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Abstract

Sandhoff disease (SD) results from mutations in the HEXB gene, subsequent deficiency of N-

acetyl-β-hexosaminidase (Hex) and accumulation of GM2 gangliosides. SD leads to progressive 

neurodegeneration and early death. However, there is a lack of established SD biomarkers, while 

the pathogenesis etiology remains to be elucidated. To identify potential biomarkers and unveil the 

pathogenic mechanisms, metabolomics analysis with reverse phase liquid chromatography 

(RPLC) was conducted. A total of 177, 112 and 119 metabolites were found to be significantly 

dysregulated in mouse liver, mouse brain and human hippocampus samples, respectively (p<0.05, 

ID score >0.5). Principal component analysis (PCA) analysis of the metabolites showed clear 

separation of metabolomics profiles between normal and diseased individuals. Among these 

metabolites, dipeptides, amino acids and derivatives were elevated, indicating a robust protein 

catabolism. Through pathway enrichment analysis, we also found alterations in metabolites 

associated with neurotransmission, lipid metabolism, oxidative stress and inflammation. In 

addition, N-acetylgalactosamine 4-sulphate, key component of glycosaminoglycans (GAG) was 

significantly elevated, which was also confirmed by biochemical assays. Collectively, these results 

indicated major shifts of energy utilization and profound metabolic impairments, contributing to 

the pathogenesis mechanisms of SD. Global metabolomics profiling may provide an innovative 

tool for better understanding the disease mechanisms, and identifying potential diagnostic 

biomarkers for SD.
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1. INTRODUCTION

Sandhoff disease (SD) is a lipid storage disorder and belongs to the genetically 

heterogeneous group of lysosomal diseases. SD results from mutations in the HEXB gene, 

which leads to the deficiency of β-hexosaminidase (Hex; EC 3.2.1.52) and subsequent 

accumulation of GM2 gangliosides [1]. Currently, there are no cure for SD, with palliative 

measures being the standard of care. The clinical symptoms of SD are characterized by 

progressive muscle/motor weakness, blindness, deafness, neurodegeneration and early death 

[2]. However, the etiology of SD remains to be elucidated due to its complexity.

Metabolomics analysis has been used to decipher disease mechanisms and identify 

biomarkers for mucopolysaccharidosis type III (MPS III) disease [3,4] and Pompe disease 

[5]. Compared with traditional gene expression profiling, e.g., microarray, metabolomics 

analysis is more straightforward because it measures the metabolites, which directly reflect 

biochemical activity and phenotype. Moreover, since lysosomal diseases are inherited 

disorder of metabolism, metabolomics profiling will enhance our understanding of the 

global changes underlying the disease progression.

In this study, we performed a global metabolomics profiling of the liver and brain from SD 

mice and hippocampus from human patients using LC-MS. Brain and hippocampus were 

chosen due to the severity of neurological disorders of SD. Liver was chosen for study 

because of the limited number of cell types, and its central role in metabolism. We identified 

177, 112 and 119 metabolites that were significantly dysregulated in the brain and liver of 

SD mice, and the hippocampus of SD patients, respectively. Further analysis of these 

metabolites with bioinformatics tools revealed alterations in pathways associated with the 

metabolites. This approach of screening identified potential biomarkers of SD that may 

reveal specific protein signatures indicating SD risk. These might also be useful for 

prognosis, and providing outcome measures for assessing response to therapies.

2. MATERIALS AND METHODS

2.1 Sample collection and processing

Sandhoff mice (hexb−/−), purchased from the Jackson Laboratory, were generated by 

inserting a neomycin resistance cassette into exon 13 of the HEXB gene on the 129S4/SvJae 

background [6]. Sandhoff mice (hexb−/−) and control mice were genotyped by PCR. All 

mouse care and handling procedures were in compliance with the rules of the Institutional 

Animal Care and Use Committee (IACUC) of the University of Minnesota. Liver and brain 

samples were harvested from Sandhoff (hexb−/−) and heterozygous (hexb−/+) mice (n=3 

each group, 3-month old).

