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When dietary FAs are absorbed by intestinal enterocytes, 
those that are not oxidized are incorporated into complex 
lipids (lipid molecules containing more than one acyl 
chain and/or sterol group), including phospholipids, tri-
glycerides (TGs), and cholesterol esters (CEs). This pro-
cess involves a network of transporters, enzymes, and 
cellular components, the roles and regulation of which are 
still being characterized (1–3). The processes by which di-
etary FAs are distributed among various complex lipid 
classes and how assembly of complex lipids from dietary 
FAs may be influenced by other nutrients, including di-
etary cholesterol, are not fully understood.

To investigate dietary FA metabolism in a quantitative 
manner, it was necessary to develop an animal model 
wherein individual FAs could be studied in the context of 
the digestion and absorption of a physiologically relevant 
mixed-lipid diet. While cell culture is a well-established 
model system for the study of lipid metabolism, it cannot 
replicate the digestive and metabolic physiology of a whole 
vertebrate animal with a functional liver, intestine, pan-
creas, and microbiota, such as the larval zebrafish (4–11). 
An additional strength of this model is that live imaging and 
biochemical experiments may be performed in parallel us-
ing the same fluorescent lipid reagents and experimental 
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system (12–21). Many publications using fluorescent lipid 
reagents did not examine the metabolism of these labels 
[with some asserting that some or all fluorescent FAs 
are not metabolizable (22–24)], but prior work has shown 
that 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene 
(BODIPY® FL)-labeled FAs may be esterified and incorpo-
rated into products, including phospholipids, TGs, and 
CEs (15, 25–29). However, with the exception of two HPLC-
fluorescence profiles of the phospholipid products of 
BODIPY FL-C12 (BODIPY FL-dodecanoic acid) (25, 26), 
all published characterization of the metabolic products of 
fluorescent lipids has been performed with TLC, which, un-
like HPLC, does not resolve individual lipid species within 
each class. For this study, we developed a novel total-lipid 
HPLC method that allowed the complex lipid product pro-
files of BODIPY FL-labeled FAs and other fluorescent lipids 
commonly used in imaging experiments to be described in 
detail and facilitated investigation of the role of nutritional 
context in how fluorescent lipids are metabolized.

Emulsification of fluorescent FAs into chicken egg 
yolk [a high-fat/high-cholesterol (HF/HC) meal relative to 
standard larval fish diets] has been shown to promote their 
metabolism when they are fed to larval zebrafish, but how 
the nutritional context in which fluorescent lipids are de-
livered regulates their partitioning has not been character-
ized (15). There is evidence from mammalian models for 
interaction between the dietary cholesterol and FA uptake 
and metabolism pathways: CEs are synthesized in entero-
cytes and dietary long-chain FAs enhance dietary choles-
terol uptake in rats, but the mechanisms for this interaction 
remain unknown (30, 31). We applied our novel fluores-
cent lipid profiling method to examine the effect of the 
metabolic availability of dietary cholesterol on intestinal 
CE synthesis in order to better understand the role of cho-
lesterol regulation mechanisms in dietary FA metabolism.

In this study, we describe total lipid profiles of the 6 days 
post-fertilization (dpf) larval zebrafish after both low-fat/low-
cholesterol (LF/LC) and HF/HC meals, and the fluorescent 
product profiles synthesized from the most commonly used 
commercially available fluorescent lipids when they are fed 
to larval zebrafish in several different diets. This thorough 
characterization of the metabolism of fluorescent lipids will 
greatly expand the depth of physiological information that 
may be gained from using these reagents in well-established 
live fluorescent imaging methods. We also demonstrate a 
novel application of fluorescent FAs as metabolic labeling re-
agents by showing that pharmaceutical manipulations of in-
testinal cholesterol metabolism result in significant changes 
in dietary fluorescent FA partitioning, suggesting coupling 
between dietary cholesterol uptake and esterification.

MATERIALS AND METHODS

Zebrafish
Embryos were collected from group matings of wild-type (AB) 

Danio rerio (zebrafish) and raised to the 6 dpf larval stage at 28°C 
on a 14:10 on:off light cycle in embryo media. All experiments 
with zebrafish (protocol #139) were approved by the Carnegie In-
stitution Department of Embryology IACUC.

Food preparation and feeding
The fluorescent FAs, 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-

diaza-s-indacene-3-pentanoic acid (BODIPY® FL-C5) (Thermo 
Fisher Scientific), 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-dodecanoic acid (BODIPY® FL-C12) (Thermo Fisher 
Scientific), 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-inda-
cene-3-hexadecanoic acid (BODIPY® FL-C16) (Thermo Fisher 
Scientific), 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-inda-
cene-3-dodecanoic acid [BODIPY®(558/568)-C12] (Thermo 
Fisher Scientific), and dipyrrometheneboron difluoride undeca-
noic acid (TopFluor®-C11) (Avanti Polar Lipids) were adminis-
tered to larval zebrafish in HF/HC meals: Solutions of 5% chicken 
egg yolk liposomes containing 4 g/ml fluorescent FA were pre-
pared as previously described (15). Larval zebrafish (6 dpf) were 
immersed in these solutions for 2 h, protected from light in a 
shaking incubator at 30°C and 30 rpm. After feeding, larvae were 
rinsed in fresh embryo media and screened for full intestines un-
der a stereomicroscope. Larvae that had eaten were maintained 
in embryo media at room temperature for a 4–24 h chase period 
(measured from the start of feeding) depending on the experi-
ment. Samples of 10–100 pooled larvae were collected for lipid 
extraction and stored dry at 80°C.

To compare the metabolism of BODIPY FL-C12 and palmitate, 
larvae were fed equimolar amounts of BODIPY FL-C12 (9.56 M) 
and palmitic acid (0.85 M 3H-palmitic acid and 8.71 M unla-
beled palmitic acid) in a HF/HC meal for 2 h at 25°C and 30 rpm. 
Larvae were maintained at 25°C in embryo media for 18 h, and 
then samples of 25 larvae each were taken for lipid extraction.

For experiments in which lipids were extracted from larval ze-
brafish intestines, larvae were anesthetized in tricaine (3-amino 
benzoic acid ethyl ester) and mounted in 3% methylcellulose. In-
testines were removed using tungsten wire dissecting tools pre-
pared according to published methods (32) and stored in lipid 
extraction buffer (1 mM EDTA, 20 mM Tris-Cl) at 80°C. Alter-
nately, larvae could be fixed 24–72 h at 4°C in 4% paraformalde-
hyde, transferred to PBS, and then dissected. No differences in 
lipid profiles, as analyzed by HPLC-charged aerosol detection 
(CAD), were observed between fixed and unfixed samples. All 
data shown are from lipid extracts of unfixed larvae.

Preparation of LF/LC and low-fat/high-cholesterol (LF/HC) 
foods with fluorescent lipids was adapted from published  
methods (21). For the LF/LC diet, 2.5 nmol of fluorescent lipid 
{BODIPY FL-C12, BODIPY(558/568)-C12, cholesterol BODIPY 
FL-C12 (Thermo Fisher Scientific), or cholesterol cholesterol  
4,4-difluoro-5-(2-pyrrolyl)-4-bora-3a,4a-diaza-s-indacene-3-un-
decanoate [BODIPY(576/589)-C11]; Molecular Probes, dis-
continued} were diluted in 0.5 ml diethyl ether, combined with 
0.1 g Sera® Micron larval fish food, and solvents were allowed to 
evaporate. For LF/HC diets, 4 mg of cholesterol (4% w/w) were 
added as well. Larval zebrafish (5 dpf) were fed LF/LC or LF/HC 
meals twice per day for 2 days at 25°C, and then LF/LC or LF/
HC meals with fluorescent lipid for 3 days at 25°C protected from 
light. Food was then withdrawn and samples of 20–75 larvae were 
taken after an overnight chase to allow larvae to excrete any un-
absorbed food remaining in the intestinal lumen. Larger num-
bers of larvae per sample were required for experimental groups 
fed red fluorescent lipids.

