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higher organisms (1). Researchers estimate that approxi-
mately 77% of human genes involved in disease pathogen-
esis have a paralog in Drosophila (2), including those 
involved in obesity and its associated complications. There-
fore, Drosophila has been used to model obesity and insulin 
resistance using genetic or dietary manipulations (3–6). 
Chronic high-sugar (HS) feeding has been shown to lead 
to obesity accompanied by hyperglycemia and hyperlipid-
emia in fly larvae and adults (5, 7). At the biochemical 
level, HS feeding led to a reduction in triglyceride (TG) 
substituent length and an increase in unsaturation in 
Drosophila larval fat body (FB) (8). Comorbidities, such as 
cardiomyopathy, are also observed in the fly when aged (9) 
and exacerbated on high-calorie diets (7, 9). Chronic over-
nutrition is thought to exceed the maximum capacity of 
adipose tissue, resulting in allostatic imbalance and lipid 
overflow to other tissues, including the heart and liver, or 
lipotoxicity [reviewed in (10, 11)]. Lipotoxicity is thought 
to comprise increases in a variety of lipid species, includ-
ing free FAs, ceramides, diacylglycerols (abbreviated here 
as DGs), TGs, and acyl-carnitines, some of which have also 
been found in Drosophila diet-induced obesity models (12). 
The endocrine mechanisms and pathways leading to 
the accumulation of these putative toxins are not well 
understood.

Colorimetric assays for lipid quantification as well as 
thin-layer chromatography, gas chromatography, LC, and 
MS have been used to study lipid metabolism in a number 
of Drosophila paradigms [reviewed in (13)]. Metabolomic 
profiles correspond to altered phenotypes in a variety of 
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Drosophila melanogaster (called Drosophila hereafter) has 
become a well-established model for human disease patho-
physiology due to its ease of use and high conservation with 
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Drosophila genetic backgrounds and dietary paradigms (14–
16). Metabolomic studies have been useful in several insect 
models, such as the silk worm, identifying changes in me-
tabolite concentrations in the face of fungal infection (17). 
Analysis of whole mosquitos and cell culture upon infec-
tion show differential presence of metabolites (18, 19). 
Lipidomics, using LC-mass spectrometric methods has pre-
viously identified an array of lipids in Drosophila whole ani-
mal (20, 21) and tissue-specific homogenates, including 
lysophospholipids (Lyso-PLs), ceramides, and phospholip-
ids (PLs) as well as other nonlipid metabolites (22). How-
ever, organ dissection in such a small organism is laborious 
and it is nearly impossible to analyze subregions within or-
gans. Imaging MS techniques have gained popularity in 
recent years due to their ability to detect metabolites with 
spatial resolution within samples, including small mole-
cules such as lipids (23) with much smaller tissue sample 
size. Mass spectrometric imaging has been used to measure 
cuticular hydrocarbons on wings and legs of the gray flesh fly, 
Neobellieria bullata, and the wings of male Drosophila (24). 
TGs and sex pheromones were also identified on the sur-
face of whole mounted and scanned Drosophila adults (25). 
MALDI-MS imaging (MALDI-MSI) has been used to iden-
tify lipid species in mouse brains with high sensitivity (26) 
as well as the nematode Caenorhabditis elegans (27). Studies 
using MALDI-MSI on sectioned Drosophila adults have re-
vealed localization of broad sets of compounds, including 
phosphatidylethanolamine (PE), phosphatidylcholine 
(PC), phosphatidylinositol (PI), phosphatidylglycerol, TG, 
phosphatidylserine (PS), and sex pheromones as well as lo-
calization of peptides and other metabolites (28). Whole 
mounted Drosophila brains have also been studied and have 
revealed localization patterns of different subsets of PLs 
within the CNS (29, 30). Although MALDI-MSI-based me-
tabolomics has become a growing area of expertise in mul-
tiple model organisms, this tool has not extensively been 
used to assess lipotoxicity in obese Drosophila. The fly is 
large enough for organs to be seen, but too small for large-
scale dissection and collection of tissues for traditional 
mass spectrometric methods. Considering the small size 
of Drosophila and the extensive genetic tools available, the 
development of specific quantitative MSI methods could 
enable increased efficiency.

Here, we use Drosophila to compare lipid content in or-
gans from control and HS-fed flies. We hypothesized that 
lipids accumulate differentially in organs in the face of 
overnutrition. We used microdissection techniques to col-
lect Drosophila organs for lipid analyses. MSI was used to 
characterize the lipidome during high-calorie feeding. By 
using MALDI-MSI, which gives information about lipids 
in individual Drosophila organs, we expect to find changes 
in lipid profiles in tissues resulting from overnutrition. 
We also present data using a complementary technique, 
UHPLC-MS/MS, which identifies a greater number of 
metabolites but requires a much larger number of organs. 
Differential accumulation of lipids in HS-fed organs could 
identify novel candidates for lipotoxicity. Both methods 
represent promising approaches to study a variety of lipids 
using relatively small amounts of insect tissue.

MATERIALS AND METHODS

Fly lines and maintenance
All fly stocks were maintained on 5% dextrose-cornmeal-yeast-agar 

medium at 25°C with controlled humidity. Wild-type white-eyed 
w1118 flies obtained from the Vienna Drosophila Resource Center 
were used for all experiments and maintained with 12/12 h day/
night light cycling. Adult flies were reared on dextrose food, then 
transferred to 0.15 M (5% sucrose) control diet or 1 M (34% 
sucrose) high-sugar diet (HSD) (5) within 24 h of eclosion, then 
aged for 3 or 5 weeks before euthanization for organ collection. 
Flies aged on the control diet were flipped onto fresh food every 
2 days, whereas flies aged on HSD were flipped every 5 days in 
order to preserve food quality. Control diets were changed more 
frequently because the food consistency decreased at a quicker 
rate than HSD food.

Tissue collection and storage
For UHPLC-MS/MS, 100 adult hearts, 10 l of hemolymph, 

and 20 FBs per replicate with equal ratio male to female organs 
were collected by fine dissection from flies anesthetized with Fly-
Nap (trimethylamine) (31). Adult hearts and FBs were homoge-
nized by hydraulic pressure and mechanical shearing using a 20 
gauge needle and hypodermic syringe in 200 l of PBS (pH 7.4), 
with 190 l extracted for UHPLC-MS/MS and 10 l saved for 
protein determination. Adult flies were impaled in the thorax 
using a 0.125 mm tungsten probe and placed in a 500 l tube 
pierced with a 25 gauge needle and nested inside a 1.5 ml tube 
for hemolymph collection as described by Lung and Wolfner 
(32). Ten microliters of hemolymph were collected from 200 flies 
per replicate and centrifuged at 4°C at 2,348 g for 5 min. Volume 
was brought up to 200 l with PBS. Adult flies for MALDI-MSI 
studies were anesthetized with CO2 and then micro-dissected 
onto ice-cold slides. Hearts and FBs were placed on microscope 
slides and immediately frozen at 80°C.

