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Responding to a high-fat meal requires an interplay between
multiple digestive tissues, sympathetic response pathways, and
the gut microbiome. The epithelial enterocytes of the intestine
are responsible for absorbing dietary nutrients and preparing
them for circulation to distal tissues, which requires significant
changes in cellular activity, including both morphological and
transcriptional responses. Following a high-fat meal, we observe
morphological changes in the enterocytes of larval zebrafish,
including elongation of mitochondria, formation and expansion
of lipid droplets, and the rapid and transient ruffling of the
nuclear periphery. Dietary and pharmacological manipulation
of zebrafish larvae demonstrated that these subcellular changes
are specific to triglyceride absorption. The transcriptional
changes that occur simultaneously with these morphological
changes were determined using RNA sequencing, revealing a
cohort of up-regulated genes associated with lipid droplet for-
mation and lipid transport via lipoprotein particles. Using a
microsomal triglyceride transfer protein (MTP) inhibitor to
block B-lipoprotein particle formation, we demonstrate that the
transcriptional response to a high-fat meal is associated with the
transfer of ER triglyceride to nascent B-lipoproteins, possibly
through the activation of Creb313/cyclic AMP-responsive ele-
ment-binding protein. These data suggest that a transient
increase in ER lipids is the likely mediator of the initial physio-
logical response of intestinal enterocytes to dietary lipid.

The intestinal epithelium is largely composed of polarized,
columnar, absorptive cells called enterocytes, whose apical sur-
faces form the lumen of the intestine (1). The plasma mem-
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brane at this apical surface is characterized by a highly special-
ized membrane domain called the brush border and is
responsible for absorbing nutrients that pass through the intes-
tinal lumen. Enterocytes respond to the presence of food by
increasing their size and remodeling several organelles, includ-
ing mitochondria and the endoplasmic reticulum (ER)? (2, 3).
Although a great deal is known about the structure and organi-
zation of enterocytes, many cell biological details regarding
how lipids are absorbed at the apical surface, partitioned into
lipid droplets within the cytoplasm, and packaged into chylo-
microns for delivery to blood and lymph at the basal membrane
are poorly understood.

In recent years, the zebrafish has proven to be a powerful
model organism for the study of vertebrate lipid metabolism,
including dietary lipid processing by the intestine and liver
(4—8). Unlike in vitro studies, the larval zebrafish can be used to
study the enterocyte response to feeding in the context of the
signals and organization of the intestine in vivo. Dietary nutri-
ents (e.g. lipids, proteins, and carbohydrates) can be added to
zebrafish medium together with labeled lipids and/or other
small molecules (9—-12). In this way, a large number of larvae
can be treated concurrently with different foods or pharmaceu-
ticals, allowing for rapid and robust analyses.

The nucleus is a functionally and physically dynamic organ-
elle that enables cells to appropriately respond to the multitude
of signals required to maintain a viable multicellular organism.
Between different cell types of a single organism, great diversity
exists in the shape and structure of the nucleus (13). During cell
division, the nucleus undergoes dramatic changes to its organi-
zation and morphology. Although the shape of the nucleus in
an interphase cell is widely considered to be static, variations in
nuclear shape occur in some cell types, such as neutrophils, and
feature prominently in various diseases (14). Nuclear shape
changes have been associated with the transduction of cyto-
plasmic signals into specific transcriptional responses,
although many of the molecular mechanisms regulating these
responses remain to be explained (15). We investigated

2 The abbreviations used are: ER, endoplasmic reticulum; RNA-seq, RNA-se-
quencing; apo, apolipoprotein; dpf, days postfertilization; TEM, transmis-
sion electron microscopy; COV, coefficient of variation; ANOVA, analysis of
variance; TAG, triglyceride; RPKM, reads per kilobase of transcript per mil-
lion mapped reads; MAG, monoglyceride; EM, embryo medium.
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whether metabolic changes associated with specific dietary
nutrients might play a role in nuclear morphology.

In this study, we report that when zebrafish larvae are fed a
lipid-rich diet (high in triglycerides and cholesterol), the mor-
phologies of enterocyte nuclei, mitochondria, and lipid droplets
are significantly altered. The timing of these morphological
changes suggests a coordination between organelles in re-
sponding to the influx of lipid. Although morphological
changes in mitochondria and lipid droplets during a high-fat
feed have been reported previously (2, 3, 16), here we charac-
terize a novel rapid and reversible ruffling of the nuclear enve-
lope that is dependent upon the absorption of dietary triglycer-
ide. This initial observation led to a fundamental question: Does
the dramatic change in nuclear morphology indicate related
changes in cellular physiology?

We also report the transcriptional response of the zebrafish
digestive organs to an acute high-fat feed using RNA-seq anal-
ysis and highlight the changes in gene expression involved in
the synthesis, storage, and dispersal of lipids. These key physi-
ological responses to a high-fat meal all stem from the ER,
where lipids are formed and assigned to their fates. To examine
the role of lipids in the ER in the enterocyte response to a high-
fat meal, we disrupted the formation of key lipoprotein particles
in enterocytes, the chylomicrons, using a microsomal triglycer-
ide transfer protein (MTP) inhibitor. The MTP inhibitor blocks
the lipidation of apolipoprotein B (apoB) in the ER, where it
normally seeds the formation of triglyceride-loaded chylomi-
cron particles. Inhibition of MTP led to extreme changes in
nuclear morphology, probably due to the disrupted flow of lip-
ids from the ER. Additionally, MTP inhibition reduced the
transcription of key genes activated by high-fat feeding and tar-
geted by the transcription factor Creb313 (cyclic AMP-respon-
sive element-binding protein). Our hypothesis is that triglycer-
ide within the ER induces both cellular morphological changes
and transcriptional changes that reconfigure enterocytes into
lipid-processing and lipid-exporting machines.

