatment did not af-

fect hepatic enzyme levels compared to the vehicle group, as plasma GOT/AST and 

GPT/ALT remained unchanged (Figure 13d+e). 

 

Figure 13. Inhibition of SphK2 improves HFD-induced hepatic lipid deposition. WT mice were subjected to 
a HFD for 10 weeks prior to daily intraperitoneal injections of 10 mg/kg SLS1081832, a specific SphK2 inhibitor, or 
respective vehicle control under continuous HFD-feeding for 6 weeks. Mice were sacrificed after a 4-hour fast. (a) 
H&E and (b) Sirius Red staining of representative liver sections (scale bar: 200 µM) and (c) quantification of vacuole 
area per total area of H&E-stained sections. Plasma levels of (d) GOT/AST and (e) GPT/ALT. Data are presented 
as mean ± SD. nVeh = 6, nSLS = 7. Statistical analysis was performed using an unpaired, two-tailed t-test. Statistical 
significance is indicated as follows: * p <0.05. 

To assess the effects of SphK2 inhibitor treatment on glucose regulation, an ipGTT 

was conducted. Fasting blood glucose levels, measured after six hours of fasting, were 
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already lower in the treatment group compared to the control group (Figure 14a). Fur-

thermore, the quantification of the ipGTT by area under the curve confirmed the en-

hanced glucose regulation in mice treated with SLS1081832 (Figure 14b+c). 

Considering the improved glucose regulation in the ipGTT, an ipITT was performed to 

further evaluate insulin sensitivity. In comparison to HFD-fed control group, which 

demonstrated a rebound in blood glucose levels as early as 45 minutes after insulin 

injection, the treated group exhibited a delayed increase, suggesting a prolonged in-

sulin response relative to the control group, consistent with their lower fasting plasma 

insulin levels. (Figure 14d-f). Assessment of metabolic function revealed that 

SLS1081832-treated mice, similar to SphK2-deficient mice, displayed reduced body 

weight, improved glucose tolerance and insulin sensitivity under HFD conditions. Fur-

thermore, they show enhanced glucose tolerance and insulin sensitivity under these 

dietary conditions. 

 
Figure 14. SLS1081832-treatment improves glucose handling. WT mice were subjected to a high-fat diet (60% 
kcal from fat) for 10 weeks prior to daily intraperitoneal injections of 10 mg/kg SLS1081832, a specific SphK2 inhib-
itor, or respective vehicle control under continuous HFD-feeding. a) Fasting blood glucose levels. (b) ipGTT at 14 
weeks of treatment using a glucose dose of 2 mg/kg with quantification of (c) AUC. (d) ipITT at 15 weeks of treatment 
using an insulin dose of 1 U/kg with quantification of (e) AOC. (f) Fasting plasma insulin levels. Data are presented 
as mean ± SD. Statistical analysis was performed using an unpaired, two-tailed t-test. nVeh = 6, nSLS = 7. Statistical 
significance is indicated as follows: ** p <0.01, *** p <0.001. 
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4.2.2 SphK2 Inhibition Mimics the Hepatic Lipidome of SphK2 Deficiency 

To comprehensively evaluate the phenotype of mice treated with SLS1081832, LC-

MS/MS analyses were conducted on plasma and liver samples. These analyses re-

vealed a pattern in global and local sphingolipid levels (Figure 15a) analogous to the 

SphK2–/– phenotype (Figure 7a). Plasma sphingosine levels exhibited a 1.7-fold in-

crease (Figure 15b), while total plasma ceramide levels (C16:0, C18:0, C20:0, C22:0, C24:0, 

and C24:1) were significantly elevated, as illustrated in Figure 15a. C24:0 and C24:1 were 

notably elevated, although the respective statistical test is not shown in the heatmap. 

 
Figure 15. SLS1081832 treatment results in increasing sphingosine and ceramide levels of (V)LCFA in the 
liver. WT mice were subjected to a high-fat diet (60% kcal from fat) for 10 weeks prior to daily intraperitoneal injec-
tions of 10 mg/kg SLS1081832, a specific SphK2 inhibitor, or respective vehicle control under continuous HFD-
feeding. Sphingolipidomic analysis was performed on plasma and liver tissue. (a) Heatmaps of selected sphingolipid 
species in plasma and liver. Sphingosine levels in (b) plasma and (c) liver. (d) Ceramide and (e) sphingomyelin 
levels in the liver were measured for individual fatty acid species (C16:0, C18:0, C20:0 C22:0, C24:1, and C24:1). 
Statistical analysis was performed using two-way ANOVA with Tukey’s post hoc test for multiple comparisons. Data 
are presented as mean ± SD. nVeh = 6, nSLS = 7. Statistical significance is indicated as follows: * p <0.05, ** p <0.01, 
**** p <0.0001. 
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Alterations in local sphingolipid levels were also observed in liver tissue between 

groups. While hepatic S1P levels remained unchanged following SphK2 inhibition (Fig-

ure 12f, page 79), sphingosine levels increased by 2.9-fold (Figure 15c). Notably, 

ceramide levels in the liver were markedly upregulated by SLS1081832 treatment, with 

the most prevalent ceramide species (C16:0, C22:0, C24:0, and C24:1) increasing up to 2.3-

fold (Figure 15d). In contrast, hepatic SM levels remained stable upon SLS1081832 

treatment (Figure 15e). 

 

When comparing the sphingolipid profiles of SLS1081832-treated mice to SphK2-de-

ficient mice, a similar trend is observed in the elevation of plasma and liver metabolite 

levels, particularly S1P, sphingosine and ceramide, mirroring the phenotype of global 

SphK2–/– mice relative to their respective control groups (refer to Figure 4, page 66). 

These findings underscore that treatment with SLS1081832 can replicate the pheno-

type observed in SphK2-deficient mice subjected to a high-fat diet (HFD) by modulating 

overall sphingolipid levels. 

4.2.3 Inhibition of SphK2 Reduces Lipid Droplet-Associated Gene Expression 
and Modulates Kinase Activity in the Liver 

Consistent with the knockout mice models, the livers of mice treated with SLS1081832, 

and their respective controls were analyzed for expression changes related to lipid 

accumulation and lipid droplet formation. The expression of Pparγ-induced genes, spe-

cifically Cd36, Cidec, and Plin2, was significantly downregulated to about 0.5-fold, in 

SLS1081832 treated mice, indicating a reduction in hepatic lipid droplet formation (Fig-

ure 16a). In contrast, genes linked to lipogenesis, Acc1 and Fasn, showed significant 

upregulation by 1.4 and 2-fold, respectively, while lipolytic expression remained un-

changed (Figure 16b+c). Notably, the protein levels of CD36 did not mirror the mRNA-

expression changes, as revealed by Western Blot analysis (Figure 16d). Similar to 

findings in SphK2-deficient mice fed an HFD, SLS1081832 treatment led to an 20% 

increase in PKCζ phosphorylation, suggesting enhanced activity (Figure 16e). 

 

Collectively, these findings indicate that therapeutic inhibition of SphK2 in HFD-fed 

mice improves their metabolic status and demonstrates a clear trend towards reduced 

lipid accumulation. This is consistent with results observed in SphK2-deficient mice 

subjected to a high-fat diet. Of particular significance is the observation that both 
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SphK2 deficiency and SphK2 inhibition led to similar alterations in the local hepatic 

sphingolipidome, alongside elevated circulating S1P. These changes were consistently 

accompanied by reduced obesity, improved glucose homeostasis, and amelioration of 

MASLD. 

 
Figure 16. SphK2 inhibition shifts expression towards reduced lipid accumulation RNA and protein from 
livers of SLS1081832-treated and control mice was isolated. Gene expression of (a) PPARγ- (Pparg, Cd36, Cidea, 
Cidec, and Plin2), (b) lipolysis- (Pnpla2 and Lipe), and (c) lipogenesis-associated genes (Acc1 and Fasn) assessed 
via qRT-PCR (nWT = 9, nSphK2–/– = 8). (d) Western Blot of CD36 and β-Actin and relative quantification of CD36/ β-
Actin. (e) Western Blot of p-PKCζ T410, PKCζ, and β-Actin and relative quantification of p-PKCζ/PKCζ. Data are 
presented as mean ± SD. nVeh = 6, nSLS = 7. Statistical analysis was performed using an unpaired, two-tailed t-test. 
Statistical significance is indicated as follows: * p <0.05, ** p <0.01.  
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4.3 S1P Lyase Inhibition using 4-Deoxypyridoxine Improves High-Fat 
Diet-Induced Obesity and Restores Glycemic Control 

Among sphingolipids, circulating S1P exhibited a substantial increase in the plasma of 

mice either genetically deficient in SphK2 or subjected to SphK2 inhibition. To test, 

whether this increase is causally involved in SphK2-dependent resistance to obesity, 

MASLD, and impaired glucose homeostasis, a secondary therapeutic approach was 

implemented. This strategy involved inhibiting S1P lyase, the enzyme responsible for 

the irreversible degradation of S1P. In this approach, male WT mice were initially fed 

either a HFD (60% kcal from fat) or normal chow (NC). After a period of 10 weeks, 

each group was further divided into control and treatment subgroups. The treatment 

subgroups were administered 180 mg/L of the S1P lyase inhibitor 4-deoxypyridoxine 

(DOP) administered via drinking water, as previously described,309 for an additional 6 

weeks. At the conclusion of the treatment period, the mice were fasted overnight and 

subsequently euthanized for the collection of blood, liver, gWAT, and iWAT samples, in 

order to elucidate the DOP-mediated alterations in the sphingolipidome, especially 

S1P levels, and its impact on HFD treatment.  

4.3.1 DOP-Treatment Leads to Weight Loss and Metabolic Improvements 

WT mice were fed either a HFD or NC for 16 weeks, while collecting weight parame-

ters. The body weight of groups subjected to a high-fat diet exhibited an increase over 

time until the initiation of the treatment at 10 weeks. DOP-treated mice demonstrated 

a reduction in body weight, whereas the high-fat control group continued to gain weight 

until reaching the endpoint of the study at 16 weeks (Figure 17a). In comparison to the 

groups on the control diet, both high-fat groups exhibited a significant weight gain from 

the initial weight. However, the group receiving DOP for the last 6 weeks of the study 

gained 23% less weight than the group on the high-fat diet alone, which is reflected in 

the final body weight (Figure 17b+c). Beyond the increase in body weight, a 16-week 

HFD resulted in a 1.8-fold increase in liver weight, a change not observed in the group 

receiving both HFD and DOP (Figure 17d). Furthermore, the high-fat diet induced a 

significant increase in the weights of adipose tissue gWAT and iWAT, by 2.6- and 8-

fold, respectively (Figure 17e+f). Mice that received additional DOP treatment demon-

strated a reduction in gWAT and iWAT weight by 20% and 30%, respectively, in com-

parison to the group subjected solely to a HFD. Notably, both the NC and HFD groups 
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that underwent treatment with the S1P lyase inhibitor exhibited less adipose tissue 

mass in both gWAT and iWAT compared to their respective untreated control groups. 

