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The intestine plays a crucial role in regulating whole-
body lipid homeostasis through dietary fat absorption 
and secretion, and through its endocrine secretions of 
incretin hormones and immune mediators. The intes-
tine synthesizes a specialized lipoprotein, the chylomi-
cron, which contains both dietary triglyceride (TAG) 
and cholesterol, in addition to both structural and func-
tional apolipoprotein cargo. apoB-48 provides structure 
to the nascent chylomicron, while apoA-IV, apoA-I, and 
apoC-III function in the periphery to modify plasma 
lipid metabolism and clearance, interact with inflamma-
tory apparatus for efficient clearance of dietary lipopoly-
saccharide and oxidized lipids, and modulate insulin 
signaling and glucose metabolism (1–3). Therefore, the 
intestine and its secreted chylomicron are critical regu-
lators of metabolic disease.

Despite the importance of the intestine in raising plasma 
TAG levels in the postprandial state and in apolipoprotein 
secretion, mechanistic studies are difficult to carry out. This 
is due to a lack of suitable ex vivo cell culture models that are 
nontransformed yet stable enough in culture for extended 
studies and genetic manipulations. The intestine is difficult 
to model ex vivo because enterocytes are in constant turn-
over, and are only replenished by intestinal stem cells 
(ISCs), which in native tissue reside at the bottom of the 
crypt-villus axis (4). ISCs give rise to all intestinal epithelial 
cells, including enterocytes, enteroendocrine cells, goblet 
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cells, tuft cells, and Paneth cells (5, 6). In an ex vivo system, 
those enterocytes cannot be replenished unless they are 
genetically transformed or come from a cancer model in 
which normal metabolic and apoptotic pathways are dys-
regulated, as in Caco-2 cells. Primary mouse enteroids, orig-
inally established by Sato and Clevers in 2009, avoid these 
drawbacks (7). In this stem cell culture system, isolated in-
testinal crypts containing ISCs expand in culture to form 
organoid structures, which retain in vivo intestine-specific 
characteristics, including the proliferation and mainte-
nance of all absorptive and secretory cell lineages from ISC 
precursors.

The enterocyte is the functional unit of dietary lipid ab-
sorption, chylomicron synthesis, and secretion. The entero-
cyte takes up FFAs and monoacylglycerol (MAG), which 
are generated in the intestinal lumen by pancreatic lipase 
hydrolysis of dietary TAG. The enterocyte resynthesizes 
TAG from the FFA and MAG dietary substrates through the 
2-MAG pathway, catalyzed by acyl-CoA:monoacylglycerol 
acyltransferase 2 (MGAT2) and acyl-CoA:diacylglycerol ac-
yltransferase (DGAT)1 activity in the endoplasmic reticu-
lum lumen (3). On the endoplasmic reticulum membrane, 
microsomal TAG-transfer protein (MTTP) lipidates apoB-48 
(and also apoB-100 in mice), which is required for mature 
chylomicron formation. This prechylomicron contains 
TAG and cholesterol in its core and phospholipids on its 
exterior (4). As the prechylomicron matures, it obtains 
its apolipoprotein cargo, including apoA-I, apoC-III, and 
apoA-IV. It is the constellation of these apolipoproteins on 
the chylomicron that will later direct the metabolism of the 
particle in the blood and by peripheral tissues such as adi-
pose and liver (1).

apoC-III is an exchangeable lipoprotein produced by 
both the liver and intestine, and found on both chylomi-
crons and VLDLs. The plasma concentration of apoC-III is 
elevated in type 1 diabetics, and is an independent predic-
tor of CVD (8, 9). In plasma, apoC-III resides on both TAG-
rich lipoproteins and HDLs. Overproduction of apoC-III 
and TAG-rich lipoproteins is a common feature in patients 
with hypertriglyceridemia (10, 11). apoC-III also stimulates 
hepatic synthesis and secretion of VLDLs (12, 13). We have 
reported that mice overexpressing apoC-III have a delayed 
rate of lipid absorption and secretion into lymph (14). 
Though significant progress has been made in understand-
ing the mechanisms that govern these plasma and hepatic 
effects of apoC-III, much less is known about the function 
of apoC-III in the intestinal lipoprotein synthesis pathway 
and its potential effect on the metabolism of dietary lipid 
and subsequent impact on CVD risk. This is an important 
gap in our knowledge because the intestinal lipoprotein 
synthesis and secretion pathway is unique from the liver 
VLDL pathway (15).

