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A B S T R A C T

The zebrafish larva is a powerful tool for the study of dietary triglyceride (TG) digestion and how fatty acids (FA)
derived from dietary lipids are absorbed, metabolized and distributed to the body. While fluorescent FA ana-
logues have enabled visualization of FA metabolism, methods for specifically assaying TG digestion are badly
needed. Here we present a novel High Performance Liquid Chromatography (HPLC) method that quantitatively
differentiates TG and phospholipid (PL) molecules with one or two fluorescent FA analogues. We show how this
tool may be used to discriminate between undigested and digested TG or phosphatidylcholine (PC), and also the
products of TG or PC that have been digested, absorbed and re-synthesized into new lipid molecules. Using this
approach, we explored the dietary requirement of zebrafish larvae for phospholipids. Here we demonstrate that
dietary TG is digested and absorbed in the intestinal epithelium, but without dietary PC, TG accumulates and is
not transported out of the enterocytes. Consequently, intestinal ER stress increases and the ingested lipid is not
available support the energy and metabolic needs of other tissues. In TG diets with PC, TG is readily transported
from the intestine and subsequently metabolized.

1. Introduction

High postprandial plasma lipid levels have proven to be a major risk
factor associated with cardiovascular disease [1,2], necessitating a
better understanding of lipid digestion and subsequent export from the
intestinal epithelium to the circulation. The zebrafish larva is a pow-
erful tool for the study of the cell biology and metabolism of lipids,
because it allows for the visualization of digestive processes at both the
whole organ and subcellular levels, which can be coupled with tractable
biochemical assays of lipid metabolism [3,4]. Recently the later larval
stages, as well as the adult zebrafish, have come more into focus as
many organ functions have been found analogous to their mammalian
equivalents [4,5]. Additionally, gene expression and regulation in the
intestinal epithelial cells is highly conserved between zebrafish and
mammals, including functional specialization along the length of the
digestive tract [6]. At five to seven days post fertilization (dpf), the
optically clear zebrafish larva is ready for its first exogenous meal
providing opportunities for live physiological studies not possible in
mammals [3]. Furthermore, the minimally convoluted digestive tract is
ideal for microscopy to explore the function of specific dietary lipids in
digestion and fat absorption. While the small size and transparency of

the zebrafish larva facilitates live imaging of lipid processing and
transport in larvae fed fluorescently labeled lipids, complementary
biochemical studies employing either fluorescent or radiolabeled lipids
as metabolic tracers allow quantification of lipid processing [3,7,8].
Feeding fish larvae 14C-labeled lipids before placement in a metabolic
chamber allows for the quantification of lipid that is evacuated in the
feces, used in beta oxidation, and deposited as complex lipids (e.g.
neutral/polar lipids) [9], and both fluorescent and radioactive lipids
may be fed to larvae for quantitation of complex lipid products by
chromatographic methods [10,11]. However, due to the small size of
the zebrafish larva it is not practical to separate the contents of the
intestinal lumen from the intestinal tissue before extraction of lipids for
biochemical experiments. Because of this, the distinction between un-
digested lipid in the intestinal lumen and lipid contained within in-
testinal tissue has not been possible. When studying hydrolysis, ab-
sorption and transport of dietary lipids from the intestine to the body, it
is crucial to be able to quantify these processes. Here we present such a
method, broadening the utility of the zebrafish model system.

Lipids are digested in the vertebrate intestinal lumen by specific
lipases; secretory phospholipase A2 group IB (sPLA2 IB) hydrolyzes
dietary phospholipids (PL) to one free fatty acid (FFA) and one lyso-
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phospholipid (lyso-PL) [7,12]. Dietary triglyceride (TG) digestion
varies among species: in mammals this process is initiated by gastric
lipase (LIPF), belonging to the highly homologous family of acidic li-
pases [13]. Even though a putative LIPF gene is present in the zebrafish
genome, there is no evidence of gastric lipase activity in any teleost fish
[14]. While in most vertebrates TG are only partly digested to two FFA
and monoacylglycerol in the intestinal lumen due to the hydrolytic
activity of pancreatic lipase in combination with colipase [15], dietary
triglycerides are processed differently in some species of fish. For ex-
ample, there is a complete digestion of TG to three FFA and one glycerol
molecule by bile-activated lipase in the Atlantic cod (Gadus morhua),
and the pancreatic lipase is not predicted to be functional due to mu-
tations within the domain known to be responsible for its lipolytic ac-
tivity [16]. Here we present an analysis of putative lipase genes in the
zebrafish genome, providing evidence that TG digestion to FFA in larval
zebrafish is not stereospecific, but random.

We set out to develop tools allowing us to investigate how nutrients
(e.g. PL) influence the digestion, absorption and re-synthesis of dietary
TG, not only qualitatively but also quantitatively. We also investigated
whether these tools could be used to explore the effect of pharmaceu-
ticals on lipid digestion.

2. Materials and methods

2.1. Fluorescent lipid synthesis

11-(dipyrrometheneboron difluoride) undecanoic acid (C11

TopFluor® fatty acid): C11 TopFluor® fatty acid was synthesized ac-
cording to published methods [17]. 1H NMR (CDCl3, 400MHz): δ 6.04
(S, 2H), 2.94(m, 2H), 2.51 (S, 6H), 2.41 (S, 6H), 2.35 (t, J; 6.3 Hz, 2H),
1.63 (m, 4H), 1.49 (m, 2H), 1.30 (m, 10H). ESI-MS: [M-H]- 431.50;
[M+Cl]- 467.60.

