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Abstract 

Metabolism occurs in a spatial-temporal fashion and represent the product of 

cellular functions. Mass spectrometry-based metabolomics enables the analysis of 

hundreds to thousands of analytes that can be used to study biological processes in the 

context of disease. Here, we leverage novel mass spectrometry approaches- both high-

resolution mass spectrometry coupled to liquid chromatography, as well as matrix 

assisted laser desorption ionization mass spectrometry imaging- to exam neurometabolic 

related questions. 

Chapter one characterizes the biochemical, behavioral, and cytological in the brain 

in long-evans rats following neonatal, postnatal day six (P6), exposure to DMSO, the 

widely used vehicle (VEH) solvent. First, neurometabolic changes were profiled 24 hours 

after exposure in four distinct brain regions- the cortex, hippocampus, basal ganglia, and 

cerebellum- using hydrophilic interaction liquid chromatography. Second, behavioral tests 

were performed between P21-40 to investigate the chronic alterations to behavior 

following short term, early exposure. Lastly, immunofluorescence and 

immunohistochemistry were used to assess cytological changes in microglia, astrocytes, 

and neurons at P40. These findings show that short term exposure of DMSO, regardless 

of dose, at neonatal stages alters key regulatory metabolites and alters neurochemistry, 

results in chronic hypoactive behavior and decreased social habits, and in dose 

dependent increase in microglia and astrocytes. 

Chapter two investigates the role of p731, a p73 C-terminal isoform, in regulating 

lipid metabolism. Characterization of this novel protein isoform was described by Dr. Kyra 

Laubach, and cell lines were generated using CRIPSR to remove E12 in cancer cell lines. 
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A multi-omic approach was integrated with molecular biology techniques to identify lipid 

classes and lipid metabolism-associated genes that were altered by the expression of 

p731. Furthermore, the tumor suppressive function of p731 was found to be mediated 

in part through lipid metabolism-associated genes. Through these findings, a previously 

unidentified p73 target was established, in addition to determining a role for p731 in lipid 

metabolism.   

Chapter three provides a framework and application for spatial metabolomics using 

matrix assisted laser desorption ionization- mass spectrometry imaging (MALDI-MSI). I 

demonstrate that spatial metabolomics enables data driven segmentation that provides 

unique clusters that resemble and map to anatomical structures. Next, I show that lipids 

in the brain are highly organized, and these lipids can be identified in tissue through 

MS/MS experiments. Additionally, I perform manual segmentation to extract ion 

intensities for regions of interest and show that MSI enables histopathological analysis of 

small molecules. Finally, I apply this workflow to a case study of litter-matched matched 

rats, one that expresses transgenes that induce an Alzheimer-like pathology, and its wild-

type, healthy control litter-mate. I show that several phosphatidylcholine (PC) lipids are 

altered in the entire brain and specific regions of interest. Other PC lipids are changed 

only in clear ROIs when comparing WT and AD brains but are not changed in the whole 

brain. This workflow is a critical step necessary to enable histopathological analysis using 

metabolomics. 
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Application of MALDI Mass Spectrometry Imaging for Spatially Resolved Metabolomics 

Zachary Rabow, Tong Shen, Oliver Fiehn  

 

1. Introduction  

Metabolites are the end products of cellular functions and help understand the biochemical 

changes related to disease processes (1). Traditional approaches for metabolomics involve bulk 

homogenization of tissue, followed by extraction (and fractionation in the case of dual phase 

extractions), drying the sample, reconstitution in solvent for liquid chromatography, or possible 

derivatization to enrich the signal for detection (2). As with any sample preparation process or 

treatment, these steps introduce a bias in detecting a metabolite. Metabolism occurs in specific 

cells, at specific times.  This spatiotemporal resolution gets lost during bulk homogenization. 

Tissue homogenization greatly hinders biological interpretation and likely dilutes signal 

intensities.    

Recent advances in technology make it possible to carry out spatial metabolomics, known as 

mass spectrometry imaging (MSI) (3). MSI avoids the need for bulk homogenization and keeps 

the tissue intact to preserve the localization of metabolites to specific anatomic regions or lesions 

(in the case of disease). Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry 

has been used for the past 20+ years for peptide analysis for proteomics, but is often done in 

formalin fixed tissue (4). Advancements in sample preparation and instrumentation now enables 

spatial metabolomics on unfixed tissue. 

