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De Novo Pathway
The de novo pathway begins in the endoplasmic reticulum with the condensation of serine and palmitoyl-CoA, catalyzed by serine palmitoyltransferase (SPT), to form 3-ketosphinganine [1, 2]. This intermediate is then reduced to sphinganine by 3-ketosphinganine reductase (KSR), N-acylated by ceramide synthases (CerS) to generate dihydroceramide, and finally converted to ceramide by dihydroceramide desaturase [3, 4]. 
Ceramide Species and CerS Isoforms
Ceramides are classified by their fatty acid chain length: long-chain ceramides (Cer14:0-Cer20:0, including Cer16:0 and Cer18:0), very long-chain ceramides (Cer22:0-Cer24:0), and ultra-long-chain ceramides (≥Cer26:0). Six CerS isoforms exhibit distinct substrate preferences: CerS1 preferentially synthesizes Cer18:0 ceramides; CerS2 produces very long-chain Cer22:0-Cer24:0 ceramides; CerS3 generates ultra-long-chain ceramides (≥Cer26:0); CerS4 produces Cer18:0-Cer20:0 ceramides; CerS5 and CerS6 generate Cer14:0-Cer16:0 ceramides [5]. Different ceramide species exert distinct biological effects—Cer16:0 ceramide particularly promotes apoptosis and inflammation, while Cer24:0 ceramide serves structural roles in membrane integrity and myelin formation. The nomenclature d18:1/16:0 indicates an 18-carbon sphingoid base with one double bond (d18:1, representing sphingosine) and a 16-carbon saturated fatty acid [5].
Sphingomyelinase Pathway
The sphingomyelinase pathway hydrolyzes sphingomyelin via sphingomyelinases to produce ceramide and phosphocholine [6], enabling rapid ceramide generation in response to cellular stress, inflammatory signals (such as TNF-α and IL-1β), and neurotransmitters [7]. Three main classes of sphingomyelinases have been characterized based on their pH optima: acid sphingomyelinase (ASM, optimal pH 4.5-5.0), neutral sphingomyelinases (NSM1 and NSM2, optimal pH 7.4), and alkaline sphingomyelinases (optimal pH 8-9) [8]. ASM localizes primarily to lysosomes and can be secreted extracellularly as secretory ASM (S-ASM), while NSM2 functions at the plasma membrane and plays crucial roles in stress-induced ceramide generation. Conversely, sphingomyelin synthases (SMS1 in the Golgi apparatus and SMS2 at the plasma membrane) catalyze the reverse reaction, transferring a phosphocholine group from phosphatidylcholine to ceramide to form sphingomyelin and diacylglycerol [9], thereby reducing ceramide levels.
Salvage/Recycling Pathway
The salvage/recycling pathway reutilizes sphingolipid breakdown products [10]. Complex sphingolipids are catabolized in lysosomes to sphingosine, which CerS can reacylate to ceramide. Ceramide can also be hydrolyzed by ceramidases with distinct pH optima and subcellular localizations—acid ceramidase (AC) operates in lysosomes, neutral ceramidase (NC) functions at the plasma membrane and in cytosol, and alkaline ceramidases (ACER1, ACER2, ACER3) localize to the endoplasmic reticulum and Golgi apparatus—producing sphingosine and free fatty acids that can be recycled or serve signaling functions [11].
S1P Regulation and the Sphingolipid Rheostat
Sphingosine kinases (SphK1 and SphK2) phosphorylate sphingosine to generate S1P, a bioactive lipid mediator with pro-survival, angiogenic, and anti-inflammatory properties [12, 13]. S1P levels are tightly regulated through two mechanisms: reversible dephosphorylation via S1P-specific phosphatases (SPP1 and SPP2) that regenerate sphingosine, or irreversible degradation through S1P lyase that cleaves S1P to ethanolamine phosphate and hexadecenal, thereby permanently exiting the sphingolipid metabolic cycle [14]. The dynamic balance between ceramide (promoting apoptosis and cell growth arrest) and S1P (promoting cell survival and proliferation)—termed the "sphingolipid rheostat"—represents a critical regulatory mechanism determining cellular responses to stress and various physiological signals [12–14].