1,2-dioleoyl-3-[11-(dipyrrometheneboron)undecanoyl]-sn-glycerol
(18:1–18:1-C11 TopFluor® TG): 18:1–18:1-C11 TopFluor® TG was
prepared with EDCI coupling of 1,2-dioleoyl-sn-glycerol (Avanti Polar
Lipids) and C11 TopFluor® acid in anhydrous dichloromethane at room
temperature. 1H NMR (CDCl3, 400MHz): δ 6.05 (S, 2H), 5.34 (m, 4H),
5.25 (m, 1H), 4.29 (dd, J, 2.5, 7.5 Hz; 2H), 4.14 (dd, J, 5.0, 7.5 Hz; 2H),
2.92 (m, 2H), 2.51 (S, 6H), 2.41 (S, 6H), 2.32 (m, 6H), 2.01 (m, 8H),
1.61 (m, 8H), 1.50 (m, 2H), 1.30 (m, 50H), 0.90 (t, J, 5.0 Hz, 6H). ESI-
MS: [M+H]+1053.70.

1-oleoyl-2,3-di[11-(dipyrrometheneboron)undecanoyl]-sn-glycerol
(18:1-C11 TopFluor®–C11 TopFluor® TG): 18:1-C11 TopFluor®-C11
TopFluor® TG was prepared with EDCI coupling of 1-oleoyl-sn-glycerol
(Avanti Polar Lipids) and C11 TopFluor® acid in anhydrous di-
chloromethane at room temperature. 1H NMR (CDCl3, 400MHz): δ
6.05 (S, 4H), 5.34 (m, 2H), 5.25 (m, 1H), 4.29 (dd, J, 2.5, 7.5 Hz; 2H),
4.14 (dd, J, 5.0, 7.5 Hz; 2H), 2.92 (m, 4H), 2.51 (S, 12H), 2.41 (S, 12H),
2.32 (m, 6H), 2.02 (m, 4H), 1.61 (m, 8H), 1.50 (m, 4H), 1.30 (m, 42H),
0.90 (t, J, 5.0 Hz, 3H). ESI-MS: [M+NH4]+1202.7,
[M+NH3+Na]+ 1224.6, [M+NaCl+H]+1244.7.

1-palmitoyl-2-[11-(dipyrrometheneboron difluoride)undecanoyl]-
sn-glycerol-3-phosphocholine (TopFluor® PC, Avanti Polar Lipids): 1H
NMR (CDCl3:CD3OD 8:2, 400MHz): δ 6.07 (S, 2H), 5.22 (m, 1H), 4.41

Table 1
The effect of dietary lipid composition on expression of genes in several pathways involved in lipid metabolism was measured by qRT-PCR.

Gene Accession # Gene name Primer sequence Amp. size Pathway

mttp NM_212970.1 Microsomal triglyceride transfer protein F: GGACACCTGCCACATGAGAT
R: ATCCACGGTTTCTGCCATGA

186 Chylomicron assembly

apoA-1a NM_131128.1 Apolipoprotein AIa F: TAAGCTGACCGAGCGTCTTG
R: TCTGTGCGAATGTGGTCCTC

179 Chylomicron assembly

apoA-IV NM_001079861.1 Apolipoprotein AIV F: ACTGTGACCCAAATCACACTTCT
R: GCATCTGGTGGGATGGCTAA

132 Chylomicron assembly

apoB XM_689735.8 Apolipoprotein B F: CTCTTTGGAGAGCGCTTGGA
R: AGCGTGGAACGAAGACCATT

123 Chylomicron assembly

sar1b NM_001024377.2 Secretion associated Ras related GTPase 1b F: CAGACGAGACCATCGGCAAT
R: CCCTTTCCTGTCGTCTGACC

124 Chylomicron assembly

edem1 NM_201189.2 ER degradation enhancing alpha-mannosidase like protein 1 F: GGCACCCGTTTGGAGATGTA
R: GGGATGCCTGTGCTAGTGTT

115 ER stress

edem2 NM_001305614.1 ER degradation enhancing alpha-mannosidase like protein 2 F: GACAGAATCAGCCGGGTCAA
R: CTCAAACTCTGTGCCCGTGT

165 ER stress

hsp70 NM_001113589.1 Heat shock protein 70 F: GACCTCTTCAGGGGAACACTA
R: GTTGATCCCCCAACCAGCAC

101 ER stress

plin3 XM_005166931.3 Perilipin 3 F: ATGGTGCGTGGTTTGAGTGA
R: CTGCAGTAAGAGGACGGGTG

174 Lipid droplet

pnpla2 XM_005166931.3 Patatin like phospholipase domain containing 2 F: CACCGGAGCCTGTTTAGGAG
R: ATCACGCGGTGTAAGTGTGT

135 Lipid droplet

cpt1 XM_005166473.3 Carnitine palmitoyltransferase 1 F: GCTGTACAGGAGGAAGCTGG
R: AGTCCCTCTCCTTTCCTGGG

131 Beta-oxidation

Agpat4 NM_212992.1 1-Acylglycerol-3-phosphate O-acyltransferase 4 F: ATATTCCGCTCGGTGCCATC
R: TCCTTTTGTCCCTGTCGTGG

167 PA synthesis

Agpat9-like NM_001099450 1-Acylglycerol-3-phosphate O-acyltransferase 9, like F: GACCTGGTTGGTAATCGGCA
R: GCCGCCTTTCTTAGGTCTGT

166 PA synthesis

Gpat3 NM_001002685 Glycerol-3-phosphate acyltransferase 3 F: GCAAGGTGAAGAACTGGCTC
R: AATCGGGGAAGTGTGGTTGG