Hippocampus samples of SD patients (n=2, hexb−/−, age 1 to 2, male) and unaffected 

controls (n=3, hexb+/+, age 1–2, male) were obtained from Maryland Depository, NIH 

NeuroBioBank (https://neurobiobank.nih.gov/). No identifiable information was retrieved 

[7].
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2.2 Global metabolic profiling with RPLC

All samples were analyzed using LC-MS by reversed phase chromatography on a 0.5 × 100 

mm PLRPS column using 0.1% formic acid in water (A) and 0.1% formic acid in 

acetonitrile (B) as solvents [8]. The samples were extracted in 3 volumes of 80% methanol 

in a TissueLyser II using 4 mm stainless steel balls at 20 Hz for 10 minutes. The solids were 

collected by centrifugation, and then the supernatant was filtered through a 0.8 μm spin 

filter. Samples were injected onto the LC-MS and data was acquired in polarity switching 

mode with data dependent acquisition of MS/MS spectra.

2.3 Raw data analysis

Raw data files were converted to mz5 format using ProteoWizard version pwiz: 3.0.10273. 

Feature finding (a/k/a peak picking) was performed using Elements 1.3.1 (Proteome 

Software Inc., Portland, OR). Feature finding was conducted over a mass range of (50 to 

1,200) and the entire retention time range. A noise threshold value of 0.01% of max signal 

and a minimum time between scans of 0.5 second was used. MS2 spectra were detected for 

some features. Candidate metabolite identifications were generated by matching 

experimental data to spectral library data using exact mass with a mass tolerance of 20.0 

ppm. If both the experimental and library data contained MS2 spectra, MS2 peaks were 

matched between experimental and library spectra using a fragment mass tolerance of 0.5 

Da. Features that did not match to any metabolites contained in the spectral libraries were 

categorized as “Unknown Metabolites”. To assess confidence in candidate metabolite 

identifications, an ID score (0 to 1) was calculated from individual feature: library entry 

matches, incorporating mass accuracy, isotopic distribution, and fragmentation pattern.

2.4 Pathway enrichment analysis

The metabolites identified were analyzed with principal component analysis and hierarchical 

clustering through Elements 1.3.1 (Proteome Software Inc., Portland, OR). To determine 

pathways that significantly enriched, these metabolites were assessed by IMPaLA 

(Integrated Molecular Pathway Level Analysis; http://impala.molgen.mpg.de/) [9] and 

MetaboAnalyst [10]. To visualize global patterns of metabolic pathway alterations, the 

metabolites identified were also mapped in a targeted manner using the Metscape 

application (http://metscape.ncibi.org/) [11] within the Cytoscape platform (http://

www.cytoscape.org/) [12].

3. Results

3.1 RPLC analysis identifies unique metabolomics profiles of SD disease

Metabolomics profiling of liver and brain samples from SD mice (n=3) and normal mice 

(n=3) were performed through RPLC. The age of these mice were approximately 3-month-

old, when the SD mice start to exhibit symptoms. More than 5,000 metabolites (ID 

score>0.5) were identified and quantified. A total of 177 metabolites were found to be 

significantly dysregulated in mouse liver samples (p<0.05, ID score>0.5). Out of these 177 

metabolites, 96 (54.2%) out were significantly upregulated, while 81 (45.8%) were 

downregulated in SD mouse liver. Similarly, a total of 112 metabolites were found to be 
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dysregulated in mouse brain samples (p <0.05, ID score>0.5). Out of these 112 metabolites, 

53 (47.3%) were significantly upregulated, while 59 (52.7%) were downregulated in SD 

mouse brain. Further, the same technology was applied with hippocampus samples from 

human SD patients (n=2) and normal controls (n=3). A total of 119 metabolites were found 

to be significantly dysregulated in human hippocampus samples (p<0.05, ID score>0.5). Out 

of these 119 metabolites, 94 (70.6%) were significantly upregulated, while 35 (29.4%) were 

downregulated.

Principal component analysis (PCA) of the metabolites showed clear separation of 

metabolomics profiles in mouse brain, mouse liver and human hippocampus samples (Figure 

1A). It indicates the existence of a species-specific and tissue-specific metabolomics profile. 