In order to ask mechanistic questions on the role of 
apoC-III in the intestinal chylomicron synthesis path-
way, we first had to adapt the primary enteroid model. 
Our data is the first to show that primary murine enteroids 
are a viable model to recapitulate intestinal fat absorp-
tion by taking up [3H]FFA and secreting [3H]TAG along 
with apoB-48 and other apolipoproteins, as well as a 

chylomicron-sized particle. In addition, enteroids can be 
used to measure critical mechanisms surrounding dietary 
fat absorption, including the role of apoC-III on intestinal 
fat absorption.

MATERIALS AND METHODS

Animals
C57BL/6J or human apoC-III transgenic (hu-apoC-III Tg) 

mice [generously provided by Dr. H. Dong, University of Pitts-
burgh, and originally generated by Dr. Jan Breslow (14, 16)] aged 
8–12 weeks were used for the isolation of primary intestinal crypts. 
Hu-apoC-III Tg mice overexpress human apoC-III (at approxi-
mately five times normal murine apoC-III levels) and have fasting 
plasma TAG levels of 500–700 mg/dl. Hu-apoC-III Tg mice are 
homozygous for the transgene, which retains the human apoC-III 
promoter to drive expression in the same tissue distribution pat-
tern as the endogenous mouse apoC-III. Transgenic mice express 
both murine and human apoC- III, but have no compensatory 
changes in endogenous mouse apoC-III expression (14). In our 
colony, hu- apoC-III Tg mice have been extensively backcrossed to 
C57BL/6J mice, therefore we used our own colony of transgenic 
and C57BL/6J (WT) mice throughout these studies. Mice were 
housed (three to four per cage) in a temperature-controlled  
(21 ± 1°C) vivarium on a 12 h light-dark cycle. All animals re-
ceived free access to water and chow diet (LM-485 mouse/rat 
sterilizable diet; Harlan Laboratories). 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.

Isolation of crypts and primary culture
ISCs were isolated according to the procedure of Sato et al. (7) 

with minor modifications (17). Animals were euthanized via CO2 
inhalation and the intestine removed, with care to avoid the first 
3 cm immediately proximal to the stomach where Brunner’s 
glands reside. The intestine was rinsed and washed twice in ice-
cold Dulbecco’s PBS (DPBS). The tissue was then divided in three 
equal segments: the first third was duodenum; the second third 
was jejunum; and the third was ilium. These tissues were kept in 
ice-cold DPBS for 2 h at 4°C. The tissue was then cut longitudi-
nally and minced. The minced tissue was then placed in chelation 
buffer (DPBS without Ca2+ and Mg2+, with 2 mM EDTA) in a 15 ml 
tube on a rocker for 30 min at 4°C. The tissue was allowed to settle 
and then the chelation buffer was removed and replaced with 5 
ml of dissociation buffer (43.4 mM sucrose, 54.9 mM D-sorbitol in 
DPBS) and shaken by hand for 3 min to dissociate individual 
crypts from whole tissue. After viewing an aliquot under 20× mag-
nification to determine adequate crypt dissociation from villus 
tips (which are the first to break free of the mucosal layer), the 
crypt/dissociation buffer mixture was filtered through a 70 m 
nylon mesh cell strainer (Fisher; catalog number 22363548). The 
crypts were centrifuged at 150 g for 10 min and the supernatant 
was removed and then washed twice in 5 ml of DPBS. Finally, the 
crypt pellet was resuspended at a concentration of 400 crypts/50 l 
of depolymerized Matrigel (BD Biosciences, Franklin Lakes, NJ) 
containing 1 l of R-spondin 1 (250 g/ml), 1 l of Noggin 
(50 g/ml), and 0.25 l of EGF (100 g/ml). The Matrigel/crypt 
suspension was plated in 24-well plates at a density of 50 l/well and 
allowed to polymerize at 37°C in a 5% CO2 incubator. Five hundred 
microliters of enteroid medium [Advanced DMEM/F12 (12634-010; 
Life Technologies, Carlsbad, CA) with 2 mM L-glutamine, 10 mM 
HEPES, 100 U/ml penicillin/100 g/ml streptomycin, and  
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1× N2 and 1× B27 supplements] were then added to the wells. 
Fresh enteroid growth medium was replaced the following morning 
with complete growth medium containing the enteroid medium 
plus 1 l of R-spondin 1 (250 g/ml), 1 l of Noggin (50 g/ml), 
and 0.25 l of EGF (100 g/ml). Medium was replaced every 
3–4 days with complete enteroid growth medium, except where 
indicated.