149 LPA synthesis

Gpat4 NM_001040249 Glycerol-3-phosphate acyltransferase 4 F:GTCTCACGATGCTCCAATATACA
R: TCACATCAAGGTCCACAGCC

112 LPA synthesis

Mogat2 NM_001326700.1 Monoacylglycerol O-acyltransferase 2 F: CGAGCATGAGAGTGGGAAGC
R: GCCAGGAATGAGAAGACCCA

148 DAG synthesis

Mogat3b NM_001008626.3 Monoacylglycerol O-acyltransferase 3b F: GGGGACAGGTCACCATGGAA
R: TCTCAGGTGTGTGCCAATCA

181 DAG synthesis

Dgat1a NM_199730.1 Diacylglycerol O-acyltransferase 1a F: CCAAAGCTCGAACCCTGTCT
R: TCTGTGTGTGAGGTTTCCCG

107 TG synthesis

Dgat1b NM_001002458.1 Diacylglycerol O-acyltransferase 1b F: GAGTTGCCACAAGTTGCAGG
R: GAGACGTGCGTTGCTCAAAA

112 TG synthesis

Dgat2 NM_001030196.1 Diacylglycerol O-acyltransferase 2 F: TTCCGGTGTCAAAAAGGGCT
R: CAGCAGCAAAGAGCAAGCAA

169 TG synthesis
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(m; 1H), 4.24 (m, 2H), 4.15 (m; 1H), 4.02 (m; 2H), 3.57 (m; 2H), 3.21
(s; 9H),2.95 (m, 2H), 2.50 (S, 6H), 2.43 (S, 6H), 2.31 (m, 4H), 1.61 (m,
6H), 1.48 (m, 2H), 1.26 (m, 30H), 0.90 (t, J, 5.0 Hz, 3H). ESI-MS:
[M+H]+911.10, [M+Na]+933.10, [M+NaCl+H]+969.20.

1,2-di[11-(dipyrrometheneboron difluoride)undecanoyl]-sn-gly-
cerol-3-phosphocholine (Bis-C11 TopFluor® PC): Bis-C11 TopFluor® PC
was prepared with DCC coupling of sn-glycerol-3-phosphocholine and
C11 TopFluor® acid in anhydrous chloroform at room temperature. 1H
NMR (CDCl3, 400MHz): δ 6.05 (S, 4H), 5.22 (m, 1H), 4.40 (m; 1H),
4.34 (m, 2H), 4.15 (m; 1H), 4.00 (m; 2H), 3.76 (m; 2H), 3.34 (s; 9H),
2.92 (m, 4H), 2.51 (S, 12H), 2.41 (S, 12H), 2.29 (m, 4H), 1.61 (m, 8H),
1.48 (m, 4H), 1.27 (m, 20H), 0.90 (t, J, 5.0 Hz, 3H). ESI-MS:
[M+H]+1087.20.

2.2. Diets

The diet emulsions consisted of 20.6 μM total lipid. The 100% TG
(100TG) emulsions comprised 14.2 μM unlabeled lipids (canola oil,
Bunnpris, Norway) and 6.4 μM TopFluor® labeled lipids. In emulsion
diets including PC (60TG), mixed L-α-Phosphatidylcholine from
chicken egg yolk (Sigma-Aldrich, Germany) was added. See Table 1 for
the lipid compositions of the different diets. Lipids dissolved in
chloroform were flushed with N2 until chloroform was totally evapo-
rated. Lipids were then dissolved in 5 μL ethanol per mL of emulsion. To
aid emulsification of diets, 1.5 μL Tween 20 was added per mL

Fig. 1. A) Fish larvae swim in the emulsion of 20.6 μM lipid of which 6.4 μM is fluorescently labeled with TopFluor. The graph shows the size distribution (area) of
dietary lipid particles. B) The emulsion diet enters the intestine and lipids are hydrolyzed. C) Absorbed free fatty acids inside the enterocyte are incorporated into TG
molecules. The theoretical distribution of TopFluor-labeled FAs is given for the 100TG diet.

Table 2
Top panel: concentration of lipids in diets. The average molecular weight of
canola oil was calculated based on the fatty acid profile. Lower panel: theore-
tical distribution of TopFluor labeled fatty acids in resynthesized TGs and PCs in
intestinal tissue after digestion and absorption of the trial diets. Calculations are
based on full hydrolysis of TG (three FFAs) and partial hydrolysis of PC (one
lysoPC and one FFA).

Diets 100TG 60TG PC60TG

Canola oil 14.2 μM 8.52 μM 8.52 μM
PC 5.68 μM 5.68 μM
bis-TopFluor TG 6.4 μM 6.4 μM
bis-TopFluor PC 6.4 μM
Theoretical products
0 TopFluor TG 49.8% 30.1% 23.6%
1 TopFluor TG 39.1% 30.7% 14.5%
2 TopFluor TG 10.2% 10.4% 3.0%
3 TopFluor TG 0.9% 1.2% 0.2%
0 TopFluor PC 20.6% 24.3%
1 TopFluor PC 7.0% 29.3%
2 TopFluor PC 5.0%

Fig. 2. Chromatograms of a standard mix (A) of double (red) and single (blue)
labeled TG and labeled free fatty acid (green). B) Separation of a sample from
zebrafish larvae fed the 100TF diet. The large peak of double-labeled TG ori-
ginates from undigested luminal lipid. The peaks at 16 and 18min appear
where diacylglycerol and monoacylglycerol are expected to be. C) Standard
curves for double labeled TG (y= 4201.7x, R2=0.99), single labeled TG
(y=7617.9x, R2= 0.99) and labeled FA (y=13,853x, R2= 0.99) from 4 to
30 fmol.
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emulsion. ddH2O was then added to the desired volume and the oil/
water mix was vortexed before sonication. Double labeled fluorescent
TG or PC (TopFluor®, Avanti Polar Lipids, USA) was added at 6.4 μM to
both diets. TopFluor is a boron-dipyrromethene (BODIPY)-like fluor-
escent dye. The synthesis of BODIPY was first described by Loudet
et al., in 2007 [18].