 
Figure 17. Treatment with S1P lyase inhibitor 4-deoxypyridoxine reduced body weight of obese mice. WT 
mice were subjected to either a normal chow or high-fat diet (60% kcal from fat) for a 10-week period. Subsequently, 
each group was divided into two subgroups: one control group and the other receiving treatment with 180 mg/L S1P 
lyase inhibitor 4-Deoxypyridoxine (DOP) administered via drinking water for an additional 6 more weeks. Mice were 
sacrificed after an overnight fast. (a) Body weight development of all groups treated over 16 weeks. (b) Final body 
weight. (c) Body weight gain in percent from starting weight. Organ weights of (d) liver, (e) gWAT, and (f) iWAT. LC-
MS/MS measurements of S1P levels in (g) liver and (h) plasma. Data are presented as mean ± SD. nNC = 6–7, 
nNC+DOP = 6–8, nHFD = 7–13, nHFD+DOP = 7–13. Statistical analysis was performed using one-way ANOVA followed 
by Tukey’s post hoc test for multiple comparisons. Statistical significance is indicated as follows: * p <0.05, 
** p <0.01, *** p <0.001, **** p <0.0001. 
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To assess the effect of DOP, S1P levels in liver and plasma were quantified by LC-

MS/MS. In the liver, DOP treatment resulted in a 9.1-fold increase in S1P in control 

NC-fed mice and 13.6-fold increase in those on a HFD (Figure 17g). In contrast, in 

mice maintained on a control diet, plasma S1P levels remained stable despite DOP 

treatment. Conversely, a 30% increase was noted in mice subjected to a HFD and 

DOP challenge, in comparison to the HFD control group without DOP. (Figure 17h). 

 

Subsequent histological analysis of liver sections was conducted to comprehensively 

assess potential morphological alterations. As expected, the NC groups exhibited nei-

ther lipid depositions in the H&E-stained liver sections nor fibrotic lesions in Sirius Red 

staining (Figure 18a). In contrast, the high-fat groups, both demonstrated hepatic lipid 

depositions (Figure 18a+b), whereas no fibrotic lesions were observed by Sirius Red 

staining (Figure 18a).  

 
Figure 18. DOP-treatment improves liver injury parameters despite present lipid deposition. WT mice were 
fed NC or a HFD for 10 weeks, then split into control or DOP treatment for an additional 6 weeks. (a) H&E and 
Sirius Red staining of representative liver sections (scale bar: 200 µM) and (b) quantification of vacuole area per 
total area. Plasma levels of (c) GOT/AST and (d) GPT/ALT. Data are presented as mean ± SD. nNC = 7, nNC+DOP = 
6–8, nHFD = 7–9, nHFD+DOP = 6–9. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post 
hoc test for multiple comparisons. Statistical significance is indicated as follows: * p <0.05, ** p <0.01, 
**** p <0.0001. 
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Notably, GPT/ALT and GOT/AST levels significantly increased following high-fat diet 

treatment (Figure 18c+d). In contrast, the values in the DOP-treated groups were ap-

proximately 60% lower than those observed in their respective diet control group. 

 

To complete metabolic characterization, glucose and insulin tolerance tests were con-

ducted. Fasting blood glucose levels were equally elevated in both HFD-fed groups 

(Figure 19a). However, glucose tolerance tests indicated that 14 weeks of HFD re-

sulted in impaired glucose tolerance compared to the DOP-treated mice, which aligned 

with the mice in both normal chow groups (Figure 19b+c). A similar pattern was ob-

served in the insulin tolerance tests, where all groups, including the HFD+DOP group, 

exhibited improved insulin sensitivity compared to the HFD-only group (Figure 19d+e). 

Consistently, fasting plasma insulin levels were highest in the HFD group, suggesting 

a DOP-induced enhancement in glucose handling and peripheral insulin sensitivity 

(Figure 19f). 

 
Figure 19. DOP-treatment improves glucose homeostasis and insulin sensitivity in high-fat diet-fed 
mice. WT mice were fed NC or a HFD for 10 weeks, then split into control or DOP treatment for an additional 6 
weeks. (a) Fasting blood glucose levels. (b) ipGTT at 14 weeks of feeding using a glucose dose of 2 mg/kg with 
quantification of (c) AUC. (d) ipITT at 15 weeks into the experiment using an insulin dose of 1 U/kg with quantification 
of (e) AOC. (f) Fasting plasma insulin levels of NC, HFD, and the HFD+DOP group at the end of the experiment. 
Data are presented as mean ± SD. nNC = 9-14, nNC+DOP = 8–9, nHFD = 6–12, nHFD+DOP = 7–9. Statistical analysis was 
performed using one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. Statistical significance 
is indicated as follows: * p <0.05, ** p <0.01, **** p <0.0001. n.d., not determined. 
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4.3.2 S1P Lyase Inhibition Is Associated with Sphingolipidome and Gene Expres-
sion Alterations in the Livers of HFD-Fed Mice 

Plasma and liver sphingolipidome analysis showed unique sphingolipid patterns, influ-

enced by dietary changes or shifts in sphingolipid metabolism (Figure 20a). 

 
Figure 20. Inhibition of S1P lyase mediates alterations in global and local sphingolipid profiles. WT mice 
were fed NC or a HFD for 10 weeks, then split into control or DOP treatment for an additional 6 weeks. LC-MS/MS 
analysis was performed in plasma and liver tissue. (a) Heatmap of selected lipid species in plasma and liver. Sphin-
gosine levels in (b) plasma and (c) liver. (d) Total liver SM levels and (e) liver ceramide levels were measured for 
individual fatty acid species (C16:0, C18:0, C20:0 C22:0, C24:0, and C24:1). Data are presented as mean ± SD. 
nNC = 7, nNC+DOP = 8, nHFD = 10, nHFD+DOP = 7. Statistical analysis was performed using one-way or two-way ANOVA 
followed by Tukey’s post hoc test for multiple comparisons. Statistical significance is indicated as follows: * p <0.05, 
** p <0.01, *** p <0.001, **** p <0.0001. The species that are crossed out could not be detected. Plasma cholesterol 
levels were not assessed. 
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As mentioned earlier, DOP treatment increased plasma S1P levels, whereas hepatic 

S1P levels increased tenfold (Figure 17g+h, page 86). Similarly, sphingosine levels in 

the plasma were unaffected by diet or S1P lyase inhibition, yet a 9.5-fold and 6.7-fold 

increase was detected in the liver of control diet and HFD-fed mice with DOP treatment, 

respectively (Figure 20b+c). Additionally, ceramide levels in the liver increased be-

tween 1.6- to 1.9-fold in control diet-fed mice and by 2.1- to 2.5-fold in HFD-fed mice 

due to S1P lyase inhibition by DOP (Figure 20e). No DOP-dependent alterations were 

observed (Figure 20d) in SM levels. However, a reduction in SM levels by 50% due to 

a high-fat diet, previously observed in plasma (Figure 20a) and in the most abundant 

SM species in WT mice, was apparent (refer to Figure 8). 

Altogether, the sphingolipid alterations observed upon DOP treatment closely resem-

bled those seen in sphingosine kinase knockout mice and following therapeutic inhibi-

tion of SphK2 using SLS1081832. The only notable difference was that inhibition of 

S1P lyase by DOP led to increases in hepatic S1P levels.  

 
Figure 21. DOP-mediated transcriptional shifts involve suppression of lipid droplet genes. WT mice were 
fed NC or a HFD for 10 weeks, then split into control or DOP treatment for an additional 6 weeks. RNA-seq of total 
RNA from mouse liver tissues of all groups (n = 4 per group) was performed by the Genomics & Transcriptomics 
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Laboratory (GTL) of the Heinrich Heine University. (a) Principal component analysis (PCA) based on variance-
filtered TPM (transcripts per million) values. (b) Volcano plot of differentially expressed genes comparing HFD+DOP 
to HFD. Red and green indicate significantly downregulated and upregulated genes, respectively (FDR <0.05, fold 
change > 1.5); black dots represent non-significant genes. (c) Gene set enrichment analysis (GSEA) of the 
GOCC_LIPID_DROPLET gene set comparing HFD+DOP-treated mice to HFD control. NES, normalized enrich-
ment score; FDR-q, FDR-corrected p-value; FC, fold change. 

RNA-seq analysis was conducted to elucidate transcriptional alterations resulting from 

DOP treatment, which led to the phenotypic observations. Principal component analy-

sis of all four experimental groups demonstrated distinct clustering based on the ad-

ministered diet, with the HFD+DOP group clustering between the NC and HFD groups 

(Figure 21a). A volcano plot further visualized prevailing differential expression be-

tween HFD+DOP- and HFD-treated mice (Figure 21b). GSEA revealed a clear nega-

tive enrichment (NES = -1.31) of the GOCC_LIPID_DROPLET gene set (Figure 21c). 

The underrepresentation of this gene set in the livers of HFD-fed mice treated with 

DOP indicated transcriptional changes favoring reduced lipid accumulation compared 

to the HFD only group. 

 

Subsequently, a more comprehensive examination was conducted on the gene ex-

pression of individual genes implicated in lipid droplet formation, lipolysis and lipogen-

esis in the livers of the HFD-fed groups. As shown in Figure 22b+c, DOP treatment led 

to a concurrent upregulation of genes involved in both lipolysis (Pnpla2, Lipe) and li-

pogenesis (Acc1, Fasn), whereas the expression of lipid droplet–associated genes 

such as Pparg and Cidea (Figure 22a) was significantly reduced, suggesting an imbal-

ance between lipid storage and metabolic turnover. 

Although the mRNA expression of Cd36 remained unchanged with DOP treatment, 

Western Blot analysis indicated a 31% reduction in CD36 protein levels (Figure 22d). 

Kinase activity profiling in these livers revealed a downregulation of kinases from the 

CMGC group, whereas AGC kinases, particularly PKC isoforms, exhibited significantly 

enhanced activity, with PKCζ being the most prominent (Figure 22e). 
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Figure 22. S1P lyase inhibition alters lipid metabolism gene expression. RNA and protein from livers of HFD-
fed mice treated with 180 mg/L S1P lyase inhibitor DOP and respective control group was isolated. Gene expression 
of (a) PPARγ- (Pparg, Cd36, Cidea, Cidec, and Plin2), (b) lipolysis- (Pnpla2 and Lipe), and (c) lipogenesis-associ-
ated genes (Acc1 and Fasn) assessed via qRT-PCR (n = 8 per group). (d) Western Blot of CD36 and β-Actin and 
relative quantification of CD36/ β-Actin. e) Serin-tyrosine kinase activity in livers of HFD+DOP mice compared to 
HFD mice (n = 4 per group). Only significantly regulated kinases are shown. The coral tree depicts the degree of 
sequence similarity among the analyzed kinases, with kinases showing significant activity changes highlighted. 
Data are presented as mean ± SD. Statistical analysis was performed using an unpaired, two-tailed t-test. Statistical 
significance is indicated as follows: * p <0.05, ** p <0.01. 
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In conclusion, like a genetic SphK2 knockout or pharmacological SphK2 inhibition in 

mice, therapeutic DOP-treatment led to comparable improvements, including reduced 

weight gain, a tendency towards decreased hepatic lipid accumulation, and enhanced 

glucose tolerance and peripheral insulin sensitivity. This connection was substantiated 

by the corresponding sphingolipid profiles in both plasma and liver, with the distinction 

that S1P lyase inhibition led to an elevation in hepatic S1P levels. In the liver, in addition 

to elevated S1P and Sph, ceramides were notably elevated in all experimental setups. 
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4.4 Ceramide Elevation Correlates with Reduced Sphingomyelin 
Synthase Activity in the Liver 

In all interventions targeting the salvage pathway of sphingolipid metabolism, hepatic 

ceramide levels were consistently elevated, while total SM levels remained un-

changed. Yet, given the association between ceramides and lipotoxicity and their con-

version to S1P or SM, SMS2 activity was evaluated to determine its role in the dispro-

portionate ceramide increase and whether S1P signaling might mitigate ceramide-

driven effects.310,311 

The relative SMS-activity was assessed using an SMS activity assay on liver homog-

enates. The assay’s validity was confirmed by comparing livers of SMS2–/– with WT 

mice, additionally employing the selective SMS2 inhibitor LY93 (Figure 23a+b). The 

livers of SMS2–/– exhibited a 93% reduction in SMS2 activity, indicating SMS2 as the 

predominant liver isoform. LY93 decreased SMS2 activity in WT mice livers by 46%.  