More importantly, there is a significant separation between mutant and normal control in 

human hippocampus (Figure 1B), mouse brain (1C) and mouse liver (1D). Additionally, the 

heat map analysis also identified the significant separation between SD and control samples 

(data not shown). These clear divisions indicate that the detected metabolomics 

abnormalities are highly likely be SD associated and that global metabolomics profiling may 

have potential for the identification of pathological metabolomics signatures during SD 

progression.

3.2 Metabolomics profiling reveals profound abnormalities

Among the metabolites identified, elevation of many amino acids, amino acid derivatives 

and dipeptides was observed, indicating increased protein catabolism. In mouse brain 

samples, many lipids, fatty acids and derivatives were reduced, including docosahexaenoic 

acid, arachidonic acid, lysoPC (16:0) and polyoxyethylene dioleate. Similar observations 

were found in human hippocampus and mouse liver samples. In summary, alterations in 

protein catabolism and lipid metabolism were identified, which are consistent with previous 

findings in MPS I and MPS VII mice [13].

Specifically, several metabolites warrant further discussions. In mouse liver samples, N-

acetylgalactosamine 4-sulphate, also known as GalNAc4S, increased by 2.17 fold compared 

with normal controls (p<0.05). N-acetylgalactosamine 4-sulphate is key component of 

glycosaminoglycans (GAG) including dermatan, keratan and chondroitin sulfate), and is 

found in elevated concentrations in the urine of MPS patients. More interestingly, since Hex 

enzyme may also cleave GAG, mice and cats with SD showed GAG accumulation and MPS-

like phenotype [14,15]. The increase in N-acetylgalactosamine 4-sulphate may be a side 

effect of Hex enzyme deficiency. Significant higher total GAG levels in the brain and liver of 

SD mice compared with normal mice were also found using tissue GAG assays (Figure 2). 

Therefore, GAG can be used as a novel biomarker of SD. N-Acetyl-L-aspartic acid, 

downregulated in hippocampus of SD patients, is a neuronal osmolyte involved in fluid 

balance in the brain. N-Acetyl-L-aspartic acid is also involved in energy production from 

glutamate in neuronal mitochondria. Further, L-Glutamic acid, downregulated in 

hippocampus of SD patients, functions as an excitatory neurotransmitter. Additionally, 

aminoadipic acid, which antagonizes neuroexcitatory activity regulated by the glutamate 

receptor, was upregulated in hippocampus of SD patients. These results showed that the 

excitatory neurotransmission mediated by L-Glutamic acid was impaired. It has been shown 
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that GM1 gangliosides inhibited neurotransmission [16]. Moreover, the impairment of 

neurotransmission was found to be associated with neurodegeneration [17] and 

excitotoxicity [18]. Therefore, the dysregulation of neurotransmission related metabolites 

indicate the role of neurotransmission in the neuropathogenesis of SD. Notably, aminoadipic 

acid has been identified as a biomarker of oxidative stress [19]. Together with the fact that 

oxidative stress has been implicated in many neurodegenerative diseases [20], the 

dysregulation of oxidative stress-related biomarkers indicates the involvement of oxidative 

stress in SD progression. Oxidized glutathione was found to be upregulated in both liver and 

brain samples of SD mice, further confirming the role of oxidative stress.

3.3 Pathway enrichment analysis of the metabolites identified

Through bioinformatics analysis with IMPaLA and MetaboAnalyst, 45, 113 and 64 

pathways were significantly enriched in the metabolites dysregulated in mouse brain, liver 

and human hippocampus samples, respectively (adjusted p<0.05). Among these pathways, 

25 were shared among these groups (listed in Table 1). These enriched pathways include 

glutamate metabolism, glutathione metabolism, reactive oxidative species (ROS) 

degradation and amino acid metabolism. These results indicate alterations in antioxidant 

responses, neurotransmission, inflammation, gene expression and protein catabolism.

Moreover, Cytoscape was used to visualize the pathways associated with SD. As shown in 

Figure 3, pathways enriched in mouse liver samples include pyrimidine metabolism, 

arachidonic acid metabolism, glycerolphospholipid metabolism, omega-6 fatty acid 

metabolism and metabolism of many amino acids. Through Metascape plugin in the 

Cytoscape, the interaction between these metabolites and proteins as well as genes were also 

illustrated. These interactions indicate how changes at metabolomics, proteomics and 

genetics levels together contribute to Sandhoff disease etiology.