2.3. Larval zebrafish & feeding trials

The wild-type AB zebrafish strain was used for the experiments.
Eggs were incubated in E3 medium for 6 days post fertilization at 28 °C,
with 14 hours light exposure and 10 hours darkness per day.

This study was carried out within the Norwegian animal welfare act
guidelines, in accordance with the Animal Welfare Act of 20th
December 1974, amended 19th June 2009 and approved by FDU, FOTS
ID 8131.

Feeding was carried out in 24-well plates with 15 larvae in each
well for 60 or 120min, and each treatment was done in triplicate for the
HPLC analysis. Orlistat (GlaxoSmithKline, UK) [19] was used to block
neutral lipase activity in the intestinal lumen of the larvae, and 2,4-
dibromoacetophenone (Sigma-Aldrich, Germany) was used to block
luminal phospholipase activity [20]. As both of these drugs are water-
insoluble, they were ground to a fine powder that was suspended in E3
medium at 1mg/mL. This treatment protocol was validated, and larvae
exposed to either drug showed significantly reduced lipase activity
(Supplementary Fig. 1). In feeding trials, the larvae swam in the drug-
saturated medium for 1 h before feeding in addition to inclusion of
either Orlistat or 2,4-dibromoacetophenone in the emulsion diets.

For imaging to demonstrate emulsification of intestinal contents
and/or accumulation of lipid in intestinal enterocytes, six larvae from
each drug treatment group were fed the lipid diet emulsions described
above. For live imaging, larvae were anaesthetized with metacaine
(100mg/L, MS-222, Norsk medisinaldepot AS, Bergen, Norway). For
images demonstrating accumulation of lipid in enterocytes, larvae were
kept in E3 medium post-feeding to evacuate excess gut content before
being euthanized with an overdose of metacaine (300mg/L) and fixed
overnight in 4% paraformaldehyde in PBS (pH 7.2) before transfer to
30% sucrose. At the end of the feeding experiments for HPLC analysis,
the larvae were euthanized with an overdose of metacaine (300mg/L)
and rinsed in ddH2O.

2.4. HPLC

To extract lipids for HPLC, larvae were added to 750 μL of a 2:1
methanol:chloroform mix and sonicated until completely homogenized,
then 250 μL chloroform and 250 μL ddH2O were added and vortexed
thoroughly [21]. After centrifugation (14,000 rpm, 5min at 4 °C), the
lipid fraction was collected. Total lipid extracted from the zebrafish was
then separated by HPLC (Dionex UltiMate 3000 LC, Thermo Fisher
Scientific Inc.) and quantified with a fluorescence detector (Dionex
UltiMate 3000 RS). For optimal separation of the lipid classes, separate
runs were performed for neutral and polar lipids. Neutral lipids were
separated on a silica column (Kromasil 100–3.5-SIL 2.1× 150mm, Eka
Chemicals AB., Bohus, Sweden). Each run takes 34min with a flow of
0.4 mL/min, starting with a gradient of heptane with 0.5% to 10% of
isopropanol for 21min followed by 14min reconditioning with 0.5%
isopropanol in heptane. Polar lipids were separated on a silica column
(Pinnacle DB Silica 150× 2.1mm, 3 μm, Restek, Bellfonte, PA, USA) in
a 12min isocratic run, with a 0.4mL/min flow of 52% isopropanol,
40% heptane and 8% ddH2O. Standards mixed with unlabeled lipids
and total lipids from samples were dissolved in chloroform as the in-
jection solvent. The detector was set to λ Ex= 489 nm and
Em=509 nm.

2.5. Microscopy

Larvae were photographed to demonstrate emulsification of in-
testinal content with an AZ100 makroskope (Nikon, Japan) and DS Fi1
camera (Nikon, Japan). For images demonstrating accumulation of
lipid in intestinal membrane, larvae were mounted in methylcellulose.
Imaging was done on a Ti-E inverted microscope (Nikon, Japan) with a
CFI Super Plan Fluor ELWD ADM 20 X C PH-1 objective, numerical
aperture 0.45 (Nikon, Japan), and a C2+ confocal scanner (Nikon,
Japan). The confocal scanner settings were; first filter cube: 447/60,
second filter cube: 525/50595 LP, laser wavelength: 488, laser power:
4.8 and pinhole size: 30 μm2.

2.6. RNA extraction and qPCR

Euthanized larvae were homogenized on Quiazol (Qiagen) using a
Precellys 24 (Bertin Technologies). Total RNA was extracted from the
whole fish on a Bio Robot EZ1 using the EZ1 RNA Universal Tissue Kit
with the RNase-free DNase Set (Qiagen), according to the manufac-
turer's instructions. The quantification and purity of RNA was assessed
with the NanoDrop ND-1000 UV–Vis Spectrophotometer (NanoDrop
Technologies). For all total RNA samples, the optical density ratio at
260/280 nm ranged between 1.70 and 1.98. RNA integrity numbers
[22,23] were between 8.2 and 9.7.