Interestingly, lower SMS activity was also observed in the livers of SphK2-deficient 

mice (Figure 23c). An equal reduction is present in DOP-treated mice compared to 

controls (Figure 23d), suggesting a correlation between elevated ceramide levels and 

decreased SMS activity. 

 
Figure 23. Ceramide-rich livers feature reduced SMS2 activity. SMS activity in liver tissues was measured by 
adding 30 µM C2-ceramide and PC36:0 to 100 µg protein of each liver homogenate in assay buffer. C2-SM content 
after 1 hour was measured by LC-MS/MS and normalized to respective control. (a) SMS2–/– versus WT. (b) WT 
with additional treatment of 150 µM SMS2 inhibitor LY-93 and respective control. (c) SMS activity in livers of WT 
versus SphK1–/– and SphK2–/–. (d) Six-week treatment with 180 mg/L DOP versus control. Data are presented as 
mean ± SD (n = 6–7 per group). Statistical analysis was performed using paired or unpaired, two-tailed t-test or 
one-way repeated measures ANOVA followed by Tukey’s post hoc test for multiple comparisons. Statistical signifi-
cance is indicated as follows: * p <0.05, *** p <0.001, **** p <0.0001. 

To investigate ceramide’s effect on SMS activity, concentrations of C2-ceramide, rang-

ing from 0.03 to 300 µM, were tested in the assay. The results showed rising ceramide 

concentrations enhanced SMS activity, peaking at 30 µM, with higher concentrations 
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causing decreased activity, yielding a bell-shaped dose-response curve (Figure 24a). 

Importantly, the assay reflects catalytic potential under defined assay conditions and 

cannot be equated 1:1 with ceramide concentrations in 1 mg of intact liver tissue. Com-

paring these with ceramide concentrations in liver tissues of WT, Sphk1–/–, SphK2–/–, 

and DOP-treated mice shows that local ceramide levels (C16:0, C18:0, C20:0, C22:0, C24:0, 

and C24:1) in livers of SphK2–/– and DOP mice reached 408 µM and 282 µM, respec-

tively (Figure 8 and Figure 20d). In contrast, control groups showed lower total 

ceramide levels, with 85 µM and 152 µM, as did SphK1–/– mice at 90 µM. This indicates 

that higher levels of total ceramide in the liver correlate with reduced SMS activity, 

particularly where total ceramide levels approach or exceed 300 µM. 

 
Figure 24. Increased ceramide, but not sphingosine or S1P, levels inhibit SMS2 activity. SMS activity in liver 
tissues was measured by adding 30 µM C2-ceramide and PC36:0 to 100 µg protein of each liver homogenate in 
assay buffer. C2-SM content after 1 hour was measured by LC-MS/MS and normalized to respective control. (a) 
WT liver homogenates with rising C2-ceramide concentrations (0.03, 0.3, 3, 30, 100, 300 µM). Statistical analysis 
was performed using nonlinear regression with substrate inhibition model to analyze concentration-response rela-
tionship. The model fit was evaluated using the R2 value (R2 = 0.9352), indicating a good fit to the data. Additionally, 
differences between conditions were assessed using repeated measures one-way ANOVA followed by Tukey’s post 
hoc test for pairwise comparisons. Groups sharing a letter in Compact Letter Display (CLD) are not significantly 
different, while groups with different letters indicate significant differences. All significant comparisons showed at 
least p< 0.01, with most comparisons at p< 0.001. (b) WT with additional treatment of 1 and 10 µM Sph and respec-
tive control (EtOH; ethanol). (c) WT with additional treatment of 1 and 10 µM S1P and respective control (MeOH; 
methanol). Data are presented as mean ± SD (n = 6 per group). Statistical analysis was performed using one-way 
repeated measures ANOVA followed by Tukey’s post hoc test for multiple comparisons unless otherwise stated. 
Statistical significance is indicated as follows: * p <0.05, ** p <0.01. 

In contrast, Sph and S1P concentrations up to 10 µM did not inhibit SMS activity at 

30 µM C2-ceramide (Figure 24b+c). Instead, sphingosine increased SMS activity. 

It is important to note that the experiments were conducted using liver cell homogenate 

from C57BL/6J mice, which inherently possess specific ceramide levels. Conse-

quently, the concentrations employed in the experiment are cumulative and cannot be 

directly equated in a 1:1 ratio. Nevertheless, these results suggest a ceramide-depend-

ent inhibition of SMS2 activity in the liver, consistent with substrate inhibition kinetics.  
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4.5 Sphingosine-1-Phosphate Promotes Lipolysis in Adipose Tissue 
via Activation of PKCζ 

In HFD-fed mice, SphK2 knockout and pharmacological inhibition of both SphK2 or 

S1P lyase showed a consistent trend towards reduced hepatic lipid droplet formation, 

supported by histological and gene expression readouts. Besides lower hepatic lipid 

deposition in these interventions, another notable observation was the reduction in ad-

ipose tissue mass. Subsequently, the potential contribution of enhanced lipolysis to the 

observed reduction in adipose tissue mass was examined. 

Previous research in our group demonstrated that S1P signaling through S1PR2 inhib-

its adipogenesis in mesenchymal progenitor cells by suppressing PPARγ-dependent 

gene expression.309 Similarly, studies conducted by the Park group revealed that 

S1PR2 stimulation inhibited 3T3-L1 differentiation by downregulating adipogenic tran-

scription factors and inactivating JNK and p38 MAPK signaling pathways.312,313 Intra-

cellular S1P has also been considered, as other studies have shown that the S1P-

producing enzymes SphK1 and SphK2 are induced during adipogenic differentiation 

of 3T3-L1.268  

4.5.1 PKCζ Activation by Intracellular Action of S1P Stimulates Lipolysis  

To investigate the role of S1P as a potential inducer of lipolysis, differentiated 3T3-L1 

adipocytes were exposed to gradually increasing concentrations of S1P. Only concen-

trations equal to or exceeding 10 µM, 100-fold above S1PR activation thresholds, re-

sulted in a two- to three-fold increase in glycerol release in the lipolysis assay. In con-

trast, at equimolar concentrations, the S1PR1-3 agonists AUY954, CYM5520, and 

CYM5541 did not induce lipolysis (Figure 25a+b), thereby excluding the three major 

S1PRs as mediators of the S1P effect. To examine whether intracellular S1P may be 

involved, cellular uptake of S1P in differentiated 3T3-L1 cells treated with 10 µM S1P 

was measured. After 30 minutes, intracellular S1P levels increased by up to 19.3-fold, 

equivalent to 0.17 µM, accompanied by a 5.9-fold increase in Sph levels, while 

ceramide levels remained constant (Figure 25c). Adenylate cyclase and phosphatidyl-

inositol 3-kinase (PI3K) were excluded as potential intracellular targets for S1P, as their 

respective inhibitors, SQ22536 and Wortmannin, did not suppress lipolysis in the pres-

ence of S1P (Figure 25d+e). 
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Figure 25. Intracellular S1P induces lipolysis through PKCζ in differentiated 3T3-L1 adipocytes. (a) Glycerol 
release of differentiated 3T3-L1 cells after treatment with 0.1, 1, 10 and 50 µM S1P or respective vehicle for 16 
hours (n = 4 per group). (b) Glycerol release of differentiated 3T3-L1 cells after treatment with 10 µM of each S1P 
or S1PR1-3 agonists AUY954, CYM5520, and CYM5541 or vehicle control (0.1% DMSO) for 16 hours (n = 4–5 per 
group). (c) LC-MS/MS measurements of adipocyte-associated S1P, Sph, and ceramide (Cer14:0, 16:0, 18:0, 22:0, 
24:0, and 24:1) after incubating differentiated 3T3-L1 cells with 10 µM S1P for 30 minutes (n = 5 per group). (d) 
Glycerol release of differentiated 3T3-L1 cells after treatment with 10 µM S1P and 1 µM Isoproterenol in presence 
and absence of 100 µM adenylate cyclase inhibitor SQ22536 and respective vehicle controls for 16 hours (n = 4 
per group). (e) Glycerol release of differentiated 3T3-L1 cells with 10 µM S1P and/or 100 nM PI3K inhibitor Wort-
mannin and respective control for 16 hours (n = 3–8 per group). Data are presented as mean ± SD. Statistical 
analysis was performed using a one-way ANOVA (A,B,E) or a repeated measures one-way ANOVA, with treatment 
as the within-subject (paired) factor (D) followed by Tukey’s multiple comparison test (A,B,E) or a paired, two-tailed 
t-test (C). Statistical significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

PKCζ, known to be allosterically bound and activated by S1P, was investigated as an-

other potential intracellular target.204 Figure 26a illustrates a significant stimulation of 

PKCζ activity by 10 µM S1P in differentiated 3T3-L1 cells, as demonstrated in a PKCζ 
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activity assay. Furthermore, S1P induced phosphorylation at Thr410, located in the 

PKCζ activation loop (Figure 26b).314 

To ascertain whether S1P-induced lipolysis is dependent on PKCζ activity, lipolysis 

was induced by S1P in the presence and absence of either the general PKC inhibitor 

bisindolylmaleimide I (Bis) or a PKCζ-specific pseudo-substrate inhibitor (PSI), result-

ing in the complete abolition of the S1P-stimulating effect on lipolysis (Figure 26c+d). 

 
Figure 26. S1P induces lipolysis through PKCζ in differentiated 3T3-L1 cells. (a) Relative kinase activity of 
recombinant PKCζ treated with 10 µM S1P and respective vehicle (n = 3 per group). (b) Representative Western 
Blots of phosphorylated PKCζ (Thr410), total PKCζ, and GAPDH in differentiated 3T3-L1 adipocytes treated with 
10 µM S1P and respective vehicle for 15 minutes and relative quantification of p-PKCζ T410 to GAPDH loading 
control (n = 4 per group). (c) Glycerol release of differentiated 3T3-L1 cells after treatment with 10 µM S1P and/or 
3 µM PKC inhibitor bisindolylmaleimid (Bis) for 16 hours (n = 3–10 per group). (d) Glycerol release of differentiated 
3T3-L1 cells after treatment with 10 µM S1P and/or 10 µM PKCζ pseudo-substrate inhibitor (Psi) for 16 hours (n = 
4 per group). Data are presented as mean ± SD. Statistical analysis was performed using a paired, two-tailed t-test 
(A,B) or a repeated measures one-way ANOVA followed by Tukey’s multiple comparisons test (C,D). Statistical 
significance is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 

4.5.2 S1P Induces Lipolysis Dependent on a PKCζ/MAPK/HSL Pathway 

To elucidate the downstream signaling mechanisms by which S1P induces lipolysis, 

adipose HSL was inhibited using a small molecule HSL inhibitor (smHSLi). This re-

vealed an inhibition of the S1P-activated lipolysis pathway under investigation (Figure 

27a). Given that mitogen-activated protein kinases (MAPK) have been demonstrated 

to activate HSL through Ser660 phosphorylation in mature 3T3-L1 adipocytes, the in-

hibition of MAPK was tested using the ERK inhibitor PD98059.315 
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Figure 27. S1P-induced lipolysis via activation of PKCζ is dependent on MAPK/ERK pathway. (a) Glycerol 
release of differentiated 3T3-L1 adipocytes after treatment with 10 µM S1P in presence or absence of 10 µM ERK 
inhibitor PD98059 for 16 hours (n = 4 per group). (b) Glycerol release of differentiated 3T3-L1 cells after treatment 
with 10 µM S1P in presence or absence of 25 µM small molecule HSL inhibitor (smHSLi) for 16 hours (n = 4 per 
group). (c) Representative Western Blots of phosphorylated p44/42 MAPK, total-p44/42 MAPK, phosphorylated 
HSL (Ser660), total HSL, and GAPDH in differentiated 3T3-L1 adipocytes treated with 10 µM S1P in presence and 
absence of 3 µM bisindolylmaleimide I (Bis) for 15 minutes (n = 4–7 per group) and relative quantification of p-
p44/42 MAPK to total MAPK or p-HSL to total HSL. Data are presented as mean ± SD. Statistical analysis was 
performed using a one-way ANOVA followed by Tukey’s multiple comparisons test. Statistical significance is indi-
cated as follows: * p <0.05, ** p <0.01, *** p <0.001. 