Enteroid culture and differentiation
Primary crypts were propagated in culture as described in Fig. 1, 

with minor modifications (7, 18). When enteroids formed 3D hol-
low balls, which we call mature enteroids, they were either used 
for lipoprotein experiments or passed. Enteroids were passaged 
by removing medium, washing three times with ice-cold DPBS, 
and then washing by spinning at 150 g for 5 min in a conical tube. 
Enteroids were gently broken open by repeated pipetting (5–20 
times) with a P200 Pipetman (Gilson, Middleton, WI). Enteroids 
were passaged by breaking the mature enteroids into individual 
crypts, which reform mature enteroids in approximately 7–10 
days, or, alternatively, enteroids were broken open into multi-
crypt pieces, which form mature enteroids in approximately 4 
days. Regardless of the density of passage, the crypts were placed 
back into Matrigel with complete growth medium as described 
above. Enteroid cultures were propagated from three to six dif-
ferent C57Bl/6J WT mice and at least three to six different 
hu-apoC-III Tg mice (yielding n = 3–6 unique enteroid strains).

Experiments were conducted using different enteroid strains, 
enteroids at different passage numbers, and multiple experimen-
tal days. We maintained enteroids in culture for at least 20 pas-
sages. Differentiated enteroids were cultured by passaging mature 
enteroids using a p1000 pipette and resuspending them in Matri-
gel without R-spondin for 4 days. To directly compare enteroid 
lines to each other, we counted crypts and plated the same num-
ber of crypts at day 1, adhering to identical culture conditions 
throughout the experiment, and isolation on day 10.

Treatment with FA
Though mature enteroids mimic the 3D architecture of the in-

testine, they do not contain pancreatic lipase, which is necessary 
to hydrolyze TAG to FFA and MAG. To mimic dietary fat absorp-
tion, one approach we used was to treat with BSA-bound FFA. 
Oleic acid (OA) (Nu-Check Prep) was prepared as 4 mM stock 
solutions in complex with FA-free BSA at a 1:4 molar ratio and the 
stock contained butylated-hydroxytoluene 0.1% (19). Enteroids 
not receiving the 400 M OA:BSA complex were treated with an 
equivalent amount of BSA. Mature enteroids were dissociated 
from Matrigel by washing with ice-cold DPBS, followed by a 150 g 
spin for 10 min. After removing the supernatant, the intact en-
teroids were then placed in 1 ml of treatment medium in a 1.5 ml 
Eppendorf tube containing 0.5 Ci of radiolabeled OA (American 
Radiolabeled Chemicals), 1:1,000 Y27623 Rho-kinase inhibitor 
compound (Sigma), 400 M OA:BSA or BSA alone, and enteroid 
growth medium. The enteroids were very gently opened by pipet-
ting 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 g for 10 min and the superna-
tant collected. Following an additional wash and centrifuge with 1 
ml of DPBS (which was added to the medium samples), the en-
teroids were resuspended in 1 ml of enteroid growth medium and 
placed back in the incubator for 4–6 h with the lid to their tubes 
left open for gas exchange. The medium and cell pellet were then 
collected via centrifugation at 150 g for 10 min. For experiments 
with radiolabeled-FFA, we used 0.5 Ci of OA [9-10-3H(N)] spiked 
into the OA:BSA mix or 0.5 Ci cholesterol [4-14C] (American 
Radiolabeled Chemicals, Inc., St. Louis, MO; catalog numbers 
ART 0198 and ARC 0857, respectively).