Results

A High-fat Meal Induces Changes in Enterocyte Morphology
during Feeding—By 6.5 days postfertilization (dpf), zebrafish
larvae have a fully functional digestive system (mouth, pharynx,
intestine, liver, and pancreas), have completely absorbed their
maternally deposited yolk, and actively hunt for exogenous
food (17). To examine the cellular responses of the intestine in
response to feeding, a lipid-rich meal was administered to the
larvae for 1 h, and the intracellular morphology and organiza-
tion of enterocytes were characterized at various times after the
meal. Transmission electron microscopy (TEM) revealed strik-
ing morphological changes within the enterocytes, including
elongation of mitochondria, appearance of cytoplasmic lipid
droplets, and changes in nuclear shape (Fig. 1). As shown in Fig.
1B, enterocyte nuclei are initially round and smooth before
feeding, but after 1 h of feeding, the shape of many enterocyte
nuclei became lobular and irregular. The degree of nuclear cur-
vature was quantified using a custom algorithm implemented
in MATLAB (discussed in detail under “Experimental Proce-
dures”). The average nuclear curvature coefficient of variation
(COV) for nuclei in the unfed state was 1.12 * 0.17 (mean *
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S$.D.), whereas this increased to 1.42 * 0.16 following 1 h of
feeding as the nuclei become ruffled (Fig. 1D). For each intesti-
nal section examined, the percentage of cells exhibiting ruffled
nuclei (defined as a curvature COV greater than the mean cur-
vature COV of unfed fish plus one S.D.) also increased from an
unfed baseline of 25.7 * 20.7% to 61.6 = 17.0% at 1 h of a
high-fat meal (Fig. 1E). This change is transient, such that by 2 h
of feeding, both the percentage of ruffled nuclei and the mean
degree of nuclear curvature are similar to those in the unfed
larvae (Fig. 1, D and E). There was a statistically significant
difference in curvature COV and percentage of cells with
nuclear ruffling between groups as determined by one-way
analysis of variance (ANOVA) (F(5,28) = 0.54, p < 0.0001 and
F(5,28) = 2.81, p < 0.0001, respectively). A Tukey post-hoc test
revealed that both the nuclear curvature COV and the percent-
age of cells with nuclear ruffling at the 1-h time point were
significantly higher than at all other time points and that there
were no statistically significant differences between any other
time points.

The timing of the ruffling of the nuclear periphery was coin-
cident with an increase in both the population of elongated
mitochondria (Fig. 1, Cand F) and the appearance of lipid drop-
lets (Fig. 1, C and G). Mitochondria also exhibited rapid
changes in morphology following administration of the lipid-
rich meal (Fig. 1, C and F). After the onset of feeding (30 min),
the portion of mitochondria with an elongated profile grew
4-fold and maintained that level throughout the feeding time
course (Fig. 1F).

Inall cells, cytoplasmic lipid droplets are primarily composed
of triglyceride (TAG) and sterol esters that can result from ele-
vated intracellular fatty acid levels. In most cells, lipid droplets
are dynamic organelles (16). In the zebrafish intestine, lipid
droplets formed simultaneously with the induction of nuclear
ruffling and the elongation of mitochondria (Fig. 1, A and C)
and peaked in number around 1 h after feeding (Fig. 1G).
Although the number of lipid droplets initially grew and subse-
quently declined, the total area occupied by lipid droplets per
enterocyte remained stable over the examined time course (Fig.
1, Gand H). Notably, a larger nuclear curvature COV correlates
with a higher number of lipid droplets at 1 h of a high-fat feed
(Pearson’s r = 0.64, p < 0.025) but not with larger total area
occupied by lipid droplets (Pearson’s r = 0.48, p < 0.10).

In our initial experiments, the lipid-rich meal was the first
exogenous food consumed by the larvae. To evaluate the possi-
bility that the first meal might induce cellular changes within
intestinal enterocytes that are not observed in subsequent
meals, 6.5-dpf larvae were fed a second, high-fat meal 24 h after
being fed an initial lipid-rich meal. Following the second feed-
ing, TEM analysis was performed at specific times informed by
our “first meal” experiment (Fig. 1, [-L). Similar to the response
observed after the first meal, the shape of enterocyte nuclei
exhibited a transient increase in the degree of curvature 1 h
after feeding (Fig. 1/). Furthermore, changes in mitochondrial
shape and lipid droplet number during the second high-fat
meal matched both the timing and the profile of the initial high-
fat meal (Fig. 1, compare F and G with J and K). Additional
examination of older zebrafish larvae, fasted for 24 h at 14 dpf
and fed a high-fat meal at 15 dpf, also demonstrated a robust
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induction of these subcellular changes in response to a high-fat
meal (data not shown).

Enterocyte Nuclear Ruffling Is Induced Specifically by Meals
That Include Fat—To determine whether the observed changes
in nuclear morphology are specific to absorption of dietary fat,
meals of different nutrient composition were fed to the larvae
(6.5 dpf), followed by TEM analysis. Our data indicate that only
lipid-rich foods were able to induce nuclear ruffling (Fig. 2, A
and B; one-way ANOVA (F(4,38) = 2.30, p < 0.0001). A Tukey
post-hoc test revealed chicken egg yolk and artemia feeds
induced a statistically significant increase in nuclear curvature

1h

A Unfed 0

COV. This ruffling followed the same reversible profile
observed previously, so that at 2 h after the initiation of feeding,
nuclei returned to an unruffled state in both chicken egg yolk
and artemia (data not shown). The higher amount of fat in
chicken egg yolk solution (1.3% lipid (w/v)) increased the pro-
portion of enterocytes exhibiting ruffled nuclei, as compared
with what was observed in fish fed artemia solution (0.5% lipid
(w/v)) (Fig. 2C), suggesting that there may be a threshold level
of lipid in the cell that must be reached before ruffling is
observed. Food solutions that contained little fat (spirulina,
0.002% lipid (w/v)) or no fat (chicken egg white and glucose) did
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not induce nuclear ruffling. In these low-fat or fat-free condi-
tions, nuclear ruffling was not simply delayed, because no evi-
dence of ruffling was observed at 2 h after feeding was initiated
(data not shown). As expected, lipid droplet formation was only
observed in the chicken egg yolk- and artemia-fed fish (Fig. 2A4).
However, the appearance of the lipid droplets was remarkably
different in animals fed these two foods; lipid droplets in the egg
yolk-fed larvae were less electron-dense than those in the
artemia-fed fish. Given that a major site of osmium reactivity is
the C=C double bonds contained within the acyl chains of
complex lipids (18), the darker osmium stain observed in
artemia lipid droplets would suggest a higher number of poly-
unsaturated acyl chains than egg yolk. In fact, egg yolk acyl
chains are predominantly monounsaturated fatty acids (42%
oleic, 18:1) and saturated fatty acids (28% palmitic, 16:0; 9%
stearic, 18:0) (19), whereas artemia contains 28% polyunsatu-
rated fatty acids in addition to 52% monounsaturated fatty acids
(20).

Pharmaceutical Manipulation of Dietary Lipid Absorption
Links Triglyceride Metabolites (Monoglyceride/Free Fatty Acid)
to Nuclear Ruffling—Egg yolk is composed of a heterogeneous
mixture of lipids that includes phospholipids, cholesterol, and
TAG (21, 22). To determine whether a particular lipid constit-
uent was inducing changes in nuclear morphology, we treated
larvae with pharmaceutical drugs that inhibited the uptake of
cholesterol or TAG metabolites in conjunction with the previ-
ously described high-lipid meal (Fig. 2D). To test the hypothesis
that dietary cholesterol was mediating nuclear ruffling, choles-
terol absorption was blocked pharmacologically using the
Npclll inhibitor ezetimibe (23-25). Consistent with previous
studies (11, 26), ezetimibe treatment efficiently inhibited the
uptake of fluorescent cholesterol analog (TopFluor-Choles-
terol, Avanti Polar Lipids) into the enterocytes of treated ani-
mals (data not shown). Importantly, ezetimibe treatment had
no effect on feeding (data not shown). Notably, zebrafish
treated with ezetimibe before a high-fat meal formed intestinal
cytoplasmic lipid droplets similarly to their untreated and vehi-

cle-treated counterparts (Fig. 2F). However, nuclear ruffling
was no different in degree or timing from the untreated and
vehicle-treated controls (Fig. 2E), indicating that dietary cho-
lesterol is not responsible for the observed nuclear ruffling.