Sample preparation, HPLC, and data analysis
Lipids were extracted from frozen larvae samples by a Bligh-

Dyer procedure, dried under vacuum, and resuspended in 100 l 
HPLC-grade isopropanol per sample as the HPLC injection sol-
vent. The components of each sample were separated and de-
tected by an HPLC system using a LPG-3400RS quaternary pump, 
WPS-3000TRS autosampler (maintained at 20°C), TCC-3000RS 
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column oven (maintained at 40°C), Accucore C18 column (150 × 
3.0 mm, 2.6 m particle size), FLD-3100 fluorescence detector  
(8 l flow cell maintained at 45°C), and a Dionex Corona Veo 
charged aerosol detector (all from Thermo Fisher Scientific). 
Component peaks were resolved over an 80 min time range in a 
multistep mobile phase gradient as follows: 0–5 min = 0.8 ml/min 
in 98% mobile phase A (methanol-water-acetic acid, 750:250:4) 
and 2% mobile phase B (acetonitrile-acetic acid, 1,000:4); 5–35 
min = 0.8–1.0 ml/min, 98–30% A, 2–65% B, and 0–5% mobile 
phase C (2-propanol); 35–45 min = 1.0 ml/min, 30–0% A, 65–95% 
B, and 5% C; 45–73 min = 1.0 ml/min, 95–60% B and 5–40% C; 
and 73–80 min = 1.0 ml/min, 60% B, and 40% C. (HPLC-grade 
acetic acid and 2-propanol were purchased from Fisher Scientific 
and HPLC-grade methanol and acetonitrile were purchased from 
Sigma-Aldrich.) The following adjustments were made to the sol-
vent gradients for better separation of nonpolar products of 
BODIPY FL-C5 and BODIPY FL-C12: In the “B-C5” instrument 
method, the flow rate was decreased to 0.5 ml/min at 40–80 min, 
and in the “B-C12” method, the flow rate was decreased to 0.5 ml/
min at 45–80 min. Between 5 and 99 l were injected per sample 
to produce peak shapes suitable for quantitation. For HPLC-fluo-
rescence, the following excitation and detection wavelengths were 
used: 576/596 nm for products of cholesterol BODIPY(576/598)-
C11, 558/578 nm for products of BODIPY(558/568)-C12, and 
488/512 nm for products of BODIPY FL(503/512) and TopFluor-
labeled lipids. It was not possible to use excitation and detection 
settings that matched the maxima for each BODIPY-lipid because, 
for the FLD-3100 fluorescent HPLC detector, these settings must 
be at least 20 nm apart. Optimal fluorescent detector settings 
were determined empirically (data not shown).

Chromatographic peaks produced by cholesterol, as well as 
several fluorescent and nonfluorescent CEs, were identified by 
comparison with standards (Sigma-Aldrich and Thermo Fisher 
Scientific). Non-cholesterol-containing lipids were identified and 
quantitated by MS as described below. Additionally, acetone pre-
cipitation [adapted from (33)] was performed on some samples 
prior to HPLC so that fluorescent analytes that could not be pre-
cisely identified by MS could be classified as polar or nonpolar 
lipids. Quantitation of lipid species was performed using Chrome-
leon 7.2 (Thermo Fisher Scientific, Germering, Germany). Peak 
baselines were drawn manually and areas were determined auto-
matically. Further data analysis (where applicable) was performed 
using Microsoft Excel with the StatPlus package.

To compare the metabolic products of BODIPY-C12 and 3H-
palmitic acid, lipids extracted from larval zebrafish fed these FAs 
simultaneously, as described above, were subjected to HPLC-
fluorescence analysis using the B-C12 method, after which the 
eluent was collected in 1 min increments (Model 2110 Fraction 
Collector; Bio-Rad Laboratories) and radioactivity was quanti-
tated using a liquid scintillation counter (Tri-Carb 2810 TR liquid 
scintillation analyzer, Perkin-Elmer; 3a70b scintillation fluid, Re-
search Products International Corp.). Fluorescent chromato-
grams were quantitated in Chromeleon 7.2 by simulated fraction 
collection: a flat baseline was drawn from 0 to 80 min and each  
1 min area was assigned as a “peak” by placing a delimiter perpen-
dicular to the baseline.

LC-MS and data analysis
For LC-MS experiments, chromatography was performed using 

the procedure and equipment described above, with eluent di-
rected to a mass spectrometer in place of the charged aerosol de-
tector after exiting the fluorescence detector. High-resolution 
accurate-mass data were recorded on a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany) equipped 
with a heated electrospray-ionization probe (HESI-II). Data were 

acquired in positive and negative polarity with the following 
source parameters: spray voltage, 3.5 kV for positive polarity and 
3.2 kV for negative polarity; sheath gas flow, 70 (arbitrary units); 
auxiliary gas flow, 25 (arbitrary units); sweep gas flow, 1 (arbitrary 
units); auxiliary gas heater temperature, 400°C; capillary tempera-
ture, 285°C; S-Lens RF level, 45%. The instrument was operated 
with external mass calibration without use of a lock mass. Mass 
spectra were recorded in data-dependent MS/MS mode as a Top-
12 experiment with the following acquisition settings: mass resolu-
tion, 140,000 for full-MS and 17,500 for MS/MS; full-MS scan 
range, 200–1,600 Da; quadrupole isolation window, 1.2 Da;  
normalized collision energy, stepped from 20% to 30% to 40%;  
exclusion mass list, 200 entries (created individually for each po-
larity mode from injection solvent blank runs). Data acquisition 
and quantitation was performed using Xcalibur (version 3.0.63; 
Thermo Fisher Scientific), and identification of nonfluorescent 
lipid analytes was performed with LipidSearch (version 4.0; MKI, 
Tokyo, Japan). Fluorescent lipids were identified manually by us-
ing Xcalibur to search for analyte peaks containing boron, as this 
element lends a unique isotopic signature to the BODIPY FL fluo-
rescent tag. The two most common boron isotopes, 10B and 11B, 
exist naturally and in BODIPY FL-FAs (verified experimentally us-
ing standards; data not shown) in a 1:10 to 1:4 ratio and have a 
m/z of 0.9964 amu. Pairs of analytes that fit this signature, eluted 
at the same retention time and specific to a single fluorescent 
HPLC peak, were identified as specific BODIPY-lipids by compar-
ing the experimental m/z to the expected m/z of each of a range 
of potential products of BODIPY FL-C5, -C12, and -C16. Expected 
m/z was calculated from molecular formulas using the Lipid 
MAPS® exact mass tool (http://www.lipidmaps.org/tools/struc-
turedrawing/masscalc.php).

Confocal imaging
Larval zebrafish were fed both BODIPY FL-C12 and 

BODIPY(558/568)-C12 emulsified in 5% chicken egg yolk at  
4 g/ml for 2 h at 30°C, as described above, and then transferred 
to fresh embryo media and incubated at room temperature. Live 
confocal imaging was performed 6 h after removal of larvae from 
the HF/HC food (Fig. 4). Larvae were anesthetized with tricaine 
and live mounted for imaging in 3% methylcellulose under a cov-
erslip at room temperature. Fluorescent images were acquired 
with a Leica TCS SP5 II confocal microscope equipped with an 
Argon laser, Leica 63×/1.4 oil-immersion objective, and Leica Ap-
plication Suite Advanced Fluorescence 2.7.3.9723 image acquisi-
tion software. Images were adjusted for brightness and contrast 
using Fiji image analysis software (National Institutes of Health).

Pharmaceutical treatments
Larval zebrafish were treated with ezetimibe using a protocol 

adapted from published methods, which demonstrated that ezeti-
mibe blocks dietary cholesterol uptake in larval zebrafish (34, 35): 
at 5 dpf, larvae were immersed in a 5 M ezetimibe (SCH58053; 
Santa Cruz Biotech) and 0.1% ethanol (vehicle) solution and 
maintained at 25°C for 20 h. While being fed experimental diets, 
larvae were treated with 10 M ezetimibe. Following meals, larvae 
were returned to a 5 M ezetimibe solution until samples were 
taken for lipid extraction.

