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Abstract

ApoC-ll1 is a critical cardiovascular risk factor, and humans expressing null mutations in apoC-IlI
are robustly protected from cardiovascular disease. Because of its critical role in elevating plasma
lipids and CVD risk, hepatic apoC-I11 regulation has been studied at length. Considerably less is
known about the factors that regulate intestinal apoC-1I1. In this work, we use primary murine
enteroids, Caco-2 cells, and dietary studies in wild-type mice to show that intestinal apoC-I11
expression does not change in response to fatty acids, glucose, or insulin administration, in
contrast to hepatic apoC-111. Intestinal apoC-I11 is not sensitive to changes in FoxO1 expression
(which is itself very low in the intestine, as is FoxO1 target IGFBP-1), nor is intestinal apoC-I11
responsive to western diet, a significant contrast to hepatic apoC-I1l stimulation during western
diet. These data strongly suggest that intestinal apoC-I11 is not a FoxO1 target and support the idea
that apoC-I111 is not regulated coordinately with hepatic apoC-I11, and establishes another key
aspect of apoC-I1l that is unique in the intestine from the liver.
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1. Introduction

Apolipoprotein C-I11 (apoC-I11) is expressed in both liver and the intestine, and is secreted
from these tissues on triglyceride-rich lipoproteins (TRLs) [1-3]. ApoC-I1I was first
established as an inhibitor of lipoprotein lipase (LPL), and it has been more recently
established that the most robust role of apoC-111 is likely its inhibition of hepatic low-density
lipoprotein receptor (LDLR) [4-6]. These inhibitory actions of apoC-l1ll increase the plasma
residence time of TRLs and their remnants. In humans, plasma apoC-I11I levels are
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independently associated with both an increase in plasma triglycerides and CVD risk
[7,8,25].

Elevated plasma triglycerides are an independent risk factor for cardiovascular disease
(CVD), the leading cause of mortality in the United States. The importance of apoC-I111 in
human CVD incidence has been well-established: in patients with the R19X null mutation in
apoC-Ill, CVD incidence is significantly reduced, whereas in patients with elevations in
plasma apoC-11l, CVD incidence in robustly increased [9-14].

We have recently established an intestinal role for apoC-I11. We find that overexpression of
apoC-Il1 results in a delay in dietary lipid absorption and causes the secretion of smaller
chylomicrons [15,16]. This is paradoxical to both the triglyceride-raising role apoC-I11 plays
in the plasma, and cell culture data suggesting that intracellular apoC-111 promotes the
synthesis and secretion of larger, more triglyceride-rich VLDL from the liver [17,18,27].

Research on the mechanisms that control apoC-I11 gene expression has focused on hepatic
apoC-IIl. In primary rat hepatocytes, glucose upregulates apoC-I11 transcription by
activating transcription factors HNF-4a and ChREBP, which bind E-boxes found in the
proximal C3P footprint in the apoC-111 promoter [19]. Conversely, insulin down-regulates
hepatic apoC-I11 through phosphorylation and nuclear exclusion of the transcription factor
Forkhead box O1 (FoxO1) [20]. Furthermore, hepatic apoC-111 mRNA is significantly
elevated in mice with streptozotocin-induced insulin deficiency [21]. In liver,
polyunsaturated fatty acids inhibit FoxO1 expression and its target genes in liver, including
apoC-Ill [22].

While the regulation of hepatic apoC-I11 gene expression has been well studied, the factors
that regulate apoC-I111 in the intestine are still largely unknown. In Caco-2 cells
overexpressing constitutively active FoxO1, apoC-I111 mRNA is significantly increased [20].
However, little is known about the role of physiological levels of FoxO1 in apoC-IlI
regulation in the intestine. Unlike hepatic apoC-I1l, which is inhibited by long chain
polyunsaturated fatty acids [22], it is unknown how intestinal apoC-I11 expression responds
to dietary fat.

Since we have previously established that the role of apoC-I1l in the intestine differs
significantly from that in the liver, the purpose of this study is to establish the /n vivo
regulation of intestinal apoC-III.