UHPLC-MS/MS
Drosophila adult organs were analyzed by the South Eastern 

Center for Integrated Metabolomics at the University of Florida, 
Gainesville, FL. In short, lipids were extracted using a bacterial 
lipidomics extraction procedure and normalized prior to injec-
tion to the lowest sample protein concentration (33, 34). Inter-
nal standards were used to quantify lipid classes detected in both 
positive and negative ion modes. Two microliters of internal stan-
dards were added prior to extraction. Standards were injected 
with a final amount of 10 ng on the column for positive and 17 ng 
for negative. Lipids were quantified using the following stan-
dards: TG (15:0/15:0/15:0) for TG and diacylglycerol ether 
(DAGE), DG (14:0/14:0), ceramide (d18:1/17:0) for sphingolip-
ids (SLs), PC (17:0/17:0) for PC and ether-linked PC, PE 
(15:0/15:0) for PE and ether-linked PE, and lysophosphatidyl-
choline (Lyso-PC) (17:0) for all Lyso-PL. Samples were reconsti-
tuted in 30 l of solvent and injected via autosampler, 5 l for 
negative and 3 l for positive, into a Thermo Q-Exactive Orbitrap 
mass spectrometer/electrospray ionization and Dionex UHPLC 
and analyzed at a mass resolution of 35,000 at m/z 200 for both 
positive and negative injections. The temperature of the column 
was 50°C with a flow rate of 500 l/min. To attain separation, an 
Acuity BEH 1.7 m, 100 × 2.1 mm column was used with 60:40 
acetonitrile:10 mM ammonium formate with 0.1% aqueous for-
mic acid for mobile phase A and 90:8:2 2-propanol:acetonitrile:10 
mM ammonium formate with 0.1% aqueous formic acid for mo-
bile phase B. LipidMatch software was used to identify resulting 
peaks (35).
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MSI
Organs were dissected from one fly per biological replicate, 

placed on a clean microscope slide and frozen at 80°C. Slides 
were vacuum desiccated for 1 h, washed with 150 mM of ammo-
nium acetate, and dried for 30 min by vacuum before matrix was 
applied with a glass type A Meinhard nebulizer (Golden, CO) with 
a flow rate of 3 ml/min. The matrix consisted of 40 mg/ml 2,5-di-
hydroxybenzoic acid and 10 mM sodium acetate dissolved in 80:20 
methanol:water. Samples were vacuum desiccated for another 15 
min after matrix application to remove any remaining solvent. For 
both hearts and FBs, 126 ± 0.0003 mg of matrix were applied prior 
to MALDI imaging. Samples were analyzed in a Thermo Scientific 
LTQ XL linear ion trap mass spectrometer (San Jose, CA) with a 
MALDI ionization source consisting of a Lasertechnik Berlin 
MNL 106-LD N2 laser ( = 337 nm) (Berlin, Germany). MALDI 
parameters included a laser energy of 6.1 J, three laser shots per 
spot, and a step size of 100 m for MS and 6.1 J, three laser shots 
per spot with 25 m step size for MS/MS. Ten biological replicates 
of each sample type were used, with three technical replicates 
averaged for each biological replicate. Background feature filter-
ing was used to filter out background peaks (36) before statistical 
analysis using MetaboAnalyst (37). MS/MS was conducted and 
subsequent identification of peaks using LipidMatch (35). The 
fragmentation libraries in LipidMatch were edited to identify lipid 
species with the use of a linear ion trap mass spectrometer.

Statistical analysis
All peak area data from UHPLC-MS/MS and MALDI-MSI stud-

ies (respectively) were normalized to the total ion current. Principal 
component analysis (PCA), heat map, volcano plot, and ANOVA 
powered by MetaboAnalyst 3.0 (37) were used to estimate variation 
across the sample groups and a Fisher’s least significant difference 
(LSD) was used for post hoc analysis to determine the significance 
between groups. Volcano plots, a univariate method, used log fold 
change plotted as a function of log P-value to give compounds sig-
nificantly increased and decreased in presence. Fold change cut 
offs were set at >1.25 and <0.75 with a P-value cut off of <0.05 as 
identified by Student’s t-test. For heat maps, Ward clustering algo-
rithm was used to group significant compounds identified by t-test 
for univariate data sets and ANOVA for multivariate data sets. Heat 
maps show variances in fold change between biological replicates 
and experimental groups, whereas volcano plots indicate variances 
in individual compounds between experimental groups. MS/MS 
files were converted from .raw to .ms2 files with ProteoWizard 
(38). Graphs were made using GraphPad Prism software (v. 6.0).

RESULTS

Mass spectrometric analyses of Drosophila organs isolated 
from control and diet-induced obese adults

Our workflow (Fig. 1) combined MALDI-MSI and tradi-
tional UHPLC-MS/MS to characterize lipid species among 
tissues. In our overnutrition paradigm, we used chronic 
HSD feeding to induce insulin resistance, lipotoxicity, and 
other phenotypes reminiscent of a type 2 diabetic state, 
including obesity and accumulation of free FAs (5, 8, 12). 
Larvae were reared on 5% dextrose cornmeal-yeast-agar 
medium until eclosion. Adults were then transferred 
and aged on control (5% sucrose) or HS (34% sucrose) 
modified Bloomington semi-defined diets (5) for 3 weeks 
(MALDI-MSI) or 5 weeks for both MALDI-MSI and 
UHPLC-MS/MS.

