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Dietary cholesterol and apolipoprotein A-I are trafficked in endo-

somes and lysosomes in the live zebrafish intestine. Am J Physiol

Gastrointest Liver Physiol 316: G350–G365, 2019. First published

January 10, 2019; doi:10.1152/ajpgi.00080.2018.—Difficulty in im-

aging the vertebrate intestine in vivo has hindered our ability to model

nutrient and protein trafficking from both the lumenal and basolateral

aspects of enterocytes. Our goal was to use live confocal imaging to

increase understanding of intestinal trafficking of dietary cholesterol

and apolipoprotein A-I (APOA-I), the main structural component of

high-density lipoproteins. We developed a novel assay to visualize

live dietary cholesterol trafficking in the zebrafish intestine by feeding

TopFluor-cholesterol (TF-cholesterol), a fluorescent cholesterol ana-

log, in a lipid-rich, chicken egg yolk feed. Quantitative microscopy of

transgenic zebrafish expressing fluorescently tagged protein markers

of early, recycling, and late endosomes/lysosomes provided the first

evidence, to our knowledge, of cholesterol transport in the intestinal

endosomal-lysosomal trafficking system. To study APOA-I dynamics,

transgenic zebrafish expressing an APOA-I fluorescent fusion protein

(APOA-I-mCherry) from tissue-specific promoters were created.

These zebrafish demonstrated that APOA-I-mCherry derived from the

intestine accumulated in the liver and vice versa. Additionally, intra-

cellular APOA-I-mCherry localized to endosomes and lysosomes in

the intestine and liver. Moreover, live imaging demonstrated that

APOA-I-mCherry colocalized with dietary TF-cholesterol in entero-

cytes, and this colocalization increased with feeding time. This study

provides a new set of tools for the study of cellular lipid biology and

elucidates a key role for endosomal-lysosomal trafficking of intestinal

cholesterol and APOA-I.

NEW & NOTEWORTHY A fluorescent cholesterol analog was fed

to live, translucent larval zebrafish to visualize intracellular choles-

terol and apolipoprotein A-I (APOA-I) trafficking. With this model

intestinal endosomal-lysosomal cholesterol trafficking was observed

for the first time. A new APOA-I fusion protein (APOA-I-mCherry)

expressed from tissue-specific promoters was secreted into the circu-

lation and revealed that liver-derived APOA-I-mCherry accumulates

in the intestine and vice versa. Intestinal, intracellular APOA-I-

mCherry was observed in endosomes and lysosomes and colocalized

with dietary cholesterol.

apolipoprotein A-I; cholesterol; endosomes; lysosomes; zebrafish

INTRODUCTION

Cholesterol is a sterol lipid that provides structure and
fluidity to cell membranes, serves as a precursor for bile acid
and steroid hormone synthesis, and plays a key role in the
etiology of cardiovascular disease (11, 20, 47, 54). It is known
that dietary cholesteryl esters are hydrolyzed to free cholesterol
in the intestinal lumen and then incorporated into micelles of
dietary lipid and bile acids, which are absorbed by intestinal
enterocytes (33). On the enterocyte brush border, cholesterol is
internalized by the Niemann-Pick C1-like-1 transporter and
delivered by an unknown mechanism to the endoplasmic re-
ticulum (ER) where it is reesterified (2). After entering the cell,
dietary cholesterol can be 1) equilibrated with cellular choles-
terol pools, 2) resecreted into the intestinal lumen by the
ATP-binding cassette transporters (ABCG5/G8) (54), 3) rees-
terified and packaged by apolipoprotein B48 into chylomicrons
and secreted into the lymph (23), or 4) delivered to apolipo-
protein A-I (APOA-I) by the ATP-binding cassette transporter
ABCA1 on the basolateral enterocyte plasma membrane to
form nascent high-density lipoprotein (HDL) particles (25).

Our understanding of intestinal cholesterol metabolism has
been limited by a reliance on cultured cells, which cannot
replicate the complex in vivo milieu that includes microbes,
dietary nutrients, endocrine input, and bile. For example, the
lumenal contents of the intestine affect cholesterol absorption:
in the absence of lumenal dietary fatty acids, rats fail to
internalize cholesterol (51, 57). The exact mechanism(s) by
which lumenal fats promote cholesterol absorption remain(s)
unknown. Additionally, the gut microbiome contributes to
variations in blood lipid levels in humans independent of age,
gender, and host genetics (14), and gnotobiotic zebrafish mod-
els have demonstrated that specific microbes promote intestinal
lipid absorption (44).

In addition to questions regarding how lumenal contents
affect cholesterol absorption, the cell biology of enterocyte
intracellular processing remains mysterious (e.g., how does
cholesterol imported into the cell by Niemann-Pick C1-like-1
reach the ER?) (21). In several other cell types, including
hepatocytes, cholesterol derived from exogenous sources is
imported through the endosomal-lysosomal trafficking system
(31, 49). Lysosomes are classically known for their degradative
capacity, conferred by acidic pH and hydrolytic enzymes, and
hence their contributions to lipid catabolism (45). However, it
has historically been difficult to determine if cholesterol is
transported in endosomes and lysosomes in enterocytes be-
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cause of the lack of animal models and techniques to observe
cholesterol transport in the live intestine.

The shortage of models to observe intracellular transport in
the live intestine has impeded not only the study of cholesterol
trafficking but also of apolipoprotein and lipoprotein biology in
enterocytes. Moreover, the majority of HDL research has
focused on the protective effects of HDL in the circulation,
leaving the intracellular events that greatly influence circulat-
ing APOA-I and HDL levels and functionality undefined.
Although a small body of literature has established that HDL
particles can be internalized and APOA-I/HDL can be found in
endosomes and lysosomes (22, 24, 38, 39, 53, 55), these
localizations have not been confirmed in vivo. Interestingly,
despite its localization to lysosomes, internalized HDL expe-
riences only limited degradation in multiple types of cultured
cells (38, 48), supporting speculation that HDL is internalized
for a primary purpose other than degradation. Moreover, how
APOA-I and HDL may be modified during intracellular traf-
ficking remains unclear (1, 8, 13, 35). The hypothesis that
endosomes may be a depot for the extraction of HDL choles-
terol is supported by the observation that HDL particles con-
tained less cholesterol following resecretion from HepG2 cells
(41).