To evaluate the role of TAG byproducts produced in the
intestinal lumen following a high-fat meal, orlistat was utilized
to prevent the action of pancreatic lipases, which subsequently
blocks enterocyte absorption of TAG metabolites of triglycer-
ides (fatty acids and monoglycerides) and cholesterol esters
(27). As was the case with ezetimibe, orlistat did not alter the
total amount of food consumed (data not shown). As evidence
of the drug’s effectiveness in the larval zebrafish, treated ani-
mals failed to form cytoplasmic lipid droplets (Fig. 2F), due to a
lack of absorbed fatty acids required for the synthesis of TAG
within the ER and the subsequent formation of cytoplasmic
lipid droplets (28). Furthermore, orlistat-treated fish exhibited
attenuated nuclear ruffling, suggesting that monoglycerides/
free fatty acids are the dietary trigger that induces nuclear ruf-
fling (Fig. 2E).

A High-fat Meal Alters the Transcription of Genes Involved in
Lipid Transport, Storage, and Metabolism—The morphological
changes observed in enterocytes are indicative of a rapid and
robust cellular response to an influx of dietary fatty acids and
other TAG metabolites. As the cell exits a resting state, tran-
scriptional changes must occur that allow for the enterocyte to
up-regulate lipid export through lipoprotein particle secretion
as well as intracellular lipid storage capacity (29). The rapid
morphological responses observed in our studies indicated that
an early time point (1 h postfeeding) would capture the initial
cellular response to dietary fat. We performed RNA-seq analy-
sis of zebrafish larval (6.5 dpf) gut RNA from animals fed with
either chicken egg white or egg yolk (1 and 4 h postmeal) to
identify genes that were specifically changed by a high-fat meal
and not by feeding. In addition, we performed RNA-seq with
6.5-dpf zebrafish guts before feeding (unfed controls) as a ref-
erence. The results of three separate experiments were utilized
to compare the induction or repression of transcripts under

FIGURE 1. A high-fat meal induces changes in enterocyte morphology during feeding. A, time course of 6.5-dpf zebrafish larvae fed a high-fat meal
composed of an emulsion of 5% chicken egg yolk. Electron micrographs show representative images of cellular changes in intestinal epithelial cells before
feeding (unfed) and at 0.5, 1, 1.5, 2, and 3 h after feeding begins. N, nucleus; LD, lipid droplet; BB, brush border. B, enlargement of enterocyte nuclei (boxed) at
the indicated time points of a high-fat meal. Nuclear ruffling is indicated by white arrowheads. C, enlargement of a portion of apical cytoplasm (boxed) of
enterocytes at given time points of a high-fat meal. Examples of rounded and elongated mitochondria are indicated with red and yellow arrowheads, respec-
tively. D, quantification of the average curvature COV of nuclei at each time point. Each dot represents an average of =10 nuclei from a single fish. There was
a statistically significant difference between groups as determined by one-way ANOVA (F(5,28) = 0.54, p < 0.0001). A Tukey post-hoc test revealed that the
curvature COV at the 1 h time point was statistically significantly higher than all other time points and that there were no statistically significant differences
between any other time points. E, quantification of the percentage of cells exhibiting ruffled nuclei at each time point. Each dot represents an average of =10
nuclei from a single fish. There was a statistically significant difference between groups as determined by one-way ANOVA (F(5,28) = 2.81, p < 0.0001). A Tukey
post-hoc test revealed that the percentage of cells with ruffled nuclei at the 1 h time point was statistically significantly higher than at all other time points and
that there were no statistically significant differences between any other time points. F, quantification of the frequency of elongated mitochondria at each time
point. Two cells from each fish were analyzed. There was a statistically significant difference between groups as determined by one-way ANOVA (F(5,64) = 1.56,
p < 0.0001). A Tukey post-hoc test revealed that mitochondrial elongations at the 0 h time point were statistically significantly lower than at all other time
points and that there were no statistically significant differences between any other time points. G, quantification of the number of lipid droplets per cell ateach
time point. Each dot represents the number of lipid droplets in a single cell; two cells were analyzed per fish. There was a statistically significant difference
between groups as determined by one-way ANOVA (F(5,62) = 4.01, p < 0.0001). A Tukey post-hoc test revealed that the number of lipid droplets increased
significantly within 30 min of eating a high-fat meal, peaking at 1 h and then decreasing with time. H, quantification of the portion of the apical cytoplasmic area
that is composed of lipid droplets at each time point. Two cells from each fish were analyzed. Log,, adjustment was used to reduce the effect of outliers. There
was a statistically significant difference between groups as determined by one-way ANOVA (F(5,64) = 3.60, p < 0.0001). A Tukey post-hoc test revealed that the
portion of the total apical cytoplasmic area taken up by lipid droplets increased significantly upon feeding but did not change as the high-fat feeding time
course progressed, so that the lipid droplet area at 1 h postfeeding was not statistically significantly different from the lipid droplet area at 3 h postfeeding. I-L,
quantification of subcellular changes observed in intestinal epithelial cells before refeeding (unfed) and at 1 and 2 h after the refeeding began. Measured
changes include curvature COV of enterocyte nuclei (), morphology of mitochondria (J), and lipid droplet number and size (K and L, respectively). Quantifica-
tion protocols match those used in C, E, F, and G. Statistically significant differences between groups were determined by one-way ANOVA with a Tukey
post-hoc test for multiple comparisons. Similar trends were observed in both the first (A-H) and second (I-L) high-fat feedings. Error bars, S.D.
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FIGURE 2. Lipid metabolites trigger enterocyte nuclear ruffling and lipid droplet production. A, time courses of 6.5-dpf zebrafish larvae fed various
diets. Electron micrographs show representative images of cellular changes in enterocytes at 1 h after feeding began. N, nucleus; LD, lipid droplet; BB,
brush border. Yellow arrowheads indicate nuclear ruffling. White arrowheads indicate mitochondria. Scale bar, 10 um. Insets highlight differences in lipid
droplets between egg yolk and artemia-fed larvae. B, quantification of nuclear curvature COV observed in intestinal epithelial cells at 1 h after initiation
of feeding of the indicated food. Each dot represents an average of at least 10 nuclei from a single fish. Curvature COV measurements were normalized
to 1-h egg yolk feed. Statistical analysis was conducted with the raw data. There was a statistically significant difference between groups as determined
by one-way ANOVA (F(4,38) = 2.30, p < 0.0001). A Tukey post-hoc test revealed that egg yolk and artemia feeds induced a statistically significant
increase in nuclear curvature COV. In contrast, spirulina, egg white, and glucose feeds exhibited nuclear curvature COV similar to the unfed control. C,
analysis of the profile of curvature COV of enterocyte nuclei from fish fed egg yolk or artemia solutions. Nuclei were binned based on their curvature COV
measurement. 155 nuclei were analyzed and graphed for each condition. x? analysis demonstrates a significant difference in the nuclear ruffling
between the two treatment groups (p < 0.0001). D, schematic mode of action of drugs that block dietary lipid absorption by enterocytes. E, quantifi-
cation of nuclear curvature COV observed in treated intestinal epithelial cells at 1 h of a high-fat meal. Each dot represents an average of at least 10 nuclei
from a single fish. Curvature COV measurements were normalized to untreated larvae at 1 h of a high-fat meal. Statistical analysis was conducted with
the raw data. There was a statistically significant difference between groups as determined by one-way ANOVA (F(7,74) = 1.07, p < 0.0001). A Tukey
post-hoc test revealed a significant increase in nuclear curvature COV in the untreated, vehicle-treated, and ezetimibe-treated fish. In contrast, fish
treated with orlistat exhibited nuclear curvature COV similar to the unfed control. F, 6.5-dpf zebrafish larvae treated with vehicle, orlistat, or ezetimibe
and fed a high-fat meal for 1 h. Electron micrographs show representative images of cellular changes in enterocytes from the indicated treatment
groups at 1 h after feeding began. Yellow arrowheads indicate nuclear ruffling. Scale bar, 10 wm. Error bars, S.D.
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FIGURE 3. A high-fat meal induces a unique transcriptional response. A, overview of the genes induced in larval guts upon feeding 6.5-dpf zebrafish a
high-fat and a fat-free meal, as assayed by RNA-seq. Samples were taken before feeding (unfed) and at 1 and 4 h after feeding began. The transcript reads from
unfed fish were treated as the baseline for each group. The total number of genes whose expression changed only with a high-fat diet (Induced/Repressed by
feeding high-fat) or with both types of food (Induced/Repressed by feeding) are indicated in the center of the diagrams. Genes are grouped by function. B, gene
families with a role in metabolism that were specifically induced or repressed by a high-fat meal are shown. The table indicates the -fold change of expression
(log,) over unfed controls, as determined by RNA-seq analysis. The table is color-coded to indicate induction (orange) or repression (purple). Statistical analysis
of the -fold changes for each condition are shown in supplemental Table 1. C, RT-PCR validation of high-fat meal induction of the most robustly changed genes
from several gene categories involved in lipid storage and metabolism. Relative expression is shown, normalized to an unfed control for each respective
treatment using the AACT method. There was a statistically significant difference between groups as determined by one-way ANOVA (plin2 (F(4,15) = 17.50,
p < 0.002; creb3/3a (F(4,15) = 2.49, p < 0.02; hmgcs1 (F(4,15) = 2.32, p < 0.006; elolv5 (F(4,15) = 3.67, p < 0.04; acot (F(4,15) = 0.42, p < 0.006). Dunnett’s
post-hoc test revealed significant differences between unfed controls and certain time points of a high-fat feed. Time points with a statistically significant
increase in expression over unfed controls are indicated by an asterisk. Error bars, S.D.