In this study, we present the application of MSI for lipid analysis in a mouse brain and then 

extend this workflow to a case study of litter-matched rats, one with a transgene that induces 

Alzheimer’s disease pathology and its wild-type littermate without the disease. 
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2. Materials and methods  

2.1 Murine Samples 

24-week-old C57BL/J6 wild-type mice were humanly euthanized, and the tissue was 

collected quickly. All procedures were done under IACUC protocol. 

2.2 Rat model  

The TgF344-AD rat model (AD) and wild-type (WT) Fischer 344 littermate were used for 

molecular pathophysiology investigation. This model has been extensively used and 

previously described (5). Animals were humanly euthanized at 9 months of age, the time 

point when AD-like pathology is first seen. All procedures were approved by the IACUC of 

the University of California, Davis. 

2.3 Tissue Collection and Processing 

Animals were euthanized using CO2. The brain was removed, and the right and left lobes 

were separated by cutting through the midsagittal plane. The tissue was prepared as 

previously described (7). Briefly, a layer of dry ice was mixed with isopentane, and the left 

and right hemispheres were placed onto a metal weigh boat on top of the slurry to allow 

the tissue to freeze completely. Embedding molds were filled partway with 2.6% 

carboxymethylcellulose (CMC). Once the CMC molds were frozen, brain sections were 

added to the molds, and more CMC was added on top of the tissue to fully cover the 

tissue. Once completely frozen, samples were wrapped in foil and stored in -80°C until 

sectioning. CMC-embedded tissue blocks were placed in Leica Cryostat maintained at -
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28°C. The blocks were attached to the chuck using OCT, with care to ensure OCT did not 

make contact with the cryostat blade. The tissue was sectioned at 10 um thickness and 

thaw mounted on indium tin oxide glass slides. Slides were dried in a desiccator for 

approximately 30 minutes and stored at -80°C until use. 

 2.4 MSI analysis  

Matrix was applied using an HTX Sprayer. Nitrogen was set at 8 psi, and the nozzle 

temperature was 40°C. Five mL of the matrix (1,5-diaminonaphthalene (DAN), 20 mg/mL 

in tetrahydrofuran) was loaded onto the sprayer, the valve was then switched to “inject,” 

and the matrix was sprayed for one minute to ensure the matrix was flowing. Four slides 

were placed on the slide deck and taped down, and the matrix was applied with the 

following parameters: 1350 mm/min nozzle velocity, 0.05 mL/min flow rate, 1.5 mm track 

spacing, crisscross pattern (CC), 5 passes, 40 mm nozzle height, no drying time. After the 

matrix application was finished, slides were placed in a slide box and stored at -80°C until 

analysis. MSI analysis was performed using Bruker timsTOF fleX. Mass calibration was 

performed using an external calibration solution before data collection and achieved 

2ppm mass accuracy. Data were acquired between 300 and 1200 m/z range in positive 

ionization mode with 20 µm spatial resolution. Ion transfer time was 65 µs, and prepulse 

storage was set to 7µs. The laser was set to 20 µm spatial resolution at 30% power and 

200 shots per pixel. Data processing was performed using SCiLS Pro. 
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3. Results 

3.1 Data-driven segmentation of the mouse brain clusters to anatomic regions  

The brain of a 24-week-old C57BL/J6 mouse was used for spatial lipidomics investigation. 

Data-driven, spatial segmentation in SCiLS using the top 500 molecular features results in 

detailed segmentation resembling known anatomic regions. The top 500 most abundant features 

were used for unsupervised spatial segmentation using hierarchical clustering of similar spectra. 

The first segmentation resulted in the differentiation of basic cellular groups consisting of fiber 

tracts (a), the brain stem (b), the cerebrum (c) and the cerebellum (d) (Fig 1A). Further 

segmentation using the same molecular features differentiated the hippocampal formation (1), 

the molecular layers of the cerebellum (2), the granular layers of the cerebellum (3), fiber tracts 

(4), three segmented molecular layers in the cortex (5), brain stem (6), cerebral nuclei (7) and the 

hindbrain (8) (Fig 1B). Unsupervised segmentation based on lipid features results in clusters that 

resemble known anatomic brain regions and cell layers described in the Allen Brain Atlas (Fig 1C). 