In this study we employed the strengths of the optically
clear, genetically tractable larval zebrafish to address several
long-standing questions regarding dietary cholesterol and apo-
lipoprotein internalization, transport, and localization in the
intestine and liver. Morphological similarities between the
zebrafish and human gastrointestinal system, as well as the as
the high degree of genetic conservation in apolipoproteins,
make the zebrafish an ideal model for the study of lipid biology
(5, 37). Here we report an array of new tools to study the
cellular and molecular biology of lipids and their associated
proteins in cells within a living organ. Using this system, we
characterize a poorly understood intracellular pool of intracel-
lular APOA-I, showing that it colocalizes with dietary choles-
terol in endosomes and lysosomes within the live intestine.

MATERIALS AND METHODS

Zebrafish husbandry and maintenance. All zebrafish research was
approved by the Carnegie Institution Animal Care and Use Commit-
tee. Adult zebrafish (AB background) were maintained at 28.5°C on a
14-h:10-h light-dark cycle and fed either two times per day with
shell-free Artemia (decapsulated, nonhatching) and Hikari Micropel-
lets or one time per day with Gemma Micro 300 pellets. Embryos
were obtained by natural spawning, staged as described by Kimmel et
al. (26), and raised in embryo medium (EM) at 28.5°C on a 14-h:10-h
light-dark cycle until 6 days postfertilization (dpf). Zebrafish were not
provided exogenous food before 6-dpf. Larval zebrafish cannot be
sexed at the 6-dpf stage as they do not have sex chromosomes and do
not develop into males or females until the juvenile stage. All
experiments were performed on 6-dpf larvae.

Generation of transgenic zebrafish. Transgenic zebrafish were
generated as described previously with the Tol2-Gateway molecular
cloning system (27). Zebrafish have two apoA-I paralogs: apoA-Ia is
expressed in the intestine whereas apoA-Ib is expressed in the intes-
tine and liver at 6-dpf (37). Zebrafish apoA-Ia (zapoA-Ia) was cloned
from cDNA prepared from 6-dpf larvae with the following primers:
forward (F): GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT
TAC CAT GAA AGC TGC GGT GCT G and reverse (R): GGG GAC
CAC TTT GTA CAA GAA AGC TGG GTT CTG GGT GTT GAG
CTT CTT. Human APOA-I (hAPOA-I) was cloned from an Open

Biosystems hAPOA-I clone (ID LIFESEQ2516350) with the follow-
ing primers: F: GGG GAC AAG TTT GTA CAA AAA AGC AGG
CTC CAC CCA GCA CCT CTC AGG GCT TAA TC and R: GGG
GAC CAC TTT GTA CAA GAA AGC TGG GTT TGC CTG GAT
GGC CTT GG. Both constructs introduced a Kozak sequence (ACC)
and were cloned into the pDONR221 middle-entry vector with BP
clonase. A geneblock of the zebrafish lamp1 gene containing a Kozak
sequence (GCAAAC), 3= Gateway ATTL1 sequence, and 5= ATTL2
sequence was purchased (Integrated DNA Technologies, Coralville,
IA). The intestine-specific intestinal fatty acid binding protein (ifabp)
promoter was provided by Michel Bagnat; the liver-specific liver fatty
acid binding protein 10 (lfabp10) promoter (�2.8 kb), p3E rab5c, p3E
rab11a, and p3E rab7 were provided by Brian Link (10), and the
�-actin2 (bactin2) promoter, heat shock cognate 70-kDa protein, like
(hsp70l) promoter, p3E-eGFPpA, p3E-mCherrypA, pME-eGFP no
stop, and pME-mCherry no stop plasmids were originally provided by
Chi-bin Chien. Gateway recombination was used to combine these
entry vectors into the pDestTol2Pa2 plasmid creating the full trans-
gene constructs listed in Table 1.

Stable transgenic zebrafish lines were generated by injecting 50 pg
of the constructs and 40 pg tol2 transposase mRNA into 1–2-cell
embryos, raising the zebrafish to adulthood, and screening for progeny
stably expressing the fluorescent construct. Transgenic larvae express-
ing a heat shock-inducible construct were heat-shocked at 37°C in 15
ml EM for 45 min at 5-dpf and screened for whole body fluorescence
at 6-dpf. The other transgenic zebrafish were screened for fluores-
cence at 5- or 6-dpf. All experiments in transgenic zebrafish were
performed on three independent stable lines, with the exception of
tg(hsp70l:lamp1-eGFP) transgenics, which were of the F0 generation.

Preparation of chicken egg feeds. Chicken egg liposome feeds
were prepared as described previously (4, 36). Briefly, 5% chicken
egg yolk or white feeds were made by adding egg yolk or egg white
to EM and vortexing vigorously for 30 s. The emulsion was sonicated
(Ultrasonic Processor 3000, Misonix, Inc., Farmingdale, NY) with a
one-quarter-inch tapered microtip for 40 s total (settings: 1 s on, 1 s
off, total of 5 s; output intensity of 3 W).