RT reactions and qPCR were run according to published methods
[24]. Genes coding for proteins involved in assembly and transport of
chylomicrons, ER-stress, cytosolic lipid droplet metabolism and mi-
tochondrial ß-oxidation were analyzed (Table 1). Results were calcu-
lated as the arithmetic mean using ubiquitin and beta-actin as reference
genes based on the study of Sæle et al. [24]. Normalization was per-
formed using the geNorm Visual Basic for Applications applet for Mi-
crosoft as previously described by Vandesompele et al. [25]. Accession
number, primer sequences and product size for each quantitative PCR
assay are given together with the corresponding biological pathway in
Table 1.

2.7. Data mining & statistics

BLAST searches were done in the Zebrafish genome (GRCz10, en-
semble genome browser 90). Pancreatic lipase (pnlip) has been anno-
tated Pancreatic lipase related protein 2 (pnliprp2) in fish; therefore,
pnliprp2 was used when searching the zebrafish genome for pancreatic
lipase. Verified pancreatic lipase and colipase sequences from cave fish
(Astyanax mexicanus) [pnliprp2 (ENSG00000266200) and CLPS
(ENSAMXG00000007696)], spotted gar (Lepisosteus oculatus) [pnliprp2
(ENSLOCG00000009574) and CLPS (ENSLOCG00000011147)] and
Xenopus (Xenopus tropicalis) [pnliprp2 (ENSXETG00000004181) and
clps (ENSXETG00000032290)] were used as templates for the searches.
Synteny maps of the colipase (clps) gene locus and the pancreatic lipase
(pnlip) gene locus in human and zebrafish were generated in Ensembl
release 90 - August 2017.

Potential differences in fluorescence between the feeding groups
(60TG and 100TG) after 60 and 120min were tested with a factorial
ANOVA. The Tukey HSD post hoc test was used to identify significant
differences between group means. For the analysis of gene expression
levels, a Student's t-test was used. Differences and effects were con-
sidered significant at p < 0.05, and all significant differences were
annotated with unlike letters in figures. ANOVA, post hoc analyses and
t-tests were performed on Statistica 12.0 (StatSoft, Inc.). Data are pre-
sented as means and standard deviations.

3. Results

To investigate dietary triglyceride lipolysis and transport by the
intestinal epithelium, larval zebrafish were immersed in emulsified li-
quid defined diets containing varying amounts of PL and TG. We
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synthesized a novel triglyceride containing two fluorescently labeled
acyl chains to track both lipolysis and transport through the digestive
organs of transparent larvae. The fluorescence enables tracing of la-
beled lipids using live imaging. However, to enable quantitative se-
paration between luminal undigested lipid and digested, absorbed and
re-synthesized lipid, feeding larvae the dual acyl chain label in the TG
in combination with non-labeled TG presented a solution. Our novel
HPLC method allows for separation between TG with single and dual
acyl chain labels. Feeding the larvae large quantities of non-labeled TG
together with the dual acyl chain label TG ensures that all single labeled
TG can only originate from digested and absorbed lipid (Fig. 1). Dietary
PL play an important role in absorption and transport of TG [26–28].
Based on this we hypothesized that a shortage of dietary PL could limit
lipoprotein synthesis and subsequent TG transport from enterocytes,
the absorptive cells of the intestine [29]. To test the effect of PL on TG
digestion and transport, we produced one emulsion with 100% TG
(100TG) and one with 60% TG and 40% phosphatidylcholine (60TG) by
mass, both containing the fluorescent TG described above. Zebrafish
larvae (6 dpf) were fed the fluorescently labeled 100TG and 60TG diets
and then whole–larva lipid extracts were analyzed by HPLC with
fluorescent detection.

To predict whether or not larval zebrafish would express the

enzymes necessary for complete or partial dietary triglyceride diges-
tion, we searched for orthologs of genes encoding human digestive
enzymes in the zebrafish genome (GRCz10, ensemble genome browser
90). A BLAST search did not locate any orthologs of human pancreatic
lipase (pnlip), pnlip 1 and 2, or colipase (clps) in zebrafish. Aligning a
702.61 Kb part of the human genome, comprising the loci for pnlip and
flanked by known neighboring genes such as gfra1 and ENO4, with the
corresponding grfa1 and eno4 containing region of the zebrafish
genome shows the absence of pnlip in the zebrafish (Supplementary
Fig. 2). For closer investigation of the presence of colipase a 151.24 Kb
region of the human genome, comprising the loci for clps, with known
neighboring genes such as lhfpl5 and srpk1 with the corresponding
lhfpl5 and srpk1 containing region of the zebrafish genome show the
absence of clps in the zebrafish (see Supplementary Fig. 2). However,
the digestive enzyme Carboxyl ester lipase (cel), sometimes referred to
as Bile-activated lipase (bal), is present. Zebrafish have two cel paralogs,
cel1 (ENSDARG00000017490) and cel2 (ENSDARG00000029822). This
supports the hypothesis that zebrafish, like the Atlantic cod, should be
able to digest TG completely to FFA and glycerol in the intestinal
lumen.

