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ABSTRACT: Although the absorption, transport, and catabolism of dietary lipids have been studied extensively
in great detail in mammals and other vertebrates, a tractable genetic system for identifying novel genes
involved in these physiologic processes is not available. To establish such a model, we monitored neutral
lipid by staining fixed zebrafish larvae with oil red o (ORO). The head structures, heart, vasculature, and
swim bladder stained with ORO until the yolk was consumed 6 days after fertilization (6 dpf). Thereafter,
the heart and vasculature no longer had stainable neutral lipids. Following a high-fat meal, ORO stained
the intestine and vasculature of 6 dpf larvae, and whole-larval triacylglycerol (TAG) and apolipoprotein
B levels increased. Levels of microsomal triglyceride transfer protein (Mtp), the protein responsible for
packaging TAG and betalipoproteins into lipoprotein particles, were unchanged by feeding. Since the
developing zebrafish embryo expressesmtp in the yolk cell layer, liver, and intestine, we determined the
effect of targeted knockdown of Mtp expression using an antisense morpholino oligonucleotide approach
(Mtp MO) on the transport of yolk and dietary lipids. Mtp MO injection led to loss of Mtp expression
and of lipid staining in the vasculature, heart, and head structures. Mtp MO-injected larvae were smaller
than age-matched, uninjected larvae, consumed very little yolk, and did not absorb dietary neutral lipids;
however, they absorbed a short chain fatty acid that does not require Mtp for transport. Importantly, the
vasculature appeared unaffected in Mtp MO-injected larvae. These studies indicate that zebrafish larvae
are suitable for genetic studies of lipid transport and metabolism.

Since derangements in the uptake, transport, and disposi-
tion of neutral lipids underlie several diseases such as obesity,
hyperlipidemia, atherosclerosis, hepatic steatosis, and dia-
betes mellitus, a tractable genetic system for identifying novel
genes involved in these physiologic processes is needed. The
absorption, transport, and catabolism of dietary lipids have
been studied in molecular detail in mammals and other
vertebrates. Medium and long chain fatty acids liberated from
phospholipids and triacylglycerol (TAG)1 by luminal lipases
are taken up by the intestinal epithelium through fatty acid
transport proteins (1). Fatty acids are activated to acyl
coenzyme A (AcSCoA) by long chain fatty acyl coenzyme

A synthases (2). AcSCoA moieties are carried by fatty acid
binding proteins (3) and are used as building blocks for the
production of TAG and cholesterol esters through the action
of various acyl transferases (4). TAG, cholesterol esters of
fatty acids, free cholesterol, and phospholipids are combined
with apolipoprotein B-48 (Apob-48) in the endoplasmic
reticulum lumen through the actions of microsomal triglyc-
eride transfer protein (Mtp) and its multifunctional partner
protein disulfide isomerase (Pdi) to form nascent chylomi-
crons (5-7). These particles travel through the secretory
pathway and are released from the basolateral surface of the
enterocyte into the lymphatic system (7). A similar packaging
of neutral lipids and Apob-100 occurs in the liver for the
generation of very low-density lipoprotein (VLDL) particles.

The lipid transport machinery is ancient. The central
proteins are not only evolutionarily conserved among species;
several of them (vitellogenins, apolipophorin-II/I, Apob, and
CD1) are encoded by genes that share a common ancestor,
mtp (7). Highlighting this conservation, lipoprotein particle
processing can be reconstituted in vitro using proteins from
different species (8-10). This high degree of conservation
in the machinery of lipid transport makes genetic studies in
zebrafish very attractive for uncovering regulatory pro-
cesses: zebrafish larvae expressmtp in the yolk cell layer,
intestine, and liver (11).
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In addition to expressing the key components of the
transport machinery (11, 12) and using evolutionarily
conserved lipoproteins (13-15), the zebrafish embryonic
intestine is metabolically active: enterocytes package meal-
derived lipids into lipoprotein particles for absorption into
the circulation (15). Because the zebrafish larva is transpar-
ent, the metabolic activity of its intestine (e.g., the action of
phospholipase A2) can be directly visualized with fluorescent
lipid analogues (12, 16). Furthermore, similar to mature
mouse intestine, gut flora elicit global changes in zebrafish
embryonic intestine gene expression, including upregulation
of apob (17). These properties have been exploited in a
genetic screen in zebrafish to identify a mutant that fails to
absorb a fluorescent analogue of valeric acid (BODIPY C5);
the isolated gene encodes a Golgi structural protein whose
mutation results in enterocyte, biliary epithelial, and exocrine
pancreatic epithelial secretory dysfunction (16, 18). A similar
screen in medaka larvae identified several mutants that fail
to process BODIPY C5 (19).