TopFluor-cholesterol feed. Dipyrromethene difluoride-cholesterol,
or TopFluor-cholesterol (TF-cholesterol) (810255P, Avanti Polar Lip-
ids, Inc., Alabaster, AL), is a widely used fluorescent cholesterol
analog (19). TF-cholesterol was incorporated into the chicken egg
yolk and white liposomes. TF-cholesterol was prepared as a 1.5 �g/�l
stock in chloroform; 8 �l was dried under nitrogen, resuspended in 15
�l room-temperature ethanol, and mixed with 85 �l of 1% fatty
acid-free BSA (at 30°C). The TF-cholesterol solution was combined
with 5 ml of the 5% egg yolk feed (at 30°C) and vortexed for 30 s to
result in a final concentration of 2.4 �g/ml TF-cholesterol. Larvae
were fed for 3, 4, or 6 h.

BODIPY TR ceramide feeds. For boron dipyrromethene fluoro-
phore (BODIPY) TR ceramide (D-7540, ThermoFisher Scientific)
labeling experiments, an aliquot from a chloroform stock was dried
under nitrogen, reconstituted in ethanol and 1% FA-free BSA as

Table 1. Transgenic zebrafish generated by Gateway cloning

Transgenic Zebrafish

tg(lfabp10:hAPOA-I-mCherry)

tg(lfabp10:zApoA-Ia-mCherry)
tg(ifabp:hAPOA-I-mCherry)

tg(ifabp:zApoA-Ia-mCherry)

tg(�-actin2:eGFP-rab5c)

tg(�-actin2:eGFP-rab7)

tg(�-actin2:eGFP-rab11a)

tg(�-actin2:mCherry-rab5c)

tg(�-actin2:mCherry-rab7)

tg(�-actin2:mCherry-rab11a)

tg(hsp70l:lamp1-eGFP)
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above, and emulsified in 0.5% chicken egg yolk liposomes for a final
concentration of 5 �g/ml BODIPY TR ceramide. Larvae were fed for
4 h.

Larval zebrafish feeding protocol. Larvae that had been prewarmed
to 30°C for ~15 min were introduced to the chicken egg yolk
emulsions and allowed to feed in a 30°C shaking incubator (Incu-
Shaker Mini, Benchmark, Edison, NJ). Following feeding, larvae
were washed three times in EM, anesthetized with tricaine (Argent
Chemical, Redmond, WA), and screened for the presence of food in
the intestine.

LysoTracker staining. LysoTracker staining was performed as
previously reported (18). Larvae were soaked in 10 �M LysoTracker
Deep Red (L12492,ThermoFisher Scientific) in EM for 1 h with
gentle shaking and washed with EM three times.

Live confocal microscopy. Larvae anesthetized with tricaine were
mounted in 3% methyl cellulose by the coverslip lean-to method and
imaged with a 6�63/numerical aperture 1.4 oil immersion objective
on a Leica DM6000 upright or Leica DMI6000 inverted microscope
with a Leica TCS-SP5 confocal scanner with photomultiplier detec-
tors (36). Zebrafish were imaged with an argon laser using a 4-line
average, and the fluorescence intensity of the confocal images was
recorded with 12-bit dynamic range. Only 1–2 images were captured
per larvae to minimize bleaching.

Quantitative image analysis. The areas of TF-cholesterol, enhanced
green fluorescent protein (eGFP), and mCherry fluorescence were
quantified with Metamorph software (Molecular Devices, Sunnyvale,
CA). One image was analyzed per fish. First, five cells (enterocytes or
hepatocytes) were manually outlined to define cell borders and saved
as region files. Second, to segment regions of interest containing
fluorescence above background (noise and autofluorescence), 5�5
low-pass and morphological top hat filters were applied. Third, for
both the TF-Cholesterol/eGFP and mCherry channels, the total areas
positive for fluorescence in the regions of interest and the total area of
overlap were reported.

Western blot analysis. Total protein lysates from larvae (6-dpf)
were prepared by homogenizing in protein extraction buffer (T-PER
Tissue Protein Extraction Reagent, Thermo Scientific, cat. no. 78510)
supplemented with protease inhibitor (cOmplete Mini, EDTA Free
Protease inhibitor, Roche, Indianapolis, IA, cat. no. 04693159001)
followed by determination of protein concentration (BCA assay).
SDS-PAGE gels (Mini-Protean system, Bio-Rad, Hercules, CA) were
loaded with 30 �g of total protein. Two loading buffers were used
depending on the antibody and assay performed: denaturing buffer A:
2% SDS, 5 mM Tris·HCl (pH 6.8), 5% betamercaptoethanol, 5%
glycerol, and 0.05% bromophenol blue; higher detergent denaturing
buffer B: 3% SDS, 62.5 mM Tris·HCl (pH 6.8), 5% betamercapto-
ethanol, 5% glycerol, and 0.05% bromophenol blue. Samples diluted
in buffer A were denatured by boiling for 5 min, whereas samples
treated with loading buffer B were heated at 37°C for 15 min. For
samples diluted in buffer B and probed with APOA-I antibody, further
denaturation after membrane transfer was required (membranes were
placed in a beaker filled with minimal water and autoclaved for 15
min) (50). After transferring, blots were blocked with 5% nonfat milk
in Tris-buffered saline-Tween 20 [50 mM Tris·HCl (pH 7.5),150 mM
NaCl, 0.05% Tween 20] for 1 h at room temperature. Antibodies were
diluted in 2.5% nonfat milk with Tris-buffered saline-Tween 20 as
indicating dilution. Goat anti-ApoA1 (1:500; Rockland, cat. no. 600-
101-109), rabbit anti-mCherry (1:1,000; Abcam, cat. no. ab-167453),
goat anti-rabbit IgG(H�L)-horseradish peroxidase (1:3,000, Bio-Rad,
cat. no. 170-6515), and donkey anti-goat-horseradish peroxidase (1:
3,000, Santa Cruz Biotechnology, cat. no. sc-2056) protein expression
was detected by chemiluminescence (SuperSignal West Pico Chemi-
luminescent Substrate, cat. no.34580, Pierce, Rockford, IL) and im-
aged with LI-COR Odyssey Fc imaging system (10-min exposure).