2. Methods

2.1. Animals

Male and female C57BI/6J mice (Jackson Laboratories, Bar Harbor, ME), 8-12 weeks old,
were housed 3-4 per cage in a temperature-controlled (23 £ 1 °C) vivarium on a 12-h light-
dark cycle. Mice received free access to water, and were maintained on either standard
rodent chow (Teklad global cat.#2918) or western diet (42% kcal from fat, 0.2% cholesterol
by weight) from EnvigoTD.88137, for 12 weeks. Animals were sacrificed under isoflurane
anesthesia following an overnight fast. For gavage studies, mice continued on chow diet and
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were gavaged at the same time daily for one week with saline, corn oil (60 uL), or corn oil
(60 uL) with glucose (135 pL of 5 M glucose). Each gavage was made isovolumetric (195
pL) using saline. Mice were fasted overnight on the last day before they were sacrificed. All
animal procedures were performed in accordance with the University of Connecticut Internal
Animal Care and Use Committee and in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.2. Caco-2 cells

Caco-2 cells were used for experiments at 17d post-confluence [23]; this protocol produces
the most abundant apoB-lipoproteins. Cells were kept at 37 °C with 5% CO, in Eagle's
MEM (Corning Cellgro #10-010-CM), 10% FBS, 1% L-glutamine, penicillin/ streptomycin,
sodium pyruvate, non-essential amino acids, and 1.5 g/L sodium bicarbonate. For
experiments, cells were cultured in low-glucose (1 g/L glucose) or high-glucose DMEM (4.5
g/L) +/- human insulin (final concentration 80 nM, Sigma, St. Louis, MO. cat# 19278).
Cells were serum starved overnight prior to treatments and then treated with 2 mL of
treatment media in each well for 24 h. Fatty acid treatment: Cells were incubated with fatty
acid growth medium for 4 h, washed, then incubated for 24h in fresh media prior to protein
and RNA isolation.

2.3. Enteroid culture

We isolated intestinal stem cells (ISCs) from crypts as described previously [16,24]. Primary
crypts were isolated from WT mice, age 8-12 weeks. Crypts were placed in Matrigel;
following 30min polymerization, crypts were treated with 500 pl of enteroid medium
(Advanced DMEM/F12 (12634- 010; Life Technologies, Carlsbad, CA, USA) with 2 mM L-
Glutamine,10 mM HEPES, 100U/mL penicillin/100 pg/mL streptomycin and 1x N2 and 1x
B27 supplements, plus 1 pL of R-spondin 1 (250 pg/mL), 1 pL of Noggin (50 pg/mL) and
0.25 pL of EGF (100 pg/mL). Media was replaced every 3 days. For treatment with lipid,
mature enteroids were dissociated from Matrigel by washing with ice cold DPBS, followed
by a 150 x g spin for 10 min. After removing the supernatant, the intact enteroids were then
placed in 1 ml of treatment media containing 400 uM OA: BSA or BSA alone, or enteroid
growth media containing glucose, or enteroid growth media containing insulin; all media
contained Rho-kinase inhibitor. The enteroids were very gently opened by pipetting up and
down with a p1000 pipette, followed by incubation with the lids open in a 37° 5% CO2
incubator for 2 h. After 2 h, the enteroids were centrifuged at 150 x g for 10 min and the
supernatant collected. Following an additional wash and centrifuge with 1 ml of DPBS
(which was added to the media samples), the enteroids were resuspended in 1 ml of enteroid
growth media and placed back in the incubator for 6 h, with the lid to their tubes left open
for gas exchange. The media and cell pellet were then collected via centrifugation at 150 x g
for 10 min.

2.4. Preparation of BSA-bound FFA

We treated the enteroids and Caco-2 cells with BSA-bound FFA. Oleic acid (Nu-Check
Prep) was prepared as 4 mM stock solutions in complex with fatty acid-free bovine serum
albumin (BSA) at a 1:4 M ratio and the stock contained butylated-hydroxytoluene 0.1%
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[19]. Cells not receiving the 400 uM OA: BSA complex were treated with an equivalent
amount of BSA.

2.5. Immunofluorescence

Enteroids were grown in chamberglass wells and fixed with 4% PFA in PBS for 30 min,
followed by 50 mM NH4Cl in PBS for 30min to quench autofluorescence. Cells were
washed and blocked in 5%BSA in PBST overnight at 4°C. Fixed enteroids were incubated
with primary antibody (anti-apoB, 1:100, Abcam #ab20737) for 3 days at 4°C. Followed by
incubation with secondary Alexa 488 (1:500, Abcam #ab150065) overnight at 4°C.
Enteriods were stained with Hoechst 33342 (10 pug/ml in PBST). Confocal images were
captured with NiKon A1R (20X and 60x water objective lens).