Assuming that complete TG digestion takes place and the rates of
hydrolysis of fluorescently labeled and unlabeled TG are equal, the
probability of finding a double labeled TG resynthesized in the in-
testinal tissue was 10%, TG with one labeled fatty acid was 39%, un-
labeled TG was 50%, and TG with all three fatty acids labeled was<
1% for larvae fed the 100TG diet. The theoretical distribution of lipid
types in larvae fed the other test diets is given in Table 2. HPLC peaks
that were present in lipid extracts from larvae were identified as single
and double labeled TG and labeled FFA using standards (Fig. 2A). When
lipid extracts from fish fed the 100TG diet were run additional peaks
appeared at 16 and 18min, in the area where diacyl- and mono-
acylglycerols are expected. A minimal quantity of labeled FFA was
detected (Fig. 2B). Standard curves prepared by HPLC quantitation of
known amounts of purchased fluorescent lipid standards show that the
level of fluorescence increases twice as fast (2.1× for PC and 1.8× for
TG) in the single labeled lipid molecule when compared to the double
labeled counterpart (see Figs. 2 and 3). This is the result of the
quenching effect of the proximity of two fluorophores, resulting from
the fluorescence resonance energy transfer (FRET) in the double labeled
lipids [30,31] (Figs. 2C, 3C). HPLC of polar lipids from larvae fed la-
beled PC resolved peaks corresponding to single and double labeled PC
standards (Fig. 3).

HPLC analysis revealed major metabolic differences in response to
the two diets. Specifically, analysis of the lipid extracts from animals
exposed to the diet lacking PL (100TG) revealed an accumulation of
single labeled TG indicating that the double labeled substrate was
subject to lipolysis and resynthesis/remodeling. Confocal microscopy
performed to determine the subcellular localization of this TG revealed
fluorescence within enterocytes, likely in cytosolic lipid droplets (CLD)
(Fig. 4). Stored single labeled TG in the larvae given the 60TG diet was
low; 0.46 (0.24 SD) fmol per larva after 60min and 0.79 (0.55 SD) fmol
per larva after 120min. This is in contrast to when PC was excluded
from the emulsion diet (100TG), significantly more TG was stored;
18.46 (1.32 SD) fmol per larva after 60min (p= 0.0002) increasing to
32.09 (3.85 SD) fmol after 120min (p= 0.0002). Interestingly, there
was a trend that more double labeled TG was found in zebrafish larvae
fed the 100TG diet compared to those fed 60TG, but this was not sta-
tistically significant. There was more fluorescently labeled FFA in the
larvae fed the 100TG diet compared to the 60TG diet group, but this
decreased with time.

Expression of genes related to lipid transport and synthesis, chylo-
micron assembly, beta-oxidation, ER stress and cytosolic lipid droplet
metabolism was measured by qRT-PCR in larval zebrafish. The ex-
pression of the sar1b (Secretion-Associated Ras-Related GTPase 1B)
gene, important for transferring the nascent chylomicron from the ER to
the Golgi apparatus [32], was higher in larvae fed the 60TG and 100TG

Fig. 3. A) Chromatogram of a standard mix of double (red) and single (blue)
labeled PC. B) Separation of a sample from zebrafish larvae fed the 60% TG and
40% PC diet containing labeled PC. C) Standard curves for double labeled PC
(red, y=7219.8x, R2=0.99) and single labeled PC (blue, y=14,850x,
R2= 0.99) from 2 to 30 fmol.
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diets (Fig. 5). On the other hand, edem1 (ER Degradation Enhancing
Alpha-Mannosidase-Like Protein 1), an important component in ER-
associated degradation (ERAD) [33] and hsp70 (Heat Shock Protein 70),
a chaperone involved in stabilization of apolipoproteins [34], were
significantly up-regulated in the 100TG group.

Expression of apoA-IV (Apolipoprotein A-IV), an apolipoprotein in-
volved in the assembly of ApoB-containing lipoproteins in enterocytes
[35,36], was up-regulated in the 100TG group. Expression of cpt1
(Carnitine Palmitoyltransferase 1), a controlling factor of mitochondrial
beta-oxidation, was also down-regulated in the 100TG group (Fig. 5).
Out of the two genes associated with CLD metabolism, plin3 (Perilipin
3) was up regulated in the 100TG group (Fig. 5), and Patatin-Like
Phospholipase Domain-Containing 2 (pnpla2), was not regulated in re-
sponse to the diet (Supplementary Fig. 3). Mogat2 and mogat3b
(Monoacylglycerol O-acyltransferase 2 and 3b), coding for enzymes
synthesizing diacylglycerol (DAG) from 2-monoacylglycerol (2-MAG)
and fatty acyl-CoA in the intestine, were up-regulated in the 100TG
group (Fig. 5), while the genes coding for the enzyme required for the
following step in TG synthesis, dgat1a, dgat1b and dgat2 (Diacylglycerol
O-acyltransferase 1a, 1b and 2), were not regulated in response to the
diet (Supplementary Fig. 3). Out of the genes involved in de novo
synthesis of TG (the Kennedy pathway) only agpat4 (1-acylglycerol-3-

phosphate O-acyltransferase 4), which synthesizes phosphatidic acid
(PA) from lyso-phosphatidic acid (LPA), was regulated according to
diet, with higher expression in the 100TG group.

To investigate if feeding double labeled lipids in an emulsion to
zebrafish larvae may be a suitable tool to investigate pharmaceutical
impact on lipid digestion, digestion of both PL and TG was challenged
with two known lipase inhibitors. To inhibit neutral lipase activity,
Orlistat (GlaxoSmithKline, UK) [19] was added to the medium of one
treatment group. For the inhibition of luminal sPLA2 activity, 2,4-di-
bromoacetophenone (Sigma-Aldrich, Germany) [20] was added to the
second treatment group. Together with a control treatment without any
lipase inhibitors, the three groups were fed PC60TG diet, with double
labeled PC. Microscopy of the intestines of fed fish larvae reveals that
the intestinal lumens of the control group exhibit diffuse fluorescence, a
result of advanced emulsification facilitated by FFA produced from li-
pase activity (Fig. 6B). When TG hydrolysis is blocked with Orlistat, the
larger water-dispersed lipid globules from the emulsified feed remain
intact, producing an intense fluorescence within the intestinal lumen
(Fig. 6C).