induced or repressed by feeding in general (Fig. 34). Conclu-
sions based on RNA-seq data must be determined by a com-
bined examination of -fold change and reads per kilobase of
transcript per million mapped reads (RPKM) of genes of inter-

each condition and at specific time points (unfed controls were
used to determine baseline transcription levels) (supplemental
Table 1). This allowed us to separate genes induced or
repressed specifically by high-fat meals from those that were
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est (supplemental Table 1). -Fold changes presented are on a
log, scale, and significant -fold changes (p < 0.05) between 1.0
and —1.0 were excluded from the analysis. RPKMs <3.4 (2
times the highest RPKM value of nanos (1.73) across the three
experimental groups) were considered artifacts and excluded as
well.

As expected, the expression of genes involved in metabolism,
chromatin organization, translation, cellular structure, prolif-
eration, and immunity were altered regardless of the type of
food (Fig. 3A). Examination of the genes specifically up-regu-
lated by high-fat feeding revealed an enrichment in lipoprotein
synthesis and transport genes (apoA-IVb.3, apoA-1Va, tm6sf2,
cubn, apoA-IVb.2, apoBa, apoEa, apoED, and angptl4), lipid
droplet synthesis and maintenance (plin2, g0s2, plin3, and
cidec), and sterol and fatty acid processing (hmgcs1, elovl5, acot,
sqlea, fdps, acbd3, and ebp) (Fig. 3B). Genes involved in sterol
and triglyceride synthesis (nrldl, fgf19, znf451, rdhi4a, and
insigl) as well as genes involved in the response to starvation
(flen, atg9a, prr5, and ulkla) were largely down-regulated, con-
sistent with the consumption of food rich in fat and cholesterol.
The high-fat expression pattern of apolipoprotein transcription
during these early time points is consistent with results pub-
lished previously (30). The genes most robustly up-regulated in
response to the high-fat meal are involved in apolipoprotein
synthesis, lipid droplet processing (plin2), triglyceride signaling
(creb3l3a), sterol metabolism (hmgcsI), and fatty acid metabo-
lism (elovl5 and acot). These transcriptional increases were ver-
ified by quantitative RT-PCR (Fig. 3C). Many of these highly
up-regulated genes (hmgcsl, elovl5, creb3l3a, insigl, and
apoBa) localize to the ER, where absorbed lipid metabolites are
targeted for processing, storage, and export.

Inhibition of ER Lipid Flux Increases Nuclear Ruffling and
Attenuates the Transcriptional Response to a High-fat Meal—
The RNA-seq and TEM results both demonstrate a rapid and
robust shift in enterocyte morphology and physiology in
response to dietary fatty acids. Specifically, the enterocyte
increases its propensity for lipid storage (TAG synthesis and
lipid droplet synthesis) and export (lipoprotein synthesis). Both
of these processes start at the smooth ER, where fatty acids are
incorporated into TAG within the ER membrane bilayer (Fig.
4C). ER TAG can then either bud off to form lipid droplets or
bind MTP for transfer to apoB and subsequent secretion within
a mature lipoprotein (29). Chylomicron secretion is regulated
primarily by lipid availability in the ER for lipoparticle assem-
bly, a process initiated when MTP offloads its TAG to apoB as it
is passing through the ER translocon (31). To explore the spe-
cific role of ER TAG on the morphological and transcriptional
changes observed in enterocytes, an inhibitor of MTP (lomi-
tapide) (32, 33) was administered to block both lipoprotein syn-
thesis and ER TAG flux. Our data indicate that disrupting these
critical enterocyte functions enhanced and prolonged the degree
of nuclear curvature (Fig. 4, A—C). Notably, nuclear ruffling has not
been observed in cells of other digestive organs known to produce
lipoprotein particles (such as the liver) under any feeding condi-
tions. Although treatment with the MTP inhibitor did not alter
MTP gene expression, it did reduce the responsive expression of a
large number of genes important for apolipoprotein synthesis (Fig.
4D). MTP inhibition also dampened the responsive expression of
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plin2 and hmges1, key regulators of lipid droplets and TAG pro-
cessing, respectively (Fig. 4D).