Indeed, MAPK inhibition resulted in the suppression of S1P-stimulated lipolysis (Figure 

27b). Consistently, Western Blot analysis of differentiated 3T3-L1 adipocytes treated 

with 10 µM S1P, with or without 3 µM of the PKCζ inhibitor bisindolylmaleimide I, indi-

cated that the PKCζ inhibition prevents the downstream phosphorylation of HSL and 

MAPK, even in the presence of S1P stimulation (Figure 27c). These findings suggest 

that S1P induces lipolysis via the PKCζ/HSL/MAPK signaling pathway.  
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4.5.3 Inhibition of S1P Lyase Promotes Lipolysis in vitro and in vivo 

In accordance with the proposed mechanism whereby S1P enters the cell and acti-

vates the PKCζ/HSL/MAPK pathway intracellularly, subsequent experiments were con-

ducted by inhibiting S1P lyase to elevate intracellular S1P levels. This was achieved 

using 1 µM of the S1P lyase inhibitor S1PL-IN-1. The application of S1PL-IN-1 resulted 

in a successful increase in glycerol levels by up to 20% in both differentiated 3T3-L1 

cells and primary murine adipocytes, as demonstrated in a lipolysis assay (Figure 28a). 

 

Subsequently, a therapeutic intervention was employed to pharmacologically elevate 

S1P levels in mice, aiming to assess whether increased S1P levels would influence 

lipolysis in vivo. For this purpose, mice were subjected to an initial HFD for 10 weeks, 

followed by the administration of 180 mg/L DOP via drinking water for an additional 6 

weeks of HFD for both the treatment and control groups (refer to Section 4.3). Notably, 

a ~2-fold increase in plasma S1P levels was observed, while a 92-fold increase was 

detected in gWAT in the DOP-treated group compared to the control group (Figure 

28b). Concurrently, reductions in body weight and gWAT mass were observed, as pre-

viously mentioned in Section 4.3.1 (Figure 28c). Histomorphometric analyses of two 

representative adipose tissue depots, gWAT and iWAT, revealed that the treatment 

group exhibited smaller adipocyte size (mean diameter and area) and a significant shift 

towards smaller cells compared to the group receiving only HFD (Figure 28d-f). 
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Figure 28. S1P lyase inhibition increases S1P levels in vitro and in vivo leading to reduced adipose tissue 
mass in HFD-fed mice. (a) Glycerol release of differentiated 3T3-L1 adipocytes and differentiated primary mouse 
adipocytes after treatment with 1 µM S1P lyase inhibitor S1PL-IN-1 or respective vehicle for 16 hours (n = 5–6 per 
group). (b) LC-MS/MS measurements of S1P in plasma and gWAT of mice fed a HFD for 16 weeks versus additional 
DOP-treatment for 6 weeks (n = 5–11 per group). (c) Body and gWAT weight of mice fed a HFD for 16 weeks versus 
additional DOP-treatment for 6 weeks (n = 11–13 per group). (f) Representative H&E staining of of gWAT and iWAT 
of mice fed a HFD for 16 weeks versus additional DOP-treatment for 6 weeks (Scale bar: 100 µM) and quantification 
of adipocyte diameter and area in (e) gWAT (n = 11–13) and (f) iWAT (n = 4–5 per group). Data are presented as 
mean ± SD. Statistical analysis was performed using a paired or unpaired, two-tailed t-test. Statistical significance 
is indicated as follows: * p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001. 
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To evaluate whether the elevated S1P levels and reduced adipose tissue mass were 

associated with increased lipolysis in vivo, FFAs were measured in plasma and gWAT. 

Elevated FFA levels in the DOP group indicated enhanced lipolytic activity (Figure 29a). 

To further investigate the proposed PKCζ/HSL/MAPK pathway in vivo, PKCζ activity in 

gWAT was assessed by measuring PKCζ T410 phosphorylation via western blotting 

and an in vitro kinase assay using immunoprecipitated PKCζ. Both relative PKCζ ac-

tivity and T410 phosphorylation were elevated in the gWAT tissue of mice with in-

creased S1P levels due to DOP treatment (Figure 29b+c). Finally, phosphorylation of 

HSL at Ser660 was increased in the group receiving additional DOP-treatment, in con-

trast to the HFD group (Figure 29d). 

 
Figure 29. S1P increases lipolysis in vivo through PKCζ activation. Mice were fed a HFD for 16 weeks with 
or without supplementation of S1P lyase inhibitor DOP via drinking water during the last 6 weeks of the diet. (a) FFA 
in plasma and gWAT (n = 5–12 per group). (b) Representative Western Blots of phosphorylated PKCζ (Thr410), 
and total PKCζ and relative quantification of p-PKCζ in gWAT to GAPDH loading control (n = 4–5 per group). 
(c) PKCζ kinase activity as measured by in vitro phosphorylation assay with immunoprecipitated PKCζ in gWAT 
(n = 6–7 per group). (d) Representative Western Blots of p-HSLSer660 and total HSL in gWAT and relative quanti-
fication of p-HSL to beta-actin loading control (n = 5 per group). Data are presented as mean ± SD. Statistical 
analysis was performed using an unpaired, two-tailed t-test. Statistical significance is indicated as follows: * p <0.05, 
** p <0.01, *** p <0.001. 

These findings suggest that the elevation of S1P levels in vivo, achieved through ther-

apeutic intervention in obese mice, induce lipolysis via the same mechanism postu-

lated in vitro, leading to a reduction in adiposity and improvement in metabolic state 
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indicators, as described in Section 4.3. In the livers of DOP-treated mice, elevated 

PKCζ activity is associated with increased levels of S1P, Sph, and ceramide. In con-

trast, in the livers of SphK2-deficient mice, elevated levels were observed only for Sph 

and ceramide, despite a similar increase in PKCζ activity. 
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5 Discussion 

This study aimed to elucidate the role of S1P turnover in the development and pro-

gression of obesity-related complications and evaluate whether targeting this pathway 

can modulate tissue-specific responses. By employing both genetic and pharmacolog-

ical interventions, this study investigated the impact of altered S1P turnover on lipid 

handling and systemic metabolic regulation, integrating liver and plasma sphingolipid 

profiling to link functional changes with the underlying lipid remodeling. Consistent with 

this objective, this study identified a range of phenotypic and functional changes that 

depended on either genotype or treatment: 

1. A global knockout of SphK2, but not SphK1, confers protection against weight gain 

induced by a high-fat diet and subsequent metabolic complications such as MASLD 

and insulin resistance. The observed reduction in body and adipose tissue weight 

is associated with enhanced systemic glucose tolerance and insulin sensitivity. In 

the liver, gene expression analysis indicated a negative enrichment of genes linked 

to lipid droplets and MASLD in mice, alongside lower expression of CD36, higher 

expression of the lipolysis gene Pnpla2, and elevated kinase activity of PKCs, in-

cluding atypical PKCζ. 

2. Therapeutic inhibition of SphK2 in HFD-fed mice replicates the SphK2-deficient 

phenotype and reverses metabolic deterioration by reducing lipid deposits in adi-

pose and the liver, improving glucose tolerance and enhancing insulin sensitivity. 

This is facilitated by lower expression of genes involved in lipid deposition and 

higher PKCζ. 

3. Therapeutic inhibition of S1P lyase results in reduced body and gWAT weight in 

DIO mice, reduced transaminase levels, and enhanced glucose tolerance and in-

sulin sensitivity. Further functional characterization in the liver revealed a negative 

enrichment of genes associated with lipid droplets and fatty acid uptake, increased 

expression of lipolytic and lipogenic genes, and elevated PKC activity, including 

PKCζ. 

4. Sphingomyelin synthase 2 activity is lower in in livers of mice exhibiting a SphK2-

deficiency or treated with S1P lyase inhibitor DOP, both of which have high hepatic 

ceramide levels. 
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5. In gWAT of DOP-treated animals, S1P directly activated PKCζ, which mediated 

activation of HSL-dependent lipolysis, leading to a reduction in adipose tissue mass 

and decreased cell diameter of fat cells in both gWAT and iWAT. This mechanism 

was linked to an cAMP/PKA-independent pathway involving MAPK/ERK signaling 

directly activating HSL. 

 

In this study, sphingolipid metabolism was deliberately altered either by genetic dele-

tion of SphK2 or by pharmacological inhibition of SphK2 and S1P lyase. Across all 

these models, the induced changes in sphingolipid profiles within plasma, liver, and 

adipose tissue were consistently associated with metabolic improvements, including 

reduced body and adipose tissue weight, enhanced glucose tolerance, and improved 

insulin sensitivity. Notably, plasma levels of S1P, ceramide, and sphingosine were ele-

vated, whereas liver-specific changes more distinctly reflected the effects of the re-

spective interventions. 

In examining the intricate role of bioactive sphingolipids, specifically S1P and 

ceramide, within the context of MetS in vivo, researchers encounter significant chal-

lenges. Associated comorbidities, including obesity, hypertension, MASLD, and T2D, 

frequently coexist and influence each other.316,317 For example, studies investigating 

S1P in humans often measure circulating S1P, resulting in varied conclusions, as they 

reported that S1P is positively correlated with a high BMI as well as exhibiting curvilin-

ear associations.260,309,318 

Different species of ceramides, distinguished solely by acyl chain length, assume dis-

tinct roles in MASLD and MASH. Ceramides C16:0 and C20:0, but not C24:0, have been 

found to positively correlate with MASLD as well as with lipotoxicity, inflammation, ox-

idative stress, and insulin resistance in both mice and humans.310 Consequently, while 

ceramide C16:0 and C18:0 accumulate during the progression from hepatic steatosis to 

MASH, ceramides C16:0, C22:0 and C24:1 were elevated in patients with MASH compared 

to those with MASLD.240,319 

This highlights not only the complexity of these interconnected disorders, but also the 

importance of subtle variations in sphingolipid profiles in different organs and plasma, 

with their detection being a key objective of this study.  
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5.1 Interventions in Sphingolipid Metabolism Ameliorate Metabolic 
Dysfunction  

In this study, knockout of either SphK1 or SphK2 had distinct effects on the develop-

ment of metabolic diseases, including obesity, T2D, and MASLD, in an HFD-induced 

mouse model. To investigate this, both SphK1 and SphK2 knockout mice and WT con-

trol mice were subjected to a 12-week high-fat diet regimen and subsequently exam-

ined for key metabolic parameters such as insulin sensitivity, glucose tolerance, adi-

posity, and hepatic lipid accumulation. 