3.2 MALDI MSI shows high spatial resolution of lipids to distinct anatomic regions 

While the MALDI MSI acquired data between 300-1200 m/z that would include small 

metabolites, we found that the top-500 ions that spatially separated brain regions were all 

between 620-950 Da. This is the mass region of complex lipids, from phosphatidyl-lipids to 

triacylglycerides, showing that brain lipids are highly spatially organized. Lipids identified with 

MS/MS analysis in situ are shown in Fig 2 A-E. PS 44:6 (m/z 890.592) shows high expression in 

the white matter of the cerebellum, the hindbrain, and in the lower molecular layers of the cortex 

(2A). In contrast, PS 36:2 (18:1/18:1) is nearly exclusively expressed in the granular layers of the 

cerebellum (2B). Similarly, PE 44:10 is highly expressed in the granular layers of the cerebellum 
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and the granular layers of the dentate gyrus and hippocampus (2C). Remarkably, we can see high 

spatial resolution of this lipid in the hippocampal region, starting with low expression in the 

subiculum (Fig 2C.1) and then high expression in the pyramidal layer of Ammon’s horn (CA1sp, 

CA2sp, CA3) (Fig 2C.2), low expression between CA3 where the pyramidal layer ends (Fig 2C.3), 

then high expression in the granular cell layer of the dentate gyrus (Fig 2C.4).  

Lipid features can be co-visualized using unique m/z molecular channels, demonstrated 

with m/z 718.5361 and 890.6313, showing distinct localization patterns (2E). m/z 718.5361 

(green) that can be annotated as PE 34:1, is seen to be enriched to the molecular layers of the 

cerebellum, with slightly lower expression in the granular layers. m/z 890.6313 (purple), 

annotated as PC 44:6, is enriched within the branching fiber tracts of the cerebellum and 

homogenously in the medulla and pons. These features were annotated through accurate mass 

search using LIPIDMAPS. While MS2 data is necessary for a more confident identification, these 

features show similar spatial distribution as seen in The Metabolome Atlas of the Aging Mouse 

Brain, which provides a degree of confidence in the identification of these two ions. 
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Figure 1. MALDI MSI readily distinguishes anatomically defined regions. Data driven spatial 

segmentation using the top 500 abundant m/z features enables general brain regions to be seen 

through hierarchical clustering of similar spectra. (A). Simple, binary segmentation results using 

the top 500 m/z features. (B). Multiple rounds of segmentation using the same ions as the prior 

plot show highly specific segmentation patterns that resemble known anatomic brain regions. 

(C). Map of the Allen Brain Atlas showing anatomically defined regions similar to 1B. 

 

3.3 Statistical analysis and differential expression between regions of interest  

Manual segmentation followed by ion peak area extraction allows for analysis of different 

regions of interest (ROI). Using the optical image of the tissue, the following ROIs were annotated 

(Fig 3A): (1) cortex, (2) olfactory areas, (3) striatum, (4) fiber tracts, (5) hippocampus 

(hippocampal formation), (6) thalamus, (7) hypothalamus, (8) midbrain, (9) pons, (10) medulla, 

(11) cerebellum grey matter, and (12) cerebellum white matter. m/z 789.6195 shows high spatial 

Figure 1 
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differences between brain regions (Fig. 3B). m/z 789.6195 showed significant differences 

(p=0.001) between brain regions (i.e., a three-fold change between the hippocampus and pons; 

Fig 3C) and within brain regions (differential expression within the layers of the cortex; Fig 3B). A 

bulk search of LIPIDMAPS for m/z 789.6195 resulted in three possible candidates: FA 44:2; O9 

(ΔM = 0.0109), PA 42:0 (ΔM = 0.0173), and PG O-38:2 (ΔM = 0.0191).  

The white matter of the cerebellum and the hippocampus were manually annotated, 

followed by principal component analysis (PCA) to investigate which molecular feature 

significantly differentiated these two areas. m/z 729.5192 contributed the highest variance to 

the PCA. The ion map (blue) shows that this feature is highly expressed in white matter in the 

cerebellum, with low expression in the hippocampal formation (Fig 3D). m/z 729.5192 is 

significantly different (p< 0.001) between these two regions, with a five-fold increase in the white 

matter compared to the hippocampus (Fig 3E). A bulk search of m/z 729.5192 using LIPIDMAPS 

resulted in 5 possible candidates: PG-O 34:4 (ΔM = 0.0127 Da), PA 38:2 (ΔM = 0.0237 Da), MGDG 