Imaging ApoA-I-mCherry fluorescence using native protein gel
electrophoresis. Zebrafish larvae (6-dpf) were homogenized in native
gel lysis buffer [50 mM Tris·HCl (pH 7.5), 25 mM NaCl, 1 mM

EDTA, 0.1% TritonX-100) with protease inhibitor (cOmplete Mini,
EDTA Free Protease inhibitor, Roche, cat. no. 04693159001] and
mixed with 5� loading dye (40% sucrose, 0.02% bromophenol blue).
Five and a half larvae were loaded per well and were run on a 6%
native gel (6% polyacrylamide, 89 mM Tris base, 89 mM boric acid,
20 mM EDTA). Gel fluorescence was determined using LI-COR
Odyssey Fc imaging system 600 nm channel (10-min exposure).

Whole mount immunofluorescence. Endogenous ApoA-Ia and ApoA-
Ib protein expression was localized with whole mount immunofluores-
cence. Zebrafish (6-dpf) were fixed overnight in 4% paraformaldehyde,
probed with APOA-I antibody (cat. no. 600-101-109, Rockland Antibod-
ies and Assays; 1:50 dilution), secondary donkey-anti-goat Alexa Fluor
488 conjugate (cat. no. A-11055, Life Technologies, Carlsbad, CA; 1:250
dilution), and imaged on an upright Leica SP5 confocal microscope as
described above.

In situ hybridization. mCherry mRNA expression was assessed by
whole mount in situ hybridization as previously described (52) for each
of the following transgenic zebrafish: Tg(lfabp10:hAPOA-I-mCherry),
Tg(lfabp10:zapoA-Ia-mCherry), Tg(ifabp:hAPOA-I-mCherry), and Tg
(ifabp:zapoA-Ia-mCherry). Larvae were fixed in 4% paraformaldehyde
overnight. A probe specific to mCherry was amplified from cDNA from
the p3E-mCherrypA plasmid with previously published primers (42),
TOPO cloned into pCRII (Invitrogen, Grand Island, NY), and used to
generate sense and antisense digoxigenin-labeled riboprobes (digoxige-
nin: Roche) that were hybridized to 6-dpf zebrafish (n � 10–12).

Statistical analysis. The mean fluorescence intensities of TF-cho-
lesterol in enterocytes following egg yolk or egg white feeds were
compared by Student’s t-test. The TF-cholesterol and mCherry-Rab
fusion protein fluorescence colocalization and their overlap were
analyzed by one-way ANOVA of samples performed either at the
same feeding time point or with the same mCherry-Rab fusion. The
eGFP-Rab fusion and hAPOA-I-mCherry fluorescence colocalization
and overlap were analyzed by one-way ANOVA of samples within
the same hAPOA-I-mCherry transgenic line, with one exception: the
percent of eGFP-Rab fusion fluorescence colocalized to hAPOA-I-
mCherry fluorescence in enterocytes was compared by two-way
ANOVA of all groups. TF-cholesterol and hAPOA-I-mCherry fluo-
rescence colocalization and overlap were analyzed by one-way
ANOVA of samples within the same APOA-I-mCherry transgenic
line. Barlett’s or Brown-Forsythe tests confirmed homogeneity of
variance for data evaluated by ANOVA. Statistics were carried out
with Prism software (GraphPad, La Jolla, CA).

RESULTS

Assay to image dietary cholesterol absorption in live ze-
brafish verifies that lumenal lipids are necessary for dietary
cholesterol absorption. We developed an assay to visualize
dietary cholesterol absorption and accumulation in enterocytes
of live zebrafish larvae. When zebrafish were fed the choles-
terol analog TF-cholesterol in a lipid-rich, chicken egg yolk
emulsion and subject to confocal microscopy 3 h following the
onset of feeding distinct subcellular punctae within intestinal
enterocytes were observed (Fig. 1A). By contrast, little fluo-
rescence was absorbed when TF-cholesterol was fed in a
lipid-poor, chicken egg white feed (Fig. 1B). Quantification of
these images demonstrated that the mean fluorescence intensity
of TF-cholesterol within enterocytes was ~sixfold higher when
it was provided with a lipid-rich, compared with a lipid-poor,
feed (Student’s t-test, *P � 0.05; Fig. 1C). We next set out to
characterize the specific subcellular compartments labeled by
TF-cholesterol.

Dietary cholesterol observed in the endosomal-lysosomal
trafficking system in enterocytes. Various types of endosomes
can be identified by the presence of specific small GTPases

G352 INTESTINAL CHOLESTEROL AND APOA-I TRAFFICKING

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00080.2018 • www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (106.051.226.007) on August 4, 2022.



known as Rab proteins (15). Early, or sorting, endosomes,
receive the products of endocytosis and can be recognized by
the presence of RAB5 (17). Early endosomal contents can be
sorted to recycling endosomes, marked by RAB11, which
target their contents for exocytosis (34). Alternatively, early
endosomal contents can be sorted to acidic late endosomes,
marked by RAB7. These late endosome may then mature into,
or fuse with, highly acidic lysosomes, which are also marked

by RAB7 (32). To determine if dietary cholesterol accumulates
in the endosomes and lysosomes of enterocytes following
lumenal absorption, TF-cholesterol was fed in 5% egg yolk to
three different transgenic zebrafish lines expressing fluores-
cently tagged markers of early (mCherry-Rab5c), recycling
(mCherry-Rab11a), and late endosomes/lysosomes (mCherry-
Rab7). Live imaging of zebrafish expressing mCherry-Rab5c
revealed colocalization of dietary TF-cholesterol to early en-
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dosomes following 3 h of lipid feeding (Fig. 2A). Similarly,
larvae expressing mCherry-Rab11a displayed colocalization
with dietary TF-cholesterol in recycling endosomes (Fig. 2B),
and larvae expressing mCherry-Rab7 indicated colocalization
in late endosomes and lysosomes (Fig. 2C). Imaging at later
time points after feeding (4 and 6 h) revealed continued
colocalization between dietary TF-cholesterol and all of these
endomembrane domains (data not shown). Dual feeds with the
Golgi marker TopFluor-ceramide and TF-cholesterol estab-
lished colocalization of dietary cholesterol to the Golgi 4 h
after the onset of feeding (Fig. 2D).