A similar protocol for treatment of larval zebrafish with an 
ACAT inhibitor (CAY10486, N-[3-(4-hydroxyphenyl)-1-oxo-2-
propenyl]L-phenylalanine methyl ester; Cayman Chemical) was 
developed from a published method for ACAT inhibition in em-
bryos (17). Beginning at 5 dpf, larvae were immersed in a 100 M 
ACAT inhibitor and 0.5% DMSO (vehicle) solution and main-
tained at 25°C for 20 h. This ACAT inhibitor concentration was 
maintained during and after feeding, until samples were taken.
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RESULTS

A comprehensive total lipid HPLC method facilitated 
detection and quantitation of all classes of lipids in a 
single sample

In order to obtain the greatest possible depth of informa-
tion from metabolic labeling with dietary fluorescent FAs, it 
was crucial to understand the lipidomic context surround-
ing these metabolic tracers. Lipid profiling by HPLC with 
various detection methods is a well-established practice 
(36–42) that allows for relatively high-throughput and low-
cost experiments (when compared with LC-MS). However, 
precise identification of complex lipids resolved by HPLC 
using standards is often impractical, as there are thousands 
of possible unique phospholipid species and tens of thou-
sands of possible TGs. For this reason lipid researchers of-
ten turn to MS-based lipidomics, which can provide precise 
identification (if high resolution accurate mass detection 
methods are used) and quantitation of complex lipids, but 
often at the cost of limiting the number of samples and rep-
licates that may be analyzed. Here we describe a combined 
HPLC-CAD and LC-MS workflow in which a lipidomic data 
set obtained from a short series of LC-MS experiments is 
used to interpret results from a large number of HPLC ex-
periments, retaining the high-throughput/low-cost advan-
tage of HPLC, while enhancing the type and quality of data 
that may be obtained from HPLC lipidomics. A multistep 
gradient HPLC procedure for analysis of the larval zebra
fish lipidome was designed to resolve the components of a 
mixed sample consisting of lipids of a wide range of molecu-
lar weights, degrees of polarity, and degrees of saturation. A 
single LC-MS/MS experiment (n = 3 biological replicates) 
was then performed using the chromatography component 
of our established HPLC method in order to identify the 
specific lipid contents of each analyte peak detected by 
HPLC-CAD/fluorescence (Fig. 1). The lipidomic data set 
this experiment yielded (supplemental Table S1) could then 
be used to interpret the results of any HPLC experiment 
performed with the same instrument method. Cholesterol 
and most CEs were not detected by the MS method we em-
ployed, but were detected by HPLC-CAD and identified by 
comparison with purchased standards (Sigma-Aldrich). The 
composition of each lipid peak detected by HPLC-CAD is 
summarized in supplemental Table S2. The total FA compo-
sition of larval zebrafish was similar in groups fed a single 
LF/LC or HF/HC meal, despite differences in dietary FA 
composition. FA composition analysis of only the TGs 
showed that oleic acid was enriched 2.3-fold and linoleic 
acid was enriched 1.9-fold in the TGs of larvae fed a HF/HC 
meal (vs. LF/LC), and that DHA was enriched 6.2-fold in 
larvae fed a LF/LC meal (vs. HF/HC) (supplemental Table 
S3). This was consistent with differences in dietary FA com-
position, where the HF/HC diet was 35% oleic acid (vs. 14% 
in LF/LC) and 16.5% linoleic acid (vs. 9% in LF/LC), and 
the LF/LC diet was 8.6% DHA (vs. 0.5% in HF/HC). Less 
prevalent species enriched in the TGs of LF/LC-fed larvae 
(vs. larvae fed the HF/HC meal) included 20:5, 16:1, and 
20:4. No other changes in FA composition greater than 1.5-
fold were observed between the HF/HC and LF/LC groups 
in FA species accounting for >0.3% of the total in TGs.

HPLC-CAD data revealed that the whole-body lipid con-
tent of larval zebrafish was enriched in a variety of TGs fol-
lowing a single HF/HC meal, while other lipid species were 
unchanged (Fig. 2). The TG content of larval zebrafish fed 
a HF/HC meal was increased 10-fold (on average) over lar-
val zebrafish fed a LF/LC meal when calculated from the 
LC-MS/MS data (n = 3). A similar change in TG levels plus 
an increase in CE levels was observed when HPLC-CAD 
data were processed through the combined HPLC-CAD/
LC-MS data analysis workflow (Table 1). The combined 
workflow was advantageous over simple quantitation of 
HPLC-CAD data because it allowed for analysis of lipid spe-
cies that were not identified by HPLC-CAD (e.g., cerami-
des, monoglycerides, and diglycerides), and also allowed 
quantitation of free cholesterol and two more CE species 
than what could be detected in larval zebrafish samples 
analyzed with MS/MS detection (Table 1; supplemental 
Tables S1, S2).

BODIPY-labeled FAs were metabolized by larval zebrafish 
into different arrays of complex lipids depending on FA 
chain length

TLC assays have shown that larval zebrafish fed BODIPY 
FL-C5, -C12, and -C16 in a HF/HC meal incorporate these 
fluorescent FAs into the three major classes of complex 

Fig.  1.  A combined HPLC-CAD and LC-MS/MS workflow for total 
lipid profiling of larval zebrafish. Once an HPLC method was estab-
lished that resolved lipids of all classes present in larval zebrafish, the 
instrument was temporarily reconfigured to route sample flow to a 
quadrupole-Orbitrap mass spectrometer instead of the charged 
aerosol detector. Data obtained from a series of LC-MS/MS experi-
ments with exact mass detection was then used to identify the com-
ponents of peaks observed by HPLC-CAD/fluorescence. Through 
this combined workflow, peak composition data from a single LC-
MS/MS experiment greatly enhances the depth of information that 
may be obtained from all future HPLC experiments performed us-
ing the same instrument method.
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lipids (phospholipids, TGs, and CEs) in different propor-
tions (15). Because HPLC resolves individual lipid species 
within each class, where TLC does not, we repeated the 
experiments of Carten, Bradford, and Farber (15) in order 
to investigate the fluorescent lipid product profile of each 
of these BODIPY FL-FAs at a higher chromatographic reso-
lution. Larval zebrafish were fed BODIPY FL-FAs in a HF/
HC meal for 2 h, and total lipids were extracted after a 16 h  
chase period. The products of each BODIPY FL-FA were 
analyzed by HPLC with fluorescence detection, which re-
vealed that carbon chain length of fluorescent saturated 
FAs influenced their channeling into complex lipids: while 
BODIPY FL-C12 was incorporated into a wide array of non-
polar lipids and phospholipids, BODIPY FL-C16 and 
BODIPY FL-C5 were largely incorporated into nonpolar 
lipids and a smaller amount of phospholipid. A single CE 
product (confirmed through the use of standards and an 

ACAT inhibitor, data not shown) of each BODIPY FL-FA 
was observed. No oxidation intermediates of BODIPY FL-
FAs were found (Fig. 3, Table 2).

Though resolution and quantitation of individual com-
plex lipid products of BODIPY FL-FAs were achieved by 
HPLC-fluorescence, it was not practical to use standards 
to identify each putative fluorescent phospholipid and TG 
peak, due to the number of possibilities. MS detection 
identified 31 unlabeled FAs in larval zebrafish that could 
combine with BODIPY FL-FAs to form fluorescent com-
plex lipids with the observed retention times, which gave a 
total of 273 possible phospholipid products and 496 pos-
sible TG products of each BODIPY FL-FA (assuming 
that none were double-labeled, which was unlikely due to 
the low ratio of labeled to unlabeled dietary FAs in these 
experiments).