5.1.1 Global SphK1 Deficiency Fails to Protect Against Diet-Induced Metabolic 
Complications 

SphK1-deficient mice exhibited severe obesity comparable to WT controls following 12 

weeks of HFD feeding, with body weight increasing by over 40% and accompanied by 

an expansion of adipose tissue mass. Similar observations have been previously doc-

umented in global SphK1 knockout mice after extended HFD exposure.264 Notably, 

hepatic fibrosis was not observed, acknowledging that no dedicated fibrosis model was 

employed. However, while earlier studies reported reduced hepatic lipid accumulation, 

lower fasting plasma insulin and glucose levels, and enhanced systemic insulin sensi-

tivity in SphK1–/– mice, the findings in this study indicated impaired glucose tolerance 

and diminished insulin sensitivity under similar dietary conditions. 

Prior research has demonstrated that SphK1 is upregulated in palmitate-treated adi-

pocytes and hepatocytes, as well as in the adipose tissue of genetically or diet-induced 

obese mice and obese T2D humans.264,268,270 Consistent with this, SphK1 overexpres-

sion was associated with hepatic lipid accumulation, whereas SphK1 deficiency ame-

liorated hepatic steatosis in a PPARγ-dependent manner.270 Further evidence is pro-

vided by S1P lyase knockout models, which exhibited elevated hepatic sphingolipid 

levels, together with excessive lipid accumulation and increased hepatic PPARγ ex-

pression, yet paradoxically reduced adipose tissue mass.320 These findings indicate a 

tissue-specific role of the S1P/SphK1 axis, a notion further supported by studies in 

adipocyte-specific SphK1 knockouts, which showed increased adiposity and hepatic 

lipid accumulation upon HFD feeding, along with impaired glucose tolerance.271 To-

gether, these observations suggest that SphK1 may exert distinct, even opposing, 

functions in liver and adipose tissue metabolism.  
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In the context of diabetes, prior research has demonstrated that SphK1 deficiency re-

sults in impaired glucose tolerance due to β-cell loss.272 In the current study, fasting 

insulin levels were found to be elevated following 12 weeks of HFD feeding, which is 

consistent with the compensatory hyperinsulinemia observed in WT mice, preceding 

the onset of insulin resistance around week 11.48 Furthermore, in this study SphK1-

deficient mice exhibited impaired glucose tolerance and insulin sensitivity under HFD 

feeding, corroborating previous findings that reported impaired glucose tolerance as 

early as 8 weeks, with progressive deterioration characterized by reduced fasting in-

sulin levels and β-cell loss by 24 weeks.272 Mechanistically, treatment with S1P or over-

expression of SphK1 in β-cell lines and isolated islets has been shown to confer pro-

tection against lipotoxicity and cell death. At the systemic level, systemic SphK1 over-

expression improved insulin sensitivity and reduced steatosis in mouse models of dia-

betes and DIO.272-274 Together, these findings outline a dynamic progression from early 

β-cell compensation to later stages of insulin resistance and β-cell failure, with SphK1 

being crucial for sustaining metabolic balance. While β-cell function was not addressed 

within the framework of this study, it should be considered when interpreting the overall 

effects of S1P. 

Taken together, the discrepancies with previously published studies may reflect differ-

ences in dietary composition and feeding duration, thereby underscoring the context-

dependent nature of the metabolic consequences of global SphK1 deficiency. 

5.1.2 Genetic and Pharmacological Targeting of SphK2 Counteracts Diet-In-
duced Manifestation of Metabolic Diseases 

SphK2–/– mice exhibited lower body weight at the onset of the 12-week high-fat diet 

treatment and were consequently protected from diet-induced weight gain and meta-

bolic deterioration. This included reduced hepatic lipid accumulation, improved glucose 

tolerance, and enhanced insulin sensitivity.  

Consistent with the findings in this study, earlier work also documented the protection 

of SphK2–/– mice from age-related obesity and insulin resistance, partially attributed to 

elevated circulating adiponectin, enhanced lipolysis in WAT, and increased energy ex-

penditure.276 Another study employing a similar HFD regimen (60% kcal from fat for 8 

weeks) also observed reduced body and adipose tissue weight in SphK2–/– mice, ac-

companied by improved glucose tolerance. These benefits were attributed to higher 

energy expenditure and increased Ucp1 expression in inguinal WAT.278 While these 
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studies primarily focused on WAT, a more liver-centric investigation found that liver-

specific SphK2 deficiency exacerbated MASLD, with impaired glucose tolerance and 

reduced systemic insulin sensitivity. Mechanistically, defective hepatic insulin signaling 

and Sph-mediated inhibition of Akt phosphorylation contributed to this phenotype.277 

The study by Aji supports the paradigm of selective hepatic insulin resistance, where 

insulin fails to suppress gluconeogenesis but continues to promote lipogenesis, 

thereby fueling both steatosis and hyperglycemia.321,322 However, transcriptomic anal-

ysis in the present study demonstrated reduced abundance of gene sets associated 

with fatty liver and lipid droplets in the livers of HFD-fed SphK2 knockout mice com-

pared to WT controls, consistent with their non-steatotic phenotype. It is also important 

to consider that, beyond hepatic insulin signaling, other cell types such as adipocytes, 

skeletal muscle, and pancreatic β-cells significantly contribute to systemic metabolic 

homeostasis. 

Indeed, SphK2 deficiency has been demonstrated to ameliorate the diabetic pheno-

type in a STZ-treated HFD mouse model by mitigating the reduction of β-cell mass, 

which may also contribute to the findings reported here.265,275 Supporting this, the 

SphK2/S1P axis has been implicated in β-cell protection, mechanistically associated 

with decreased S1P levels that enhance PHB2 expression, thereby increasing ATP 

production and oxygen consumption and alleviating cytokine-induced ATP depletion 

and ER stress.267 Consistent with the results of the present study, improved glucose 

tolerance indicates preserved insulin secretion in conjunction with peripheral insulin 

sensitivity.  

In addition to these tissue-specific effects of SphK2 deficiency and the broader 

SphK2/S1P axis, dietary composition and treatment regimens appear to strongly influ-

ence the experimental outcome. Notably, a western diet (~42% kcal from fat and car-

bohydrates, respectively) has been reported to yield results that contrast with those 

observed under a classical HFD providing 60% of total energy from fat, such as in-

creased hepatic fat accumulation.279,281 

 

In the subsequent phase of this project, pharmacological SphK2 inhibition was evalu-

ated in a therapeutic context. Mice were initially subjected to a HFD for ten weeks, 

followed by daily intraperitoneal injections of the specific SphK2 inhibitor SLS1081832 

(10 mg/kg) for 6 weeks, while continuing the HFD. By the conclusion of this treatment, 
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the mice exhibited reduced body and adipose tissue weight, decreased hepatic lipid 

accumulation, and enhanced glucose tolerance and insulin sensitivity compared to ve-

hicle controls. This closely mirrored the characteristics observed in the genetic SphK2 

knockout model, which was already resistant to the pathological effects of HFD. 

Consistent with these observations, SphK2 inhibitors like ABC294640 (opaganib) and 

K145 have been studied across various disease settings. Opaganib has progressed to 

clinical trials for conditions such as advanced solid tumors and COVID-19, whereas 

K145 has shown antitumor effects both in vitro and in vivo.323,324 These compounds 

have also been tested in liver- and metabolism-related models. For example, opaganib 

was found to protect against hepatic mitochondrial dysfunction and inflammation, and 

to facilitate weight loss in obese mice with improved glucose tolerance, either alone or 

combined with the GLP-1 analogue semaglutide.325,326 Similarly, K145 reduced hepatic 

steatosis and restored liver function in ob/ob mice, associated with the downregulation 

of lipogenic and upregulation of β-oxidation-related gene expression.325 However, cau-

tion is advised, as both ABC294640 and K145 have been reported to exert off-target 

effects, including inhibition of Degs1 and apparent activation of KDSR, which in some 

cases resulted in elevated S1P levels.327,328 In contrast, such alterations were not ob-

served in the livers of mice in the present study, which complicates a direct comparison 

with published inhibitor data. 

Beyond the protective effects of SLS1081832, analyses of liver expression and signal-

ing showed significant similarities to the SphK2 knockout model. Transcriptomic profil-

ing indicated a negative enrichment of gene sets associated with lipid droplets, along 

with decreased expression of Cidec and Plin2 in mice treated with SLS1081832. In 

SphK2 knockout mice, Pparg, Plin2, and Cidec expression remained unchanged, likely 

due to the overnight fasting regimen before tissue collection. By contrast, 

SLS1081832-treated mice underwent a shorter fasting period, which may explain the 

differences observed between the groups, as fasting has been shown to attenuate diet-

induced changes in these genes.329 

Regarding lipid metabolism, SphK2–/– mice exhibited increased hepatic Pnpla2 expres-

sion along with lower plasma insulin levels, aligning with previous findings of its sup-

pression under hyperinsulinemic conditions.330 Although Pnpla2 overexpression allevi-

ates hepatic steatosis, it does not restore systemic insulin sensitivity, underscoring its 

hepatoprotective but limited systemic impact.331 Conversely, SLS1081832 treatment 
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led to an upregulation of lipogenic enzymes (Acc1 and Fasn) despite a tendency for 

reduced lipid droplet formation. This contrasts with results in ob/ob mice, treated with 

the SphK2 inhibitor K145, where hepatic Acc1 and Fasn expression decreased.325 The 

differing regulation likely reflects model-specific variations as K145 reduces hyperin-

sulinemia and systemic insulin resistance in ob/ob mice and thus SREBP1c-driven li-

pogenesis, while HFD-fed mice develop selective insulin resistance and may activate 

compensatory lipogenic pathways upon SphK2. 

 

A common feature in both pharmacological and genetic inhibition of SphK2 was the 

reduced Cd36 expression, with knockout mice also showing decreases at the protein 

level. Since CD36 facilitates fatty acid uptake and promotes lipogenesis, its downreg-

ulation is consistent with reduced hepatic lipid accumulation in CD36-deficient mouse 

models.332,333 Additionally, as CD36 expression is induced by insulin, the lower insulin 

levels in SphK2-deficient and inhibitor-treated models in this study provide a plausible 

explanation.334 An alternative mechanism might involve the SphK2–S1P–HDAC path-

way. When nuclear SphK2 is inhibited, the levels of nuclear S1P decrease, which in 

turn alleviates the S1P-induced suppression of HDAC1/2.207,335 Given that HDAC1/2 

activity suppresses the transcription of Cd36, as demonstrated by Li and colleagues, 

the lack of S1P-mediated inhibition of HDAC1/2 offers a reasonable explanation for the 

observed decrease in Cd36 in this study.336 

In addition, common observations associated with SphK2 knockout and pharmacologic 

SphK2 inhibition, which include elevated ceramide levels and PKCζ phosphorylation 

in the liver, as well as increased plasma S1P levels will, be discussed in detail in a 

subsequent Section (5.1.3). 

5.1.3 Therapeutic Inhibition of S1P Lyase Ameliorates Obesity and Metabolic De-
cline 

As a secondary approach, a therapeutic strategy was implemented, wherein mice were 

subjected to a 10-week HFD treatment and were subsequently treated with the S1P 

lyase inhibitor DOP (180 mg/L in drinking water) for an additional 6 weeks. Previous 

research has indicated that global Sgpl1 knockout mice typically survive only up to 

approximately six weeks of age.337 Since this study focused on diet-induced metabolic 

abnormalities and a global knockout would have required a dietary regimen exceeding 
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the animals’ lifespan, pharmacological inhibition of S1P lyase represented a feasible 

approach.  