Increasing dietary sucrose produces tissue-specific 
changes in lipid classes

First, we used traditional UHPLC-MS/MS to compare 
the effects of control diet and HSD in individual tissues. We 
analyzed mixed-sex adult w1118 FBs, hemolymph, and hearts 
at 5 weeks of age. These studies identified 383 lipids in the 
FB and hemolymph and 272 lipids in heart tissue. The lip-
ids detected included species spanning glycerolipids (GLs), 
including TGs, DGs, monoglycerides, PLs, Lyso-PLs, SLs, 
ether lipids, acylcarnitines, coenzyme-Qs, and cardiolipins. 
A PCA scores plot was used to highlight overall variances 
between diets and tissues using peak areas as the variables 
(Fig. 2A). Each sample is shown as a single point with a 
95% confidence interval ellipse representing the range of 
the data. Only a slight overlap in 95% confidence interval 
ellipses is observed between control and HS FBs, hemo-
lymph, and hearts, indicating that a portion of the diet-
dependent metabolome differed in each sample type. We 
were able to identify numerous specific TGs, DGs, PLs, SLs, 
Lyso-PLs, and ether-linked lipids (hereafter called ether 
lipids), all of which are classes from which at least one spe-
cies was significantly differentially present between control 
and HS conditions (supplemental Files S1, S2, and S3). 
Several other lipid classes were also identified by UHPLC-
MS/MS, including acyl-carnitines, cardiolipins, and coen-
zyme-Q8, -9, and -10. Because PCA suggested site-specific 
changes in a broad range of lipid compounds, we further 
characterized the lipidome of the FBs, hemolymph, and 
hearts. We focused on five overarching categories of lipid 
compounds: GLs, PLs, Lyso-PLs, SLs, and ether lipids. The 
largest confidence ellipses were repeatedly observed in the 
control-fed adult FBs (Fig. 2). Principal components in 
TGs were most dramatically affected by HS in hemolymph, 
while there were also apparent effects on TGs with slight 
overlaps in both FB and heart 95% confidence interval el-
lipses (Fig. 2B). Similar to TG, the greatest effects of HS on 
DG were in the adult hemolymph (Fig. 2C), consistent with 
a finding that DG plays a major role in larval hemolymph 
(39). By contrast, HS did not seem to affect overall PL 
content in any sample set despite their abundance, with 
overlapping ellipses in all tissues (Fig. 2D). The greatest 
variance in SL principal components was observed in FBs, 
with complete separation of 95% confidence interval el-
lipses. Ellipses for both control and HS heart SLs were 
small and overlapping, indicating that SLs varied little in 
this tissue (Fig. 2E). Lyso-PLs were most different in hemo-
lymph, with no apparent effect of HS on Lyso-PL in hearts 
or FBs (Fig. 2F). We saw a correlation between ether lipids 
and dietary sugar in FBs and hemolymph with some over-
lap in hearts (Fig. 2G). Moving forward, we focused on the 
four overarching lipid classes with separation of principal 
components in at least one tissue: GLs, SLs, Lyso-PLs, and 
ether lipids.

The FB contains more saturated fat and fewer  
odd-numbered FA substituents when fed HS

We first assessed the lipidome of the FB, as it is the 
fly’s primary lipid storage and metabolic tissue and is simi-
lar to the mammalian adipose and liver. As seen by PCA, 
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principal components of the FB lipidome varied between 
control and HS feeding (Fig. 3A). Each lipid was quanti-
fied relative to lipid standards added before extraction of 
each replicate group of 20 FBs. There were no significant 
changes in overall amounts of the GL, PL, SL, or ether 
lipid classes between control and HS feeding (Fig. 3B), 
consistent with the PCAs in Fig. 2. GLs and PLs comprised 
the majority of lipids detected in FBs and were similar in 
abundance to each other (Fig. 3B). Total GL remained al-
most constant at 624.7 ng and 686.6 ng per FB between 
control and HS (Fig. 3B). Within the GL class, there were 
no overall changes in either TGs or DGs (supplemental 
Fig. S1A, B). PL content seemed to decrease from 1,246.8 
ng to 629.9 ng per FB, although the difference was not sta-
tistically significant in FBs (P = 0.24, Fig. 3B). Like PLs, 
ether lipids trended toward a decrease, although the 
changes were not significant (Fig. 3B, supplemental Fig. 
S1C–G). Because PCAs suggested differences within classes, 
and quantitative MS suggested that there were few signifi-
cant changes among classes, we looked at changes in sub-
classes within the overarching GL, SL, Lyso-PL, and ether 
lipid classes.

Analysis of GL pools revealed changes in the relative lev-
els of even chain substituents and odd chain substituents 
as well as changes in saturation levels of both tri- and di-
glycerides. Even chain TGs increased (P = 0.017) on a 

HSD, while TGs with at least one odd chain substituent 
decreased significantly (P = 0.017) (Fig. 3C). There was an 
overall increase in saturated and mono-unsaturated FA 
substituents with a corresponding decrease in relative dou-
ble bond content. Even chain FAs significantly increased in 
saturation and mono-unsaturation (P = 0.03 and 0.06, re-
spectively), while polyunsaturation decreased (P = 0.048 
and 0.07) (Fig. 3D). Odd chain FAs (OCFAs) exhibited an 
increase in saturation in FB TGs, although it was not sig-
nificant (P = 0.10) (Fig. 3E), and a near significant de-
crease in substituents with two unsaturations (P = 0.054) 
(Fig. 3E). While DGs slightly increased from 0.36% to 0.6% 
of total GLs (P = 0.31) on HS (Fig. 3F), we saw a slight de-
crease in OCFA substituents in DGs (Fig. 3G). Nonsignifi-
cant increases in saturated DG species were seen with 
nonsignificant decreases in mono- and polyunsaturated 
DGs (Fig. 3H), although a trend toward greater saturation 
was clear.

We also analyzed SLs, which include ceramides, glycosyl-
ated ceramides, sphingosines (SOs), and SMs in the FBs. 
There were no significant differences within these SL classes 
(Fig. 3I–L; supplemental Fig. S1C–E). Next, we assessed 
changes in Lyso-PLs and observed no differences within 
this class (Fig. 3M–O). Finally, we compared the relative 
changes in ether lipids within the FBs. There was a signifi-
cant increase (P = 0.02) in plasmenyl-TG, also known as 

Fig. 1. Metabolomics workflow uses both UHPLC-
MS/MS and MALDI-MSI for lipidomics study of over-
nutrition. Adult flies were aged on control diet (0.15M 
sucrose) or HSD (1M sucrose). Organs were dissected 
and either placed on slides for MALDI-MSI or com-
bined in tubes for analysis by UHPLC-MS/MS. For 
MALDI-MSI, a Meinhard nebulizer was used for ma-
trix application. Images show the peak intensities for a 
specific mass range. MALDI-MSI was used to analyze 
multiple organs per fly. In UHPLC-MS/MS, peak 
heights were quantified for lipid content.
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DAGEs (Fig. 3P). On a HSD, DAGEs increased from 19.3% 
to 64.8% (P = 0.022). Simultaneously, levels of plasmanyl-
PC, plasmenyl-PC, and plasmanyl-PS decreased without 
significance (Fig. 3Q, R, U), with a significant decrease in 
plasmenyl-PE (P = 0.02) (Fig. 3T). The increase in DAGEs 

with the corresponding apparent decrease in other plas-
manyl and plasmenyl species indicated a shift in ether lipid 
metabolism that may be physiologically relevant in the HS-
fed FBs. While FB ether lipids did not change significantly 
when quantified relative to internal standards, the trends 