Discussion

Dramatic morphological changes of the nucleus, mitochon-
dria, and lipid droplets are induced by a high-fat meal. TEM has
been a mainstay approach to visually examining fat absorption,
transport, and packaging in the intestine because of the ease
with which lipid droplets can be detected (34). Classical ultra-
structural studies examining the effect of feeding on mamma-
lian enterocyte subcellular structures are consistent with our
observations in zebrafish larvae. Several prior studies have
described the effect of an oil gavage on rodent enterocyte mor-
phology (increases in lipid droplets and expansion of smooth
endoplasmic reticulum and Golgi) (34-36). Although few
authors comment on nuclear morphology in these studies, a
reexamination of these TEM images clearly reveals the unique
nuclear ruffling of enterocytes. Buschman and Manke (2, 3)
compared the ruffling of the enterocyte nuclei in fasted and
fat-fed hamster by subjective examination of the overlay of
traced nuclei. They determined that high-fat feeding does
indeed alter the peripheral ruffling of the nucleus, although
they observed nuclear ruffling in both fed and unfed states.
Modest nuclear ruffling was also observed in the enterocytes of
1.5-year-old zebrafish adults after a 90-h fast (data not shown).
We predict that the discrepancy between nuclear ruffling in
fasted adults and larvae may be due to developmental differ-
ences in the intestine combined with the absence of adipose
tissue in 6.5-dpf zebrafish larvae. Adults have stored lipids in
their adipose tissue that can be used to elevate circulating free
fatty acids in the fasted state, whereas larvae would require lipid
synthesis or metabolism to acquire new lipids in the absence of
dietary lipid. The absence of fat tissue may amplify the physio-
logical and morphological responses in larval enterocytes to
dietary lipid. Further examination of the enterocyte response to
high-fat feeding at different ages in zebrafish will determine the
effect of age and adipocyte lipid storage.

Although the cause of the robust and rapidly reversible
nuclear ruffling described here is still unclear, we hypothesize
that the initial influx of dietary fat may transiently increase lip-
ids in the ER and associated nuclear envelope, thereby altering
the rigidity of the nuclear membrane. As the cell up-regulates
lipid export and storage, ER lipid homeostasis may be restored
along with nuclear curvature. The ruffling of the nuclear
periphery might also indicate dramatic modifications and reor-
ganization of the nuclear lamina and associated chromatin.
This reorganization could prepare the cell to exit a resting state
and enter into a state of high metabolic, storage, and export
activity.

Within 30 min of feeding a high-fat meal, a robust morpho-
logical response of mitochondrial elongation was observed.
Alterations in mitochondrial morphology were previously
noted by Jasper and Bronk (37) in rat mucosal strips exposed to
exogenous amino acids. Furthermore, mitochondrial fusion
can be promoted by increased metabolic demand (38). The dra-
matic shifts in mitochondrial morphology observed here in the
larval zebrafish intestine are consistent with enhanced fusion
driven by the metabolic demands of rapid lipid influx.
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The correlation between the number of lipid droplets and the
degree of nuclear ruffling at 1 h of a high-fat meal suggests a
connection between the nucleus, lipid droplets, and the ER that
plays a predominant role in early lipid droplet formation. Upon
high-fat feeding, lipid droplets form and subsequently expand,
so that the number of lipid droplets starts to decline at 2 h
postfeeding, whereas the total area occupied by lipid droplets
remains stable to 3 h. One possible hypothesis is that small lipid
droplets initially form throughout the cytoplasm, grow, and
then fuse to form larger lipid droplets. Although no direct

A

observations of fusion events were noted, these data are con-
sistent with a prior study in cultured cells where 15% of all
lipid droplets are engaged in fusion events at any given
moment (39). These data are also consistent with a model of
two pools of lipid droplets: one with enzymes that synthesize
TAG and the other associated with lipases that result in
TAG loss. Assuming that the cell is absorbing fatty acids/
monoglyceride (MAG) at a steady rate, the stability of
enterocyte lipid droplet area can be explained by a shift in the
enterocyte’s physiology to drive lipid export (through lipo-
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protein synthesis and secretion) and to promote lipid
oxidation.

The timing and profile of the nuclear, mitochondrial, and
lipid droplet morphological changes of a second high-fat feed
closely mirrored morphological changes in the initial high-fat
meal. Therefore, these morphological responses are not simply
a consequence of the first exposure of the intestine to exoge-
nous food but are more likely a typical enterocyte response to
high-fat feeding in larvae.

By manipulating the amount of lipid absorbed by enterocytes
after a meal by altering the diet, we identified the meal’s lipid
content as a key indicator of nuclear ruffling. Meals that did not
contain lipid (glucose and egg white solutions) did not induce
nuclear ruffling or lipid droplet formation. For meals that did
contain lipid (egg yolk, artemia, and spirulina solutions), there
appeared to be a threshold level of lipid absorption that must be
reached before ruffling and lipid droplets are observed. For
example, no nuclear ruffling was observed in spirulina-fed fish
(0.002% lipid (w/v)), but nuclear ruffling was observed in both
larvae fed egg yolk solution (1.3% lipid (w/v)) and artemia solu-
tion (0.5% lipid (w/v)). Further, the proportion of enterocytes
exhibiting ruffled nuclei was higher in larvae fed chicken egg
yolk solution than in larvae fed artemia solution. Future exam-
ination of the total lipid content of enterocytes after meals with
various levels of lipid would provide more insight into this pos-
sible explanation.

Pharmaceutical manipulation of dietary lipid absorption
linked triglyceride metabolites in particular to nuclear ruffling.
Blocking the absorption of dietary cholesterol with ezetimibe
treatment before a high-fat meal had no effect on the timing or
magnitude of nuclear ruffling and lipid droplet formation.
However, blocking the absorption of dietary monoglycerides
and free fatty acids using orlistat attenuated nuclear ruffling
and lipid droplet formation. Therefore, the same high-fat egg
solution capable of inducing rapid and robust morphological
changes in enterocytes cannot induce a response when treated
with orlistat. We hypothesize that the acute lipid flux within the
ER resulting from monoglyceride/fatty acid absorption and
subsequent ER TAG synthesis 1) plays a role in altering the
nuclear periphery, which results in a ruffled nuclear appear-
ance, or 2) induces a reorganization of the nuclear periphery as
the cell transitions from a resting state (fasted) to a transcrip-
tionally responsive state (fed), which results in a ruffling of the
nuclear periphery.