While fluorescently conjugated fatty acids are transported
from the extracellular space using the very machinery that
transports untagged fatty acids (20), fluorescent analogues
of fatty acids are minimally incorporated into neutral lipids
(21), making them suitable for study of some (17-19) but
not all components of dietary lipid metabolism. For instance,
fluorescently conjugated fatty acids have never been seen
in the circulation of zebrafish. Similar observations have been
made in adultCaenorhabditis eleganswhose intestinal lipid
stores can be stained with fluorescently labeled fatty acids
(22). Although the concentration of such dyes may be too
low to allow such visualization in the vasculature of fish
larvae, when the yolks of medaka embryos were injected
with BODIPY and several other polyaromatic dyes shortly
after fertilization, the dyes were found to concentrate
preferentially in the gall bladder when the animals reached
the larval stage (23). Thus, developing fish larvae treat these
dyes as metabolic waste and excrete them through the
hepatobiliary system (23). In summary, fluorescent dyes are
excellent probes of biliary transport (17-19, 23) but are not
ideal for studying all steps of lipid transport.

To visualize neutral lipid throughout the developing
organism, we stained fixed zebrafish embryos and larvae with
oil red o (ORO) during the first week of life. We also
monitored lipid absorption following feeding of high-fat
liquid with this stain. Next, we determined the suitability of
this lipid staining method for use in genetic studies by
examining the effect of knocking down Mtp expression with
antisense morpholino oligonucleotides (MO). Our findings
in zebrafish larvae parallel the most severe findings seen in
human abetalipoproteinemia, which is caused by mutations
in MTP (24, 25), and are similar to those for the phenotype
of Mtp-/- mice (26-29).

EXPERIMENTAL PROCEDURES

Fish Stocks.Fish were maintained using standard methods
(30). Tg(gut:GFP)s854, Tg(flk1:GFP)s843, andclochefish were
described previously (31-33). WT fish were from the
Tübingen stock.

MO Injections.Single-cell embryos were injected with the
Mtp translation-inhibiting MO 5′-CGGCAACCGGCAT-
CATAGTTTAGGG (1 ng/embryo).

Feeding Experiments.Larvae were placed in embryo water
containing a 1:10 dilution of heavy whipping cream (Clover
Stornetta Farms, final fat concentration of 40 g/L) for 1-6
h at 28°C.

Fluorescence Imaging.Larvae were placed in 100 nM
fluorescently tagged lauric acid [4,4-difluoro-5-(2-thienyl)-
4-bora-3a,4a-diaza-s-indacene-3-dodecanoid acid, BODIPY
558/568 C12, Molecular Probes] or 0.1 mg/L nile red
(Sigma) for 1 h at 28 °C. In experiments using the
fluorophore PED6 (16), 4-day-old WT or Mtp MO-injected
larvae were incubated for 24 h at 28°C with 250 nM PED6.

Oil Red o Staining.Embryos and larvae were fixed in PBS
and 3.7% formaldehyde for 6-12 h at 4°C, washed, and
stained with filtered 0.3% ORO in 60% 2-propanol for 2 h.
After a final wash in PBS, organisms were placed in
depression wells and photographed.

Antibodies and Immunoblotting.Protein extracts were
prepared by placing equal numbers (typically 40-70) of
larvae in 0.5 mL of lysis buffer [50 mM Tris (pH 8.0), 150
mM NaCl, 1% Triton X-100, and 0.1% SDS] containing a
cocktail of protease inhibitors (Complete MINI, Roche) and
sonicating them for 10 s. Insoluble materials were removed
by centrifugation. Proteins were separated by SDS-PAGE
(8% acrylamide) under reducing conditions, transferred to
nitrocellulose membranes, and stained with Ponceau S. Goat
anti-mouse apoB 48/100 IgG was from Biodesign Interna-
tional. Mtp was detected with a rabbit anti-human MTP-
PDI heterodimer IgG kindly provided by C. C. Shoulders
(34); zebrafish Pdi was not detected with this IgG, by rabbit
anti-PDI IgG (SPA-890) from Stressgen Bioreagents, or by
mouse monoclonal anti-PDI from BD Pharmingen (35).
HepG2 PDI and Mtp were detected with the rabbit anti-
human MTP-PDI heterodimer IgG and by mouse mono-
clonal anti-Mtp and anti-PDI IgGs from BD Pharmingen.
Goat anti-Foxa2 and rabbit anti-â-tubulin IgGs were from
Abcam. Rabbit anti-PGC1 IgG was from Calbiochem.
Donkey anti-goat and goat anti-rabbit polyclonal IgG-HRP
antibodies were from Santa Cruz Biotechnology. Rabbit anti-
mouse IgG-HRP was from Zymed. An enhanced chemilu-
minescent substrate (Pierce) was used to detect HRP activity.