Fig. 2. HS feeding produces tissue-specific lipid profiles. A: PCA scores plot showing variances in lipid species between control (CTL) and 
HSD-fed FB, hemolymph, and heart at 5 weeks of age, identified by UHPLC-MS/MS. B–G: Individual PCAs of TGs (B), DGs (C), PLs (D), 
SLs (E), Lyso-PLs (F), and ether lipids (G) in each tissue and condition. Ellipses represent 95% confidence intervals: control diet FB, red 
squares; HSD FB, red triangles; control diet hemolymph, yellow squares; HSD hemolymph, yellow triangles; control diet heart, green squares; 
HSD heart, green triangles.
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remained the same (supplemental Fig. S1F–J). More repli-
cates and targeted MS will be used in future studies to re-
solve these types of interesting but low-abundance lipid 
species.

To get a sense of which specific lipids were diet depen-
dent, we used both volcano plots and hierarchal clustering. 
A volcano plot was used to graph which lipids are both sig-
nificant with a P-value of <0.05 and a fold change of <0.75 
or >1.25 (supplemental Fig. S2A). We identified 120 signifi-
cant differentially present compounds including 57 TGs, 1 
DG, 10 ceramides, 1 glycosylceramide (Glc-Cer), 3 SMs, 2 
Lyso-PCs, and 14 ether lipids including two DAGE com-

pounds, which are significantly increased. There were only 
10 lipids in total that significantly increased in fold change, 
all TGs or DAGEs, while 110 decreased. (supplemental File 
S1). Using hierarchical clustering, we highlighted the top 
25 significant differentially present lipids with a heat map 
showing increases in two highly saturated medium chain-
length TGs (12:0,14:0,14:1 and 14:0,14:0,16:0) and de-
creases in a number of longer substituent and odd chain 
TGs (supplemental Fig. S2B). Because we saw changes in 
chain composition and specific lipid classes in the FBs, 
we wanted to see if the same trends were present in the 
hemolymph.

Fig. 3. FBs from adults contain more saturated fat and fewer odd-numbered FA substituents when fed HSD. A: PCA scores plot showing 
variances in lipid between control (CTL) and HSD-fed FBs after 5 weeks. Shown are 95% confidence ellipses. B: Quantity of each major class 
per FB detected in the overall lipid pool from control and HSD-fed FBs. C: Comparison of FA substituents in TGs. D: Even chain double bond 
content. Odd chain TGs were those with at least one odd chain substituent. E: Odd chain TG double bond content. F: DGs. G: Odd chain 
DG content. H: DG saturation. I: Ceramides. J: Glc-Cers. K: SO. L: SM. M: Lyso-PC. N: Lyso-PE. O: Lyso-PI. P: Plasmanyl-TG (DAGE). Q: 
Plasmanyl-PC. R: Plasmenyl-PC. S: Plasmanyl-PE. T: Plasmenyl-PE. U: Plasmenyl-PS. *P < 0.05, **P  0.01.
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HS feeding increased even chain and saturated FA 
substituents in hemolymph

As seen with FBs, principal components between control 
and HS hemolymph varied significantly with nonoverlap-
ping confidence interval ellipses as depicted in PCA (Fig. 
4A). Hemolymph lipids were again analyzed by class and 
each lipid class was quantified per microliter of hemo-
lymph. There was a potential increase in GLs from 427.2 to 
789.0 ng comparing control to HS (P = 0.10, Fig. 4B). Un-
like in FBs, PLs were much more abundant than TGs in 
hemolymph, and there was a significant decrease (P = 
0.025) in total PLs per microliter of hemolymph from 

5,805.1 ng in control-fed flies to 4,361.1 ng per microliter 
of hemolymph in HS-fed flies (Fig. 4B). No changes in SLs 
or ether lipids were seen at the class level. Further analysis 
of GLs showed an HS-induced increase in even chain TGs 
(P = 0.009) compared with a significant decrease in TGs with 
at least one odd chain (P = 0.009), similar to trends seen in 
the FBs (Fig. 4C). Also, overall saturation increased with a 
corresponding decrease in double bond content, as seen in 
FBs. The abundance of saturated and mono-unsaturated 
even chain TGs increased significantly (P = 0.018 and 0.002, 
respectively), while polyunsaturated species with two and 
three double bonds both decreased significantly (P = 0.0002 

Fig. 4. As in FBs, HSD increased even chain and saturated FA substituents in hemolymph. A: PCA scores plot showing changes in lipid 
composition between control and HSD-fed hemolymph with 95% confidence ellipses shown. B: Quantitation of each major class in the 
overall lipid pool from control (CTL) and HSD hemolymph per microliter of hemolymph collected. C: Comparison of FA substituents in 
TGs. D: Even chain double bond content. E: Odd chain TG double bond content. F: DGs. G: Odd chain DG content. H: DG saturation. I: 
Ceramides. J: Glc-Cers. K: SO. L: SM. M: Lyso-PC. N: Lyso-PE. O: Lyso-PI. P: Plasmanyl-TG (DAGE). Q: Plasmanyl-PC. R: Plasmenyl-PC. S: 
Plasmanyl-PE. T: Plasmenyl-PE. U: Plasmenyl-PS. *P < 0.05, **P  0.01.
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and 0.0004, respectively) in hemolymph (Fig. 4D), simi-
lar to results seen in the FBs. TGs with OCFA substituents 
followed the same trends as even chained TGs, although 
mostly not significant (Fig. 4E). Of the three sample 
types, DG concentrations were highest in hemolymph. 
While there was a decrease (P = 0.06) in DG concentra-
tion in hemolymph on HS (Fig. 4F), we did observe a 
higher concentration of DGs compared with FBs; 12% in 
control and 6% in HS hemolymph and 0.3% in control 
and 0.6% in HS FBs. Even chain concentration increased 
significantly (P = 0.002), while odd chain substituents 
also decreased significantly (P = 0.002) when compared 
with percent total DGs (Fig. 4G). Saturated DGs increased 
slightly with P = 0.086, while polyunsaturated DGs de-
creased significantly (P = 0.026) on HS (Fig. 4H). These 
trends of increased saturation and increased even:odd 
chain ratios were similar to those in the FBs (Fig. 3). Also 
similar to FBs, when we quantified the absolute amounts 
of TGs and DGs in hemolymph, we saw nonsignificant 
increases in TGs and decreases in DGs (supplemental 
Fig. S3A, B) similar to the results seen when analyzing by 
percent peak area.