Caco-2 cell culture
Caco-2 cells were obtained from American Type Culture 

Collection (Manassas, VA) and grown at 37°C with 5% CO2 in 
growth medium (DMEM with 10% FBS). For propagation, cells 
were split (1:6) when they reached 75% confluence. Medium was 
changed every other day. For TAG secretion studies, cells were 
maintained until they reached confluence and then given fresh 
medium for an additional 17 days post confluence. As described 
in by Nauli et al. (20), this protocol produces the most abundant 
chylomicron-like apoB-lipoproteins. For direct comparisons be-
tween enteroids and Caco-2 cells, we isolated genomic DNA from 
the parallel cultures of Caco-2 cells and enteroids at the conclu-
sion of each experiment, and normalized measurements to total 
genomic DNA concentrations in the enteroids and Caco-2 cells.

Preparation of lipid micelles
Stock solutions of OA, phosphatidylcholine (PC), 2-palmitoylg-

lycerol, and cholesterol were prepared in chloroform. Stock solu-
tions of sodium taurocholate were prepared in PBS. To prepare 
lipid micelles, OA, PC, 2-palmitoylglycerol, and cholesterol were 
combined into a glass vial and dried under a stream of nitrogen. 
After the lipids were completely dried, warm sodium taurocholate 
was added to the mixture and vortexed. The mixture was brought 
to final concentration with warm PBS. The final lipid micelle prep-
aration, therefore, consisted of PBS containing 6 mM OA, 20 mM 
TC, 2 mM 2-palmitoylglycerol, 0.5 mM cholesterol, and 2 mM PC. 
Micelles were diluted prior to being vortexed with 0.5 Ci of [3H]
OA or 0.5 Ci [14C]cholesterol to a final concentration in the 
treatment medium of 0.6 mM OA, 2 mM taurocholate, 0.2 mM 
2-palmitoylglycerol, 0.05 mM cholesterol, and 0.2 mM PC. Lipid 
micelles were delivered to the medium of Caco-2 cells and the 
lumen of enteroids as with the treatment of FFA above. For treat-
ment with BODIPY-C12 FFA (Molecular Probes, Inc., catalog 
number D3822), BODIPY-FFA was incorporated into mixed mi-
celles with [3H]OA.

Isolation of chylomicrons
To isolate chylomicrons, mature enteroids, at days 7–10 in cul-

ture, were treated with 400 M OA, or BSA alone, to stimulate 
chylomicron secretion (as described above) for 2 h. After 2 h, the 
medium was replaced with fresh medium for 4 h and then it was 
pooled from three separate wells from a 12-well plate. The me-
dium was immediately centrifuged at 43,000 g for 3 h at 4°C in a 
Beckman TLA 110 rotor (Beckman Instruments, Palo Alto, CA). 
The top 50 ul was isolated for transmission electron microscopy 
(TEM). Chylomicrons were used in assays within 24 h of isolation 
unless otherwise noted.

TEM
Fresh chylomicron samples were stained with 2% phospho-

tungstic acid (pH 6.0) for 5 min on carbon film (CF400-CU; 
Electron Microscopy Sciences, Hatfield, PA), allowed to dry, 
and then examined with a transmission electron microscope 
(JEOL, Peabody, MA). Images were documented with an AMT 
Advantage Plus CD camera, as described previously (21). Lipo-
protein particles were measured and counted using ImageJ 
software.

Folch extraction of tissue lipids and thin-layer 
chromatography

After treatment with OA bound to BSA or OA micelles for 6 h, 
both medium and cells were isolated and added to 10 ml of chlo-
roform/methanol (2:1, v/v) for Folch extraction, as described 
previously (22). The extracted lipids were then separated on silica 
gel 60 plates using a solvent system of petroleum ether/ethyl 
ether/glacial acetic acid with 25:5:1 vol ratio. After visualizing the 
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samples and the comigrating reference standards by staining 
with iodine vapor, samples were scraped into scintillation vials 
and left overnight in scintillation liquid to elute the radioactive 
lipid from the gel (OptiFluor for aqueous samples) for counting 
of radioactivity.