Based on retention times of purchased standards and 
nonfluorescent peaks identified by LC-MS/MS, we hypoth-
esized that fluorescent peaks eluting between 15 and 45 
min on the HPLC-fluorescence chromatograms in Fig. 3 
were phospholipids and fluorescent peaks eluting between 
45 and 80 min were nonpolar lipids (e.g., TGs and sterol 
esters). To test this hypothesis, total lipid extracts from lar-
val zebrafish fed BODIPY FL-FAs in a HF/HC meal were 
subjected to acetone precipitation to separate polar and 
nonpolar fractions, each of which was analyzed by HPLC 
with fluorescent detection (supplemental Fig. S1). These 
data confirmed that the predicted class of each peak was as 
expected. For more precise identification of specific fluo-
rescent complex lipids, the products of each BODIPY FL-FA 
were also analyzed by LC-MS/MS as described above, and 
the unique isotopic signature of boron was used to identify 
putative BODIPY-lipids. Five BODIPY FL-C12 phospholip-
ids, two BODIPY FL-C5 phospholipids, a BODIPY FL-C16 
TG, and the CEs of BODIPY FL-C5 and BODIPY FL-C12 
were identified by this method (supplemental Table S4).

Fluorescent FAs are especially useful metabolic labeling 
reagents in the larval zebrafish model because biochemical 
and live imaging assays may be performed in parallel. The 
fluorescent lipid feeding procedures used in this study are 
well-established as methods to investigate dietary lipid 
transport and deposition in tissues, cells, and subcellular 

Fig.  2.  Multistep gradient HPLC with CAD facilitates resolution 
and quantitation of all classes of lipids in a single underivatized sam-
ple. Several TG species are increased in larval zebrafish following a 
single HF/HC meal, while other lipid classes remain unchanged. 
Similar results are obtained when lipid class distribution is quanti-
tated directly from the MS dataset using LipidSearch, and when 
quantitation of HPLC-CAD analyte peaks (identified previously  
using LC-MS/MS) is performed in Chromeleon (Table 1). The 
HF/HC (red) trace is offset by 12.5 pA (picoamperes). This chro-
matogram represents results from three independent experiments.

TABLE  1.  Lipid class composition of larval zebrafish fed LF/LC or HF/HC diets

Class

MS (% of total lipid) HPLC-CAD (% of total lipid)
Combined Workflow  

(% of total lipid)

LF/LC HF/HC LF/LC HF/HC LF/LC HF/HC

FA 0.9 ± 0.3 0.8 ± 0.2 1.1 ± 0.8 0.6 ± 0.2 0.2 ± 0.1 0.2 ± 0.1
Phospholipid 94.3 ± 29.9 90.5 ± 30.5 62.1 ± 36.0 62.9 ± 20.8 62.9 ± 34.5 67.5 ± 18.5
TG 0.5 ± 0.1 4.8 ± 1.1 6.1 ± 3.6 12.6 ± 3.5 0.7 ± 0.3 7.4 ± 1.9
Diglyceride 0.1 ± 0.1 0.1 ± 0.0 —a — 0.8 ± 0.4 0.6 ± 0.2
Monoglyceride 0.2 ± 0.1 0.1 ± 0.1 — — 13.3 ± 10.5 4.9 ± 2.8
Lysophospholipid 0.6 ± 0.2 0.6 ± 0.2 1.4 ± 1.1 0.4 ± 0.3 1.2 ± 0.7 0.8 ± 0.3
Ceramide 0.7 ± 0.2 0.6 ± 0.2 — — 0.7 ± 0.3 0.6 ± 0.2
CE 0.0 ± 0.0 0.0 ± 0.0 3.1 ± 1.2 5.4 ± 1.4 1.7 ± 0.5 2.8 ± 0.8
Cholesterol — — 26.3 ± 6.3 17.9 ± 2.4 16.9 ± 1.1 13.9 ± 1.4
Other 2.7 ± 1.0 2.6 ± 0.7 — — 11.6 ± 0.9 1.4 ± 0.4

Lipid class composition was determined by LC-MS/MS, HPLC-CAD, or the combined workflow described in 
Fig. 1. Lipids are quantitated by class as a percentage of the total signal ± standard deviation (n = 3).

a Dashes indicate lipid class could not be detected and/or identified by this method.
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structures in the larval zebrafish, as well as other models 
(26, 43, 44). At 4–8 h from the start of feeding BODIPY FL-
C5 in a HF/HC meal, fluorescence is seen by live confocal 
microscopy in a variety of subcellular structures and mem-
branes in the larval zebrafish liver, pancreas, and intestinal 
enterocytes, while BODIPY FL-C16-derived fluorescence in 
these organs is concentrated in lipid droplets (15). Based 
on this previously published imaging data, we expected 
to detect a larger amount of phospholipid products of 
BODIPY FL-C5 when compared with BODIPY FL-C16. This 
hypothesis was supported by HPLC-fluorescence lipid 
profiles, in which the products of BODIPY FL-C5 in sam-
ples taken 8 h postfeeding were 6.6 ± 1.3% phospholipid 
(n = 13) and products of BODIPY FL-C16 in samples taken 
6–10 h postfeeding were 2.1 ± 0.5% phospholipid (n = 4, 
P = 0.000012; Student’s t-test).

As all variants of the BODIPY fluorophore are large com-
pared with the labeled FAs, we hypothesized that the me-
tabolism of BODIPY-FAs would not exactly replicate that of 
their unlabeled counterparts, but would resemble the me-
tabolism of larger FAs. Specifically, as the BODIPY FL fluo-
rophore is approximately the length of a four-carbon 
chain, we tested the hypothesis that BODIPY FL-C12 and 
3H-palmitate would yield similar product profiles. BODIPY 
FL-C12 and 3H-palmitate were fed to larval zebrafish in 
equimolar amounts in a HF/HC meal, and products were 
analyzed 18 h postfeeding by HPLC. Following fluorescent 
detection, HPLC eluent was collected in 1 min fractions, 
which were assayed for radioactivity so that the metabolism 

of both radioactive and fluorescently labeled FAs could be 
characterized simultaneously. The complex lipid product 
profiles of BODIPY FL-C12 and 3H-palmitate, while not 
identical, contained similarly high ratios of labeled phos-
pholipid to labeled nonpolar lipid when compared with 
the products of BODIPY FL-C5 and BODIPY FL-C16 
(Tables 2, 3). Full product profiles of BODIPY FL-C12 
and 3H-palmitate present in larval zebrafish 18 h post-
feeding are shown in supplemental Fig. S2.

Fluorescent lipid analogs of similar chain lengths and 
different fluorescent tags were metabolized by larval 
zebrafish into different arrays of complex lipid products

As BODIPY FL-C12 is especially physiologically relevant 
due to its similarity to palmitate and forms a wider array of 
polar and nonpolar products than the other two BODIPY FL-
FAs examined, we focused on this chain length for the re-
maining experiments, which addressed the effects of dietary 
context and variants of the BODIPY fluorophore on the me-
tabolism of fluorescent FAs. In addition to BODIPY FL, lipids 
labeled with many other variants of BODIPY are commonly 
used in live fluorescent microscopy. As BODIPY-labeled FAs 
are metabolizable, the fluorescent signal in live imaging ex-
periments is derived not only from the BODIPY-FA, but also 
from its metabolic products. To better understand how dif-
ferences in BODIPY fluorophores impact the metabolism of 
labeled FAs and possibly the subcellular localization of their 
products, we set out to explore the effect of varying fluoro-
phore chemistry with constant FA chain length.

Fig.  3.  The chain length of BODIPY FL-labeled saturated FAs affects their incorporation into complex lip-
ids. HPLC-fluorescence analysis resolves products of BODIPY FL-C5, -C12, and -C16 synthesized by larval ze-
brafish that have been given these fluorescent FAs in a HF/HC meal. Results are representative of >10 
independent HPLC-fluorescence analyses of total lipid extracts taken from 6 dpf larval zebrafish sampled 
16–20 h postfeeding.