Ceramides decreased (Fig. 4I) and SMs (Fig. 4L) in-
creased significantly in hemolymph with P-values of 0.002 
and 0.01, respectively, with no increase in SOs (Fig. 4K) and 
a near significant decrease (P = 0.055) in glycosylated ce-
ramides (Fig. 4L). As with other lipid species, we saw simi-
lar results between relative and absolute quantities of each 
class (supplemental Fig. S3C–E). Lyso-PCs (Fig. 4M) in-
creased significantly (P = 0.046), while lysophosphatidyl-
ethanolamines (Lyso-PEs) and lysophosphatidylinositols 
(Lyso-PIs) decreased significantly with P-values of 0.04 and 
0.02, respectively (Fig. 4N, O). We were unable to get quan-
titative data on Lyso-PLs.

Like TG, ether lipid levels in hemolymph seemed to mir-
ror changes in the FBs. While only one statistically signifi-
cant change was seen (Fig. 4P–U), the trends in relative 
ether lipid concentrations were similar to those in FBs. 
There was a nearly significant 2.81-fold change in DAGEs 
(P = 0.13) (Fig. 4P) with a significant reduction in plasmenyl-
PEs (P = 0.00087) (Fig. 4T). Quantitative data again had 
similar trends to relative data, with some exceptions (sup-
plemental Fig. S3F–J).

To graphically depict the lipids that changed the most, 
we used a volcano plot (supplemental Fig. S4A) and found 
164 significant differentially present lipids (supplemental 
File S2), most of which were decreased by HS feeding in 
the hemolymph. Overall, 33 lipids increased, while 131 
lipids decreased. Among the compounds that decreased 
were ceramides, plasmanyl and plasmenyl-PLs, TGs, Lyso-
PLs, and PLs. Interestingly, two species of DAGEs increased 
in abundance along with eight TGs, including the same 
TGs and DAGEs found in FBs (supplemental Files S1, S2). 
The top 25 differentially present compounds as shown by 
hierarchical clustering in the form of a heat map (supple-
mental Fig. S4B) indicated a significant decrease in TGs, 
ether lipids, Lyso-PLs, and one PL (PC18:1,18:1). None 
of the top 25 differentially present compounds were 
increased.

Saturated FA substituents and ether lipids may be obesity-
associated lipotoxins in heart tissue

As in FBs and hemolymph, significant changes were seen 
in heart tissue from control to HS feeding. There were distin-
guishing features among principal components, as shown by 
nonoverlapping 95% confidence interval ellipses (Fig. 5A). 
We assessed changes in lipid classes by measuring total lipid 
content per heart (Fig. 5B). There was a compelling and 
nearly significant increase in GLs (P = 0.052) from 11.9 ng on 
the control diet to 31.8 ng per heart on the HSD. No change 
in total PLs, SLs, or ether lipids was seen after HS feeding 
(Fig. 5B). However, by analyzing peak area, we were again 
able to see distinct differences in each subclass that corre-
sponded with trends seen with quantitative methods.

Overall, TGs made up the majority of the heart’s GL 
pool on both diets, with TGs making up 98.3% of this pool 
on control diets and 96.1% on the HSD. The abundance of 
even chained TGs increased significantly (P = 0.019), while 
TGs with at least one odd chain substituent decreased (P = 
0.019) (Fig. 5C). Saturated and mono-unsaturated TGs in-
creased without significance, while TGs with polyunsatu-
rated FA substituents decreased significantly (P = 0.003 
and 0.006) (Fig. 5D) consistent with trends seen in FB and 
hemolymph lipid pools. Interestingly, saturation levels in 
TGs with an odd chain remained unchanged by HS (Fig. 
5E), which was not the case in hemolymph or FBs. The 
relative proportion of DGs increased without significance 
(Fig. 5F) from 1.7% of GLs on the control diet to 3.9% on 
the HSD. Cardiac even chain DGs increased significantly 
(P = 0.003) and odd chain DGs decreased significantly (P = 
0.003) (Fig. 5G)s as observed in FB TG substituents. In 
contrast with DGs in FBs or hemolymph, which often con-
tained unsaturated FAs, almost all DGs (>98%) in the heart 
consisted entirely of saturated FA substituents. (Fig. 5H). 
To confirm peak area approximated lipid concentration, 
we again compared select lipid classes by mass. There were 
523% and 187% increases in TGs and DGs in HSD-reared 
hearts (supplemental Fig. S5A, B), although these were 
not significant (P = 0.083 and 0.085, respectively). There 
were no changes in ceramide, glycosylated ceramide, SO, 
SM, Lyso-PC, or Lyso-PE as a proportion of each class (Fig. 
5I–M) or in absolute quantities (supplemental Fig. S5C, 
D). Lyso-PI and plasmanyl-PS were not detected in heart 
tissue. Commensurate with findings in both FBs and hemo-
lymph, we saw a relative increase in DAGE (P = 0.011) (Fig. 
5O) with a corresponding decrease in plasmanyl- and plas-
menyl-PE (P = 0.0062 and 0.0033, respectively) (Fig. 5R, S), 
indicating a possible shunt from plasmanyl- and plasmenyl-
PL production to plasmanyl-TG production. No significant 
changes were seen in ether lipids when quantified, al-
though the trends were once again consistent (supplemen-
tal Fig. S5E–H). A volcano plot (supplemental Fig. S6A) 
showed 44 significant differentially present and significant 
compounds with a P < 0.05 and a fold change <0.75 or >1.25. 
A heat map of the top 25 differentially present compounds 
found in the heart showed significant increases in DAGEs as 
well as several odd chain TGs with a single SO, glycosylated 
ceramide, DG, and Lyso-PC decrease (supplemental Fig. 
S6B). Twelve lipids decreased in abundance in hearts after 
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HS feeding, including PLs, SLs, Lyso-PLs, and a DG, while 
32 lipids increased, including 25 TGs and seven DAGEs 
(supplemental File S3). Because we saw differences in the 
fly lipidome using UHPLC-MS/MS, we sought to confirm 
and extend our findings using MALDI-MSI, which requires 
less tissue and can provide spatial information about me-
tabolite abundance.