2.6. Gene expression

RNA was isolated from Caco-2 cells and enteroids, and isolated tissues with Trizol. RNA
pellets were dissolved in nuclease-free dH,O before concentration was determined by
BioTek Epoch spectrophotometer. cDNA was synthesized with iScript cDNA synthesis kit
(BioRad, #1708890). Quantitative real-time polymerase chain reaction (PCR) used CFX
Connect real time system (BioRad) and iTag SYBR® Green Supermix (Bio-Rad). Human
RPLPO was used as the reference gene in the Caco-2 studies. Mouse cyclophilin was used
as the reference gene in dietary studies. Gene expression was calculated using the
comparative threshold cycle method.

2.7. Plasma lipid and glucose analysis

For plasma lipid concentrations, Randox (catalog # TR210) triglyceride and total cholesterol
assays (catalog # CH200) were used, in fasted mice (6pm—-6am). Plasma glucose was
measured in the fasted state, using liquid glucose oxidase assay (Pointe Scientific, Canton,
MI G7521-120).

2.8. Statistics

All data are presented as the mean * the SEM. Statistics were performed using GraphPad
Prism (version 6.0). Differences were analyzed by Student's t-test. Analyses of more than 1
experimental group compared to control used one-way ANOVA. Differences were
considered significant at P < 0.05.

3. Results

3.1. In murine intestinal enteroids, apoC-lll is not regulated by glucose, insulin, or fatty

acid
Although previous studies have determined that insulin [20], glucose [19], and fatty acids
[22] regulate apoC-111 expression in the liver, little is known about intestinal apoC-1i1
regulation. To determine how intestinal apoC-Il1 is regulated, we utilized a primary intestinal
enteroid culture system. Primary enteroids are derived from WT mouse duodenal and jejunal
crypt stem cells, and we have previously established that this tissue culture system
significantly improves upon Caco-2 cells as a model for dietary fat absorption and
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chylomicron secretion [16]. In Fig. 1A we show the 3-dimensional architecture of mature
primary enteroids, with apoB-positive cells surrounding a central lumen (reflecting the /n
vivo architecture of the intestine). Because hepatic apoC-I11 is regulated by both glucose and
insulin, we tested the hypothesis that these conditions may also regulate intestinal apoC-III.
Treatment of enteroids with glucose or insulin did not alter intestinal apoC-I11 expression in
the enteroids (Fig. 1B and C). Since apoC-I1l is secreted from enterocytes on chylomicrons
(a process that is stimulated by dietary fat), we hypothesized that intestinal apoC-I11 would
also be responsive to dietary fatty acids®. After incubation of primary enteroids with oleic
acid (Fig. 1D), we determined that intestinal apoC-111 mMRNA expression is not stimulated by
this fatty acid. We confirmed these results in Caco-2 cells, since it has been previously
shown that Caco-2 cells transfected with FoxO1, have decreased apoC-I11 expression in
response to increasing insulin concentrations [20]. As in our enteroid culture studies,
incubation with glucose, insulin, or oleic acid did not alter apoC-I11 expression in Caco-2
cells. Taken together, these results indicate in both primary intestinal enteroids and Caco-2
cells, that apoC-111 mRNA is uniquely non-responsive to changes in glucose, insulin, or fatty
acids. This contrasts with the well-established regulation of hepatic apoC-I11 by these
factors.

3.2. FoxO1 expression is low in the intestine

Since we saw no changes in intestinal apoC-I11 expression in response to glucose, insulin,
and fatty acid, we asked whether intestinal apoC-I111 is a target of FoxO1 inhibition in the
intestine. We find that in comparison to hepatic FoxO1 mRNA expression, its expression in
duodenal enteroids is low to undetectable (Fig. 2A). We also find that treating primary
enteroids with insulin, in the presence of either low or high glucose, does not change FoxO1
MRNA expression (Fig. 2B).