TABLE  2.  Distribution of fluorescent products of BODIPY FL-FAs among the major lipid classes 16 h postfeeding

FA PLs CE TGs
Total Polar:Total 
Nonpolar Lipids

BODIPY FL-C5 —a 7.5 ± 1.3 9.6 ± 0.6 82.9 ± 1.9 0.08
BODIPY FL-C12 1.5 ± 0.7 39.5 ± 1.4 11.0 ± 1.3 48.0 ± 2.0 0.67
BODIPY FL-C16 5.5 ± 1.6 5.6 ± 0.5 3.0 ± 0.5 85.9 ± 2.0 0.06

Fluorescent products of BODIPY FL-FAs fed to larval zebrafish in a HF/HC meal are quantitated by class as 
percentage of total fluorescence ± standard deviation (n = 3 for BODIPY FL-C5, n = 6 for BODIPY FL-C12 and -C16). 
PL, polar lipid.

a Free BODIPY FL-C5 could not be quantitated in this assay as it runs in the solvent front.
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BODIPY(558/568)-C12 fluoresces red and is therefore 
especially useful in fluorescent microscopy experiments 
involving cells or animals expressing GFP. This red fluo-
rescent tag, at 272 g/mol, is substantially larger than 
BODIPY FL (218 g/mol) and carries an additional five-
member thienyl ring structure (Fig. 4, inset). Previous work 
comparing the metabolism of the red and green BODIPY-
C12 variants by mouse primary hepatocytes showed, by 
qualitative TLC assays, that both of these fluorescent FAs 
are incorporated into both nonpolar complex lipids and 
phospholipids (29). Because the BODIPY tag accounts for 
over half of the molecular weight and over 25% of the 
length of the BODIPY-C12 molecule, we hypothesized that 
structural differences between BODIPY variants would 
correlate with differences in the metabolism of BODIPY-
lipids that could be quantitated by HPLC-fluorescence.

To test this hypothesis, a mixture of BODIPY FL-C12 
and BODIPY(558/568)-C12 in a HF/HC meal was fed  

to larval zebrafish, which were imaged by live confocal 
microscopy 8 h postfeeding. Red and green fluorescence, 
derived from the products of both BODIPY-C12 variants, 
appeared in the same subcellular structures in the larval 
zebrafish liver (Fig. 4A). Additionally, similar arrays of 
complex lipid products were observed when each of these 
fluorescent FAs was fed individually (also in a HF/HC 
meal) and HPLC-fluorescence analysis was performed on 
samples taken 8 h postfeeding (Fig. 4B). However, the 
relative amounts of each BODIPY-C12 product varied de-
pending on the type of BODIPY tag: BODIPY FL-C12 was 
more readily metabolized into complex lipid products 
than BODIPY(558/568)-C12, and was incorporated mostly 
into polar lipids, while BODIPY(558/568)-C12 was incor-
porated mostly into TGs (Table 4). 

To further examine the effect of BODIPY variant on 
BODIPY-FA partitioning in the larval zebrafish, we carried 
out similar feeding and HPLC-fluorescence experiments 
using the fluorescent FA, TopFluor®-C11. TopFluor is a 
green variant of BODIPY that carries two additional methyl 
groups and is bonded to its lipid conjugate at carbon 1 of 
its central ring, forming a T-shaped molecule in contrast 
with the more linear BODIPY FL-FAs (Fig. 5, inset). We 
hypothesized that, though the fluorophores were chemi-
cally similar, the position at which the labeled lipid was at-
tached might result in variations in metabolism. When fed 
to larval zebrafish in a HF/HC meal, TopFluor-C11 was 
processed into an array of products similar in class to the 
products of BODIPY FL-C12, though the specific fluores-
cent HPLC peaks that appeared were different (compare 
Figs. 3, 5).

Fluorescent lipid analogs of similar chain lengths were 
metabolized by larval zebrafish into different arrays of 
complex lipid products when dietary lipid content was 
varied

We then set out to explore the effect of dietary lipid con-
tent on fluorescent lipid metabolism, again using BODIPY 
FL-C12, the most widely metabolized BODIPY FL-FA. LF/
LC and LF/HC diets were investigated as BODIPY-lipid car-
riers. BODIPY FL-C12 fed in a LF/LC or LF/HC meal was 
used to make an array of complex lipid products similar to 
those synthesized when this fluorescent FA was fed in a HF/
HC meal, but in different proportions [Fig. 6 (upper trace), 
Table 5]. [Chromatograms in Fig. 6 show the fluorescent 
lipid products of BODIPY FL-C12 and BODIPY(558/568)-
C12 delivered to larval zebrafish in LF/LC meals. Results 
were similar for these fluorescent FAs fed in LF/HC meals 
(chromatograms not shown; quantitative data is summarized 
in Table 4).] Specifically, similar amounts of fluorescent 

Fig.  4.  BODIPY FL-C12 and BODIPY(558/568)-C12 are pro-
cessed similarly to each other when fed to larval zebrafish in a HF/
HC meal. A: When BODIPY FL-C12 and BODIPY(558/568)-C12 are 
fed simultaneously in a HF/HC meal, they label the same subcellu-
lar structures in the larval zebrafish liver 8 h postfeeding. Scale bar: 
25 m. B: Similar arrays of phospholipid, TG, and CE products of 
BODIPY FL-C12 and BODIPY(558/568)-C12 are observed 8 h post-
feeding, though the products form in different proportions to each 
other. Results are representative of six samples per group.

TABLE  3.  Distribution of labeled products of BODIPY FL-C12 and 3H-C16 FAs among the major lipid classes

FA PLs CE TGs
Total Polar:Total 
Nonpolar Lipids

BODIPY FL-C12 22.5 ± 6.2 43.4 ± 7.4 9.9 ± 0.4 24.2 ± 1.3 1.27
3H-C16 4.3 ± 0.7 76.8 ± 4.0 2.4 ± 0.6 16.5 ± 2.9 4.06

Larvae were fed and incubated postfeeding at room temperature. For all other experiments, feeding was 
conducted at 30°C. Products of labeled FAs fed to larval zebrafish in a HF/HC meal and analyzed 18 h postfeeding 
are quantitated by class as percentage of total signal ± standard deviation (n = 4).
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phospholipid were synthesized when BODIPY FL-C12 was 
fed in all three diets, but with the HF/HC diet, less fluores-
cent CE (HF/HC-fed larvae: CE = 11.0 ± 1.3% of total) and 
more fluorescent TG were made when compared with the 
LF/LC (CE = 42.9 ± 3.6% of total) and LF/HC meals (CE = 
51.2 ± 2.0% of total) (Tables 4, 5). We hypothesized that the 
larger amount of FA in the HF/HC diet generally increased 
TG synthesis and, therefore, caused more fluorescent FA to 
be channeled into TGs when compared with the LF/LC 
and LF/HC diets. Addition of cholesterol to a low-fat meal 
also correlated with increased CE synthesis from BODIPY 
FL-C12, at the expense of incorporation into phospholipid 
(Table 5, P < 0.05).

We then sought to determine whether high dietary cho-
lesterol had a similar effect on the metabolism of the red 
fluorescent FA, BODIPY(558/568)-C12. BODIPY(558/568)-
C12 contributed fluorescence to all four lipid classes that 
were measured when delivered in a HF/HC meal (Table 4), 
but was no longer metabolized into a detectable amount of 
phospholipid when delivered in a LF/LC or LF/HC meal 
(Table 5). No significant differences were observed between 
the fluorescent product profiles of BODIPY(558/568)-C12 
delivered in a LF/LC or LF/HC diet (Table 5). In general, 
BODIPY(558/568)-C12 appeared to be metabolized into 
complex lipid products to a lesser extent than BODIPY 
FL-C12.