MALDI-MSI reveals temporal and diet-dependent changes 
in lipid content

MSI is a technique that shows the spatial distribution of 
molecules within a mass spectrometric analysis. Although 

UHPLC-MS/MS is able to identify many specific lipids, a 
large number of flies and person-hours are required. 
MALDI-MSI offers visualization of molecular intensity 
across a sample and the benefit of mass spectra from indi-
vidual fly organs (27). Therefore, we developed a MALDI-
MSI approach to analyze the lipidome of organs from flies 
fed control or HS diets.

MSI was used to complement traditional MS for the 
analysis of our tissue-specific HSD feeding paradigm. Ma-
trix application is performed with a Meinhard nebulizer, 
and then position-specific mass spectra are acquired by a 
MALDI ionization source and are used to generate MS 

Fig. 5. Saturated FA substituents and plasmalogens may be obesity-associated lipotoxins in heart tissue. A: PCA scores plot showing changes 
in lipid composition between control (CTL) and HSD-fed hearts with 95% confidence ellipses shown. B: Quantity of each class in the overall 
lipid pool from control and HSD per heart. C: Comparison of FA substituents in TGs. D: Even chain double bond content. E: Odd chain TG 
double bond content. F: DGs. G: Odd chain DG content. H: DG saturation. I: Ceramides. J: Glc-Cers. K: SO. L: SM. M: Lyso-PC. N: Lyso-PE. 
O: Plasmanyl-TG (DAGE). P: Plasmanyl-PC. Q: Plasmenyl-PC. R: Plasmanyl-PE, S: Plasmenyl-PE. Lyso-PI and plasmenyl-PS were not observed 
in fly hearts. *P < 0.05, **P  0.01.
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images. Each image shows the peak intensities for a spe-
cific mass range. Multiple organs were analyzed with 
MALDI-MSI and then separated into individual peak lists 
by averaging the mass spectra over each organ. This ap-
proach was able to detect peaks in organs from flies fed 
either control diet or HSD for 3 weeks. The sample im-
ages shown in Fig. 1 represented the distribution of PC 
(36:4) in heart on the left and FB on the right. The peak 
for PC (36:4) spans the mass range from 782.2 to 783.2 
and was normalized to the signal from the total ion chro-
matogram (Fig. 1). The image of PC (36:4) defined the 
tissue boundaries of samples from which all biologically 
relevant signals will be localized. A mass range of m/z 
200–2,000 was used during MALDI-MSI experiments. 
Peak height and m/z ratios were used to compare samples 
consisting of FBs or hearts. Studies using MALDI-MSI re-
sulted in tentative identifications of a number of differ-
ent lipids. Ten individual phosphatidic acids (PAs), which 
were not identified in UHPLC-MS/MS, were also identi-
fied by class.

Mass spectrometric imaging was performed on each or-
gan, with three technical replicates averaged together 
from each of the 10 biological replicates of each organ. 
Mass spectra were acquired over an area containing 10 
biological replicates of a specific organ with a 100 m2 
step size. One biological sample is represented by the 
average of all the spectra within the boundaries of that 
sample. Data were analyzed using MetaboAnalyst to create 
volcano plots, heat maps, and PCA scores plots with 95% 
confidence interval ellipses. For PCAs, we used the com-
plete feature list to understand trends in diet-dependent 
lipid accumulation, while volcano plots and 3–5 week 
PCA comparisons incorporated LipidMatch to tentatively 
identify lipids from the MS/MS data. A PCA was first con-
ducted, comparing FBs from control and HS-fed flies at 3 
and 5 weeks (Fig. 6A, B) using MALDI-MSI feature lists 
including 733 features found in 3 week FBs and 417 de-
tected at five weeks by m/z. As seen by separation of 95% 
confidence intervals, increased variation comparing HS-
fed adult FBs to those from control-fed flies is shown by 
the principal components, suggesting that at both time 
points FB lipid content varies between diets. Using Lipid-
Match, we were able to tentatively identify 72 peaks in 3 
week FBs and 55 in 5 week FBs. Of those, 56 lipid identi-
ties were determined by MS/MS with tail-specific frag-
ments, and 16 lipids were identified with class-specific 
fragmentation in 3 week FBs, while 42 peaks identified 
multiple isobaric lipids by compound and 13 by class in 5 
week FBs. A volcano plot was used to identify significant 
compounds that were increased or decreased in fold 
change. We found 45 significant differentially present fea-
tures at 3 weeks (supplemental File S4) (Fig. 6C) and 23 
at 5 weeks (supplemental File S5) (Fig. 6D). There were 
eight features differentially present at both time points, 
some of which differed in the direction of relative change. 
Of these eight compounds, we noted HS-induced increases 
in monogalactosyldiacylglycerol, PA, and oxidized PL, with 
decreases in PCs and TGs at 5 weeks, whereas at 3 weeks 
all species decreased.

Because there seemed to be a temporal difference in dif-
ferentially present lipids, we compared lipid profiles be-
tween 3 and 5 weeks on control diets (Fig. 6E) and HSDs 
(Fig. 6F). Analyses of principal components between 3 and 
5 week FBs on control diets and HSDs indicated variance, 
as noted by separation shown in PCA plots (Fig. 6E, F). 
When 3 and 5 week FBs from control diets were compared, 
we saw 27 differentially present features representing mul-
tiple lipid isoforms (supplemental File S6). When 3 and 5 
week HSD FBs were compared, 35 differentially present 
features were identified (supplemental File S7). Taken to-
gether, these studies suggest that the FB lipidome changes 
as a function of diet and time.

In addition to FBs, we compared changes in the heart 
lipidome as a function of diet and time. Cardiac MALDI-
MSI data included 727 features found at both 3 and 5 
weeks by m/z. PCAs showed little change in principal 
components between control diets and HSDs, as seen by 
overlapping 95% confidence interval ellipses (Fig. 7A) at 
3 weeks. At 5 weeks, control and HS heart lipid PCA 
ellipses diverge, indicating increased effects of HS on the 
heart lipidome compared with 3 weeks of HS feeding 
(Fig. 7B). LipidMatch identified 147 peak features by 
compound and 38 peak features by class, including PA, 
which was not identified by UHPLC-MS/MS in our heart 
samples. Volcano plots highlighted 38 significant differ-
entially present identified features that were HS-depen-
dent at 3 weeks of age (Fig. 7C) and 70 at 5 weeks (Fig. 
7D) consistent with the increased divergence of PCA  
ellipses at 5 weeks. The HSD led to increases in TGs, 
ether lipids, and oxidized PLs with decreases in numer-
ous PA species noted at both time points (supplemental 
Files S8, S9). Nineteen features were affected by HS feed-
ing at both time points (supplemental Files S8, S9). Of 
the 19 features, we noted decreases in 12 and increases 
in 7. Interestingly, highly saturated lipids, including PC 
16:0/16:0, TG 12:0/14:0/16:0, and TG 12:0/14:0/16:1 
(supplemental Files S8, S9), had an increase in fold 
change at both time points, with 5 weeks being increased 
from 3 weeks. The TGs were also found to increase in HS-
fed fly hearts at 5 weeks in UHPLC-MS/MS (supplemen-
tal File S3).