32:1 (ΔM = 0.0319 Da), CerPE 38:3; O3 (ΔM = 0.0349 Da), and PG 33:4 (ΔM = 0.0491 Da). However, 

all these candidates were outside of the typical 5 mDa mass accuracy window that we found in 

annotation of other known compounds (see Figure 2). Biologically, m/z 729.5192 might better 

get annotated as PS 38:2 that fragments into PA-lipids during MALDI ionization, as has been 

reported before. Correspondingly, m/z 789.6195 could possibly annotate as PS 42:0. It is well 

documented that collision induced dissociation (CID) of PS’s results in an in source fragment, 

resulting from one of two possible rearrangements, both resulting in a PA artifact. For both 

features (m/z 789.6195 and 729.5192), in situ MS2 and orthogonal LC-MS/MS are needed to 
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confidently identify the lipid feature. In addition, LIPIDMAPS only considers [M+H]+ adducts in its 

online search tool, while [M+Na]+ or [M+NH4]+ are also typically occurring in lipid ionizations. 

 

Figure 2. Examples of MALDI MSI Images showing high spatial specificity of lipid ions. (A) PS 44:6 

(m/z 890.592) is only found in brainstem and midbrain regions, but not in cerebellum. (B). PS 36:2 

is only found in the cerebellum. (C). PE 44:10 is enriched in the cerebellum and hippocampus. 

(D). 4x magnification of the left image. PE 44:10 is localized to the pyramidal layer of the 

hippocampus and granular layers of the dentate gyrus. (E). Co-visualization of m/z 718.5361 and 

890.6313, showing distinct localization patterns 

Figure 2 
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Figure 3. Extraction of Peak area for individual ions enables analysis of different regions of 

interest (ROI). (A). Schematic diagram for ROI: (1) cortex, (2) olfactory areas, (3) striatum, (4) fiber 

tracts, (5) hippocampus (hippocampal formation), (6) thalamus, (7) hypothalamus, (8) midbrain, 

(9) pons, (10) medulla, (11) cerebellum grey matter, and (12) cerebellum white matter. (B) ion 

image for m/z 789.6195 (C) ion image for m/z 729.5192 (D) Bar plots for selected ROI for m/z 

789.6195 (E) bar plot for selected ROI for m/z 729.5192. n=1 biological replicate. Data presented 

as mean +/- SEM. SEM is from the average intensity of the m/z feature in each pixel of the MSI 

experiment 

Figure 3 
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3.4  MSI shows spatial lipidomic changes in a rat model of AD  

MALDI MSI bridges the gap between histopathology and metabolomics, allowing for small 

molecules and lipids to be visualized in a spatial (or spatiotemporal) fashion. To demonstrate this, 

a TgF344-AD rat and its wild-type littermate was used to analyze differences in lipids in the brain.  

m/z 734.5709, annotated as PC (16:0/16:0), shows significant enrichment in the total 

brain section (p<0.001) as well as significant differences (p<0.001) in the selected ROI (the 

hippocampus, or HPF) of the WT brain compared to the AD brain (Fig 4A, D). Conversely, m/z 

782.5684, annotated as PC (18:1/18:3) or PC (16:0/20:4), is significantly higher in the HPF in the 

AD brain compared to HPF of the WT brain (Fig 4B). Interestingly, if the ion intensity for m/z 

782.5684 is extracted for the entire brain region, no statistical difference is seen, with a fold 

change of 0.94 between WT and AD (Fig. 4E); however, if the ion intensity for m/z 782.5684 is 

extracted from just the HPF, we see a significant difference (p<0.01) and a 1.5-fold change 

difference between WT and AD (Fig. 4E). Similarly, m/z 788.6174, annotated as PC 36:1 (e.g., PC 

(18:0/18:1), shows no difference in the total brain (Fig 4C, F), but significant differences (p<0.001) 

within the fiber tracts of the cortex between AD and WT brains (Fig 4C, F).  
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Figure 4. Analysis of a healthy control brain compared to a transgene littermate with AD. Ion 

images for features of interest are shown for (A) m/z 734.5709, (B) m/z 782.5684, (C) m/z 

788.6174. (D-F) Bar graphs for each m/z feature for total brain and extracted ROI. * denotes ROI 

for selected segmentation and ion intensity extraction. n=1 biological replicate/group; data 

presented as mean +/- SEM. SEM is from the average intensity of the m/z feature in each pixel of 

the MSI experiment, between 40,000 (smaller ROI) and 2,000,000 pixels for the whole brain 

section 

Figure 4 
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4. Discussion 

The core aspects of pathology are: 1) Etiology/cause, 2) Biochemical and molecular 

mechanisms (pathogenesis), 3) Associated structural and functional alteration to cells and organs 