Metabolism of BODIPY-CEs by larval zebrafish was 
responsive to the cholesterol content of the diet and the 
BODIPY variant

Stoletov et al. (21) established the larval zebrafish as a 
model for hypercholesterolemia in which they observed fluo-
rescent punctae in blood vessels of larval zebrafish fed a red 
fluorescent CE analog [cholesterol BODIPY(576/589)-C11] 
for several days in a high-cholesterol diet. The chemical com-
position of the BODIPY-lipids labeling these punctae, how-
ever, was not known. As the fluorescent label of cholesterol 
BODIPY(576/589)-C11 is located on the acyl chain, we hy-
pothesized that the fluorescent acyl chain would be cleaved 
from the cholesterol molecule in the intestine by luminal li-
pases, and that it would subsequently be metabolized like a 
BODIPY-FA. To test this hypothesis and gain a better under-
standing of the larval zebrafish as a model of nascent hyper-
cholesterolemia, we repeated the experiments of Stoletov 
et al. (21) with HPLC-CAD/fluorescence analysis, with the 
addition of larval zebrafish fed cholesterol BODIPY FL-C12 
for comparison. Each BODIPY-CE was added to LF/LC or 
LF/HC food, and total lipids were extracted from larval 
zebrafish after 3 days of feeding. No fluorescent products of 
BODIPY(576/589)-C11 were recovered from larval zebrafish 
fed this fluorescent lipid in the LF/LC diet, suggesting that 
cholesterol BODIPY(576/589)-C11 is excreted without 
being digested or absorbed (Table 5, supplemental Fig. S3A). 
A separate series of HPLC-fluorescence experiments 

Fig.  5.  HPLC-fluorescence product profile of the BODIPY-lipid, 
TopFluor-C11. Larval zebrafish synthesize a similar array of polar 
and nonpolar lipids from BODIPY FL-C12 (Figs. 3, 6) and TopFluor-
C11 when these FA analogs are delivered in a HF/HC meal. Prod-
ucts of TopFluor-C11 20 h postfeeding are 1.6 ± 0.1% free 
TopFluor-C11, 22.1 ± 1.7% polar lipids, and 76.0 ± 1.5% nonpolar 
lipids (n = 3). Unlike BODIPY FL-C12, some oxidation intermedi-
ates of TopFluor-C11 (eluting before 5 min) may be present. No CE 
of TopFluor-C11 was identified.

Fig.  6.  The array of complex lipid products formed when 
BODIPY-C12 is fed to larval zebrafish in a LF/LC diet varies de-
pending on the type of BODIPY label. BODIPY FL-C12 fed in a LF/
LC meal is used to make an array of polar and nonpolar lipid prod-
ucts similar to those synthesized when this fluorescent FA is fed in a 
HF/HC meal (Fig. 4), but in different proportions. In contrast, 
BODIPY(558/568)-C12 is no longer incorporated into a detectable 
amount of phospholipid when delivered in a LF/LC diet. Results 
are representative of five samples per group.

TABLE  4.  BODIPY FL-C12 and BODIPY(558/568)-C12 are incorporated into similar products, but in different proportions

FAs PLs CEs TGs

BODIPY FL-C12 2.3 ± 0.1 59.7 ± 0.8 14.2 ± 1.5 23.7 ± 0.8
BODIPY(558/568)-C12 6.6 ± 0.2 23.8 ± 1.0 11.9 ± 1.4 60.0 ± 0.8

Fluorescent products of BODIPY FL-FAs fed to larval zebrafish in a HF/HC meal and analyzed 8 h postfeeding 
are quantitated by class as the percentage of total fluorescence ± standard deviation (n = 2).
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confirmed that cholesterol BODIPY(576/589)-C11 was pres-
ent in the food given to this experimental group and in lar-
vae that still had visible food particles in their intestines (data 
not shown). When cholesterol BODIPY(576/589)-C11 was 
delivered in a LF/HC diet, however, fluorescent TGs and 
cholesterol BODIPY(576/589)-C11 were detected. In con-
trast, fluorescence derived from cholesterol BODIPY FL-
C12 delivered in a LF/LC or LF/HC meal appeared in an 
array of products similar to those produced by feeding the  
FA, BODIPY FL-C12 (Fig. 7, supplemental Fig. S3, Table 5). 
These results suggest that the fluorescent lipid punctae 
observed in larval zebrafish blood vessels may be labeled 
by a mixture of fluorescent TGs and CEs, and that cho-
lesterol BODIPY FL-C12 is more readily metabolized by 
larval zebrafish than its red counterpart, cholesterol 
BODIPY(576/589)-C11.

Incorporation of dietary BODIPY-labeled FA analogs 
into CEs was responsive to the availability of dietary 
cholesterol for uptake by enterocytes

To further investigate the role of cholesterol in regulat-
ing the metabolism of dietary FAs, we sought to understand 
the effect of the metabolic availability of dietary cholesterol 
on the partitioning of dietary fluorescent FAs among com-
plex lipid classes. Using two pharmaceutical inhibitors of 

cholesterol absorption and metabolism, we set out to ex-
plore the degree to which we could track cholesterol me-
tabolism and its influence on dietary FA partitioning by 
monitoring fluorescent CE synthesis. Ezetimibe is an in-
hibitor of dietary cholesterol absorption by enterocytes 
that acts by interfering with the npc1l1 cholesterol uptake 
pathway. It has been shown to decrease absorption of di-
etary radioactive cholesterol or fluorescent cholesterol  
analogs by 70–80% in humans, other mammals, and lar-
val zebrafish (14, 45–47). The 4-hydroxycinnamic acid 
(L-phenylalanine methyl ester) amide (CAY10486; Cayman 
Chemical) is an ACAT inhibitor that has been shown to 
reduce CE synthesis by 70% in mammalian cell culture and 
by 40% in 3 dpf larval zebrafish (17, 48). We hypothesized 
that because a high-cholesterol diet increased CE synthesis 
from dietary fluorescent FAs, limiting cholesterol absorp-
tion would have the opposite effect. Treatment of larval 
zebrafish with ezetimibe or an ACAT inhibitor before, dur-
ing, and after a HF/HC meal containing BODIPY-labeled 
FAs resulted in a statistically significant decrease in fluores-
cent CE synthesis (Table 6). The respective decreases in CE 
synthesis resulting from treatment with ezetimibe and the 
ACAT inhibitor were within one standard deviation of each 
other in experiments with both BODIPY FL-C12 and 
BODIPY FL-C16. Neither ezetimibe nor the ACAT inhibi-
tor altered the total cholesterol content of larval zebrafish 
in a 48 h drug treatment period with a single HF/HC meal 
(supplemental Fig. S4B). Changes in CE synthesis from 
fluorescent dietary FAs observed in these experiments were 
determined by dissection to take place in the intestine 
(Fig. 8, supplemental Fig. S5), suggesting that CE synthe-
sis from newly absorbed dietary FAs depends primarily on 
availability of newly absorbed or synthesized cholesterol.

DISCUSSION

Mass spectrometric detection and identification of lip-
ids is an increasingly prevalent approach to lipidomics that 
provides a wealth of highly detailed information per experi-
mental sample. However, when compared with other bio-
chemical techniques, MS is expensive and time-consuming, 
which can unnecessarily limit the scope of lipidomic stud-
ies. Our combined HPLC-CAD/LC-MS workflow leverages 
the strengths of both MS and CAD lipidomics by enhanc-
ing the depth of information that may be obtained from 
HPLC-CAD experiments with a lower cost per sample.

TABLE  5.  BODIPY-lipids with similar FA chain lengths are metabolized differently depending on the BODIPY variant, BODIPY-lipid class, and 
cholesterol content of the diet

BODIPY-Lipid

Products of BODIPY-Lipid Fed in LF/LC Diet Products of BODIPY-Lipid Fed in LF/HC Diet

FA PL TG CE FA PL TG CE

BODIPY FL-C12 No signal 40.1 ± 5.2a 16.9 ± 1.7 42.9 ± 3.6a No signal 29.3 ± 0.2a 19.5 ± 2.2 51.2 ± 2.0a

BODIPY(558/568)-C12 15.8 ± 3.0 No signal 52.5 ± 1.2 31.7 ± 3.0 45.9 ± 17.2 No signal 34.1 ± 11.8 20.0 ± 8.9
Cholesterol BODIPY FL-C12 No signalb 27.2 ± 0.6b 16.8 ± 9.9b 56.0 ± 10.5b No signal 30.0 ± 7.7 26.2 ± 7.3 43.7 ± 7.6
Cholesterol BODIPY(576/589)-C11 No signalb No signalb No signalb No signalb No signal No signal 58.9 ± 3.8 41.1 ± 3.8

Fluorescent products of BODIPY-lipids fed to larval zebrafish in a HF/HC meal are quantitated by class as percentage of total fluorescence ± 
standard deviation.

a P < 0.05 when LF/LC and LF/HC groups are compared by Student’s t-test.
b n = 2. For all other groups, n = 3.