The transcriptional profile of enterocytes rapidly responds to
a high-fat meal, with changes in gene expression occurring as
early as 1 h after feeding. Genes involved in lipid transport,
storage, signaling, and metabolism were most responsive to a
high-fat meal. This change in transcriptional profile indicates
that under high-fat feeding conditions, regulation of lipid is
paramount to the enterocyte response. Specifically, the entero-
cyte increases its propensity for lipid storage (TAG synthesis
and lipid droplet synthesis) and export (lipoprotein synthesis),
probably both to protect the enterocytes from the toxic effects
of free fatty acids and to ensure that dietary lipids are distrib-
uted throughout the body.

Analysis of the genes whose expression changed in response
to a high-fat meal indicates the activity of multiple lipid-in-
duced signaling proteins (insulin, ppar-vy, srebp, and creb3[3)
and pathways, which converge on the ER as absorbed lipid
metabolites are targeted to this organelle. Future work examin-
ing the interplay between these pathways in the intestine would
enhance fields largely focused on the function of these path-
ways in other metabolic tissues (i.e. the liver).

Among the highest up-regulated genes, the enrichment of
ER-localized genes involved in lipid processing, signaling, and
export indicated a critical role of this organelle in the enterocyte
response to absorbed dietary lipid. Pharmaceutical inhibition of
ER lipid packaging into apolipoproteins using an MTP inhibitor
enhanced the magnitude and duration of nuclear ruffling. The
increased nuclear ruffling seen when lipoprotein synthesis and
export are blocked is consistent with our hypothesis that
increased levels of lipid in the ER result in changes to the rigidity
of the nuclear envelope. The presumptive increase of TAG
within the ER caused by blocking lipid transport through chy-
lomicrons could be responsible for this increased level of
nuclear ruffling. These data are consistent with reports from
humans with abetalipoproteinemia and mice with MTP defi-
ciency showing slightly more ruffled nuclei as compared with
control (40, 41). However, few of the published electron micro-
graph images include enterocyte nuclei, making it difficult to
draw definitive conclusions as to the effect of lipoprotein reten-
tion on mammalian enterocyte nuclear morphology.

Nuclear ruffling has not been observed in cells of other diges-
tive organs known to produce lipoprotein particles (such as the
liver) under any feeding conditions. The unique rapid influx of
lipid to the intestinal lumen and subsequently to the entero-
cytes may have a stronger effect on nuclear morphology than

FIGURE 4. Treatment with an MTP inhibitor alters the enterocyte response to a high-fat meal. A, representative electron micrographs of 6.5-dpf untreated
zebrafish larvae and larvae treated with vehicle or MTP inhibitor and fed a high-fat meal indicating cellular changes in enterocytes as a result of treatment.
Yellow arrowheads indicate nuclear ruffling. Scale bar, 2 pm. B, quantification of nuclear curvature COV observed in the TEM experiment. Each dot represents
an average of at least 10 nuclei from a single fish. There was a statistically significant difference between groups as determined by one-way ANOVA (F(4,34) =
1.08, p < 0.0001). A Tukey post-hoc test revealed a statistically significant increase in nuclear curvature COV in all fed treatment groups, when compared with
the MTP inhibitor-treated unfed control. The increased nuclear curvature COV observed with feeding MTP inhibitor-treated fish was significantly higherat 1 h
and was maintained at least 2 h into the time course. C, analysis of the profile of curvature COV of enterocyte nuclei from fish treated with vehicle or with MTP
inhibitor. Nuclei were binned based on their curvature COV measurement. 145 nuclei were analyzed and graphed for each condition. y? analysis demonstrates
a significant difference between the nuclear ruffling of the two treatment groups (p < 0.0001). D, RT-PCR of cDNA extracted from 6.5-dpf zebrafish guts
dissected at 2 h after feeding a high-fat meal with either vehicle treatment or MTP inhibitor treatment. Relative expression is shown, normalized to an unfed
control for each respective treatment using the AACT method. Statistical analysis was conducted using the unpaired Student t test to identify differences
between vehicle-treated and MTP inhibitor-treated groups. *, p < 0.05. £, schematic of lipid flux in the enterocyte after a high-fat meal. TAG is broken down into
fatty acids (FA) and monoglyceride in the intestinal lumen. These metabolites are then absorbed by enterocytes and reconstituted into TAG in the ER, where
it has two primary fates: 1) packaging into lipid droplets for short term storage (<16 h) or 2) incorporation into apoB- and apoA-IV-labeled chylomicrons (CM)
for export to distal tissues. Creb3I3 is activated by a high-fat meal, leading to its transport from the ER to the Golgi, where it is cleaved and translocated into the
nucleus to serve as a transcription factor. We hypothesize that the TAG lipidation and translocation of apoB may serve as the activating signal that triggers the
movement of Creb3I3 from the ER to the Golgi. CE, cholesterol ester; Error bars, S.D.
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the gradual change in lipid flux experienced by other tissues.
Future intestinal studies will clarify this potential connection
between lipid flux in the ER and changes to the structure and/or
organization of the nuclear periphery.

Notably, genes that had responded to the acute high-fat meal
but were dampened by MTP inhibitor treatment, such as apoA-
1V, closely mirror the affected genes identified in longer term
atherogenic feeding studies in mice lacking the Creb3I3 tran-
scription factor, a member of the CREB3 (cyclic AMP-respon-
sive element-binding protein) family of bZIP transcription fac-
tors (42). Further, Creb3l13 knock-out mice fasted for 24 h show
a similar misregulation of genes involved in lipid transport and
triglyceride metabolism in both liver and intestine (43). Creb313
is an ER-tethered transcription factor activated by saturated
fatty acids, insulin, and/or inflammatory stimuli whose expres-
sion is restricted to the liver and intestine of vertebrates, includ-
ing zebrafish (42, 44 — 46). Prior studies have demonstrated that
Creb313 strongly up-regulates apoA-IV, a gene that is primarily
expressed in the intestine (30), where it can expand chylomi-
cron size to increase gross lipid export (47—51). Zebrafish have
multiple apoA-IV genes that exhibit rapid increase in expres-
sion in the intestine after high-fat feeding (Fig. 3B) (30). We
propose that the reduction in apoA-IV expression that we
observe under MTP inhibition is due to a reduction in Creb313
processing and activity, as observed by Cheng et al. (52). Cheng
et al. (52) show that TAG flux in the hepatocyte ER controls
apoB-VLDL particle assembly, which regulates Creb313 proteo-
lytic processing, which in turn promotes the up-regulation of
apoA-IV expression to enhance the efficient export of lipid (52).
In our hands, MTP inhibition also dampened the responsive
expression of plin2 and hmgcs1, key regulators of lipid droplets
and TAG processing, respectively (Fig. 4D). Taken together,
these findings support our hypothesis that TAG flux in the
enterocyte ER stimulates a robust cellular response that coor-
dinates lipid processing, storage, and export from the cell.