4. DISCUSSION

4.1 Metabolomics interpretation of gangliosidosis etiology

In many previous studies [21–24], omics approaches have been applied to identify variations 

at mRNA and protein levels of lysosomal diseases. Followed with bioinformatics analyses, 

these studies generated many inferences about disease pathogenesis mechanisms of 

lysosomal diseases. In this study, a total of 177 and 122 dysregulated metabolites were 

identified in the liver and brain, respectively. Notably, there are more amino acid, amino acid 

derivatives and dipeptides identified in livers (mostly upregulated). These results are 

expected because the liver is the primary site of metabolism. In terms of pathways enriched, 

significant involvement of neurotransmission and chemical synaptic transmission were 

observed in the brain. Meanwhile, there are several pathways only enriched in the liver, 

including gamma glutamyl cycle, leukotriene biosynthesis, Phase II conjugation and 

glutathione synthesis, which are mainly associated with oxidative stress and inflammation. 

The energy imbalance in SD may lead to increased respiratory chain activity in 

mitochondrion, resulting in ROS. To eliminate ROS, the glutathione related pathways 

including gamma glutamyl cycle and glutathione synthesis may be activated. It has been 
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shown that oxidative stress can potentially cause cell damage and thereby activate 

inflammatory processes [reviewed in 25].

In lysosomal diseases, relatively little is known as to how the genetic deficiency and 

resulting lysosomal storage leads to the observed clinical phenotypes. Furthermore, the role 

that metabolic deficiencies and the associated adaptations play in the disease progression is 

unknown. Based on the metabolomics profiling in this study and previous literature, we 

proposed a hypothetical etiology model for SD (illustrated in Figure 4). An important 

function of the lysosome is to recycle macromolecules into their constituent compounds for 

reuse. A deficiency of a lysosomal enzyme may lead to an accumulation of intact or only 

partially degraded substrates as well as a deficiency of the building blocks of those 

substrates due to interrupted recycling. The interrupted recycling may lead to increased de 
novo synthesis of macromolecules. As a result of increased de novo synthesis of 

gangliosides, the cells would require more raw materials and more energy utilization to 

maintain homeostasis. The increased energy requirements could generate an active 

mitochondrion that finally produce a ROS excess. The oxidative stress could cause cell 

damage, resulting in inflammation, which has also been found to be a major contributor to 

disease progression of GM2 gangliosidosis [26]. In this study, we identified elevation in 

glutathione pathways, which plays a pivotal role in responses to oxidative stress. Another 

evidence of inflammation is reduced levels of arachidonic acid, an omega-6 fatty acid, in 

brain samples of SD mice. Oxidation of arachidonic acid could generate leukotrienes, a 

family of eicosanoid inflammatory mediators produced in leukocytes, and thus promote 

inflammation. The increased energy requirements could also activate autophagy and protein 

catabolism, which have been found in MPS I and MPS VII mice [13]. In this study, 

increased levels of amino acids, amino acid derivatives and dipeptides were observed, 

indicating increased protein catabolism. Increased requirements of energy and raw materials 

could also activate lipid metabolism and carbohydrate metabolism, manifested by decreased 

adiposity, a common observation in many lysosomal diseases [28–30]. In addition, the 

enlarged lysosome and distended cells due to abnormal accumulation may require increased 

membrane synthesis, which can also affect lipid metabolism. Our previous proteomic 

analysis [31] also identified abnormality in the cytoskeleton system, which can be partially 

attributed to altered cellular architecture due to storage accumulation. Collectively, as shown 

in this study, the energy imbalance caused by the lack of these lysosome-derived precursors 

may have a major impact on the general metabolic state of the animal and on the level of 

autophagy. Therefore, the metabolomics analysis provides a novel holistic view of the 

etiology of lysosomal diseases.