Fig.  7.  When the fluorescent CE cholesterol BODIPY FL-C12 is 
fed to larval zebrafish in a LF/HC diet, fluorescent phospholipid, 
TG, and CE products are observed. Cholesterol BODIPY(576/589)-
C11 yields fluorescent TG (supplemental Fig. S3B) and CE prod-
ucts when delivered in a LF/HC diet. Results are representative of 
four samples per group.
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The first published metabolic assays using BODIPY FL-
C12 showed that in mammalian cell culture, this fluores-
cent FA is incorporated into diglycerides, TGs, and three 
classes of phospholipids identified by HPLC-fluorescence. 
However, this analysis was limited in that BODIPY-labeled 
phospholipids clustered by class and polar and nonpolar 
fluorescent lipids had to be analyzed separately (25). Our 
method provides both greater resolution of individual fluo-
rescent complex lipids and a way to analyze all classes of 
complex lipids from a single sample. Furthermore, we have 
built upon earlier work (15) to expand the metabolic label-
ing toolbox for the larval zebrafish and other model sys-
tems by using this method to characterize the complex 
lipid product profiles of a wider range of fluorescent lipids 
delivered in a variety of diets (Table 7).

Our results demonstrate that, although all BODIPY-lipids 
tested were metabolized into multiple fluorescent complex 
lipid products when fed to larval zebrafish, the resulting 
product profiles varied with the chain length of the labeled 
FA, BODIPY-lipid class, BODIPY fluorophore variant, and 
nutritional context (Table 7). Awareness of this variation in 
distribution of fluorescent signal among lipid classes is not 

only essential when selecting BODIPY-lipids for metabolic 
labeling experiments, but is also crucial to understanding 
and interpreting live imaging experiments using BODIPY-
lipids. For example, emission wavelength is a reasonable 
primary criterion when choosing a BODIPY tag for imaging 
experiments because it is often necessary to choose a fluo-
rescent lipid color different from that of the fluorescent 
proteins expressed in transgenic animal models or cell 
lines. However, when interpreting results obtained with dif-
ferent BODIPY variants or fluorescent FAs of different 
chain lengths, it is important to consider that differences in 
the distribution of fluorescent signal into lipid classes may 
have an effect on the distribution of fluorescent signal 
among subcellular membranes and structures. Addition-
ally, feeding larval zebrafish lipids labeled with the red 
BODIPY variants generally results in a larger percentage of 
unincorporated substrate and a smaller range of complex 
lipid products when compared with green BODIPY-lipids. 
We hypothesize that the larger red BODIPY fluorophore 
slows uptake of fluorescent FAs into enterocytes and/or 
subsequent enzymatic interactions required for complex 
lipid synthesis; however, it is also possible that red BODIPY-
lipids are more susceptible to lipolysis and that the larger 
amount of substrate observed is due to faster turnover. Even 
in experiments where labeling of cellular structures does 
not vary with the type of BODIPY fluorophore under one 
set of conditions (e.g., labeling of the same subcellular 
structures by red and green BODIPY-C12 in Fig. 4A despite 
their different metabolic product profiles in Fig. 4B), it can-
not be assumed that this will hold true when conditions are 
varied or that any changes in labeling that occur under dif-
ferent experimental conditions will involve the same mech-
anisms for different BODIPY-lipids.

Of the BODIPY-lipids examined in this study, the parti-
tioning of BODIPY FL-C12 into complex lipid classes most 
closely resembles the metabolism of palmitic acid, the 
most abundant FA in larval zebrafish. Radioactive pal-
mitic acid fed to larval zebrafish was incorporated into 
complex lipids more quickly than BODIPY FL-FAs, but 
the distribution of signal among polar and nonpolar 
complex lipids was more similar to that observed with 
BODIPY FL-C12 than any other fluorescent FA examined 
(Table 2, Table 3). Furthermore, a similar array of indi-
vidual complex lipid products were labeled by radioactive 
palmitate and BODIPY FL-C12, though HPLC retention 
times were consistently shifted earlier by the BODIPY tag 
(supplemental Fig. S2). Our results are consistent with a 

TABLE  6.  CE synthesis from dietary FAs is decreased by blocking dietary cholesterol absorption

BODIPY-FA

Ezetimibe (5 M) ACAT Inhibitor (100 M)

CE (treated:control) P CE (treated:control) P

BODIPY FL-C5 0.73 ± 0.08 0.02a 0.64 ± 0.07 0.005a

BODIPY FL-C12 0.52 ± 0.16 0.004b 0.44 ± 0.05 0.0007a

BODIPY(558/568)-C12 0.35 ± 0.02 0.002a 0.61 ± 0.12 0.018a

BODIPY FL-C16 0.25 ± 0.10 0.0003b 0.19 ± 0.03 0.00005a

Fold changes are given as the treated:control group ratio of the average CE peak area per larval equivalent in 
samples taken 18 h postfeeding ±standard deviation. All sample groups pass Levene’s test for equal variance.

a Student’s t-test, unpaired, equal variance, n = 3.
b Nested ANOVA, df = 11 (two experiments; two to three technical replicates per group per experiment).

Fig.  8.  Ezetimibe reduces CE synthesis from dietary FAs in the in-
testine. Larval zebrafish (6 dpf) were treated with ezetimibe (or 
0.1% ethanol vehicle) and then fed BODIPY FL-C12 in the HF/HC 
diet. Intestines were dissected from 35 larvae per group 20 h post-
feeding and pooled for lipid extraction. The cholesterol BODIPY 
FL-C12 peak is present in the HPLC-fluorescence trace from intes-
tines of larvae in the vehicle control group (upper chromatogram), 
and absent in the trace from intestines of ezetimibe-treated larvae 
(lower chromatogram). Results are representative of two samples 
per group.
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(15, 26–29). Our results provide additional evidence sup-
porting the hypothesis that metabolism of BODIPY-lipids is 
observed in some studies and not others due to differences 
in the nutritional context in which BODIPY-lipids are deliv-
ered. Larval zebrafish preferentially synthesize mixed-acyl 
TGs and phospholipids (supplemental Table S1), and the 
delivery of BODIPY FL-FAs to larval zebrafish in a mixed-
lipid meal has been shown to promote their metabolism 
when compared with delivery in embryo media alone (15). 
To build on this previous work, we have shown that BODIPY-
FAs are also metabolized to complex lipid products when 
delivered to larval zebrafish in a standard LF/LC diet, ex-
panding this model for use in experiments where the previ-
ously validated HF/HC diet consisting of chicken egg yolk 
may be impractical or may confound results by delivering 
too much unlabeled lipid.

The BODIPY-lipid, dietary context, and feeding pro-
cedure best suited to an experiment depends on the  
application. For example, it is apparent from the results 
of this study that with current HPLC methods, the best 
BODIPY-lipids for monitoring CE synthesis in the larval 
zebrafish are BODIPY FL-C12 and -C16, as their fluores-
cent CE product peaks are well-isolated from neighboring 
fluorescent TGs, which ensures accurate quantitation. The 
actual effects of both ezetimibe and the ACAT inhibitor on 
CE synthesis from BODIPY FL-C5 and BODIPY(558/568)-
C12 may be larger than what was observable by the HPLC-
fluorescence method used, as unlike their counterparts 
derived from BODIPY FL-C12 and -C16, the cholesterol 
BODIPY FL-C5 and cholesterol BODIPY(558/568)-C12 
peaks did not fully resolve from neighboring TG peaks 
(Figs. 3, 4). This would produce a background signal that 
would increase CE peak areas in both control and experi-
mental groups, which would lead to an artificially high 
treated:control peak area ratio (Table 6). Further HPLC 
method development will address this issue.