This increase in the number of significantly different 
lipids after 5 weeks of HS feeding could indicate a tempo-
ral change in lipid accumulation. When identified features 
from 3 and 5 week hearts on both diets were compared by 
PCA, we saw substantial overlaps between time points (Fig. 
7E, F). Control diets from 3 and 5 week hearts were com-
pared; this revealed 80 differentially present features (sup-
plemental File S10), whereas only 7 features differed 
significantly between 3 and 5 week HS-fed fly hearts (sup-
plemental File S11). In MALDI-MSI, we noted a nearly sig-
nificant decrease in mono-unsaturated PA (P = 0.09) and a 
significant increase in PA with two unsaturations (P = 
0.012) between hearts at 3 and 5 weeks on a HSD, even 
though no significant change was observed in total PA in 
heart between ages (supplemental Fig. S7; supplemental 
Files S8, S9). Therefore, both diet and time had an effect 
on the heart lipidome.
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a cost-effective and efficient way of studying lipotoxicity in 
a T2D model. Lipidomics has been used to measure 
changes in plasma and peripheral tissues of patients in 
early stages of metabolic syndrome and T2D using UHPLC-
MS/MS, identifying changes in GLs, SLs, PLs, Lyso-PLs, 
and others (14, 40, 41). Our goal is to learn more about the 

Fig. 6. MALDI-MSI indicates temporal changes in FB lipid content. PCAs generated for 3- and 5-week-old fly FBs on control (CTL) diet 
and HSD (A and B, respectively) with accompanying volcano plots showing significant and differentially present identified features identi-
fied by MALDI-MSI and LipidMatch (C, D). PCAs comparing 3 and 5 week control FB and 3 and 5 week HSD FB (E and F, respectively). 
Cutoffs of 0.75- and 1.25-fold change and 0.05 P-value were used for volcano plots (marked by dotted lines).

DISCUSSION

Here, we used traditional UHPLC-MS/MS and comple-
mentary MALDI-MSI in a HS feeding paradigm to charac-
terize the spatial and temporal distribution of lipids. By 
employing microdissection techniques, we have developed 
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endocrine or cellular processes by which lipids overload 
and exit typical storage tissues, such as the adipose tissue in 
mammalian species or the FB in Drosophila. This study 
showed increases in lipid content in our HS model of ca-
loric overload and possible lipotoxicity that was tissue and 
diet dependent. Overall, the most variability was seen in 
the FB (Fig. 2), as measured by the size of the confidence 

interval ellipses in PCA score plots. This is consistent with 
the FB’s role as a dynamic lipid storage depot similar to the 
mammalian liver and adipose [reviewed in (42)]. As in pre-
vious fly and mammalian studies, TGs were the major class 
of lipids that were affected by overnutrition.

Across all sample types, we observed a relative increase in 
even chain FA content and a reduction in OCFA content 

Fig. 7. HSD feeding produces significant differences in the heart lipidome, compared with control (CTL)feeding. PCAs generated for 
3- and 5-week-old fly hearts on control diet and HSD (A and B, respectively) with accompanying volcano plots showing significant and dif-
ferentially present identified features identified by MALDI-MSI and LipidMatch (C, D). PCAs comparing 3 and 5 week control hearts and 3 
and 5 week HSD hearts (E and F, respectively). Cutoffs of 0.75- and 1.25-fold change and 0.05 P-value were used for volcano plots.
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on HSDs. This phenomenon could be due to a diet-depen-
dent change in gut microbiota. Enteric bacteria are known 
to make odd chain FAs (43), so reduced lipogenesis by the 
gut microbiome is consistent with the observed shift from 
odd to even. One study showed that the HSD seemed to 
lead to an overall reduction in the size of the microbiome 
(44). Antibiotic feeding had bigger effects on control 
compared with very small effects on HS-fed flies (45), con-
sistent with a model where the gut microbiome is smaller 
or less physiologically relevant under HS feeding condi-
tions. A recent study of Drosophila and the parasitic mi-
crobe Wolbachia showed that OCFAs are strongly associated 
with the presence of the bacterium (46). Taken together, 
we hypothesize that the gut microbiota contributes a por-
tion of OCFA content and HS reduces OCFAs via changes 
in the gut commensal population. This model is consistent 
with research from the Douglas laboratory, which showed 
that the effects of commensals on metabolite concentra-
tions differed between control and high glucose diets 
(47).

In order to consider the potential origin of hemolymph 
and heart lipids, we compared them to the FB. We noted 
that the relative double bond content of FA substituents 
changed in an organ-specific and lipid-specific manner. FB 
and hemolymph double bond content in GLs decreased 
overall with fewer polyunsaturated and more saturated or 
monounsaturated species. Heart double bond content in 
DGs was unusually low compared with FB and hemolymph 
and heart TGs had more OCFAs compared with other sam-
ple types, indicating that heart lipids may be derived from 
a different pool than FB and hemolymph lipids. Interest-
ingly, while most DGs were saturated in heart, most TGs 
were not, suggesting that the third substituent may arise 
from a different FA pool than the first two.

Lipotoxicity is observed in diseases including metabolic 
syndrome, obesity, cardiovascular disease, nonalcoholic 
fatty liver disease, and T2D. High concentrations of several 
lipids are thought to be toxic and contribute to the onset of 
comorbidities associated with adipose, heart, and liver dys-
function in these metabolic diseases. Potential lipotoxins 
include DGs, ceramides, nonesterified FAs, acyl-carnitiness 
and VLDLs [reviewed in (10, 11, 48, 49)]. Although free 
FAs and lipoproteins were not analyzed in the current 
study, one possible lipotoxin is the saturated free FA palmi-
tate, which is sufficient to induce lipotoxicity in cultured 
cardiomyocytes (50) and hepatocytes (51) as well as in 
animal models (52). Several of lipids that were increased 
by HS feeding contained palmitate as a substituent. In 
many studies, palmitate produces more severe phenotypes 
than the unsaturated FA oleate, including studies in cul-
tured human cardiomyocytes (53). Saturated FA substitu-
ents are thought to have increased toxicity in both free and 
esterified forms. We saw increases in saturated FA substitu-
ents in both DGs and TGs (Figs. 3D, 4D, H). Di-saturated 
GLs such as DGs have been shown to be strongly corre-
lated with lipotoxicity in cultured human cells when sup-
plemented with excess palmitate (54), and reducing DG, 
improves insulin resistance and function of the rodent 
heart (55). Dietary saturated FAs are associated with in-

creases in intrahepatic TG, in patients suffering from non-
alcoholic fatty liver disease (56) and serum LDL cholesterol 
(57).