Triacylglycerol Assay.After being extensively washed to
remove unconsumed fat, larvae were transferred to a tight
fitting 7 mL Dounce homogenizer. Water was removed, and
the larvae were homogenized with 0.5 mL of a 2:1 (v/v)
cholorform/methanol solution. The mixture was dried under
nitrogen, and lipids were separated by thin layer chroma-
tography (Whatman Particil LK6D) using an 80:20:1 (v/v/
v) mixture of hexane, ethyl ether, and acetic acid as the
resolving agent. Glyceryl trioleate (Sigma) standards were
run in parallel. TAG was scraped from the plates after
resolution and analyzed using a perchlorate reagent (36).
First, 0.5 mL of hydroxylamine reagent was added to the
purified TAG samples. The samples were incubated at 65
°C for 2 min, cooled for 5 min, and then incubated with 2.5
mL of freshly prepared perchlorate reagent. Thirty minutes
later, the absorbance was read at 530 nm. The absorbance
of the glyceryl trioleate standards was used to generate a
curve from which the masses of TAG in the samples were
interpolated. Hydroxylamine reagent was prepared by com-
bining equal volumes of hydroxylamine (4%, w/v) dissolved
in ethanol (95%, v/v) and NaOH (8%, w/v) dissolved in
ethanol (95%, v/v) and then removing the precipitated NaCl
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by centrifugation. Ferric perchlorate stock solutions were
prepared by dissolving 5 g of Fe(ClO4)3 in 10 mL of
concentrated HClO4 (70%, w/v) and 10 mL of water and
then diluting to a final volume of 100 mL with absolute
ethanol. Perchlorate reagent was made by adding 4 mL of
the stock Fe(ClO4)3 solution with 3 mL of concentrated
HClO4 and diluting to a final volume of 100 mL with ethanol
(95%, v/v). Results are reported as the mean( the standard
deviation of three independent experiments run in parallel.
Unpaired, two-sided Student’st-tests were performed to
compare the TAG content. Statistical significance was taken
asP < 0.05.

Cell Culture. HepG2 cells were cultured in minimal
essential medium supplemented with fetal calf serum (10%),
nonessential amino acids, and sodium pyruvate. After two
washes in PBS, cells (one confluent 10 cm diameter dish)
were incubated in serum-free medium (10 mL) containing
200µM naringenin (37) or vehicle (DMSO) for 6 h. Secreted
proteins were precipitated from the medium by adjusting an
aliquot (2 mL) of the medium to 10% trichloroacetic acid.
Following centrifugation, precipitated proteins were resus-
pended directly into SDS-PAGE loading buffer. A cellular
protein lysate was prepared as described above.

RESULTS

Minimal Intestinal Absorption of a Fluorescently Labeled
Medium Chain Fatty Acid.Fluorescently labeled valeric acid
(BODIPY C5) is absorbed by the intestine of zebrafish larvae
and undergoes prompt hepatobiliary transport, culminating
in concentration in the gall bladder (17). Because fatty acids
with chain lengths of 10 or more carbon atoms require
incorporation into TAG and packaging into a lipoprotein
particle for absorption by teleosts specifically (38) and
eukaryotes more generally (1, 20), we determined whether
BODIPY-conjugated lauric acid (12 carbons) was absorbed
in the same manner as BODIPY C5 in the hopes of
developing a probe for lipoprotein transport. When photo-
graphed 2 or 6 h after a 1 hincubation with BODIPY 558/
568 C12, 5 day postfertilization (dpf)Tg(gut:GFP)s854larvae
(31), which express green fluorescent protein (GFP) through-
out the digestive system (including the intestine, liver, biliary
system and gall bladder, and pancreas), exhibited strong lipid
fluorescence in the intestine, although yolk autofluorescence
was also apparent at this stage (Figure 1). When BODIPY
558/568 C12 was fed to 6 dpf larvae, the intestine was
labeled but yolk autofluorescence was no longer present
(Figure 1).