Experimental Procedures

Zebrafish—All procedures were approved by the Carnegie
Institution Animal Care and Use Committee (protocol 139).
For all experiments, WT (AB background) embryos were col-
lected from natural spawning, staged, and raised in zebrafish
embryo medium (EM) as described previously (53).

Preparation of Zebrafish Meals—For all feeding solutions, a
total volume of 20 ml was prepared. The high-fat vesicle feeding
solution was prepared similarly to previous reports (12, 54).
Briefly, a 5% egg yolk emulsion was made with frozen aliquots of
chicken egg yolk resuspended in zebrafish EM. The egg yolk
emulsion was pulse-sonicated (Sonicator Ultrasonic Processor
6000, Misonix Inc.) for 10 s using a V4-inch tapered microtip
(output intensity, 3 W; 1 s on/off; 5-s total processing time),
passed through a strainer, pulse-sonicated for an additional
30 s, and then vortexed for 30 s. The artemia feed was prepared
as 1% (w/v) shell-free artemia (INVE Aquaculture) in zebrafish
EM and sonicated for 5 s for uniformity. The spirulina solution
was prepared as 0.5% (w/v) spirulina powder (Salt Creek Inc.) in
EM and mixed by vortexing. The glucose solution was prepared
as 5% (w/v) glucose in EM and mixed by vortexing. A 10% egg
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white solution was made with frozen aliquots of chicken egg
white resuspended in EM and sonicated for 5 s.

Feeding Zebrafish—To improve feeding rates, all feeding
assays were performed in 35-mm Petri dishes kept in an incu-
bated orbital shaker set to 29 °C and 30 rpm (Incu-Shaker Mini
H1000-M, Benchmark Scientific). For assays measuring tran-
scriptional responses to feeding, 30 —40 larvae were placed in 5
ml of sonicated egg yolk emulsion to feed. For TEM experi-
ments, 70-100 larvae were placed in 5 ml of sonicated egg yolk
emulsion to feed. For all feeding procedures, after 50 min in the
feeding solution, larvae were washed two times in embryo
medium, anesthetized with tricaine, and examined for full
intestines to verify that they had fed. For certain foods (egg yolk,
artemia, and spirulina), feeding could be determined visually by
the color of the intestine. For other foods (glucose and egg
white), feeding was determined by an expansion of the intesti-
nal lumen and the presence of bile. After verifying feeding, lar-
vae that were going to continue past the 1 h mark of the feeding
time course were placed in EM and returned to the incubated
shaker for the duration of their time course.

Transmission Electron Microscopy—For TEM, unfed larvae
and larvae with “full” intestines were removed and fixed at dif-
ferent times after feeding. After two EM rinses and anestheti-
zation using tricaine, larvae were fixed in a 3% glutaraldehyde,
1% formaldehyde, 0.1 M cacodylate solution for 1-3 h. Heads
and tails were trimmed, and swim bladders were deflated before
embedding in 2% low melt agarose. Postfixation was done in 1%
osmium tetroxide + 1% potassium ferricyanide in cacodylate
solution for 1 h. This was followed by washes in water, cacody-
late, and water again (2 X 10 min each) and then incubation in
0.05 M maleate, pH 6.5, for 10 min. Samples were then stained en
bloc with 0.5% uranyl acetate in maleate for 2 h at room tempera-
ture or at 4 °C overnight. After two 15-min washes with water,
samples were dehydrated through graded ethanol dilution (35%,
2 X 15 min; 50%, 15 min; 75%, 15 min; 95%, 15 min; 100%, 3 X 15
min). Samples were then washed with propylene oxide three times
before incubation in 1:1 propylene oxide/resin (Epon 812 epoxy)
and evaporated overnight, followed by two 2-h washes in 100%
resin and a final embedding in 100% resin at 50 °C followed by
70°C. Sections were made with a Reichert Ultracut-S (Leica
Microsystems), mounted on naked 200 thin mesh grids, and
stained with lead citrate. Images were captured with a Phillips Tec-
nai 12 microscope and recorded with a Gatan multiscan CCD
camera using Digital Micrograph software.

Drug Treatments—For all treatments, vehicle or drug was
added to the 5% egg yolk emulsions directly after sonication,
before vortexing. For orlistat treatment, larvae were pretreated
1 h before feeding with 0.5 mm orlistat (Alli, 60-mg capsules,
GlaxoSmithKline), 0.1% ethanol in EM and then fed a high-fat
meal containing orlistat (0.5 mM orlistat, 0.1% ethanol, 5% egg
yolk emulsion in EM). For ezetimibe (SCH58053, Santa Cruz
Biotechnology) treatment, larvae were pretreated overnight
with vehicle (0.1% ethanol in EM) or drug (5 uM ezetimibe, 0.1%
ethanol in EM). Larvae were fed the high-fat meal containing
either vehicle (0.2% ethanol, 5% egg yolk emulsion in EM) or
drug (10 um ezetimibe, 0.2% ethanol, 5% egg yolk emulsion in
EM). For MTP inhibitor (AEGR-773, Aegerion Pharmaceuti-
cals) treatment, larvae were pretreated 1 h before feeding with
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vehicle (0.1% ethanol, EM) or drug (10 um MTP inhibitor, 0.1%
ethanol in EM). Larvae were fed a high-fat meal following the
procedures outlined above, with two additional experimental
groups: high-fat meal plus vehicle (0.1% ethanol, 5% egg yolk
emulsion in EM) and a high-fat meal plus drug (10 um MTP
inhibitor, 0.1% ethanol, 5% egg yolk emulsion in EM).

Quantification of Coefficient of Variation of Nuclear Curva-
ture in Electron Micrographs—To define the curvature of nuclei
under different feeding conditions and drug treatments, data
were collected from several sets of larvae from at least two inde-
pendent experiments per condition examined. TEM images of a
complete transverse section of a larval intestine were divided into
four equal quadrants, and one quadrant was randomly selected for
further analysis. Random quadrant selection was automated using
MetaMorph software (Molecular Devices, LLC). Nuclei in the
selected quadrant were then segmented by hand with the aid of a
Wacom Intuos4 tablet (Wacom Technology Corp.). The experi-
mental condition of the images was blinded for the analyses in Fig.
1. Nuclear outlines were binarized (MetaMorph) and then ana-
lyzed for curvature with a custom algorithm implemented in
MATLAB (The Mathworks) using the Image Processing toolbox,
as follows. The starting point is a segmented image of the nucleus.
The command “bwboundaries” was used to obtain the boundary
of the segmented nucleus, using the default 8-connected neigh-
borhood. This leads to a set of pixels,

z,= (X, ¥, i=1,...,n (Eq.1)

where 7 is the number of pixels in the boundary. For each of
these points, we then did the following. 1) We found the oscu-
lating circle at z; along the boundary, by calculating the radius,
r, and the center, ¢, To compute the radius and center that
define the osculating circle at index i, we took ~5% of the pixels
on the boundary before and after index i,