CNS Regional Sphingolipid Distribution
Within the CNS, sphingolipid metabolism exhibits marked region- and cell-type-specific features [15]. Neural sphingolipids are characteristically enriched in very-long-chain fatty acids (particularly Cer22:0 and Cer24:0) and tend to be highly saturated compared to peripheral tissues [16]. Gray matter regions are particularly rich in complex gangliosides such as GM1, GD1a, GD1b, and GT1b, which modulate neurotransmitter receptors and synaptic plasticity. In contrast, white matter is dominated by galactosylceramide (the primary glycosphingolipid in myelin) and sulfatide (3-O-sulfogalactosylceramide), reflecting the distinct biochemical composition and specialized functional demands of myelinating oligodendrocytes versus neurons and astrocytes in different brain regions [15, 17].

Supplementary text 2 
Sphingolipids and Cognitive Dysfunction in Major Depressive Disorder
Cognitive Impairment in MDD
Cognitive impairment substantially contributes to MDD burden and functional disability [18, 19]. Many MDD patients experience cognitive deficits in attention, processing speed, executive function, and memory [20, 21]. Objective cognitive deficits—defined as performance ≥1 standard deviation below normative means on neuropsychological testing—are present in approximately 20-30% of MDD patients [18]. These deficits associate with poorer functional outcomes, reduced quality of life, and increased relapse risk [22, 23].
Cognitive symptoms often persist despite resolved mood symptoms, suggesting they represent a distinct disorder dimension driven by unique neurobiological mechanisms [22, 23]. The prefrontal cortex, hippocampus, and anterior cingulate cortex show structural and functional alterations correlating with cognitive impairment in MDD [19, 24], potentially underlying the observed deficit patterns. Proposed underlying mechanisms include monoaminergic imbalance, HPA axis dysregulation, neuroinflammation, and altered neuroplasticity [18, 19].

Sphingolipid Effects on Memory and Cognitive Processes and implications for MDD
Sphingolipids may regulate memory and cognitive processes through multiple mechanisms. Köfeler et al. [25] showed Morris water maze learning, a test of spatial learning for rodents, associates with increased Cer18:0 and decreased sphingomyelins SM16:0 and SM24:1 in the hippocampus of trained mice compared to controls. This suggests that dynamic sphingolipid remodeling could support synaptic plasticity and memory formation. 
Sphingolipid-metabolizing enzymes may also influence cognitive function. Kalinichenko et al. [26] found in mice that high NSM activity in the ventral striatum and dorsal hippocampus predicted superior appetitively motivated short- and long-term memory, while reduced NSM activity impaired spatial and non-spatial memory. The extinction of an operant task was also associated with the sphingolipid metabolism in the brain. Rapid extinction of non-rewarded behavior (indicating efficient re-learning) was predicted by a decrease of ASM activity in the dorsal hippocampus and cerebellum of rats. The stronger the decline in ASM activity, the more rapid was the extinction. This was paralleled by a decline in total ceramides in general, and Cer16:0 species of the dorsal hippocampus, in particular. Interestingly, also NC activity in the ventral hippocampus and cerebellum was predictive for extinction efficacy. A decline in Cer24:0 and Cer24:1 was observed in the ventral hippocampus during extinction [27]. The ASM/ceramide system also influences cognitive function, though the relationship appears complex as both excessive activity and complete absence can lead to cognitive dysfunction [7, 28]. 
Mechanistically, sphingolipids influence cognitive processes through effects on synaptic plasticity, neurogenesis, and neurotransmitter signaling. Wheeler et al. [29] demonstrated that NSM is critical for TNFα-induced NMDA trafficking receptor and synaptic plasticity. NSM activity affects NR1 subunit phosphorylation and clustering in lipid domains, modulating NMDA-evoked calcium flux and excitatory postsynaptic currents. Given the importance of NMDA receptor-dependent plasticity for learning and memory, these findings suggest a direct link between sphingolipid metabolism and cognitive processes.