Rarely (three of 101 larvae), we saw BODIPY 558/568
C12 in the gall bladder of 6 dpf larvae, indicating that this
fatty acid analogue can be absorbed by the intestine, taken
up by the liver, and secreted into the biliary system; however,
the efficiency of this transport is very poor in comparison
to that of BODIPY C5 (17). The vital, neutral lipid stain
nile red also labeled the anterior intestine strongly and was
occasionally found in the gall bladder (seven of 94 larvae),
indicating that it was also absorbed and subjected to
hepatobiliary excretion. Panels m and n of Figure 1 show
larvae that concentrate BODIPY 558/568 and nile red in the
gall bladder, respectively.

Lipid Utilization during Embryogenesis.Since BODIPY
558/568 C12 and nile red were mostly seen in the intestine

after feeding, we fixed and stained whole larvae with the
neutral lipid stain ORO to examine the location of neutral
lipids in other organs. By 2 dpf, the head and heart of
developing zebrafish embryos and larvae stain with ORO
(39); however, the location of neutral lipids later in develop-
ment is unknown. As shown in Figure 2, from 2 to 5 dpf,
the yolk stained with ORO, as did head structures, the swim
bladder, the heart, and what appeared to be the vasculature.
Once the yolk’s neutral lipid was completely consumed, the
vascular and heart staining disappeared, but the swim bladder
continued to stain with ORO. To confirm that the vasculature
was stained with ORO, we compared ORO staining in wild-
type (WT) andclochemutant larvae, which lack blood cells
and a vasculature (33). To allow direct visual comparison,
we usedTg(flk1:EGFP)s843 larvae, which express enhanced
GFP under the control of the vascular endothelial growth
factor receptor 2 promoter (32). As shown in Figure 2,cloche
mutants did not demonstrate the intersegmental ORO staining
seen in WT larvae from 2 to 5 dpf, suggesting that the
intersegmental ORO staining occurs in blood vessels. We
could not analyze 5 dpfclochemutant larvae because they
were generally in very poor shape with pronounced edema.
Thus, ORO staining can be used to monitor endotrophic (i.e.,
yolk-derived) lipid consumption during the embryonic and
early larval stages. Interestingly, swim bladder ORO staining
was present incloche mutants (panel p in Figure 2),
indicating that this organ’s concentration of neutral lipids
(presumably for surfactant production) does not require an
intact vasculature.

Lipid Staining following High-Fat Feeding.To assess
whether ORO staining could be used to monitor dietary lipid
absorption, we examined 6 dpf larvae following feeding of
a high-fat liquid. After incubation for 1 h in a 4%solution
of fat, the anterior intestine of 6 dpf larvae stained with ORO

FIGURE 1: Minimal absorption of a fluorescently medium chain
fatty acid analogue. Five (a-f) or 6 dpf (h-l) larvae expressing
GFP throughout the digestive system (b, e, h, and k) were incubated
with 100 nM BODIPY C12 for 2 or 6 h. Light (a, d, g, and j) and
red fluorescence micrographs (c, f, i, and l) were taken. Note that
5 dpf larvae exhibited residual yolk autofluorescence (c and f) under
the red filter, in addition to intestinal labeling. Rarely (three of 101
larvae), BODIPY C12 was seen in the gall bladder (m). This
minimal absorption was similar to that seen for nile red: seven of
94 larvae exhibited the gall bladder concentration of this dye (as
in panel n).
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(Figure 3A). After the larvae had been fed for 6 h, the
intersegmental vessels also exhibited strong staining with
ORO (Figure 3A).

The increase in the level of ORO staining following high-
fat feeding correlated with whole-larval TAG levels (Figure
3B). The fasting TAG level in 6 dpf larvae was ap-
proximately 2.5 times higher than that previously reported
in 72 h postfertilization larvae that were deyolked 1 h prior
to analysis (40). A statistically significant increase in TAG
levels was seen after incubation for both 1 and 6 h inhigh-

fat liquid. These quantitative results corroborate the qualita-
tive increase seen with ORO staining.

Larvae fed for 6 h and then placed in water for an
additional 18 h prior to fixation no longer exhibited vascular
lipid staining, although the amount of residual intestinal
staining varied (Figure 3C), with 72 of 114 showing no
residual lipid (Figure 3C, panels c and d), 27 of 114 showing
faint residual intestinal lipid staining (Figure 3C, panels e
and f), and 15 of 114 showing strong residual intestinal
staining (Figure 3C, panels g and h). Importantly, those larvae
showing residual intestinal staining had minimal staining of
the vasculature 18 h after feeding. Thus, ORO staining can
be used to monitor diet-derived lipid consumption, absorp-
tion, and transport in the zebrafish larvae.