(morphological changes), 4) Clinical consequences of the morphological changes. Here we study 

the spatial organization of brain lipids, focusing on the core pathology area (3). Lipids are the 

critical building blocks in the cell and a crucial component of myelin, making lipids a crucial 

molecule in neurology (7,8). Additionally, lipids make up cell membranes, and are essential for 

energy storage and cell signaling (9). Lipid composition in the brain plays a pivotal role in 

maintaining healthy brain physiology. Perturbations to the brain lipidome can lead to 

neurodegenerative diseases and pathologies- from Alzheimer’s (AD), Parkinson’s, Huntington’s, 

Schizophrenia, and bipolar (10). Alois Alzheimer and Emil Kraepelin first described AD over a 

century ago (11). The progressive neurodegeneration that occurs in AD has been researched for 

over a century, yet the disease is still not well understood, and no treatments exist. However, 

most research has focused on genetics, diet, exposures, and activation of inflammatory cells (like 

microglia) in the brain, and lipids have largely been overlooked. Alois Alzheimer’s initial 

description of the disease was around the findings of extensive lipid droplet (LD) formation (12). 

These LDs are now associated with microglia, and growing evidence shows that defective 

phagocytosis is responsible for LD formation, microglia activation, and the inflammatory cascade 

that ensues. LDs are made of complex lipids with varying Fatty acyl (FA) chain lengths and of 

saturation status. The FA chain length and number of double bonds can greatly affect cellular 

homeostasis and pathology. For this reason, mass spectrometry is essential to describe and 

characterize lipids. However, there are different levels of confidence in the identification of lipids 



 

56 
 

(13). The most basic classification would be discerning the class of lipid detected 

(phosphatidylcholine or PC, phosphatidylethanolamine or PE, etc.). The next level of 

identification would be describing the number of carbons and double bonds- if any- (i.e., PC: 

36:2). The next level would be detailed fatty acyl identification (i.e., PC (18:0_18:2). The next level 

would be providing positional information (i.e., PC (18:2/18:0)). There are additional levels of 

identification that provide information on the modifications (oxidation, hydroxylation, etc.) as 

well as the stereochemistry and double bond geometry, but these require highly specialized 

experiments to capture that level of information and are not routinely performed in nontargeted 

metabolomics.  

Traditional metabolomic workflows must catch up in the third core area discussed at the 

being of this section, linking biochemical changes (function) to spatial and structural regions 

(morphology). There are numerous reports in the literature of bulk homogenization-based 

approaches for investigating the chemical biology of diseases or disorders, including the 

Metabolome Atlas of the Aging Mouse Brain (14). Still, such reports often fail to provide 

translational power due to overlooking spatial aspects of diseases. Additionally, there is plenty 

of literature discussing MSI methodologies and approaches for increasing the analytical 

chemistry aspect of this technology, but very few reports use this workflow and technology for 

histopathological analysis. While MALDI MSI has seen a tremendous improvement in 

technological advancements, there are a few critical limitations to the current state of the field 

that limit research. The first is the limitation of MS1 only in an imaging experiment. This means 

we can only get to the first level of lipid identification discussed above and are left to speculate 

on the second level of information. To determine higher orders of identification, in situ MS2 (as 
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performed in Fig. 2) is needed, perhaps as follow up of automatic regional differentiation as 

shown in Figure 1A, B. Additional LC-MS/MS of a bulk homogenized brain sections would be 

needed to distinguish isomers. The experiments discussed in this chapter had a mass accuracy of 

+/- 5 mDa, as shown for the lipids in Figure 2. . This mass accuracy, combined with being limited 

to MS1, limited our ability to provide higher-order information about the lipids presented. 

Consequently, the lipid annotations using LIPIDMAPS lookups were necessarily preliminary. In 

addition to these technological limitations, we suffered from instrument issues that could not be 

fixed to run more biological replicates for the AD/WT case study and perform LC-MS/MS for 

increased lipid identification.  