In HFD-fed mice, DOP administration resulted in lower body and WAT weight. Notably, 

although improved liver function was evidenced by decreased markers of hepatic in-

jury, specifically GPT/ALT and GOT/AST, the levels of hepatic lipids remained largely 

unchanged. Indeed, Sgpl1–/– mice were shown to exhibit reduced postnatal growth and 

weight gain, characterized by decreased adipose tissue mass but an increased num-

ber and size of hepatic lipid droplets.320,337 This observation supports the hypothesis 

that DOP treatment of adult mice does not alter hepatic lipid deposition, despite nega-

tive enrichment of lipid droplet-associated genes.320 Additionally, elevations in sphin-

golipids, such as S1P and ceramide, were observed in both serum and liver, a finding 

replicated in the present study under HFD conditions with the additional application of 

the S1P lyase inhibitor DOP. An alternative method to reduce S1P lyase activity in-

volved exposure to polycyclic aromatic hydrocarbons (PAH), which oxidize Cys317 of 

S1P lyase, thereby impairing lyase function and activating SphK1, ultimately increasing 

S1P levels.338 In HFD-fed mice, PAH treatment exacerbated MASLD, whereas Sgpl1 

knock-in mice were protected from PAH-induced exacerbation.339 Thus, intrahepatic 

S1P accumulation may facilitate lipid deposition. Conversely, a recent study reported 

that HFD-fed Sgpl1 knock-in mice exhibited reduced circulating S1P levels but devel-

oped a higher MASLD score and worsened glucose intolerance.340 

To mechanistically link hepatic steatosis and its underlying pathways, gene expres-

sional analysis of key metabolic genes was conducted. Bektas et al. identified wide-

spread transcriptional changes in Sgpl1–/– livers, including increased hepatic Pparg 

expression, while Kuo et al. corroborated that Sgpl1-deficient mice on a HFD exhibited 

increased elevated hepatic Pparg and Cd36, Acc1, and Fasn.320,339 Conversely, liver-

specific deletion of Sgpl1, which increased hepatic S1P and slightly augmented neutral 

lipid droplets, did not affect Pparg expression.341 

In contrast to these models, the HFD+DOP model was applied in this study, which 

resulted in elevated systemic and hepatic S1P levels and led to a reduction in hepatic 

Pparg and its target gene Cidea, accompanied by decreased CD36 protein levels. Alt-

hough discrepancies with published findings may partially be attributed to the over-

night-fasted state of mice, the observed downregulation of Pparg, Cidea, and CD36 

suggests a shift away from lipid storage, as these factors are typically elevated under 
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steatotic conditions.342 Supporting this, high S1P levels in 3T3-L1 adipocytes and pri-

mary osteoblasts lead to downregulation of Pparg, thereby hindering adipogenic differ-

entiation.309,312 Concurrently, an upregulation of lipolytic genes (Pnpla2 and Lipe) as 

well as lipogenic genes (Acc1 and Fasn) was observed. While the upregulation of Acc1 

and Fasn aligns with reports of similar models, the simultaneous induction of Fasn and 

Pnpla2 indicates an increased lipid turnover, a phenomenon known to occur during β-

adrenergic stimulation in BAT.343 

Further characterization of HFD-fed mice treated with the S1P lyase inhibitor DOP re-

vealed altered glucose homeostasis. Despite elevated fasting glucose levels, these 

mice displayed improved systemic glucose tolerance and insulin sensitivity, along with 

reduced fasting insulin levels. Interestingly, studies in mouse embryonic fibroblasts 

(MEF) identified a potential mechanism, where S1P accumulation due to S1P lyase 

deficiency can enhance glucose uptake and aerobic glycolysis via S1PR1-3-mediated 

HIF-1 signaling, while autophagy is suppressed through the Akt/mTOR pathway.344 

Contrarily, earlier research from our group demonstrated that elevated circulating S1P, 

induced by Sgpl1 deficiency, Sgpl1 inhibition, or HFD, reduced red blood cell (RBC) 

glucose uptake in a PP2A-dependent manner.345 In C2C12 myoblasts, S1P also in-

creased S1PR-dependent intracellular Ca2+, triggering ROS-mediated oxidation and 

inactivation of PTP1B, which subsequently trans-activated the insulin receptor promot-

ing glucose uptake.346 Since this study primarily focused on hepatic and adipose lipid 

metabolism, the S1P-dependent regulation of glucose handling in peripheral tissues 

such as skeletal muscle, which accounts for the majority of whole-body glucose dis-

posal, may contribute to the improved systemic glucose tolerance reported here.347 

Collectively, these studies underscore the important tissue- and cell-type-specific func-

tions of S1P.  

Finally, further alterations in the hepatic sphingolipidome, including increased 

ceramides, S1P, and Sph, along with enhanced PKC phosphorylation, particularly of 

PKCζ, will be discussed in the context of preceding and following findings in Sec-

tion 5.3.1. 
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5.2 Intracellular S1P Mediates Lipolytic Activity in Adipocytes via a 
PKCζ/MAPK/HSL Pathway 

 
Figure 30. Proposed mechanism of intracellular S1P-mediated activation of lipolysis in adipocytes. Intra-
cellular sphingosine-1-phosphate (S1P) directly activates PKC𝜁𝜁, which subsequently phosphorylates the 
MAPK/ERK pathway. This ultimately results in the phosphorylation of hormone-sensitive lipase (HSL) and the stim-
ulation of lipolysis in 3T3-L1 cells. The inhibition of S1P degradation, achieved with S1PL-IN-1, further amplifies this 
effect in both 3T3-L1 cells and primary adipocytes in vitro. In vivo studies demonstrate that pharmacological inhibi-
tion of S1P lyase using 4-deoxypyridoxine (DOP) in HFD-fed mice enhances lipolytic activity, leading to a reduction 
in adipose tissue mass and increased activation of PKC𝜁𝜁. Parts of the figure were created with BioRender.com. 
Published under BioRender Publication License. 

This study identified S1P as a potent intracellular activator of PKCζ, which subse-

quently initiates MAPK/ERK signaling and leads to the activation of the lipolytic path-

way via HSL. The proposed mechanism shown in a graphical abstract in  

Figure 30 (page 113) contrasts with previous evidence suggesting that S1P activates 

PI3K signaling through S1P receptors, which can also activate PKCζ, indicating an 

extracellular mechanism.196 However, the results demonstrated that neither inhibition 

of AC by SQ22536 nor PI3K signaling using Wortmannin abrogated the lipolytic effect 

of S1P, which is only effective at concentrations between 5 and 50 µM, exceeding the 

Kd of S1PRs.190 Pointing to an intracellular mechanism, treatment with S1PR1-3 ago-

nists AUY954, CYM5520, and CYM5541 failed to induce lipolysis, even at equimolar 

concentrations to S1P. Supporting this, S1PR-dependent activation of Gαi inhibits AC, 

thereby lowering cAMP levels and suppressing lipolysis. This mechanism resembles 

the antilipolytic action of insulin, which reduces cAMP signaling through activation of 

PDE3B.199 Additionally, Gαi-induced activation of PI3K engages the insulin-pathway 

and feeds into a non-canonical pathway described to Akt-independently interfere with 

PKA-mediated phosphorylation of perilipin, but not HSL.192,348 These studies suggest 
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an opposite effect, further excluding receptor-mediated induction of lipolysis and shift-

ing the focus to intracellular S1P. 

Elevation of intracellular S1P levels in differentiated 3T3-L1 cells and murine primary 

adipocytes was achieved either by extracellular S1P supplementation, resulting in an 

intracellular increase by 19.3-fold after 30 minutes, or by inhibition of S1P lyase with 

the inhibitor S1PL-IN-1. In vivo, elevated S1P levels were attained through S1P lyase 

inhibition via DOP-treatment. Elevated S1P levels in the body, particularly within adi-

pose tissue, correlated with the activation of PKCζ and HSL in adipose tissue. These 

changes were accompanied by physiological changes, including a reduction in adipo-

cyte size, adipose tissue mass, and overall body weight, thereby substantiating the 

role of S1P in promoting lipolysis in vivo. 

PKCζ is one of two atypical PKCs, with the other being PKC lambda in mice (iota in 

humans).314 The activation of atypical PKCs is distinct in that it does not rely on DAG, 

but rather on binding to protein scaffolds and lipid mediators such as PA, phosphati-

dylserine, and the bioactive sphingolipids S1P and ceramide.204,308 The involvement of 

ceramide in the proposed mechanism has been excluded, as S1P treatment of 3T3-

L1 cells resulted in elevated intracellular S1P levels without a corresponding increase 

in ceramide levels. Supporting this mechanism, it has been documented that PMA in-

duces aPKCs in differentiated 3T3-L1 cells, similarly stimulating lipolysis by activating 

HSL via MAPK/ERK, acting independently of cAMP/PKA-dependent activation of lipol-

ysis.349 Notably, the mechanistic insights of the present study are largely based on 

inhibitor studies. Genetic interference approaches, such as retroviral expression of 

dominant-negative PKCζ, were unsuccessful, due to the low transduction efficiency in 

3T3-L1 cells.350 Consequently, this study concludes that intracellular S1P promotes 

HSL-mediated lipolysis independently of cAMP/PKA by activating MAPK/ERK through 

direct activation of PKCζ. 

5.3 Ceramides Exert Multifaceted Functions in Metabolic Health  
Contrary to a plethora of prior studies, this investigation identified elevated hepatic 

ceramide levels concomitant with metabolic improvements. Ceramides are typically 

linked to negative outcomes such as obesity, T2D, MASLD-HCC progression, and 

heart failure.240,242,351 In both humans and mice, ceramides of varying chain lengths 

accumulate in the liver and plasma under conditions of obesity, MASLD, and T2D.240 

Targeted downregulation of ceramides, particularly Cer16:0 has been demonstrated to 
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reverse these effects.242 However, beneficial effects have also been documented for 

Cer24:1, for instance, in the context of T1D.257,258 

Notably, the current study did not observe higher hepatic ceramide levels after 12 or 

16 weeks of HFD compared with NC. Previous studies of modest increases in Cer16:0 

and total ceramides have typically utilized diets with a different composition, particu-

larly those with a higher palmitate content, compared to the diet employed in this 

study.231,240 Human biopsy studies similarly demonstrate yet moderate increases in 

hepatic ceramides in diabetic versus non-diabetic patients.226,319 

In the present study, total hepatic ceramides (Cer16:0, Cer18:0, Cer20:0, Cer22:0, Cer24:0, 

and Cer24:1) were consistently elevated following either genetic ablation of SphK2 or 

pharmacological inhibition of SphK2 and S1P lyase compared to HFD-fed controls. 

Significantly, Cer22:0, Cer24:0, and Cer24:1 demonstrated the highest concentrations in 

the liver. Notably, Cer24:1 has been identified as having favorable impact on disease 

outcomes in the context of DIO and T1D.257,258 Despite these significantly elevated 

hepatic ceramide levels, the beneficial effects observed in this study appear to be at-

tributable to distinct underlying mechanisms.  

5.3.1 Ceramide-Induced PKCζ Activation in Metabolic Regulation 

Based on the findings from all experimental approaches, several observations across 

all interventions were noted, indicating metabolic improvements. These include re-

duced adipose lipid deposition, improved systemic insulin sensitivity, consistent upreg-

ulation of PKCζ activity, and decreased expression of CD36 together with increased 

expression of lipolytic genes. Ceramides have been identified as mechanistic suppres-

sors of the β-adrenoreceptor-induced activation of HSL via PP2A in brown adipocytes, 

acting independently of atypical PKCs but involving the cAMP/PKA pathway.352 Con-

sistently, inhibition of AC with SQ22536 in this study excluded this route as a mediator 

of S1P’s lipolytic effect in white adipose tissue. 