Dietary Control of Mtp Protein LeVels. In response to a
single high-fat meal,mtp mRNA levels in the proximal
intestine and liver of zebrafish larvae increase (11). This
observation is similar to those made in several other systems.
For instance, similar upregulation of hamster liverMtp
mRNA levels occurs in response to high-fat and high-
cholesterol feeding (41, 42). Modest changes inMtp mRNA
levels are seen in an immortalized cell line derived from
swine intestine in response to incubation with various long
chain fatty acids, although protein levels are minimally
altered (43). Likewise, small but statistically significant
changes are seen in hamster intestinal Mtp protein levels in
response to chronic high-fat and high-sucrose feeding (44).
Finally, high-fat feeding of mice for 21 days results in an
increased level of expression of Mtp in the distal small
intestine (45).

To address whether changes in zebrafishmtp mRNA
following high-fat feeding result in an increased level of
protein expression, we performed immunoblot analyses on
whole-larval extracts of fed and fasted 6 dpf larvae using
antisera raised in rabbits against purified, recombinant human
Mtp-Pdi heterodimers (34). Mtp protein levels did not
change after a 1 or 6 hfeeding (Figure 3D). This difference
between mRNA and protein levels is consistent with findings
in an immortalized enterocyte cell line (43), hamster liver
(41, 42), and intestines (45): short-term feeding has no effect
on Mtp protein levels. Indeed, upregulation of Mtp protein
in the mouse intestine is seen after only 3 weeks of high-fat
feeding (45). This discrepancy between the message and
product of themtp gene may reflect increasedmtp mRNA
stability or increased prandial Mtp degradation despite
stronger synthesis. As expected, Apob levels increased in
response to feeding, with the detection of a single Apob
species at baseline, and the production of two bands after
feeding, suggesting an increased level of production of Apob-
100 (hepatic) and Apob-48 (intestinal) in response to the
meal.

Targeted Knockdown of Mtp.Next, we determined the
effect of a decreasing level of Mtp expression by injecting
embryos with a translation initiation inhibiting antisense MO
(Mtp MO). Similar to Mtp-/- mice (26), zebrafish larvae
injected with Mtp MO consumed very little yolk, were small,
and died by 6 dpf with pronounced edema (Figure 4A).
Larvae injected with Mtp MO exhibited minimal head
structure, heart, and vasculature staining with ORO. Immu-
noblot analyses of lysates prepared from 5 dpf larvae
confirmed that injection of Mtp MO led to decreased Mtp
protein levels (Figure 4C). When less Mtp MO was injected,

FIGURE 2: Tracking endotrophic lipid consumption in whole larvae.
WT andclochemutant larvae expressing EGFP under the control
of vascular endothelial growth factor receptor 2 (flk1:EGFP) were
photographed under green fluorescent filters (a, b, e, f, i, j, m, n, q,
and s) before fixation and staining with ORO (c, d, g, h, k, l, o, p,
r, and t). Two (a-d), 3 (e-h), 4 (i-l), 5 (m-p), 6 (q and r), and
7 (s and t) dpf organisms are shown. Note the progressive decrease
in the neutral lipid seen in the yolk, with the complete absence of
staining by 6 dpf in WT larvae (c, g, k, o, and r). The dorsal aorta
(blue arrows) and intersegmental vessels (white arrows) stained for
neutral lipid through 5 dpf. In addition to the staining of the head
structures, the developing heart was stained with ORO from 2 to 5
dpf (asterisk). Once the yolk was completely consumed, strong ORO
staining remained only in the swim bladder (arrowheads). Note,
clochemutants did not have similar intersegmental ORO staining,
but the swim bladder did stain with ORO (p).
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Mtp protein levels were not altered, and no discernible
phenotype was observed (not shown).

Apob levels were not altered by Mtp MO injection, likely
reflecting the steady state production and subsequent deg-
radation of unlipidated Apob (7). Similar to the results seen
with Apob, the whole-larval levels of the very abundant yolk-
derived lipoproteins vitellogenin and lipovitellin were not
affected by Mtp MO injection (Figure 4C). Importantly, these
yolk-derived lipoproteins are not as abundant once the yolk
is completely consumed 6 pdf (Figure 3E). We confirmed
this observation in a heterologous system by examining
intracellular and secreted ApoB levels in cultured hepatocytes
grown in the presence and absence of the Mtp inhibitor
naringenin (Figure 4E). While the amount of ApoB recovered
from the medium decreased when cells were treated with
naringenin (37), the intracellular ApoB level was unaffected
by naringenin. Importantly, we confirmed that a 6 htreatment
with naringenin did not decrease cellular Mtp or PDI levels
(Figure 4E). Thus, knockdown of zebrafish Mtp does not
alter the production of apolipoproteins, similar to the findings
in Mtp-/- mice (26-28) and cultured hepatocytes.