Images of the live larvae at 3, 4, and 6 h of feeding were
quantified to determine the percent of TF-cholesterol fluo-
rescence that colocalized with mCherry-Rab fusion fluores-
cence, the percent of mCherry-Rab fusion fluorescence that
colocalized with TF-cholesterol fluorescence, and the area
of TF-cholesterol and mCherry-Rab fusion overlap. After
3 h of feeding, a greater percent of TF-cholesterol fluores-
cence colocalized to early endosomes (44.7%) than late endo-
somes/lysosome (22.1%) or recycling endosomes (20.3%) (1-way
ANOVA, F � 7.274, P � 0.05; Fig. 3A). Additionally, a signif-
icantly greater percent of TF-cholesterol fluorescence colocalized
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to early endosomes at 3 and 4 h (44.7 and 46.0%), than 6 h
(14.4%) (1-way ANOVA, F � 7.772, P � 0.01; Fig. 3A), but the
area of TF-cholesterol and early endosome overlap was greater at
6 h of feeding (2,630 arbitrary units), than 3 or 4 h (1,477.7 and
2,630.8 arbitrary units) (1-way ANOVA, F � 4.721, P � 0.01;
Fig. 3B). Finally, when all groups were compared, there is a
significant effect of time on the percent of TF-cholesterol fluo-
rescence colocalized to mCherry-Rab fluorescence (2-way
ANOVA, F(2,24) � 6.379, P � 0.01; Fig. 3A) and the total area of
TF-cholesterol and mCherry-Rab overlap (2-way ANOVA,
F(2,24) � 5.778, P � 0.01).

Visualization of APOA-I in live zebrafish: APOA-I-mCherry
derived from the liver accumulates in the intestine and APOA-
I-mCherry derived from the intestine accumulates in the liver.
As part of an effort to understand the intracellular role of
ApoA1, we generated transgenic zebrafish expressing APOA-I
fused to the mCherry fluorescent protein under the control of
tissue-specific promoters. Specifically, we set out to visualize
APOA-I in live, larval zebrafish by creating a novel fluorescent
fusion protein: hAPOA-I-mCherry that was expressed using
liver- or intestinal-specific promoters (lfabp10 and ifabp, re-
spectively; Fig. 4). As described in the methods, we also
created a zebrafish fusion protein (zAPOA-I-mCherry) that
exhibited very similar subcellular localizations (Fig. 5). Live
confocal microscopy revealed that hAPOA-I-mCherry was
secreted from their tissue of synthesis and localized to subcel-
lular compartments of several tissues, including the intestine
and liver (Fig. 4). Imaging of tg(lfabp10:hAPOA-I-mCherry)
larvae (6-dpf) revealed that APOA-I-mCherry of hepatic origin
accumulates in intestinal enterocytes (Fig. 4, A–C). Similarly,
imaging of tg(ifabp:hAPOA-I-mCherry) larvae revealed that
APOA-I of intestinal origin are taken up and accumulate in the
liver (Fig. 4, E–F). Whole mount in situ hybridization for
mCherry mRNA in stable transgenic fish verified the tissue
specificity of these promoters (all 10–12 larvae probed showed
the same, tissue-specific expression) (Fig. 4, D and G).

To verify that the subcellular fluorescence is produced by the
APOA-I-mCherry full-length fusion protein and not a degra-
dation product, we performed a number of immunoblots and
native protein analyses of protein lysates from transgenic larvae.
Using a standard immunoblotting protocol with hAPOA-I anti-
body on lysates of Tg(lfabp10:hAPOA-I-mCherry) and Tg(ifabp:
hAPOA-I-mCherry) (loading buffer A, boiled 5 min), a predom-
inate, single APOA-I-mCherry band with a molecular mass of
50 kDa was observed; the predicted fusion protein weight is
56 kDa (both mCherry and ApoA-each typically run at ~28
kDa on SDS-PAGE gels) (Fig. 4H). No immunoreactive band
was detected in wild-type animals (the hAPOA-I antibody does

not react with endogenous zApoA-I). Paradoxically, when we
probed with mCherry antisera, no band was shown at 50 kDa;
instead two bands of an apparent molecular weight of around
25 kDa were detected. To test the hypothesis that the denatured
APOA-I-mCherry fusion protein masked the mCherry anti-
body epitope, two additional experiments were performed.

Using a protocol optimized for an ApoA-I-interacting
protein (ABCA1) that also binds lipids, we used a loading
buffer containing more SDS coupled with gentle heating
(loading buffer B; heated at 37°C for 15 min). Under these
conditions, mCherry antisera revealed two distinct bands
consistent with both full-length APOA-I-mCherry (50 kDa)
and free mCherry [25 kDa, the identical size detected from
Tg(ef1a: mCherry-CVLL)] (Fig. 4I). However, when using
loading buffer B, no APOA-I immunoreactivity was de-
tected. This result indicates that the APOA-I epitope re-
quires the more stringent denaturing conditions used in
standard protein immunoblot protocols. Consistent with this
result, mCherry antisera can detect the APOA-I-mCherry
full-length fusion protein in lysates prepared in buffer B
when the blot is autoclaved immediately after transfer (data
not shown). Analysis of the mCherry blots of Tg(lfabp10:
hAPOA-I-mCherry) larvae reveals about a quarter of the
mCherry is expressed as fusion protein, and the rest is
significantly truncated. In Tg(ifabp:hAPOA-I-mCherry), a
majority of mCherry is expressed as a full-length fusion
protein.