Apart from this, ceramides have been shown to act as intermediates in Gi-coupled 

GPCR signaling, as seen in the activation of PKCζ through lipopolysaccharides 

(LPS).353 Notably, ceramides can also directly activate PKCζ, enhancing kinase activity 

at sub-nanomolar concentrations by interacting with amino acids 405–592 in the C-

terminal sequence.354-356 Indeed, both SphK2-deficiency and DOP-treatment in HFD-

fed mice, resulted in increased hepatic ceramide levels, whereas no changes were 

observed in WAT of SphK2-deficient mice (Appendix Figure 3). This was accompanied 
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by elevated activity of atypical PKCs, including PKCζ, suggesting ceramides may sim-

ilarly modulate lipolysis activation through PKCζ in the liver. PI3K-mediated activation 

of PKCζ has further been reported to contribute to insulin-stimulated glucose uptake in 

metabolic studies involving white and brown adipocytes.357,358  

However, excessive aPKC activation has been linked to aggravated insulin resistance. 

Mechanistically, two pathways have been proposed: Firstly, ceramide has been 

demonstrated to stimulate dephosphorylation of Akt by PP2A.359 Secondly, increased 

ceramide levels displace Akt, thereby preventing its phosphorylation and subsequent 

binding to PIP3.360 As a result, FOXO1 remains transcriptionally active, which not only 

perpetuates impaired insulin signaling but also induces lipolysis in hepatocytes, includ-

ing increased expression of Pnpla2.361,362 In line with these reports, the concomitant 

increase in active PKCζ together with enhanced lipolysis and reduced CD36 expres-

sion observed in this study may indicate that ceramide-induced FOXO1 activity con-

tributes to the reduced hepatic lipid burden, thereby providing a plausible mechanism 

to the findings. 

Additionally, activation of aPKCλ/ζ through PI3K has been reported to induce insulin-

dependent SREBP1c expression and CD36-mediated lipid uptake in the liver.363 In line 

with this, lowering ceramide levels through ceramidase overexpression has been 

shown to reverse insulin resistance and hepatic steatosis by reducing PKCζ activtiy.253 

Together, these studies support a model in which ceramides promote PKCζ activation 

to enhance CD36 expression and lipid accumulation. In contrast, despite markedly el-

evated ceramides and increased PKCζ activity within this study, CD36 expression was 

consistently reduced. This was accompanied by improved insulin sensitivity and re-

duced hepatic lipid deposition, suggesting that ceramide levels may drive divergence 

from the canonical ceramide/PKCζ/CD36 axis. 

These ceramide levels may reflect a chain length-defined ceramide increase rather 

than an increase of total ceramide levels. Alternatively, elevated plasma S1P could 

counteract negative ceramide effects reported in earlier studies. Together, these ob-

servations underscore the importance of the S1P/ceramide rheostat for elucidating cel-

lular mechanisms. In this context, defining the net effect of S1P independent of 

ceramide elevation remains a key objective. 
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5.3.2 Elevated Hepatic Ceramide Correlates with Reduced SMS2 Activity 

Considering the markedly elevated hepatic ceramide levels, the activity of SMS2 was 

subsequently investigated, given that SMS2 is the isoform responsible for the conver-

sion of ceramide to SM in the liver.364 SMS2 assays of ceramide-rich liver homogenates 

from SphK2–/– as well as DOP-treated mice demonstrated a reduction in SMS2 activity 

compared to controls. The dose-response curve turned out to be bell-shaped. Notably, 

S1P did not influence SMS2 activity, whereas Sph enhanced activity in WT liver ho-

mogenates. These findings provide the first evidence that ceramide may function as a 

substrate inhibitor of SMS2, a regulatory mode not previously described. Notably, 

SMS2 undergoes posttranslational modifications, such as C-terminal S-palmitoylation, 

which regulates its plasma membrane localization without affecting its catalytic activ-

ity.365 Considering that substrate inhibition of SMS2 is expected to diminish SMS2-

derived production of DAG, the conventional activator of classical PKCs, the current 

findings present a paradox:366 despite reduced SMS2 activity, there is an increase in 

PKC phosphorylation, suggesting a DAG-independent PKC signaling pathway. 

Nevertheless, reduced SMS2 activity has been consistently associated with favorable 

metabolic outcomes. SMS2-deficiency confers protection against atherosclerosis by 

promoting cholesterol efflux from macrophages, whereas liver-specific overexpression 

has the opposite effect.311 Similarly, liver-specific overexpression of SMS2 increases 

fatty acid uptake and steatosis, while a global knockout prevents steatosis, albeit not 

preventing fibrotic lesions.254,255 Pharmacological inhibition with LY93 under HFD con-

ditions improved insulin sensitivity and enhanced Akt phosphorylation.256 In vitro, 

ceramide treatment of Huh7 cells resulted in a reduction of Pparg, Cd36, and Fsp27/Ci-

dec expression, consistent with the current study.254 Additionally, in palmitate-treated 

MEFs, SMS2 knockout preserved insulin signaling, highlighting that GPCR5B-driven 

SMS2 activation promotes lipid-induced insulin resistance through DAG.367  

In conclusion, although the reason or precise mechanism by which elevated ceramide 

inhibits SMS2 remains unclear, this effect may contribute to ceramide accumulation 

while simultaneously inducing protective metabolic adaptations evidenced by findings 

from SMS2-deficient models. Future studies should validate substrate inhibition of 

SMS2 in reconstituted membrane systems with defined, physiologically relevant lipid 
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compositions. Finally, this mechanism may contribute to the observed metabolic ben-

efits, in addition to direct S1P effects and modulation of the S1P/ceramide axis, as well 

as potential effects of ceramides themselves. 

5.4 Diagnostic and Regulatory Potential of Sphingolipid Metabolism 
in Metabolic Disease 

Sphingolipids are recognized as pivotal regulators of lipid and glucose metabolism and 

insulin homeostasis, with even minor alterations exerting either detrimental or protec-

tive effects on the progression of metabolic diseases. Fatty acids such as palmitate 

disrupt the tightly regulated equilibrium, leading to tissue specific consequences.295 

In the liver, ceramides240,253,319 and S1P261-263 have been implicated in disease pro-

gression, with elevated S1P promoting lipogenic expression (Pparg, Cd36, Acc1, and 

Fasn),320,337-339 whereas reduced S1P correlates with enhanced lipolytic gene expres-

sion (Pnpla2 and Cd36),330 consistent with the present findings. Whereas low levels 

correlate with enhanced lipolytic gene expression, as observed in the present study. 

While elevations in hepatic Sph have been associated with systemic insulin re-

sistance,277 this study observed improved systemic insulin sensitivity. In line with this 

complexity, impaired insulin tolerance in HFD-fed SphK1–/– mice271,272 aligning to the 

present study contrasts with improved insulin sensitivity reported in other studies.264,270 

Moreover, mitochondria-associated Cer16:0 negatively influences lipid deposition and 

systemic glucose control,241-243,247 whereas Cer24:1 enhances hepatic β-oxidation and 

confers metabolic protection.257,258 In this study, ceramides may exert beneficial effects 

by reducing SMS2 activity and activating of PKC𝜁𝜁, thus enhancing lipolytic potential.  

In adipose tissue, S1P264,309 and ceramide232,238,239,253 are generally linked to adverse 

metabolic outcomes. Yet, while reduced S1P increased UCP1 expression in an earlier 

work,278 the current findings indicate that elevated S1P can also stimulate lipolysis via 

a PKCζ/MAPK/HSL pathway. In β-cells, S1P has been reported to promote insulin se-

cretion265,267 and protect against β-cell loss,272 whereas SphK2 deficiency was shown 

to prevent lipotoxic β-cell death.275 In skeletal muscle, S1P enhances glucose uptake 

through S1PR signaling344,346 and improves insulin sensitivity,274 while intracellular S1P 

in RBCs reduces uptake.345 

Collectively, these observations underscore the necessity of a tightly regulated sphin-

golipid metabolism to maintain tissue-specific functions. 
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Comprehensive understanding of this is from translational relevance in the develop-

ment of diagnostic biomarkers and targeting strategies. A recent multi-omics study on 

MASLD-HCC progression identified dysregulated key sphingolipid genes (CerS6, 

SPTLC2, and S1PR1) accompanied by altered metabolite profiles in serum and liver, 

providing prognostic significance.368 Dihydroceramides have similarly been proposed 

as early markers for T2D and MASLD.369,370 Ratios such as circulating Cer16:0/Cer24:0 

or Cer16:0/Cer24:1 were associated with the prediction of heart failure and insulin re-

sistance, respectively.371,372 Based on such concepts, the ceramide-based CERT1 

(Ceramide test 1) score was developed to predict cardiovascular mortality using 

ceramide ratios to Cer24:0, and further refined into CERT2 by incorporation of phospha-

tidylcholines.373,374 Building on these concepts, a risk score derived from circulating 

dhS1P/dhSph (dihydro-S1P/dihydrosphingosine) ratios has been developed for the 

prediction of T2D, thereby highlighting the translational potential of sphingolipid-based 

models.375 Similarly, serum C18:1-ceramide has recently been proposed as a potential 

biomarker for the early detection of gestational diabetes, further expanding the clinical 

spectrum of sphingolipid-based risk stratification.376 Furthermore, a study that identi-

fied distinct plasma sphingolipid profiles in normal-weight and obese subjects pro-

posed their use as a biochemical tool for diagnosing metabolic syndrome, thereby em-

phasizing the value of sphingolipid signatures beyond single lipid ratios.377 

A key challenge remains the heterogeneity of metabolic diseases with variable stages, 

symptoms, and comorbidities, limiting the universal applicability of risk scores. Here, 

artificial intelligence (AI) and deep learning provide new opportunities.378 For example, 

the MELD-Plus score, a machine-learning extension of the classical MELD score for 

end-stage liver disease (MELD), integrates additional clinical and laboratory parame-

ters to improve prediction of 90-day mortality following hospital admission.379 

Together, these advances suggest that integrating sphingolipid biology with data-driven 

approaches may enable more accurate diagnostics and enable personalized thera-

peutic strategies for MetS, obesity, MASLD, T2D, and cardiometabolic disease.  
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5.5 Outlook 

This study offers significant insights into the role of sphingolipids in the development 

and progression of metabolic diseases. Specifically, S1P and ceramide, recognized as 

bioactive sphingolipids, exhibit tissue- and cell-type specific functions. By intervening 

in the tightly regulated sphingolipid metabolism, this study revealed that extensive 

changes in sphingolipid profiles ultimately lead to an improved metabolic status. Ele-

vated levels of hepatic ceramides were shown to potentially contribute to protection 

from lipid accumulation and activation of lipolysis through PKCζ, while diverging from 

canonical mechanisms. Similarly, beyond established pathways, S1P mediated adi-

pose tissue lipolysis via a PKCζ/MAPK/HSL signaling pathway. These findings under-

score that subtle changes in the sphingolipid pathway may lead to tissue-related impli-

cations, thereby promoting broader variations impacting whole-body metabolism. As 

MetS comprises various diseases with rising incidences, affecting millions globally, the 

need for effective therapies to combat the associated metabolic complications be-

comes increasingly vital.  

The results of this study, in conjunction with existing literature, highlight the challenges 

of developing targeting strategies. Bioactive sphingolipids exert broad and sometimes 

opposing effects, depending on the tissues and processes involved, which are often 

interrelated. Most studies that propose mechanisms are based on experiments in cell 

lines neglecting potential cell-type interactions. Nevertheless, from these initial insights 

further approaches might extend to combining this knowledge towards identifying po-

tential global or tissue-specific targets. Although tissue-specific knockouts mainly cap-

ture organ-intrinsic aspects of disease development, they also allow for the exploration 

of inter-organ communication and its contribution to metabolic dysregulation. 