Nutritional context was especially important in experi-
ments investigating the metabolism of BODIPY-CEs. Addi-
tion of a large amount of cholesterol to a low-fat diet 
appeared to promote metabolism of the fluorescent FA 
group of cholesterol BODIPY(576/589)-C11 into TG and 
CE products, and there was no evidence of intestinal li-
polysis of cholesterol BODIPY(576/589)-C11 when it was 

model in which the BODIPY fluorophore delays uptake of 
labeled FAs by cells, but does not alter the distribution of 
FAs among complex lipid products when compared with 
unlabeled FAs of similar overall length.

In contrast to the product profile of BODIPY FL-C12, in-
corporation of fluorescent lipids into phospholipid occurs 
at a lower rate with BODIPY FL-FAs much larger or smaller 
than the saturated FAs most commonly found in zebrafish 
phospholipids, 16:0, 18:1, and 18:0 (supplemental Table S1) 
(17). BODIPY FL-C5 and -C16, which correspond approxi-
mately in total length to 9- and 20-carbon unlabeled FAs, 
are incorporated into less phospholipid than BODIPY FL-
C12 or 3H-palmitate. Incorporation of fluorescent FAs into 
phospholipid also appears to be more sensitive to the ef-
fects of the larger red fluorophore than incorporation into 
nonpolar lipids. Multiple mechanisms could account for 
these metabolic differences, including effects on digestion, 
uptake by enterocytes, esterification, and turnover of la-
beled lipids. One possibility is that BODIPY-FAs impede di-
glycerides from interacting with the phospholipid synthesis 
pathway enzymes, but do not hinder their ability to bind or 
be esterified by DGAT. As the FA composition of phospho-
lipids is regulated to maintain membrane composition, we 
expect substrate FA specificity to be more stringent for en-
zymes involved in phospholipid synthesis and remodeling 
than for those involved in synthesis of the nonpolar stor-
age lipid classes, TG and CE. Additionally, the relative con-
tributions of de novo synthesis and remodeling of existing 
phospholipids to the incorporation of fluorescent FAs into 
phospholipid in the larval zebrafish intestine remain to be 
determined. Future work addressing these issues will clarify 
the physiological mechanisms underlying differential pro-
cessing of the various BODIPY-lipids.

Despite early evidence for the synthesis of complex lipids 
from BODIPY FL-FAs in cell culture (25), there have been 
multiple studies in which metabolism of BODIPY-lipids by 
cultured mammalian cells was assayed by TLC and complex 
lipid products were not detected (23, 49, 50). In general, 
when metabolic products of BODIPY-lipids are observed, 
they are produced by a whole-animal model given BODIPY-
lipids in the context of a mixed-lipid diet, primary cultured 
cells that would already contain lipid droplets (e.g., hepato-
cytes), or cell culture supplemented with one or more FAs 

TABLE  7.  Summary of BODIPY lipids, diets, and product classes synthesized by larval zebrafish

BODIPY-Lipid Color Diet PL Products TG Products CE Products

BODIPY FL-C5 Green HF/HC 5 26 1
BODIPY FL-C12 Green HF/HC 10 24 1
BODIPY FL-C12 Green LF/LC 15 18 1
BODIPY FL-C12 Green LF/HC 15 18 1
BODIPY(558/568)-C12 Red HF/HC 7 11 1
BODIPY(558/568)-C12 Red LF/LC 0 3 1
BODIPY(558/568)-C12 Red LF/HC 0 3 1
TopFluor-C11 Green HF/HC 11 22 0
BODIPY FL-C16 Green HF/HC 5 11 1
Cholesterol BODIPY FL-C12 Green LF/LC 3 11 1
Cholesterol BODIPY FL-C12 Green LF/HC 3 11 1
Cholesterol BODIPY(576/589)-C11 Red LF/LC 0 0 0
Cholesterol BODIPY(576/589)-C11 Red LF/HC 0 3 1

Each fluorescent HPLC peak is counted as a single product of its corresponding BODIPY-lipid.
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delivered in a LF/LC diet. (It is not practical to deliver 
BODIPY-CEs in a high-fat meal, as they are not digested 
well in this context, likely due to competition with TGs and 
other unlabeled CEs for intestinal lipases.) We hypothesize 
that a higher level of cholesterol than that provided by the 
LF/LC diet is needed to promote release of the enzymes 
necessary for digestion of BODIPY-CEs, and that choles-
terol BODIPY FL-C12, with its smaller fluorescent tag, is 
more readily hydrolyzed by intestinal lipases than choles-
terol BODIPY(576/589)-C11.

Historically, studies of dietary cholesterol metabolism 
have tracked esterification using radiolabeled cholesterol 
(30, 31). By using fluorescent FAs as metabolic tracers to 
monitor cholesterol esterification by dietary FAs, we were 
able to build upon the current model for partitioning of 
dietary cholesterol in enterocytes. Though a number of 
genes involved in cholesterol channeling have been iden-
tified in multiple animal models, including the larval ze-
brafish, the stepwise details of how these processes occur 
and are regulated in enterocytes are not fully character-
ized. Sorting of dietary sterols begins upon absorption: af-
ter entering the enterocyte through the NPC1L1 transport 
pathway, dietary cholesterol is largely retained in the cell, 
while the bulk of absorbed phytosterols are trafficked back 
to the intestinal lumen through the ABCG5/ABCG8 sterol 
efflux transporter (51). Once dietary cholesterol is trans-
ported to the endoplasmic reticulum (ER), it may be in-
corporated into enterocyte membranes or packaged into 
lipoproteins or lipid droplets with or without being esteri-
fied first at the ER membrane by ACAT2 (52).

Though the mechanisms regulating whether or not a 
newly absorbed dietary cholesterol molecule is esterified 
are still largely unknown, our results suggest that the amount 
of CE synthesized from newly absorbed dietary FA is primar-
ily responsive to the amount of newly absorbed and meta-
bolically available dietary cholesterol. Cholesterol was 
abundant in the digestive tissues of the 6 dpf larval zebrafish 
(determined by dissection and HPLC-CAD analysis; data 
not shown), but the cholesterol present before feeding ap-
peared to be inaccessible to esterification by ACAT, likely 
due to being located in the plasma membrane (53). There 
was no statistically significant difference in the whole-body 
cholesterol content of larval zebrafish that had been fed 
HF/HC, LF/LC, or LF/HC meals when experimental sam-
ples were taken long enough after the withdrawal of food 
for the contents of the intestinal lumen to clear (Table 1, 
supplemental Fig. S4A). Additionally, neither ezetimibe 
nor an ACAT inhibitor produced a detectable change in 
total cholesterol within the time frame and treatment pa-
rameters of the experiments described herein (supplemen-
tal Fig. S4B). This illustrates the importance of metabolic 
labeling in the study of metabolism of a single lipid species, 
as without the fluorescent marker we employed, the signal-
to-noise ratio would have been too low to detect changes in 
CE synthesis from newly absorbed dietary lipids in entero-
cytes. Physical segregation of ACAT2 from non-ER-located 
cholesterol pools and/or a lack of transport of cholesterol 
from other cellular structures to the ER may account for 
this effect; more work must be done to elucidate how 

ACAT2 activity is regulated. The method of tracking CE syn-
thesis through metabolic labeling with fluorescent FAs will 
be an important complement to radioactive labeling meth-
ods in further studies of dietary cholesterol processing.

In summary, the HPLC-CAD/fluorescence lipidomics 
methods described allow for high-throughput analysis of 
both total lipids and the products of fluorescent metabolic 
tracers in a single sample, using equipment that requires a 
much lower initial investment and smaller support infra-
structure when compared with MS methods. The ability to 
pair this metabolic labeling method with live imaging us-
ing the same fluorescent lipid reagents is a major advan-
tage of this approach. Using this platform, we provide the 
most comprehensive analysis of fluorescent FA metabolism 
to date, new insights into zebrafish models for dyslipid-
emia, and evidence for coupling between dietary choles-
terol uptake and esterification.

The authors acknowledge Marc Plante (formerly of Thermo 
Fisher Scientific) for providing excellent advice on setting up 
the HPLC method, Isaac Kim for providing HPLC assistance, 
and Carmen Tull, Andrew Rock, and Jennifer Anderson for 
maintaining fish stocks.
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