Protein isolation and Western blot analysis
Cell lysates were prepared by collecting three wells of enteroids 

in 1× RIPA lysis buffer with 1× protease inhibitor (protease inhibi-
tor cocktail; Thermo Fisher). Medium was added directly to 4× 
Laemmli buffer. The BCA protein assay kit (Pierce) was used to 
determine the protein concentration of the cell lysates, while me-
dium samples were loaded by volume. The cell lysates (20–40 g 
protein) were then separated by 7.5–12% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes in a transfer buf-
fer consisting of 20 mM Tris-HCl (pH 6.8), 154 mM glycine, and 
20% methanol. Membranes were blocked with 5% nonfat dry 
milk in Tris-buffered saline with 0.1% Tween and incubated with 
species-appropriate primary antibodies overnight at 4°C: apoB 
1:250 (Abcam; ab20737), apoA-IV 1:1,000 (Cell Signaling; 
1D6B6), and apoA-I 1:2,000 (Abcam; ab52945). Secondary anti-
bodies, goat-anti-mouse IgG-HRP1:2000 (SantaCruz Biotechnol-
ogy, sc-2005) and anti-rabbit IgG-HRP 1:2000 (Sigma, A4914), 
were incubated for 1 h at room temperature. Membranes were 
incubated with Clarity Western ECL substrate (Bio-Rad) for 5 
min before being imaged using ChemiDoc MP imaging system 
(Bio-Rad).

Gene expression via RT-PCR
Total RNA was isolated from three wells per treatment using 

Tri-Reagent (Ambion) according to manufacturer’s instructions. 
cDNA was synthesized using 2 ug of RNA. Expression of all mRNAs 
was determined by quantitative real-time PCR using CFX Connect 
real-time system (Bio-Rad) along with iQ™ SYBR® Green Super-
mix (Bio-Rad) according to the manufacturer’s instructions. Se-
quences for primers are provided in supplemental Table S1. 
Expression of GAPDH was used as a control and the amount of 
each mRNA was calculated relative to this control. The relative 
amount of mRNA was calculated using the comparative threshold 
cycle method.

Statistics
All data are presented as mean ± SEM. Statistics were performed 

using GraphPad Prism (version 6.0). The differences between the 
WT and hu-apoC-III Tg enteroids or between Caco-2 cells and 
enteroids were analyzed by Student’s t-test. Analyses of more than 
one experimental group, compared with control tissue, were ana-
lyzed by one-way ANOVA using Graph Pad Prism 6.0. Differences 
were considered significant at P < 0.05.

RESULTS

Murine intestinal crypts differentiate into mature 
enteroids and express key machinery for dietary lipid 
absorption and secretion

We used a 3D culture system in which isolated crypts 
from murine intestine propagate in polymerized Matrigel to 
form mature enteroids composed of differentiated cells sur-
rounding a central lumen (7). In this model, the apical sur-
face of the enteroid is located within the enteroid sphere 
and the basolateral surface lies in contact with Matrigel and 
culture media. The stem cells in the crypts expanded and 
differentiated in response to the growth factors, EGF, R-
spondin, and Noggin, resulting in mature enteroids with 
epithelial cells arranged around a central lumen filled with 
mucus, with new crypts decorating the basolateral surface 
after a 7–10 day culture (Fig. 1A), whereas Caco-2 cells (the 
most commonly used cell culture model of the intestine) 
grew as a 2D monolayer (Fig. 1B). A major advantage of the 
enteroid culture model is that it reflects the in vivo archi-
tecture of the intestine (with a luminal and basolateral sur-
face). Though they are not transformed, enteroids can be 
passaged due to their stem cell content, and we found that 
enteroids maintained their 3D in vivo architecture at both 
the crypt and mature enteroid stage through 16 passages 
(roughly 160 culture days) with no phenotypic changes to 
their 3D architecture (Fig. 1C).