While the minimal consumption of yolk lipids, small body
size, and pericardial edema seen in Mtp MO-injected larvae
are most likely consequences of malnutrition because of the

inability to transport yolk TAG, the possibility that Mtp is
required for cardiovascular development remained. To
formally exclude defects in vascular development as con-
tributing to the phenotypes seen in Mtp MO-injected larvae,
we examined the consequences of knocking down Mtp
expression inTg(flk1:EGPF) larvae. Mtp MO-injected larvae
appeared unaffected (Figure 4D) and blood was seen
circulating, indicating that Mtp is not required for cardio-
vascular development.

Recent work has identified transcription factor Foxa2 and
its coactivator peroxisome-proliferator-activated receptorγ
coactivator 1 (Pgc1) as important regulators of Mtp expres-
sion and VLDL secretion in mouse liver (46). Foxa2 but
not Pgc1 levels (not detected by immunoblotting of lysates
from 6 pdf larvae) decreased in response to feeding (Figure
3D), but both Foxa2 and Pgc1 levels increased in Mtp MO-
injected 5 pdf larvae (Figure 4B). Thus, upregulation of the
Foxa2-Pgc1 transcription factor-coactivator complex that
drivesmtp expression in the Mtp MO-injected larvae may
reflect a coordinated attempt by the starving larva to increase
the level of Mtp production.

After determining that Mtp MO injection downregulates
Mtp expression and results in a gross phenotype marked
by poor endotrophic lipid utilization, we assessed whether

FIGURE 3: Monitoring dietary lipid absorption in whole larvae. (A) Six days postfertilization larvae were placed (“fed”) in embryo medium
containing heavy whipping cream for 1 (b) or 6 h (c). In parallel, larvae were maintained (“fast”) in embryo medium without whipping
cream (a). Note the presence of the neutral lipid in the anterior intestine (yellow outline) after 1 h and the detection of lipid in the vasculature
after 6 h (dorsal aorta, blue arrow; intersegmental vessels, white arrows). The swim bladder (white arrowheads) stains with ORO in the
fasting state. (B) TAG content of fed (black bars) or fasted (white bars) 6 dpf zebrafish larvae. There was a time-dependent increase in
whole-larval TAG content that correlated with the increased level of ORO staining seen in panel A: (/) P ) 0.022 vs fasted, (†)P ) 0.019
vs fasted, and (‡)P ) 0.030 vs 1 h fed. (C) Six days postfertilization larvae were fed for 6 h asdescribed for panel A, washed extensively
to remove fat from the medium, and then transferred to fresh embryo water for 18 h. Larvae were then fixed and stained with ORO.
Eighteen hours after the meal, there was a range of residual ORO staining in the intestinal lumen, with the majority of fed larvae exhibiting
minimal (b) staining, some showing moderate ORO staining (c), and a few showing strong (d) staining. In parallel to this postmeal monitoring,
larvae were maintained in water without whipping cream (a). Note that the fasted larva exhibited minimal staining with ORO except in the
swim bladder. (D) Immunoblot analysis of protein extracts (15µg/lane) prepared from larvae fed or fasted as described for panel A. Note
that feeding for 1 or 6 h has no effect on whole-embryo Mtp protein levels but causes an increase in Apob levels. Foxa2 levels decreased
within 1 h of feeding. (E) Ponceau S staining of the nitrocellulose membrane used in panel D.
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loss of Mtp affected dietary lipid absorption. First, the
transport of the short chain fatty acid analogue BODIPY C5,
derived from the hydrolysis of PED6 by phospholipase A2

in the intestinal lumen, was assessed by examining zebrafish
larvae fluorescence in the gall bladder. PED6 is a phosphati-
dylethanolamine that contains an intramolecular quencher
of the BODIPY moiety, allowing the monitoring of phos-
pholipase A2 activity with the detection of liberated BODIPY
C5 in the intestine. Once liberated from PED6, BODIPY
C5 is absorbed by the intestine, transported to the liver, and
excreted into the gall bladder (12, 17, 18). As shown in
Figure 5A, 5 dpf Mtp MO-injected larvae fed PED6 exhibited
green fluorescence in the intestine, reflecting normal lumen
hydrolysis of PED6. They also exhibited normal concentra-
tion of BODIPY C5 in the gall bladder. Thus, Mtp MO
injection does not cause defects in intestinal absorption of
short chain fatty acids that do not require packaging into
lipoprotein particles for absorption and transport.