Ceramides also modulate adult hippocampal neurogenesis. Prior work [28] showed that elevated ceramide levels inhibit neural progenitor cell proliferation and survival in the hippocampus, while ceramide reduction enhances neurogenesis. Since adult-born hippocampal neurons contribute to pattern separation and memory formation, these neurogenesis effects represent another mechanism by which sphingolipids could influence cognitive function. 
[bookmark: _Hlk223002978]Recently, also a role of neutral ceramidase in cognition was suggested in a translational study in rats, monkeys and humans [30]. This translational work demonstrated that neutral ceramidase (NC) activity in the ventral hippocampus and cerebellum serves as a marker for cognitive performance across species. Specifically, NC activity predicted memory extinction efficacy—the ability to unlearn previously rewarded behaviors—with declines in NC activity during extinction paralleling decreases in very long-chain ceramide species (Cer24:0 and Cer24:1). This suggests NC and its ceramide substrates participate in cognitive flexibility, an adaptive learning process frequently impaired in MDD. 
Given these fundamental roles in normal cognitive function and the documented ceramide dysregulation in MDD, sphingolipid dysregulation may contribute to MDD-associated cognitive impairment [31].
Animal models of depressive-like behaviors provide evidence for sphingolipid involvement in depression-related cognitive impairment [7, 28]. Mice overexpressing ASM display depression-like behavior and show reduced neuronal proliferation, maturation and survival in the hippocampus and higher ceramide concentrations in this memory-critical brain region [28]. The effects of sphingolipids on neuroinflammation and oxidative stress may contribute to cognitive impairment in MDD. Neuroinflammation impairs hippocampal neurogenesis, synaptic plasticity, and cognitive function [32, 33]. Similarly, oxidative stress damages neuronal components necessary for learning and memory [34, 35]. Based on these mechanisms, ceramide accumulation in depression could theoretically create a neurobiological environment detrimental to cognitive processes, though this requires direct investigation. Furthermore, sphingolipid-mediated effects on neurotransmitter signaling may directly impact cognitive processes in MDD. Altered serotonergic, dopaminergic, and glutamatergic function has been implicated in cognitive deficits among these patients [18]. The modulation of these neurotransmitter systems by sphingolipids might represent a mechanism by which sphingolipid dysregulation contributes to cognitive impairment in MDD.
Regional specificity of sphingolipid alterations in depression is particularly relevant to cognitive impairment. An animal model of depressive-like behaviors showed ceramide elevation in the hippocampus, a brain region critical for memory formation and frequently implicated in depression-related cognitive deficit [28]. However, cognitive dysfunction in MDD involves multiple neural circuits including prefrontal cortex, hippocampus, and anterior cingulate cortex [18, 19, 24], each potentially showing distinct sphingolipid profiles. Furthermore, different ceramide species may have region-specific effects—very long-chain ceramides (Cer22:0-Cer24:0) versus long-chain ceramides (Cer16:0-Cer18:0) may produce different functional consequences in specific brain areas. For instance, while long-chain ceramides (Cer16:0-Cer20:0) accumulate in ventral hippocampus under chronic stress, complex glycosphingolipids accumulate in dorsal hippocampus of male rats [36], suggesting distinct regional regulation of ceramide metabolism. These region-specific and species-specific changes in sphingolipid composition may disrupt distinct neural circuits underlying the various cognitive processes affected in MDD.
However, direct evidence linking sphingolipid alterations to cognitive impairment specifically in MDD patients remains scarce. A prospective longitudinal study (N=755, including 438 with mild cognitive impairment (MCI)) found that long-term SSRI treatment (>4 years) [37] was associated with delayed progression from MCI to Alzheimer's dementia by approximately 3 years in patients with depression history [37]. Since many SSRIs functionally inhibit ASM, this provides indirect evidence suggesting cognitive-potential protective effects of ASM inhibition, though this remains to be formally tested. Future studies are needed and may benefit from: (1) measuring sphingolipid profiles and cognition concurrently in MDD patients; (2) tracking whether sphingolipid normalization during treatment correlates with cognitive improvement; and (3) employing neuroimaging to determine whether sphingolipid alterations correlate with functional changes in cognition-relevant circuits.
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