4.2 Novel biomarkers for Sandhoff disease

GAG is the major storage material in a related group of lysosomal diseases, 

mucopolysaccharidoses (MPS) [32], which lead to deformities of bone and connective 

tissues, including heart valves. It was shown that Hex enzyme can cleave GAG in most 

tissues [33, 34]. In addition, impairment of GAG degradation was observed in cultured 

human [35] and mouse [36] fibroblasts with SD. Although GAG was not accumulated in a 

Tay-Sachs mouse model [14], significant GAG accumulation was observed in a Hex α/β 
double knockout mouse model [37], which lacks all Hex enzyme isoforms. Further, some 
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GM2 patients develop cardiac abnormalities, which closely resemble symptoms of MPS 

patients [38]. In this study, GAG was found to be elevated in SD mice, emerging as a 

potential biomarker.

Moreover, a previous study used targeted metabolomics profiling to analyze serum samples 

of MPS III mice pre- and post-AAV treatment [39]. The serum metabolomics profile 

emerges as a reliable surrogate biomarker for MPS III therapies. Therefore, metabolomics 

profiling in our study can also be used to establish a composite biomarker and outcome 

measurement for future therapeutic studies of SD. Notably, compared with targeted 

metabolomics profiling, metabolomics is a more comprehensive and with less bias by 

analyzing all metabolites, including those unknown.
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Figure 1. Principal component analysis showed unique metabolomics profiles of SD mice and 
patients.
(A) Comparison between all groups; (B) Comparison between brain samples of human SD 

patients and normal controls; (C) Comparison between brain samples of SD and normal 

mice; (D) Comparison between liver samples of SD and normal mice.
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Figure 2. GAG was confirmed to be a potential biomarker of SD.
Tissue GAG assays were performed with brain and liver samples from SD (n=3) and 

heterozygous normal mice (n=3). Data are mean ± standard errors. Student’s t-test was 

applied.
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Figure 3. Network analysis with Cytoscape revealed interactions between metabolites, proteins 
and genes.
Genes were illustrated in circle, enzymes in rectangular, reactions in square, and metabolites 

in hexagon. The results shown were analysis of mouse brain samples, while analyses of 

mouse liver and human hippocampus samples yielded similar results.
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Figure 4. Hypothetical etiology model for explaining SD pathogenesis mechanisms.
Based on metabolomics profiling, bioinformatics analysis and previous literature, a 

hypothetical etiology model was proposed. Hex enzyme deficiency causes ganglioside and 

GAG accumulation, which may lead to interrupted macromolecule recycling and increased 

de novo synthesis of macromolecules. On the other hand, ganglioside accumulation could 

result in enlarged lysosome and distended cell, which in turn affects lipid metabolism. Both 

pathways require more raw materials and more energy. A series of events including protein 

catabolism, activated autophagy, active respiratory chain in mitochondria may follow.
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Figure S1. Heatmap analysis of dysregulated metabolites in the mouse liver.
Mutant stands for SD mice (n=3), normal stands for heterozygous mice (n=3). Fold change 

is illustrated on the left.
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Table 1.

Common pathways involved among mouse liver, brain and human hippocampus.

Glutamate glutamine
metabolism

One carbon metabolism and related pathways

Glutathione metabolism 5-Oxoprolinase deficiency

Glutathione redox reactions II Ascorbate recycling (cytosolic)

Glutathione synthetase
deficiency

Succinic semialdehyde dehydrogenase deficiency

Glutathione biosynthesis Urea cycle and metabolism of arginine_ proline_
glutamate_ aspartate and asparagine Sulfation
biotransformation reaction

Reactive oxygen species
degradation

5-Oxoprolinuria

Cellular responses to stress Synthesis of 12-eicosatetraenoic acid derivatives

Gamma-glutamyl-transpeptidase
deficiency

Gamma-glutamyltransferase deficiency

Amino acid metabolism Homocarnosinosis

Purine metabolism Acyl chain remodeling of CL

4-Hydroxybutyric
aciduria/succinic semialdehyde
dehydrogenase deficiency

Vitamin C (ascorbate) metabolism

2-Hydroxyglutric aciduria (D
And L Form)

Sulfur amino acid metabolism

Sulfation biotransformation
reaction
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