3.3. In vivo, intestinal apoC-lll MRNA expression is not regulated in response to gavaged
lipid and glucose

To further explore the differences in acute hepatic and intestinal apoC-I11 regulation in
response to diet, we took an /n vivo approach. We gavaged WT mice daily for one week with
either saline, corn oil, or corn oil + plus glucose. After the treatment period, hepatic apoC-111
expression increased with both the corn oil and corn oil + glucose treatment, confirming that
hepatic apoC-I11 expression is regulated by these dietary nutrients (Fig. 2C). In contrast,
intestinal apoC-I111 expression did not change under any treatment condition, further
corroborating the cell culture findings (Fig. 2C). Since FoxO1 is regulated by both
expression, phosphorylation, and nuclear exclusion, we measured the expression of
canonical FoxO1 target gene, insulin-like growth factor binding protein 1 (IGFBP-1), in
response to the gavaged nutrients (Fig. 2D). We find that in the liver, corn oil + glucose
robustly stimulate IGFBP-1, in parallel with apoC-I11 expression (and suggesting that FoxO1
is active under these conditions). In contrast, IGFBP-1 is non-detectable in the intestine in
response to gavage.
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3.4. Western diet stimulates hepatic apoC-Ill expression but does not alter intestinal apoC-
[l expression

Western diet is known to increase plasma triglycerides, and the expression of genes in the
liver that increase CVD risk. It is unknown to what extent the increase in plasma
triglycerides are due to an increase in intestinal or hepatic apoC-I11. We challenged WT mice
for 12 weeks with western diet, consisting of 42% calories from butterfat and 0.2% total
cholesterol, and compared these to mice provided standard chow diet. In response to western
diet, mice have a significant increase in body weight compared to chow-fed controls (Fig.
3A). As expected, WT mice on the western diet had an approximately 2-fold increase in
plasma TAG (53.15 mg/dL versus 24.37 mg/dL; p = 0.01. Fig. 4B) and an approximately 3-
fold increase in plasma cholesterol (230 mg/dL versus 77 mg/dL; p = 0.01. Fig. 3C). Plasma
glucose was not significantly increased in response to the western diet (Fig. 3D). Suggesting
that the mice do not lose insulin-tolerance after the 12 week western diet.

In response to the western diet, hepatic apoC-111 expression is significantly higher compared
to chow-fed controls (Fig. 4A), and both hepatic FoxO1 mRNA and its canonical target
gene, IGFBP1, are also increased in parallel to apoC-I1l (Fig. 4B and C). In contrast to these
hepatic changes, western diet did not alter the expression of intestinal apoC-I11 (Fig. 4D).
Interestingly, intestinal FoxO1 expression was decreased in the intestine and IGFBP1 is not
changed (Fig. 4E and F). These data confirm that apoC-111 is not regulated in the intestine,
as it is in the liver, and strongly suggests that FoxO1 is not responsible for intestinal apoC-
11 mRNA regulation, in contrast to its importance in regulating apoC-I111 in the liver.

4. Discussion

In these studies, we have focused on dietary lipid and glucose, since these were previously
identified as major drivers of apoC-I11 expression in liver [20,26,28]. Because we have
identified a unique consequence of apoC-111 overexpression in the intestine (the inhibition of
dietary fat absorption coupled with altered chylomicron secretion) [15,16], and because
regulation of apoC-I1l in Caco-2 cell culture is so far removed from /in vivo conditions that
might regulate apoC-I11, we wanted to establish the critical dietary factors in the regulation
of intestinal apoC-III.

Dong et al. previously established that hepatic apoC-I111 is a target of FoxO1, through the
-498/-403 element in the APOC3 promoter [26]. They showed that deletion of this
consensus IRE causes unrestrained apoC-I11 expression during insulin-resistance and
diabetes, leading to hypertriglyceridemia. As part of their assessment of FoxO1 and apoC-
I11, Dong et al. also provide evidence from Caco-2 cells overexpressing constitutively active
FoxO1 that apoC-I11 expression is also under the control of FoxO1 in the intestine. They
suggest that apoC-ll1 is coordinately regulated in both intestine and liver.

Instead of Caco-2 cells, here we have used primary murine enteroids, isolated and cultured
from duodenal stem cells. We have established that these duodenal enteroids absorb fatty
acid and form chylomicrons, which mirrors the small intestine. This primary culture system
significantly improves upon Caco-2 cells because of their 3D architecture, with enterocytes
arranged around a central lumen, and a basolateral surface facing the media. Therefore, the
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lack of apoC-I11 regulation in response to individual stimuli in this culture system strongly
supports the idea that intestinal apoC-I11, within the /7 vivo context, is not regulated by
dietary factors in parallel with the liver.