To test whether the bands detected by the mCherry antisera
were fluorescent, we subjected lysates to native gel electropho-
resis and then directly measured fluorescence (Fig. 4J). We
observed a single fluorescent band from Tg(ifabp:hAPOA-I-
mCherry) larval extracts consistent with the APOA-I-mCherry
fusion protein and three distinct bands from Tg(lfabp10:
hAPOA-I-mCherry) (60% APOA-I-mCherry fusion protein
and 40% in the lower-size bands). Although we do observe
evidence of fluorescent degradation products from both lines, it
is a greater proportion when expressed from the liver-specific
promoter.

To determine if subcellular ApoA-I accumulations in diges-
tive organs analogous to the fluorescent puncta observed using
APOA-I-mCherry zebrafish lines could be detected in non-
transgenic zebrafish, whole mount immunohistochemistry was
performed on fixed larval zebrafish. Although the hAPOA-I
antisera fails to detect endogenous zebrafish protein on immu-
noblots, similar immunoreactive puncta were observed using
the hAPOA-I antisera (Fig. 4K). No immunoreactive signal
was observed in negative control samples lacking APOA-I
antisera (data not shown).

Fig. 4. Transgenic zebrafish allows for visualization of human APOA-I in vivo. Live tg(lfabp10:hAPOA-I-mCherry) (A–C) and tg(ifabp:hAPOA-I-mCherry) (E–F)
larvae show hAPOA-I-mCherry accumulation in the liver and intestine. hAPOA-I-mCherry derived from the liver (outlined by dotted line) accumulates in the intestine
outlined by wavy line) and hAPOA-I-mCherry derived from the intestine accumulates in the liver (B and C). Tissue specificity of promoters used in APOA-I-mCherry
transgenic fish revealed using whole mount in situ hybridization with antisense riboprobes to mCherry mRNA (D and G). No expression was detected with the sense
probes (n � 10–12 fish); all larvae 6-dpf. ApoA-I-mCherry fusion protein is made in transgenic zebrafish and partially degraded (H). ApoA-I-mCherry fusion protein
(arrow head) is made in transgenic zebrafish as expected size (50 kDa) (representative image from three experiments). mCherry antisera detected two different bands
from Tg(lfabp:hApoA-I-mcherry) and Tg(ifabp:hApoA-I-mcherry) (I). The higher molecular weight bands (arrow head) represent ApoA-I-mCherry full-length protein.
The lower molecular weight bands (arrow) is possibly a degradation product of similar size as mCherry protein made from Tg(ef1a:mcherry-CVLL) (representative
image from two experiments). mCherry flourscence on native gel (representative image from four experiments) (J). Immunofluorescence for endogenous zApoA-Ia and
zApoA-Ib in wild-type fish show punctae within the intestine similar to hAPOA-I-mCherry accumulation (representative image from three experiments) (K). APOA-I,
apolipoprotein A-I; dpf, days postfertilization; E, Tg(ef1a:mcherry-CVLL); hAPOA-I, human APOA-I; I, Tg(ifabp:hApoA-I-mcherry); L, Tg(lfabp:hApoA-I-mcherry);
W, wild-type; zAPOA-1, zebrafish APOA-1.

G356 INTESTINAL CHOLESTEROL AND APOA-I TRAFFICKING

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00080.2018 • www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (106.051.226.007) on August 4, 2022.



In vivo evidence that APOA-I is transported in endosomes
and localizes to lysosomes. To determine whether internalized
APOA-I localizes with endosomes and lysosomes tg(lfabp10:
hAPOA-I-mCherry) and tg(ifabp:hAPOA-I-mCherry) zebrafish

were crossed to the transgenic zebrafish described previously
(10) that express endosomal/lysosomal markers. Live imaging
provided the verification that hAPOA-I-mCherry derived from
both the liver and intestine localized to early, recycling, and
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late endosomes, as well as lysosomes, in enterocytes (Fig. 6
and 7) and hepatocytes (data not shown) in vivo. Further
evidence for hAPOA-I-mCherry localization to lysosomes was
provided by colocalization of hAPOA-I-mCherry derived from
both tissues to LysoTracker (Fig. 6D), which stains acidic
compartments, including late endosomes and lysosomes, and
Lamp1-eGFP (Fig. 7D), which specifically marks lysosomes.

In enterocytes of both tg(ifabp:hAPOA-I-mCherry) and tg(l-
fabp10:hAPOA-I-mCherry) fish, twice as much hAPOA-I-
mCherry signal localizes to late endosomes/lysosomes than
early or recycling endosomes [tg(ifabp:hAPOA-I-mCherry):
1-way ANOVA, F � 19.71, P � 0.005; tg(lfabp10:hAPOA-I-
mCherry): 1-way ANOVA, F � 12.59, P � 0.005] (Fig. 8A).
In hepatocytes of tg(lfabp10:hAPOA-I-mCherry) larvae, the
percent of hAPOA-I-mCherry signal in late endosomes/lyso-
somes was similarly greater than the percent in early endo-
somes or recycling endosomes (1-way ANOVA, F � 11.33,
P � 0.005; Fig. 8B).