As tissue-specific actions of bioactive sphingolipids are considered crucial in the over-

all picture of MetS development, this study lacks insights into the dual effects of β-cell 

insulin secretion and muscle glucose disposal. While S1P has been described to facil-

itate insulin secretion, hyperinsulinemic-euglycemic clamp studies in mice should be 

conducted in similar experimental and therapeutic setups, including examination of 

SphK2–/– deficiency and SGPL1 inhibition using DOP. This will provide insights into 

insulin sensitivity, endogenous glucose production, and tissue-specific glucose uptake. 

It is also crucial to include measurements of sphingolipid levels in skeletal muscle tis-

sues to elaborate the influence of S1P and ceramide on the muscle, ultimately shaping 
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whole-body glucose metabolism, as systemic glucose uptake is primarily muscle-de-

pendent. Moreover, energy expenditure should be characterized by indirect calorime-

try, and brown adipose tissue function should be systematically assessed to clarify their 

contributions to the phenotype. 

While this study proposed a mechanism, where S1P induces adipose tissue lipolysis 

through a PKCζ/MAPK/HSL signaling pathway, the actions of ceramide and ceramide-

induced PKCζ in the liver contributing to a lipolytic rather than lipid-storing state remain 

to be elucidated. To dissect exact mechanisms underlying possible ceramide-depend-

ent activation of lipolysis, potentially beyond established models, future studies should 

test varying ceramide doses. For example, overexpression of CerS2 in primary hepato-

cytes might be implemented to gain mechanistic insights and to evaluate the proposed 

mechanism. 

It is evident that the sphingolipid rheostat, characterized by the dynamic equilibrium 

between intracellular concentrations of bioactive sphingolipids, particularly S1P and 

ceramide, holds significant potential for future therapeutic strategies. Minor modifica-

tions in this rheostat not only indicate metabolic changes but also affect circulating 

sphingolipid levels, thereby presenting diagnostic and therapeutic opportunities. Dis-

tinct sphingolipid patterns, which reflect various symptom constellations within the 

MetS, may assist in identifying specific signatures associated with the onset and pro-

gression of diseases such as T2D, MASLD or progressive liver disease. Translating 

these signatures into clinical manifestations in human patients could facilitate the def-

inition of potential risk scores and expand diagnostic possibilities. Furthermore, phar-

macological therapies developed concurrently may target these signatures and restore 

them to physiological levels. 

This research thus lays the groundwork for identifying sphingolipid-based therapeutic 

targets and developing clinically applicable signatures to enhance diagnosis and risk 

prediction, ultimately enabling more targeted treatment strategies in metabolic disor-

ders. 
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Appendix 

A1 Supplementary Tables 

Appendix Table 1. HPLC setup. 

Method Settings 

S1P 
+ 

Cer 

Column and pore size MultoHigh 100 RP-18, 3µm, 60×2 mm 

Mobile phase A = Methanol 
B = aq. HCO2H (1% v/v) 

Gradient Settings 

Time [min] A [%] B [%] B curve 
0 10 90 -2 
3 100 0 0 
8 100 0 0 

8.01 10 90 0 
Stop time: 10 min 

Flow rate 0.4 mL/min 
Injection volume 10 µL (3µL for Liver samples) 
Oven temperature 40 °C 

LPC 
PC 
SM 

Column and pore size Accucore Polar Premium, 2.6 µm, 150×3 mm 

Mobile phase A = ACN/1-Propanol (1:1) + 0.01% (v/v) HCO2H 
B = 5 mM aq. ammonium formate + 0.01% (v/v) HCO2H 

Gradient Settings 

Time [min] A [%] B [%] B curve 
0 20 80 0 
1 20 80 0 
2 40 60 −3 

25 92.5 7.5 0 
26 100 0 0 
35 100 0 0 

35.1 20 80 0 
Stop time: 38 min 

Flow rate 0.3 mL/min 
Injection volume 1 µL 
Oven temperature 45 °C 

FFA 

Column and pore size MultoHigh 100 RP-8, 3µm, 60×2 mm 

Mobile phase A = Methanol/i1-Propanol (9:1)  
B = 5 mM aq. ammonium formate + 0.01% (v/v) HCO2H 

Gradient Settings 

Time [min] A [%] B [%] B curve 
0 40 60 -2 

9.5 95 5 0 
12 100 0 0 
13 100 0 0 

13.1 40 60 0 
Stop Time: 15 min 

Flow rate 0.4 mL/min 
Injection volume 3 µL 
Oven temperature 40 °C 
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Appendix Table 2. Internal and external standards and analytes used for standard curve generation. 

Analyte ISTD group ISTD ISTD (µM) Ext. Std. conc. Ext. standard 
S1P 1 S1P-d7 0.1 10 nM – 5 µM S1P 

C17-S1P 1 S1P-d7 0.1 10 nM – 5 µM C17-S1P 
Sph 2 Sph-d7 0.3 10 nM – 5 µM Sph 

C17-Sph 2 Sph-d7 0.3 10 nM – 5 µM C17-Sph 
Spha 2 Sph-d7 0.3 10 nM – 5 µM Sph 
Chol 3 Ergosterol 3.0 1 µM – 5 mM Chol 

Cer 4 Cer 15:0 3.0 10 nm – 5 µM 

18:1/16:0 
18:1/18:0 
18:1/ 20:0 
18:1/22:0 
18:1/24:0 
18:1/24:1 

LPC 5 17:0 0.3 0.1 µM – 10 µM 

14:0 
16:0 
18:0 
18:1 
22:6 

PC 5 LPC 17:0 3 0.1 µM – 10 µM 

32:0–16:0/16:0 
34:0–18:0/16:0 
36:1–18:1/18:0 
36:4–16:0/20:4 
38:4–18:0/20:4 
38:6–18:0/22:6 
40:6–18:0/22:6 

SM 6 17:0 0.3 0.1 µM – 10 µM 

32:1–18:1/14:0 
34:1–18:1/16:0 
36:1–18:1/18:1 
38:1–18:1/20:0 
40:1–18:1/22:0 
42:1–18:1/24:0 
42:2–18:1/24:1 

FFA 

7 d35-FA 18:0 30 

0.1 µM – 10 µM 

FA 14:0 
FA 16:0 
FA 18:0 

8 d9-FA 18:1 30 
FA 18:1 
FA 18:2 
FA 20:3 

9 d8-FA 20:4 30 

FA 20:3 
FA 20:4 
FA 20:5 
FA 22:6 
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Appendix Table 3. MRM settings 

Analyte m/z (Q1) m/z (Q3) ISTD Group 
S1P (d18:1) 380.3 264.1; 82.0 1 
S1P (d17:1) 366.2 250.1; 268.3 1 
S1P (d18:1)-d7 387.2 271.25 1 
Sphingosine (d18:1) 300.3 252.2 2 
Sphingosine (d17:1) 286.3 268.2 2 
Sphingosine (d18:1)-d7 307.2 289.35 2 
Sphinganine (d18:0) 302.3 254.3 2 
Cholesterol 369.2 161.3 3 
Ergosterol 379.2 69.2 3 
Cer (d18:1/16:0) 538.5 264.2 4 
Cer (d18:1/18:0) 566.6 264.5 4 
Cer (d18:1/20:0) 594.5 264.5 4 
Cer (d18:1/22:0) 622.7 264.5 4 
Cer (d18:1/24:0) 650.7 264.4 4 
Cer (d18:1/24:1) 648.7 264.54 4 
LPC (14:0) 468.3 184.1 5 
LPC (17:0)  510.35 184.1 5 
LPC (16:0) 496.35 184.1 5 
LPC (18:0) 524.35 184.1 5 
LPC (18:1) 522.35 184.1 5 
LPC (18:2) 520.35 184.1 5 
LPC (18:3) 518.3 184.1 5 
LPC (20:0) 552.4 184.1 5 
LPC (20:1) 550.4 184.1 5 
LPC (20:4) 544.35 184.1 5 
LPC (20:5) 542.3 184.1 5 
LPC (22:6) 568.35 184.1 5 
PC (32:0) 734.55 184.1 5 
PC (32:1) 732.55 184.1 5 
PC (32:2) 730.55 184.1 5 
PC (34:0) 762.6 184.1 5 
PC (34:3) 756.55 184.1 5 
PC (34:4) 754.55 184.1 5 
PC (36:1) 788.6 184.1 5 
PC (36:3) 784.6 184.1 5 
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Analyte m/z (Q1) m/z (Q3) ISTD Group 
PC (36:4) 782.55 184.1 5 
PC (36:5) 780.55 184.1 5 
PC (38:3) 812.6 184.1 5 
PC (38:4) 810.6 184.1 5 
PC (38:5) 808.6 184.1 5 
PC (38:6) 806.55 184.1 5 
PC (40:6) 834.6 184.1 5 
PC (40:7) 832.6 184.1 5 
PC (42:7) 860.6 184.1 5 
SM (35:1-d18:1/17:0) 717.7 184.2 6 
SM (20:1-d18:1/2:0) 507.35 184.1 5 
SM (32:1-d18:1/14:0) 675.55 184.1 6 
SM (34:1-d18:1/16:0) 703.6 184.1 6 
SM (34:2-d18:1/16:1) 701.55 184.1 6 
SM (36:1-d18:1/18:0) 731.6 184.1 6 
SM (36:2-d18:1/18:1) 729.6 184.1 6 
SM (38:1-d18:1/20:0) 759.65 184.1 6 
SM (40:1-d18:1/22:0) 787.75 184.1 6 
SM (42:1-d18:1/24:0) 815.8 184.1 6 
SM (42:2-d18:1/24:1) 813.8 184.2 6 
FA 14:0 476.2 171.2 7 
FA 16:0 504.2 1713 7 
FA 18:0-d35 [ISTD] 567.3 171.3 7 
FA 18:0 532.3 171.3 8 
FA 18:1-d9 [ISTD] 539.2 171 8 
FA 18:1 530.3 171.3 8 
FA 18:2 528.3 170.5 8 
FA 20:3 554.3 171.2 9 
FA 20:4-d8 [ISTD] 560.2 171.2 9 
FA 20:4 552.2 171.3 9 
FA 20:5 550.2 171.2 9 
FA 22:6 576.3 171.2 9 
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A2 Additional Figures 
 

 

Appendix Figure 1. Example image for HALO Image Analysis Platform version 4.0.5107 (Indica Labs, 
Inc.). (a) Exemplary representation of a H&E-stained liver section. (b) Zoom-in view analyzed using HALO vacuole 
quantification module (Vacuole v3.2.2). Yellow, vacuole area; blue, nucleus. 
 

 

Appendix Figure 2. Glucose and insulin tolerance tests in mice fed a control diet. Mice were fed a control diet 
for 10 and 11 weeks, respectively. (a) ipGTT using a glucose dose of 2 mg/kg and (b) quantification of AUC. (c) 
ipITT using an insulin dose of 1 U/kg and (d) quantification of AOC. Data are presented as mean ± SD. Statistical 
analysis was performed using one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. 
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Appendix Figure 3. Sphingolipid profiles in white adipose tissue. WT, SphK1–/– and SphK2–/– mice were fed 
either a NC or high-fat diet (60% kcal from fat) for 12 weeks. LC-MS/MS analysis was performed in gonadal white 
adipose tissue. (a) Heatmap of selected lipid species in gWAT. Levels of (b) S1P and (c) Sph, (d) ceramide (sum), 
and (e) sphingomyelin (sum) in gWAT. Data are presented as mean ± SD. nWT+NC = 8–9, nWT+HFD = 9, nSphK1–/–+NC = 
8, nSphK1–/–+HFD = 8–9, nSphK2–/–+NC = 5–6, nSphK2–/–+HFD = 6–7. Statistical analysis was performed using two-way 
ANOVA followed by Tukey’s post hoc test for multiple comparisons. Statistical significance is indicated as follows: 
**** p <0.0001. 
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