The HPLC analysis showed that the control group contained an
average of 0.34 (0.08 SD) fmol single labeled PC per larvae, but none
could be detected in the two lipase inhibitor treatment groups.

Fig. 4. Left panel: anterior intestine of zebrafish larvae (see red frame in A). Larvae in panel B were fed a 100% TG diet and larvae in panel C were fed 60% TG and
40% PC diet. Both diets were labeled with double labeled TG. The pure TG diet is digested and absorbed, but accumulates in intestinal epithelia (B). When PC is
added to the diet, products of digested fluorescent TG do not accumulate in intestinal tissue (C). Images are representative of 6 larvae per group. Right panel: D, E and
F show quantification by HPLC of labeled lipid per larva after 60min feeding (dark colored column) and 120min (light colored columns).
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Significantly more double labeled PC was found in the groups given
lipase blockers (p=0.02). This indicates that both lipase blockers
prevented uptake of double-labeled PC or its labeled FFA or lyso-PC
products into enterocytes, where they would have been used to syn-
thesize single-labeled PC (among other products not detected by the
assay).

4. Discussion

Feeding larval zebrafish a meal containing only triglyceride (100TG
diet) led to dietary TG accumulation in the enterocytes when compared
with larvae fed phospholipid along with triglyceride (60TG diet).
Similar results have been observed by electron microscopy in another
fish species, where the lack of dietary PL led to increased CLD size and
numbers [37], but the use of double-labeled fluorescent lipids in the
larval zebrafish reveals the contribution of dietary lipid to this accu-
mulation of TG in enterocytes. We hypothesize that neutral lipid ac-
cumulates when the supply of PL is insufficient to form chylomicron/
VLDL particles for export at a high enough rate to keep up with dietary
lipid absorption. Both transport (chylomicron/VLDL type particles) and
storage (CLD) particles contain a PL monolayer surrounding the more
hydrophobic lipids contained within their cores. Despite this PL

requirement for both particles, the surface area to volume ratio is ty-
pically much lower in CLDs than in chylomicrons and VLDL. A large
VLDL particle may have a diameter of 60 to 200 nm whereas an en-
terocytic CLD may be several microns [38]. As concluded by Penno
et al., [39] “The amount of phospholipid required for lipid droplet
monolayer expansion is remarkably small.” It has also been demon-
strated that compromised PC biosynthesis by RNAi inactivation of
Phosphate Cytidylyltransferase 1 and 2, Choline alpha leads to fewer
but larger lipid droplets [40].

One of the first steps in chylomicron formation is when ApoB,
chaperoned by MTTP, forms a complex with a dense particle (Fig. 7).
The dense particle contains mostly PLs and cholesterol [36]. If the ApoB
molecule does not merge with a dense particle, ApoB becomes unstable
and is degraded via the endoplasmic-reticulum associated protein de-
gradation (ERAD) and autophagy pathways. Edem1 and Hsp70 are es-
sential proteins in these systems, respectively [41]. Depriving the larvae
of dietary PL should lead to dramatically lower dense particles in the
enterocyte ER increasing the pressure on the ERAD and autophagy
pathways, which may explain the increase in edem1 and hsp70 ex-
pression in larvae fed the 100TG diet. As expected, expression of plin3
(a CLD coating protein) increased along with enterocyte lipid droplet-
associated fluorescence in larvae fed the 100TG diet, while expression

Fig. 5. Transcriptional levels of genes associated with lipid metabolism expressed as the mean normalized expression (NME). Larvae were fed a diet composed of 60%
TG and 40% PC (60TG) or 100% TG (100TG). Statistically different gene expression levels are indicated with different letters. (p < 0.05, Student's t-test.)
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Fig. 6. A) Left panel: anterior intestine of zebrafish larvae (see red frame). B) and C) Larvae were fed a diet composed of 60% TG and 40% PC. Both diets contained
fluorescent double labeled PC. B) Fluorescence in the intestinal lumen and epithelium is diffuse, indicating strong emulsification. C) Larvae were treated with
Orlistat, a drug blocking neutral lipase activity. Emulsification of dietary lipid was inhibited, visualized as strong globular fluorescence in the lumen. Images
represent results from 6 larvae per treatment group. D) More double labeled PC is present in zebrafish treated with lipase inhibitors. Red is double labeled and blue
(graph in inset) is single labeled PC.

Fig. 7. Biogenesis of chylomicrons. TG is synthesized de
novo via gpat, agpat, pap, and dgat, or remodeled via mogat
and dgat. Mttp chaperones ApoB in the ER where it forms a
complex with a dense lipid particle, of which the major
component is PC. We hypothesize that without dietary PC the
dense lipid particle level is low, and the ApoB-lipid particle
complex is not formed. This will destabilize ApoB and it will
be degraded, a process in which edem1 and hsp70 are central.
ApoAI-V merges with the ApoB-lipid complex mediating
expansion of the particle with TG [47], and the particle is
transported to the Golgi facilitated by the coatomer complex
COPII of which Sar1b is a part [36]. Fatty acids are absorbed
by peripheral tissue in the body and a large part of the FAs
originating from TG is ß-oxidized in the mitochondria.
However, if dietary PC is low the dense lipid particles will
not be formed and a large excess of TG will accumulate in the
ER. These will be incorporated into CLDs (stippled arrows).
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of pnpla2, a lipase responsible for hydrolyzing TG from CLD [42], was
unchanged (Fig. 7). Genes associated with re-synthesis of TG were also
up-regulated in the 100TG group. The observed increase in agpat4,
coding for one of the enzymes synthesizing TG from acyl-CoA, was
expected. However, the reason for up-regulation of mogat2 and mogat3b
in larvae fed only TG is less clear. Since zebrafish lack both colipase and
pancreatic lipase, the only known enzymes that produce MAG in the
vertebrate intestinal lumen [43], increases in luminal FFA and glycerol
but not MAG were expected in larvae fed the 100TG diet. It remains to
be determined whether MAG increases in response to the 100TG diet by
another mechanism, or if there is another process driving up-regulation
of mogat2 and mogat3b.