Finally, we determined whether knockdown of Mtp
expression would affect absorption of dietary lipid (consisting
of medium and long chain fatty acid containing TAG) by
placing 5 dpf Mtp MO-injected larvae in diluted heavy
whipping cream (as in Figure 3) for 6 h. No neutral lipid

was seen in the vasculature of Mtp MO-injected larvae after
feeding (Figure 5B), although the animals did swallow the
food. For comparison, an uninjected, 5 dpf larva is shown
(Figure 5B). In summary, Mtp MO injection led to specific
malabsorption of dietary TAGs.

DISCUSSION

With improved understanding of how abnormalities in the
uptake, transport, and disposition of neutral lipids occur,
multiple therapeutic portals for the treatment of illnesses such
as obesity, hyperlipidemia, atherosclerosis, hepatic steatosis,
and diabetes mellitus can be opened. Via the development
of methods for analyzing and monitoring neutral lipids, the
transparent, genetically tractable zebrafish larvae would serve
as an excellent tool for opening such avenues of research
into lipid metabolism. Here, we have used a simple staining
method to visualize neutral lipid in zebrafish embryos and
larvae during development. In addition to monitoring en-
dotrophic lipid utilization, we were able to assess the fate
of dietary lipids and to examine the consequences of targeted
knockdown of the central lipoprotein particle processing
enzyme Mtp. These studies confirm not only that the lipid
processing machinery is ancient and highly conserved but

FIGURE 4: Mtp MO blocks yolk consumption. (A) Compared to 2 (a), 3 (c), 4 (e), and 5 (g) dpf WT larvae, larvae injected with Mtp MO
consumed far less yolk and had minimal vascular and head structure lipid staining on 2 (b), 3 (d), 4 (f), and 5 dpf (h). Note the small size
of the Mtp MO-injected larvae as well as the presence of pericardial edema (white asterisk). The vascular pattern of ORO staining seen in
the WT larvae is absent in the Mtp MO-injected larvae. (B) Immunoblot analysis of extracts prepared from 5 dpf larvae shows that Mtp
MO injection decreases Mtp protein levels, but levels of Apob remained constant. Both PGC1 and Foxa2 levels were increased in Mtp
MO-injected larvae. (C) A Ponceau S-stained nitrocellulose membrane used in panel B shows that the very high levels of lipovitellin (white
arrowhead) and vitellogenin (black arrowhead) were not affected by Mtp MO injection. (D) To confirm that Mtp MO injection does not
affect vascular development,Tg(flk1:EGFP)larvae were injected with Mtp MO. Note the presence of the dorsal aorta (blue arrows) and
intersegmental vessels (white arrows) in uninjected (a) and Mtp MO-injected (b) 3 dpf larvae, and the absence of vascular lipid staining in
Mtp MO-injected larvae (d). (E) HepG2 cells incubated in medium lacking serum were treated with vehicle (DMSO) or the Mtp inhibitor
naringenin for 6 h. The medium was collected, and proteins were precipitated with trichloroacetic acid from an aliquot of the medium. A
protein lysate was prepared after extensive washing of the cells. Proteins were subjected to immunoblot analysis. Note that intracellular
Apob levels remained constant, while the level of secretion of Apob decreased when cells were treated with naringenin. Mtp and Pdi levels
remained constant during the treatment as well;â-tubulin served as a cytoplasmic protein control for equal loading.
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also that the tools we used and validated here shall allow us
to peform an unbiased forward genetic screen to identify
mutations causing derangements in lipid transport, storage,
and catabolism.