Z,':{Zi ms Zj—mily---y 2 1,21.,5;'0]-4“,3:'0111 Ivzihrl} (Eq.2)

~~

~
m pixels m pixels

where m = n/20. We fit the circle to these 2m + 1 points by
minimizing the geometric error (sum of squared distances from
the points to the fitted circle) using nonlinear least squares.
This is based on the work of Gander et al. (55) and uses the
implementation “fitcircle,” available from MATLAB Central
file exchange (56). We computed the magnitude of the curva-
ture at z; as the inverse of the radius, k; = 1/r,. If the computed
radius is infinite (NaN) then the curvature was set to be zero;
otherwise, we took the inverse of the radius. 2) We set the sign
of the curvature by determining whether the center of the oscu-
lating circle was inside or outside the cell boundary. To this end,
we computed a short line from the point z, in the direction of
the circle center c,. This cannot be too long, or it might go
through the boundary on the other side of the cell. We used
lines 3 pixels long. If this point is inside the cell, then the cur-
vature is negative; otherwise, it is positive.

After these calculations, we had a set of local curvatures
{k;}7_  at each of the points along the boundary. Finally, we
computed the mean
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1 n
w(K) = K, (Eq.3)
S.D. value,
1/2
.I n
o(k) = (n - 12(& - M(K))Z) , (Eq.4)
and coefficient of variation of the local curvatures.
o(k)
c, = (Eq. 5)
u(k)

This presents a measure of the variation of local curvature
around the mean. Note that for a perfectly round cell, the S.D. is
zero, and hence so is ¢,. Normalization for the mean allows us to
compare nuclei of varying size.

RNA Extraction from Larval Guts—A feeding time course
was undertaken with 6.5-dpflarval zebrafish. 5% egg yolk emul-
sion (high-fat) feeds and 10% egg white feeds were prepared as
described above. At the appropriate time points, digestive
organs (intestine, liver, and pancreas) were dissected from 10
anesthetized larval zebrafish and immediately transferred into
30 ul of RNALater (Ambion). The samples were stored at
—20°C and thawed on ice, and RNA was extracted using an
RNAqueous-Micro kit (Ambion) and stored at —80 °C.

RNA-seq Sample Preparation and Analysis—Triplicate sam-
ples were independently prepared from pairwise crosses fed
each food type. RNA sample purity was verified with the Agi-
lent RNA 6000 Pico kit and an Agilent 2100 bioanalyzer (Agi-
lent Technologies). cDNA libraries were constructed from
poly(A)-selected RNA using the Illumina TruSeq RNA Sample
Prep kit version 2 (Illumina) following the LS (low sample
throughput) option. Six samples were run per lane on an Illu-
mina HiSeq2000 system for a 50-bp plus indexing run. Refseq
annotation for zebrafish was obtained from Ensembl. RNA-seq
reads were mapped to the zebrafish genome (Zv9) by Tophat
(57) using the Refseq annotation as a reference. All reads were
trimmed to 50 bp before mapping. Reads falling on each gene
were counted using custom scripts. Differentially expressed
genes were called using edgeR (58).

RT-PCR Sample Preparation and Analysis—Guts were col-
lected from 10 larvae per experimental group and pooled
together. Samples were collected in triplicate, each from a dif-
ferent AB cross. cDNA was constructed from RNA extracted
from dissected larval guts with the iScript cDNA synthesis kit
(Bio-Rad). Triplicate RT-PCR samples were prepared using
c¢DNA, SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad), and gene-specific primers. The Bio-Rad CFX96.5 real-
time system was used to run the RT-PCR, with 45 cycles: 95 °C
for 15 s, 59 °C for 20 s, and 72 °C for 20 s. The Bio-Rad CFX
Manager version 3.0 software platform was used to analyze the
results. Gene expression was quantified using the AACT
method (59, 60) using 18S as the reference gene. The following
apolipoprotein and 18S primer sequences were developed and
validated in a previous publication (36): apoA-IVa, GACCCA-
GCTCAAGCCTTATG (forward) and GACCCAGCTCAAG-

SASBMB

VOLUME 291+-NUMBER 45-NOVEMBER 4, 2016



ER Lipid Activities: Morphological and Transcriptional Responses

CCTTATG (reverse); apoA-IVb.1, GAGTTCCAGAAAACT-
GTGAGTCCTCTAGCT (forward) and TCGTACAGAGAG-
ATCAGCTGGTCTTTTAGG (reverse); apoA-IVb.2, TTGT-
GGTCTTTGCACTTGCT (forward) and TCATCTTGACGG-
TTTCCTCTG (reverse); apoA-IVb.3, TGAAGGTTCTTGTG-
GTGCTC (forward) and AATGGATTCCTCTGCGGTTT
(reverse); apoA-Ia, CCAATTTGTTCCAGGCTGAT (forward)
and CAACTGGGTGGAGATGGTCT (reverse); apoEa, GCA-
GAACTCTGATGAGCTCAAGAACAAAGC (forward) and
AAGTAAGGCTCCAGACGATCCTTCACATCT (reverse);
apoBa, TGACCTCAAGCACGTCACTC (forward) and GGG-
GAAAACCAGCACTTGTA (reverse); apoBb.1, GCTTGAA-
GGAACCAGCAGTC (forward) and AGTTGGTGGTTGGC-
ATTAGC (reverse); rpsl8, TGCAGAACCCTCGCCAGTAC-
AAAATCCCAG (forward) and CCAGAAGTGACGGAGAC-
CACGGTGAGCCCT (reverse). Additional primer sequences
were as follows: acot, CATGTGAATGAGGATAACCATGT
(forward) and TCAACAGAAGCCCAGTTCTGA (reverse);
creb313a, AAGCCCTTCACAGACACCAA (forward) and
GAGTACGGATGGTCGAGGTT (reverse); elolvs, AATGG-
GCTGGCTGTATTTCC (forward) and TGGCCGTTTACT-
GATCCATT (reverse); hmgesl, GCTGAGACAATGAA-
GCTCAGA (forward) and CATGGATCGTCTGGCATACT
(reverse); plin2, TTCACTAATGGGCTGGAAGA (forward)
and CACCACACATGTGCTCTGAA (reverse); MTP, GAGG-
CCACGCTGGACTTCAT (forward) and TTGGACACCGT-
CTCTCTGAAG (reverse).

Statistics—Unless otherwise indicated, one-way ANOVA
with significance set at p < 0.05 was used to compare differ-
ences between experimental conditions after determining
homogeneity of variances across samples using Bartlett’s test.
Tukey’s multiple comparison test was used for post-hoc analy-
sis. Results of the multiple comparison tests are indicated by
letters (significant differences between conditions fell into fam-
ilies) or asterisks, depending on the experimental results. All
error bars represent S.D. The GraphPad Prism software plat-
form was used to compile all statistical analyses (GraphPad
Prism version 6.0b for Mac, GraphPad Software).
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