Kalogeris et al., [44] demonstrated that the secretion of apoA-IV in
the lymph of mice depended upon lipid transport by chylomicrons. It
was later demonstrated that ingestion of lipids up-regulates the tran-
scription of apoA-IV in zebrafish [45]. Since both diets used in the
present study were 100% lipid with the only difference being the lipid
class composition, our results demonstrate that this mechanism is
linked to TG and not PL. Since PLs are only partially hydrolyzed by
sPLA2 to one FFA and one lyso-PL, the 100TG experimental diet yields
more FFA than the 60TG diet. Our results therefore suggest that the
transcription of apoA-IV is associated with TG synthesis.

We hypothesized that the absence of dietary PC would obstruct lipid
transport to peripheral tissues where TG may be used for energy, with
the result of increasing levels of digested and re-synthesized TG (single
labeled TG) trapped in the enterocyte CLDs. This hypothesis was sup-
ported by the difference in levels of single labeled TG found in larvae
fed a PC and TG mix (60TG) versus larvae only fed TG (100TG). As
expected, digested and absorbed TG (single labeled TG) did not accu-
mulate in the 60TG group, probably due to ß-oxidation. However, when
dietary PC was not administered, digested and absorbed TG accumu-
lated in the larval enterocytes. This is further supported by the down-
regulation of cpt1 mRNA in the 100TG group which is characteristic for
decreased conversion of FA into energy [46]. In the group of larvae fed
PC and TG, the level of single labeled TG is low, and does not increase
over time. We have shown in previous work that most ingested neutral
lipid was used in β-oxidation in larvae of Atlantic cod [9]. We de-
monstrated that cod larvae of 9.75 (SD 0.63) mm catabolized 100% of
absorbed dietary PL up to 2 μg (0.04% of body weight). For dietary TG
the cod larvae had to absorb>3 μg (0.07% of body weight) of lipid
before any TG was retained in the body tissue [9].

To evaluate the role of intestinal lipases in the digestion, absorption
and remodeling of PLs, lipase inhibitors were added to the double
TopFluor PC labeled 60TG diet. As expected, the phospholipase in-
hibitor 2,4-dibromoacetophenone blocked digestion of PL. Surprisingly,
the neutral lipase blocking agent Orlistat had the same effect. As the
fluorescent dietary PC had both fatty acids labeled, the only way PC
with only one labeled fatty acid may be produced in the larva is by
hydrolyzing one of the labeled fatty acids (digestion) and absorbing the
lyso-PC from the intestinal lumen into the enterocyte where lysopho-
sphatidylcholine acyltransferase attaches an unlabeled fatty acid,
forming a single labeled PC [48]. The single labeled PC, being the
verification of digestion, absorption and re-modeling, could only be
detected in larvae fed the control diet.

We interpret the fact that Orlistat could prevent digestion of PL as a
demonstration of the importance of the emulsifying effect of products
from intestinal TG digestion. The emulsifying effect of TG hydrolysis
has been shown in the human stomach [49]. Most of the ingested lipid
in the human stomach is emulsified by partial hydrolysis by gastric li-
pase one-hour post ingestion. Partial gastric hydrolysis of TG produced
lipid droplets with the same average droplet size as those found in the
duodenum, where bile is present. In contrast, larval zebrafish do not
have a stomach or gastric lipase but hydrolyze neutral lipids primarily
with bile activated lipase in the intestine [14]. However, the products of
both enzymatic processes are FFAs, and here we demonstrate the im-
portance of TG hydrolysis for emulsification of the zebrafish meal.

The lack of emulsion with consequently poor hydrolysis and ab-
sorption may also be reflected in the amount of double labeled lipids
(luminal lipids). When luminal lipases are inhibited, ingested luminal
lipids accumulate (Fig. 6D). Similarly, in the fish larvae given the
emulsion diet without PC (100TG) there was a trend that more un-
digested luminal TG was found. This is consistent with earlier findings
in which emulsions with PC were hydrolyzed and absorbed at a faster
rate compared to emulsions made with Tween 80 [50,51]. An alternate
explanation is that zebrafish intestinal TG lipases, like mammalian CEL
[52,53], have phospholipase activity that is directly inhibited by Orli-
stat.

We have demonstrated how labeling two fatty acids with a BODIPY-
like fluorophore (TopFluor) in a single lipid molecule like TG or PC
enables us to trace digestion and absorption into the enterocyte and
further metabolism of lipids in the zebrafish larva in a way not pre-
viously possible. This gives the opportunity for qualitative analysis by
microscopy as well as quantitative analysis by HPLC using the same
tracer. Using this system we revealed a requirement for dietary PL for
efficient TG processing by the intestine and that when PC is lacking, the
components of luminal TG end up being resynthesized and stored
within the cytoplasm of enterocytes. The translucent zebrafish larva,
now available with an increasingly larger number of transgenic lines,
offers in combination with the methods presented here valuable tools in
research on lipid digestion and metabolism. This system may also
present itself as a valuable tool in the search for pharmaceuticals af-
fecting lipid digestion and transport.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbalip.2018.05.006.
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