Detecting Neutral Fat in Zebrafish LarVae. BODIPY-
modified fatty acids were used successfully in expression
cloning of fatty acid transport proteins in cell culture (20).
Unlike shorter chain fatty acids (like valeric acid and its
derivative BODIPY C5), poorly soluble medium and long
chain fatty acids require fatty acid binding proteins for
intracellular transport, and they must be incorporated into
TAG and lipoprotein particles for absorption (33). It was
our initial hope that these properties would allow us to
visualize neutral lipids during embryogenesis by feeding
larvae a fluorescently conjugated medium chain fatty acid.
Unfortunately, we found that fluorescent analogues of
medium chain fatty acids are not suitable for examining the
location of neutral lipids in whole larvae because the medium
chain fatty acid analogue BODIPY 558/568 C12 was
minimally absorbed by the intestine and was not seen in the
circulation (Figure 1). This fatty acid analogue and the vital

neutral lipid stain nile red were seen predominantly in the
intestine several hours after the short chain fatty acid
analogue BODIPY C5 is cleared by 6 dpf zebrafish
embryonic intestines (16). The difference in the efficiency
of absorption between the two BODIPY derivatives is due
to the length of the fatty acyl moiety (see below). Unfortu-
nately, the efficiency of incorporation of BODIPY derivatives
of fatty acids into neutral lipids is low (21).

Endotrophic Lipid Utilization and Absorption of Dietary
Fat. Because of these limitations of fluorescent lipid deriva-
tives, we stained endogenous lipids with ORO to obtain a
complete picture of the neutral lipid dynamics in the
developing embryo. For the first 5 dpf, the yolk sac is stained
with ORO. From 2 to 5 dpf, the vasculature is similarly
stained. Once the yolk is consumed, the vasculature is no
longer stained with ORO (Figures 2-5); feeding 6 dpf larvae
a high-fat liquid restores lipid staining of the vasculature
(Figure 3). This staining is lost once larvae are removed from
the high-fat liquid, indicating consumption of the dietary lipid
by the tissues. These observations indicate that the dynamic
appearance and disappearance of neutral lipid in the vascu-
lature can be monitored easily with ORO. They also suggest
that we should be able to identify mutants with abnormal
lipid deposition in tissues such as liver and skeletal muscle
in a large-scale genetic screen. Furthermore, these qualitative
observations correlated with the quantitative increase in
whole-larval TAG levels following brief feeding of a high-
fat liquid (Figure 3).

Knockdown of Mtp.We verified that Mtp MO injection
led to a decreased level of Mtp protein expression using
immunoblotting of whole-larval lysates (Figure 4). Loss of
zebrafish Mtp expression recapitulates the major findings of
Mtp-/- mice: a decreased level of Mtp expression leads to
a decreased level of yolk lipid consumption and growth
retardation, culminating in embryonic death (26). When less
Mtp MO was injected, Mtp protein was not knocked down
and an intermediate phenotype similar to the “silent”
hypobetalipoproteinemia ofMtp+/- or patients with missense
mutations inMTPcausing hypobetalipoproteinemia (24, 25)
were not seen. Nevertheless, the phenotypes we observed
were not due to secondary defects in cardiovascular develop-
ment (Figure 4), nor was global intestinal function impaired
by Mtp knockdown (Figure 5). Indeed, the upregulation of
whole-larval levels of Foxa2 and Pgc1 in Mtp MO-injected
fish suggests a coordinated attempt to increase the level of
mtp expression (46) in the face of genetically induced
starvation. This specific phenotypesimpaired transport of
dietary fat consisting of medium and long chain fatty acids,
but normal BODIPY C5 processingsleading to malnutrition
and death in Mtp MO-injected larvae contrasts with that of
ffr mutants, which have more generalized vesicular transport
defects, despite appearing grossly normal (18).

CONCLUSION

Using a simple staining method, we found that zebrafish
larvae are suitable for the microscopic and biochemical study
of lipid transport. We envision a large-scale genetic screen
for defects in lipid uptake, transport, and disposition using
this method. An unbiased search for proteins differentially
regulated by feeding using whole-organismal proteomic
analysis is also underway.

FIGURE 5: Mtp is required for absorption of dietary fat, but not of
a short chain fatty acid analogue. (A) WT (a, c, and e) and Mtp
MO-injected (b, d, and f) 4 dpf larvae were incubated with PED6
for 24 h. Light (a and b) and green fluorescence (c and d)
photomicrographs were taken 24 h later. Larvae were then fixed
and stained with ORO (e and f). Note the presence of the liberated
short chain fatty acid BODIPY C5 in the gall bladder (arrowhead).
Pericardiac edema is noted in the Mtp MO-injected larvae (blue
asterisks). (B) Five days postfertilization Mtp MO-injected larvae
were maintained in water (a) or incubated for 6 h in diluted
whipping cream (b) as in Figure 3. For comparison, an uninjected,
5 dpf embryo is shown (c). Larvae were fixed and stained with
ORO. Note the presence of a neutral lipid in the lumen of the
anterior intestine of the fed Mtp MO-injected embryo (yellow
outline), but the complete absence of a neutral lipid in the
vasculature (b).
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