We find that FoxO1 expression in mouse intestine is extremely low, and treatment with
insulin changes this very slightly. This is in contrast to Dong et al. However, our data
support recent work by Accili et al. [29], who have established a role of FoxOL1 in the
intestine in endocrine progenitor and serotonin-producing cells. Accili et al. use
immunohistochemistry for a detailed analysis of FoxO1 expression in the human gut. They
establish that FoxOL1 is enriched in the crypt bottoms, and specifically co-localizes with
serotonin (5HT)-positive endocrine (rather than absorptive enter-ocyte) cells. Our data in
intact mouse intestine supports this finding because we see such low expression in whole
tissue (endocrine cells are vastly outnumbered by enterocytes). Primary enteroids also
maintain a small population of enteroendocrine cells, which is likely the source of FoxO1
expression in our cultures. The restriction of FoxO1 to endocrine cells in the intestine would
preclude it from directly regulating apoC-I11 expression in the absorptive epithelium, though
this does not necessarily mean that endocrine cells don't play an important role in
modulating the enterocyte function.

Why does it matter that intestinal apoC-111 in not regulated by western diet, or through the
action of FoxO1? Our findings are additional support for the notion that while the liver and
intestine share the role of triglyceride-rich lipoprotein synthesis and secretion, they do not
share identical regulatory pathways for proteins that are involved. Our data also support the
notion that apoC-I111 secretion from the intestine is under a unique set of pressures. Whereas
the liver can quite significantly change VLDL secretion rates in response to the presence or
absence of substrate and hormones, the intestine is less labile in the face of dietary lipid,
which is quickly and efficiently secreted in chylomicrons. Our data support the idea that
apoC-Ill is not regulated coordinately with hepatic apoC-I11, and establishes another key
aspect of apoC-I11 that is unique in the intestine from the liver.
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Fig. 1. ApoC-I11 mRNA expression in primary murine enteroids or Caco-2 cellsisnot affected by
treatment with glucose, insulin, or oleic acid

(A) Primary duodenal murine enteroids were cultured for 10 days. Enteroids were fixed and
stained with Hoechst stain (blue: nuclei) and anti-apoB (green) to visualize the 3D
architecture of the enteroid culture. Enteroid and Caco-2 cell (cultured for 17d post-
confluence) apoC-I11 mRNA expression in response to (B) glucose, (C) insulin, (D) BSA
bound oleic acid. Bars represent mean apoC-I11 expression +SEM, n = 3—-7. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. FoxO1 mRNA expression
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A) FoxO1 mRNA expression in WT mouse liver (fasted) and mature murine duodenal
enteroids FOXO-1, normalized to cyclophilin. (B) FoxO1 mRNA expression in mature
murine duodenal enteroids when treated for 6-h with insulin, in both low glucose (5.5 mM)
and high glucose (25 mM) media. n = 3-5. (C) ApoC-I1l mRNA expression in liver or
intestine in response to 1 week of daily gavages of isovolumetric saline, corn oil (60 L), or
corn oil (60 pL) with glucose (135 pL of 5 M glucose). (D) IGFBP-1 mRNA expression in
liver or intestine of gavaged mice. Bars represent £SEM of normalized mRNA expression,
*P < 0.05 versus saline, not detectable (nd), n = 3-4 WT mice per gavage group.
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Fig. 3. Western type diet alters plasma lipids and increases body weight compared to a chow diet
Mice were provided free access to chow diet or western diet (42% kcal from butterfat, 0.2%

cholesterol by weight) for 12 weeks. (A) Fasting plasma triglycerides, (B) terminal body
weights, (C) fasting plasma cholesterol, and (D) fasting blood glucose in chow versus
western diet-fed mice. Data represent mean = SEM. *P < 0.05, ***P < 0.001, n = 5/diet.
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Fig. 4. Western diet increases hepatic but not intestinal apoC-111
Hepatic mRNA expression of (A) apoC-Ill, (B) FoxO1 and (C) IGFBP-1 expression in

chow-fed versus WTD-fed mice. Intestinal expression of (D) apoC-lIl, (E) FoxO1 and (F)
IGFBP-1. Bars represent £SEM of normalized mRNA expression, *P < 0.05 versus chow-
fed, n = 5/diet.
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