The data presented here show that ion features provide unique biochemical signatures 

that segment the brain into clusters representing known anatomic structures. We provide 

examples of lipids that have a high degree of spatial organization within anatomic regions. We 

then show that manual spatial segmentation for ROIs enables us to extract ion intensities for 

different brain regions and analyze the abundance of lipid features in the brain. Finally, we 

applied this workflow to a case study of litter-matched rats, one healthy control, and one AD 

animal for spatial metabolomic analysis. The data presented here provide a framework for how 

MSI can be leveraged to investigate the chemical biology aspect of disease better. 
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Appendix: Other Projects 

In addition to the projects and work presented in this text, I undertook numerous other research 

projects that are not presented here. First, I developed a novel high-throughput method for 

comprehensive metabolomics and lipidomics analysis of blood plasma and serum. I increased 

the throughput by 10-fold, allowing a 96-well plate of samples to be extracted and prepared for 

analysis in under an hour. The performance of this new method was validated by absolute 

quantification of NIST SRM 1950 Plasma for endogenous metabolites, as well as intra- and 

interday precision. Next, I applied this method to a nested case-cohort study of four longitudinal 

cohorts (MrOS, SOF, HealthABC, and CHS) for over 24,000 samples for the Longevity 

Consortium (LC). Secondly, I carried out the sample preparation, data acquisition of over 2,000 

murine (brain, heart, liver, kidney and blood plasma) samples investigating the biochemical 

signatures associated with longevity and aging. I interfaced with statisticians, epidemiologists, 

chemists, and biologists through both projects. I learned the importance of collaboration and 

communication through this consortium and am grateful for the support of the LC during my Ph.D. 

training.  

I was a co-author on two other publications. The first was in collaboration with Dr. Lindsay 

Cameron and Prof. David Olson on the function-oriented synthesis to identify the critical structural 

components and therapeutic pharmacophore of ibogaine, which enabled the synthesis of a novel 

compound named tabernanthalog (TBG). In this collaboration, I characterized TBG by mass 

spectrometry. I developed a targeted LC-MS/MS method using multiple reaction monitoring for 

pharmacokinetic and pharmacodynamic (PK/PD) assessments of TBG in the brain and liver. The 

second publication was work I did with Dr. Jun Ding, a postdoctoral scientist in the Fiehn Lab. 

This project characterized the aging mouse brain in ten anatomic regions. I assisted Dr. Ding in 

sample preparation, data acquisition, and data interpretation for this project (2). The last 

significant project I worked on, but not presented in this dissertation, was the investigation of 
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endogenous psychedelics produced by the gut microbiome. In this project, I developed a highly 

sensitive targeted LC-MS/MS method to investigate bufotenine, a metabolite that we initially 

hypothesized was made by the host through the known biosynthetic pathway of the INMT 

enzyme. An INMT KO mouse model was used, and surprisingly bufotenine levels were 

unchanged by this KO. A two-year investigation led to the finding that by knocking out the gut 

microbiome with antibiotics, bufotenine levels are depleted beyond the lower limit of detection. 

Further, we showed that through administration of classic antidepressants, that bufotenine levels 

are increased in the brain. This research is ongoing and provides an exciting new framework on 

the mechanism of how classic antidepressants mediate neurochemistry and behavior. Through 

this project, I learned the importance of collaboration and a dynamic “Team Science” approach. 

This project could not have happened without the diverse science background and skills that each 

team member brought to the table. All of these studies, and those presented in the chapters 

above, describe my graduate work covering metabolomics, lipidomics, oncology, neurology, 

PK/PD, and analytical chemistry. 

Below is a summary of the projects that have been published or are being prepared for publication  

Published: 

1. Cameron, Lindsay P., et al. "A non-hallucinogenic psychedelic analogue with 

therapeutic potential." Nature 589.7842 (2021): 474-479. 

2. Ding, Jun, et al. "A metabolome atlas of the aging mouse brain." Nature 

communications 12.1 (2021): 1-12. 

3. Rabow, Zachary, et al. "p73α1, an Isoform of the p73 Tumor Suppressor, 

Modulates Lipid Metabolism and Cancer Cell Growth via Stearoyl-CoA 

Desaturase-1." Cells 11.16 (2022): 2516. 
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4. Rabow, Zachary, et al. "Exposure to DMSO during infancy alters neurochemistry, 

social interactions, and brain morphology in long‐evans rats." Brain and 

behavior 11.5 (2021): e02146. 

In preparation or under review: 

1. Burg A, Showalter M, Rabow Z Carraway K, Fiehn O. “Malignant transformation-

induced alterations in bis(monoacylglycerol)phosphate (BMP) lipids” 

2. Rabow Z, Keshet U, Tong S, Fiehn O. “Comprehensive High-throughput Methods 

and Cloud Based Computing for Large Scale Metabolomics Studies” 

3. Rabow Z, Cameron LP, Patel S, Fiehn O, Olson D. “Endogenous Psychedelics 

Are Produced by the Gut Microbiome”  