APOA-I-mCherry colocalizes with dietary TF-cholesterol in
enterocytes. Because the previous results indicated that both
dietary TF-cholesterol and hAPOA-I-mCherry are indepen-
dently found in the endosomal-lysosomal trafficking system,
we next assayed whether liver-derived hAPOA-I-mCherry co-
localized with dietary cholesterol in these compartments of en-
terocytes. Indeed, hAPOA-I-mCherry and TF-cholesterol colocal-
ization was observed in enterocytes of tg(lfabp10:hAPOA-I-
mCherry) larvae upon feeding a lipid-rich meal (5% egg yolk) for
3, 4, and 6 h (Fig. 9). Quantification of these images found that the
percent of TF-cholesterol in enterocytes that colocalized with
hAPOA-I-mCherry in tg(lfabp10:hAPOA-I-mCherry) larvae in-
creased from 12.1% at 3 h of feeding to 21.6% at 6 h of feeding
(1-way ANOVA, F � 4.587, P � 0.05; Fig. 9D). Likewise, the
area of TF-cholesterol and APOA-I-mCherry overlap increased
with feeding time, nearly doubling at 6 h (data not shown). These
trafficking data are consistent with a role for intracellular ApoA-I
in dietary cholesterol trafficking.

DISCUSSION

We developed an assay to image dietary cholesterol in the
live zebrafish intestine. In conjunction with zebrafish express-
ing Rab fluorescent fusion proteins, this assay reveals that
dietary cholesterol colocalizes with intestinal endosomes and

lysosomes. Furthermore, a novel APOA-I-mCherry fluorescent
fusion protein demonstrates that APOA-I is trafficked in en-
dosomes and also localizes to lysosomes in the intestine and
liver. Our use of tissue-specific promoters to express APOA-
I-mCherry elucidated some of the first descriptions of cellular
uptake and accumulation of APOA-I derived from specific
tissues. In this way, it was appreciated that the intestine
internalizes APOA-I derived from the liver and vice versa.
Moreover, we demonstrated that APOA-I-mCherry colocalizes
with dietary cholesterol within enterocytes.

In 2011, our laboratory reported an assay that incorporated
fluorescent fatty acid analogs into a lipid-rich chicken egg yolk
feed to visualize dietary fatty acid absorption in the intestine
and accumulation throughout the body (4). Here, we extended
the power of that assay to a new class of lipids by incorporating
a fluorescent cholesterol analog into the chicken egg yolk feed.
This TF-cholesterol feeding assay was in part validated by its
ability to reproduce the long appreciated but still enigmatic
requirement of lumenal triglycerides and fatty acids for cho-
lesterol absorption (51, 57).

Although our static observations of TF-cholesterol at three
time points after feeding are consistent with it being trafficked
through the endosomal/lysosomal system, we cannot rule out
that TF-cholesterol gets incorporated directly into ER lipid
pools that then distributes to all membrane compartments.
Time-lapse and pulse-chase studies may be able to resolve
these two possibilities. Nonetheless, our observation that about
twice as much dietary TF-cholesterol can be localized to early
endosomes (rab5c) at our early feeding time point (3 h)
compared with rab7 and rab11a is consistent with the early
endosomal compartment’s receiving newly internalized mate-
rials first.

The observation of TF-cholesterol in recycling endosomes
suggests that a subset of TF-cholesterol is targeted for exocy-
tosis, either from the apical membrane into the intestinal lumen
or from the basolateral membrane into the circulation. Cholesterol
and plant sterols are secreted into the lumen by ABCG5/G8 to
prevent cholesterol rising to toxic levels or the buildup of non-
metabolizable plant sterols; the majority of ABCG5/G8 localizes
to the apical brush border of enterocytes, but some is found in
unidentified intracellular punctae, which could plausibly be recy-
cling endosomes (16). It is therefore possible that ABCG5/G8

tg(lfabp10:zApoA-Ia-mCherry) tg(ifabp10:zApoA-Ia-mCherry)

Liver

Intestine

Liver

Intestine

Fig. 5. Transgenic zebrafish allows for visual-
ization of zebrafish APOA-Ia in vivo. Live
tg(lfabp10:zApoA-Ia-mCherry) (left) and tg(i-

fabp:zApoA-Ia-mCherry) larvae show APOA-
I-mCherry accumulation in the liver and intes-
tine (right). Scale bar � 20 �m, all larvae
6-dpf. APOA-I, apolipoprotein A-I; dpf, days
postfertilization.
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localizes to recycling endosomes with dietary cholesterol, and part
of the secretion process occurs at this location. An important
consideration is that TF-cholesterol is not native cholesterol and
may not fully replicate all aspects of cholesterol trafficking.
Moreover, it remains unclear the degree to which ABCG5/G8 can
interact with TF-cholesterol. These types of considerations must
temper all studies using fluorescent lipid analogs.

In nonintestinal tissues, it has long been appreciated that
exogenous cholesterol esters obtained from LDL uptake are
trafficked through late endosomes to lysosomes for hydrolysis,
before traveling to other cellular locations (9). This lysosomal
processing constitutes an essential step in cholesterol metabo-
lism in both normal and diseased states (7). Because our work
shows dietary cholesterol trafficked through intestinal late
endosomes and lysosomes, it is not surprising the Niemann-
Pick type C disease is also associated with gastrointestinal
symptoms and inflammation (12, 43). Moreover, cholesterol
has been shown to play an important role in lysosomal nutrient
sensing and autophagy (6, 28, 46).

Following the hydrolysis of LDL-derived cholesterol in the
lysosome, free cholesterol is then rapidly exported from the
lysosome to the ER for reesterification or to the Golgi for
transport to the plasma membrane (9). Although our experi-
mental method cannot distinguish the diffuse fluorescent signal
of TF-cholesterol localized to the ER from background noise,
we were able to detect TF-cholesterol in the Golgi by colocal-
ization to BODIPY TR ceramides, suggesting dietary choles-
terol may undergo similar vesicular trafficking in the intestine.
The abundance of TF-cholesterol observed in the lateral and
basolateral plasma membrane following feeding is consistent
with a substantial fraction of this Golgi TF-cholesterol being
targeted to the plasma membrane, where the majority of
cellular free cholesterol resides (30).