Ceramides increase apoptosis; reducing ceramides im-
proves insulin resistance in rodents (58, 59). Interestingly, 
in mice, increasing ceramide saturation led to improved 
lipid homeostasis (60), so there is a complex relationship 
between FA saturation and pathophysiology. These two es-
tablished markers for lipotoxicity, DGs and ceramides, 
both increased in FBs and hearts after HS feeding but did 
not reach statistical significance. Previous studies in Dro-
sophila linked increased ceramide accumulation to lipotox-
icity in heart and muscle (61, 62). Slight but insignificant 
increases in overall ceramides in the fly heart and FB by 
UHPLC-MS/MS were observed in our HS model of over-
nutrition. Interestingly, the majority of ceramides detected 
in our 5-week-old fly hearts (99.7%) were monounsaturated 
with (0.3%) polyunsaturated species. We saw HS-induced 
increases in hemolymph Cer17:1/14:0 and Cer17:1/16:1, 
indicating that specific ceramides may play a role in cardiac 
pathophysiology associated with overnutrition. Because ce-
ramides and DGs are found at lower abundance than TGs, 
quantification is challenging, especially with small sample 
sizes. Future studies may be able to use targeted metabolo-
mics or thin-layer chromatography to separate lipids be-
fore UHPLC-MS/MS and increased biological replicates 
for more detailed studies of ceramides and DGs, which may 
help to determine whether specific DGs or ceramides play 
conserved roles in Drosophila HS-induced lipotoxicity.

Ether lipids are an interesting class of potential lipotox-
ins that arose from our study. Little is known about ether 
lipids in humans, with the bulk of research having been 
conducted on aquatic taxa (63). It has been postulated that 
ether lipids are scavenger molecules and protective against 
biochemical damage [reviewed in (64)]. Ether lipids are 
thought to be made in peroxisomes, which are associated 
with diabetes and other peroxisomal biogenesis disorders 
[reviewed in (65, 66)]. PPAR-, a transcription factor that 
regulates lipid metabolism in T2D, is activated by ether lip-
ids downstream of FA synthase activity in 3T3-L1 adipocytes 
(67). Diabetic ob/ob mice with disruption of PPAR-2 dis-
play increased severity of disease accompanied by decreases 
in plasmenyl ethanolamine species in multiple tissues, in-
cluding adipose tissue (68). Diabetic patients also have de-
creased serum ether-linked PEs (69) and increases in 
ether-linked PCs in serum of diabetic patients (70). This is 
commensurate with our findings where we see decreases in 
overall plasmenyl-PE in all tissues as well as a slight but in-
significant increase in overall ether-linked PCs in fly hemo-
lymph. FA synthase deficiency has been shown to cause 
lipotoxic defects in mouse neutrophils along with de-
creased ether-linked PLs and increased ceramide (71). 
Both UHPLC-MS/MS and MALDI-MSI identified numer-
ous ether lipids in all tissues at all time points in our stud-
ies; however, the species identified by each were different, 
showing the power of using both methods in conjunction. 
There was a shift in all sample types from ether=linked PL 
to DAGE species, indicating that DAGEs may serve as HS-
induced lipotoxins in our model. In agreement with this, a 
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similar compensatory change between DAGEs and ether-
linked PLs has been seen in aged mice (72).

It will be interesting to test which lipotoxins function 
analogously between Mammalia and the fly. Relative in-
creases in DGs and TGs in HS-fed flies corresponded to 
previous observations in obese rodents and humans. Nu-
merous clinical studies on metabolic syndrome and T2D 
show increases in obesity as well as cardiac and serum TGs 
and DGs (40, 69). High-fat diets in rats have been shown to 
increase hepatic TG and fatty acyl-CoA (73). Other changes 
in flies were also reminiscent of the mammalian lipidome 
during overnutrition. Obese, type 2 diabetic mice fed a 
high-fat diet displayed a decrease in Lyso-PC 18:1 and an 
increase in even chain TGs in plasma (74). Commensurate 
with these findings, we observed a decrease in Lyso-PC 18:1 
and an increase in even chained TGs of varying chain 
length in hemolymph. In diabetic patients, serum Lyso-PL 
and plasmenyl-PC were negatively correlated with diabetes 
(40). Here, in a fly model of T2D, we saw similar results, 
with decreases in plasmenyl-PC and Lyso-PL species.

Significant changes in several lipid classes were also ob-
served in the fly heart and FB using PCAs generated from 
MALDI-MSI spectra. Drosophila adults have been analyzed 
by MALDI-MSI and shown to have differential presence 
and localization patterns of seven distinct lipid classes in 
cryo-sections, including TGs and PLs (75). While the ef-
fects of diet on the tissue-specific fly lipidome have previ-
ously been reported (76, 77), MALDI-MSI has yet to be 
used in this context, and to our knowledge, MALDI-MSI 
has not previously been used to analyze the fly heart. Re-
cently, MALDI-MSI was used to identify PL and PL precur-
sor species after myocardial infarction in rat hearts (78). 
We were surprised to see so much overlap between control 
and HS MALDI-MSI heart spectra at time points when HS 
feeding impairs heart function (7). One possible explana-
tion for this is that because the heart is a nontypical stor-
age tissue and is made of a variety of cell types, variation in 
the lipidome between regions of the heart is to be ex-
pected. In other studies in the fly brain, lipids including 
PE, TG, DG, and PC were found to be spatially distributed 
(30). Using MALDI-MSI, we saw increased double bond 
content in the DG precursor PA, which also contributes to 
PL and ether lipid biosynthesis in aged flies. Future stud-
ies could include the use of MALDI-MSI to localize addi-
tional lipids of interest that accumulate within distinct 
regions of the FB, digestive tract, CNS, or heart after over-
nutrition. The locations in which we detect these com-
pounds are likely to provide clues about their function 
and effect on pathophysiology.

Ultimately, our goal is to deduce the biochemical and 
molecular genetic mechanisms that contribute to diet-in-
duced lipotoxicity and metabolic disease using this fly para-
digm. This work has potential applications in other insect 
taxa as well as a range of small model systems.
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