NH2-terminal fluorescent fusions of Rab proteins have been
used previously to study endosomal function in both Drosoph-
ila (58) and zebrafish (10). In this study we used these previ-
ously reported fusion protein constructs except we used pro-
moters with strong expression in 6-dpf zebrafish. We crossed
these lines to each other and saw no colocalization of any of the
Rab fusions (data not shown). However, because Rab proteins
are important regulators of endosomal functions and facilitate

communication between endosomes it is possible that their
overexpression had unintended effects on endosomal/lyso-
somal function or morphology. It is for this reason that quan-
titative data we present might be influenced by the expansion
of a specific Rab compartment as a result of overexpression,
which could produce a subsequent increase in TF-cholesterol
colocalization. Clarification of this issue will await the gener-
ation of zebrafish Rab-specific antibodies and the creation of
fluorescent Rab transgenics with the fluorophore sequence
inserted into the endogenous genomic locus.

The Rab fluorescent fusion proteins used in the study dem-
onstrate the power of fluorescent fusions to study cell biology,
yet very few studies have employed fluorescently tagged apo-
lipoproteins. To our knowledge, only Yin et al. (56) expressed
hAPOA-I-GFP in mice and observed its secretion from the
liver into the circulation, similar to wild-type hAPOA-I over-
expression (29). In our zebrafish model, hAPOA-I-mCherry
and zApoA-Ia-mCherry (data not shown) exhibited similar
distribution patterns to endogenous zApoA-Ia/b upon their
secretion from the liver or intestine, highlighting their suitabil-
ity for the study of APOA-I biology. It is not that surprising
that in the organs that were producing the ApoA-I -mCherry,
we did not observe diffuse ER/Golgi fluorescence, as might be
expected for a secreted protein. We suspect this is because the
protein is rapidly trafficked and not enough fluorescent mole-
cules accumulate to be detected by conventional confocal
microscopy. An additional open question is whether the
hAPOA-I-mCherry and zApoA-Ia-mCherry fusions can gen-
erate nascent HDL particles or are preferentially incorporated
into extant particles, something that further studies could
address.

Both the intestine and liver synthesize HDL by ABCA1-
mediated cellular cholesterol efflux to APOA-I, and ~30% of
HDL in the circulation is of intestinal origin (3). The functions
of HDL derived from the intestine versus the liver remain
largely unstudied. Here, we created a system that allows for the
identification of APOA-I from specific tissues by expressing
hAPOA-I-mCherry and/or zApoA-Ia-mCherry on tissue-spe-
cific promoters. Although internalized APOA-I has been ob-
served in the liver and intestine before, our model allowed us
to make the astonishing finding that APOA-I-mCherry derived

Fig. 8. Quantification of hAPOA-I-mCherry colocalization to endosomes and lysosomes in enterocytes (A) and hepatocytes (B). Quantitative assessment shows
that hAPOA-I-mCherry colocalizes with markers of early, recycling, and late endosomes and lysosomes. Means 	 SE, 1-way ANOVAs of tg(ifabp:hAPOA-

I-mCherry) and tg(lfabp10:hAPOA-I-mCherry) groups, *P � 0.05, n � 3–4, with 3–12 fish per n. APOA-I, apolipoprotein A-I; GFP, green fluorescent protein;
hAPOA-I, human APOA-I; I, hA1: tg(ifabp:hAPOA-I-mCherry); L, hA1: tg(lfabp10:hAPOA-I-mCherry).
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from the intestine is internalized by hepatocytes and that
APOA-I-mCherry of hepatic origin is taken up by enterocytes.

To interpret our data, it was essential to estimate the degree
to which the observed fluorescence patterns result from the
intact fusion proteins versus potential degradation products. To
address this question, we first carried out Western blotting
techniques using five commercially available mCherry anti-
bodies; however, the antibodies did not recognize the intact
APOA-I-mCherry fusion when the protein extract was dena-
tured using standard immunoblot protocols. Indeed, many
proteins that interact with lipids have previously been shown to
require specialized immunoblotting techniques for detection.
For example, Sabeva et al. (40) performed SDS-PAGE and
immunoblot analysis of ABCA1 (an ApoA-I and lipid-binding
protein) using a loading buffer containing 3% SDS. This
approach, modified with 37°C heating of the protein extract,
enabled us to observe the APOA-I-mCherry fusion product
using the mCherry antibody. In contrast, the ApoA-I antibody
reveals only the intact fusion protein of the expected size in
larval extracts using standard denaturing conditions. Our native
gel methods of assaying fluorescence avoid these problems and
results reveal that 60–100% of the fluorescence is derived from
the full-length fusion protein and the degree of degradation
depends on the specific transgenic line. Not surprisingly, the
more strongly overexpressing line has greater evidence of
degradation. In sum, the observation that fluorescence is ob-
served in lysosomal compartments is consistent with degrada-
tion occurring after cellular uptake.

The finding that hAPOA-I-mCherry accumulates in endosomes
and lysosomes in the live intestine and liver validates previous
observations of these localizations in cultured cells and fixed
tissues. However, because most APOA-I lipidation and choles-
terol efflux to HDL is thought to occur at the plasma membrane,
it was less expected to see hAPOA-I-mCherry and TF-cholesterol
colocalization in endosomes. This observation supports the theory
that APOA-I/HDL may be modified by ABCA1 and/or scavenger
receptor BI intracellularly. Further studies are needed to under-
stand the physiological role of this intracellular ApoA-I.

In conclusion, we leveraged the power of the larval zebrafish
to provide evidence consistent with cholesterol being trans-
ported through the endosomal/lysosomal system in the intes-
tine. Moreover, analysis of the localization of the APOA-I-
mCherry fluorescent fusion protein suggests that APOA-I from
the intestine is taken up in the liver and vice versa. Within
these tissues, APOA-I was shown to be trafficked in endo-
somes and localize to lysosomes. Finally, our cholesterol
feeding assay allowed for the visualization of APOA-I colo-
calization with dietary cholesterol in the intestine.
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