Fig.  1.  Growth and propagation of primary murine 
intestinal enteroids. A: Duodenal crypts were plated 
in 3D culture in Matrigel at day 0 and were provided 
complete basal growth medium. Crypts reform tight 
junctions by day 1 and mature enteroids form at days 
7–10. B: Caco-2 cells in 2D culture maintained 
through day 17 post confluence. C: Mature enteroids 
passaged at maturity 16 times maintain the phenotype 
of freshly isolated crypts and enteroids. Images were 
taken at 20× magnification on a Zeiss Axiovert 40C 
inverted light microscope and are representative of 
n = 12 unique enteroid lines (all C57Bl/6J WT).
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Whereas Caco-2 cells grow in a 2D monolayer composed 
solely of epithelial cells, mature enteroids are composed of 
multiple cell types, including stem cells, goblet cells, and 
enterocytes (17, 23). Compared with freshly isolated intes-
tine (Fig. 2A), enteroids significantly decreased markers of 
terminal epithelial differentiation [brush border villin (VIL1) 
and enterocyte cytokeratin (KRT)20] from the first day of 
crypt culture (day 0) through maturation (days 7–10 in cul-
ture), though they did not have a significant decrease in 
enterocyte-specific alkaline phosphatase (ALPI) during this 
time period. As enteroids matured, they increased their ex-
pression of KRT18, a marker of the actively dividing stem 
cell niche, when compared with whole duodenal tissue ex-
pression levels (Fig. 2B). Therefore, enteroid cultures were 
not composed primarily of enterocytes, but were instead 
stem cell enriched.

We attempted to drive differentiation within our entero-
cyte cultures to increase the amount of mature enterocytes 
that might be capable of secreting chylomicrons. Because 
Wnt signaling is required for the maintenance of ISCs (24), 
we withdrew R-spondin from day 6 to day 10 of culture 
(Fig. 2C) and compared the expression of differentiation 
markers (as a percent of whole tissue expression levels) be-
tween the enteroids maintained in basal growth medium 
and the differentiated enteroids. Differentiated enteroids 

expressed reduced stem cell markers, leucine-rich repeat-
containing G protein-coupled receptor 5 (LGR5) and KRT18 
(compared with nondifferentiated cells), with concomitant 
increases in markers of terminal differentiation, including 
goblet cell marker trefoil factor 3 (TFF3) and KRT20. As 
shown in Fig. 2D, enterocyte-specific markers were not sig-
nificantly increased upon differentiation, including ALPI, 
enterocyte-specific transcription factor Krüppel-like factor 
4 (KLF4), VIL1, and brush-border specific sucrase-isomaltase 
(SI), though their expression trended toward an increase. 
In all cases, the expression of these genes was normalized 
to GAPDH, which is expressed uniformly in both undiffer-
entiated and differentiated cells (25).

Enteroids recapitulate dietary fat absorption, lipoprotein 
synthesis, and secretion

Previous studies in enteroids have focused on stem cell 
biology, lineage tracing, and Na+/H+ exchange (23, 26–28). 
We asked whether enteroids were able to accomplish TAG 
absorption, lipoprotein synthesis, and lipoprotein secretion, 
which are major functions of the intestine. We asked whether 
key enzymes for dietary FFA and cholesterol absorption, 
TAG reesterification, and chylomicron synthesis, were pres-
ent and enriched in mature nondifferentiated enteroids 
and in differentiated enteroids (Table 1). Compared with 

Fig.  2.  Analysis of differentiation markers of murine duodenal enteroids throughout the culture period. A, B: Percent mRNA expression 
in whole tissue versus freshly isolated crypts, enteroids in culture for 4 days, and mature enteroids in culture for 7–10 days [ALPI, VIL1, and 
KRT20 (A) and KRT18 (B)]. Results are mean ± SEM. *P < 0.05 compared with duodenum; n = 3–6 unique enteroid lines (all C57Bl/6J WT). 
C, D: WT enteroids were grown to maturity in basal growth medium, or differentiated, and differentiation marker mRNA expression was 
assessed in comparison to whole tissue (100%): LGR5, KRT18, KRT20, and TFF3 (C) and, ALPI, KLF4, VIL1, SI (D). Results are mean ± SEM. 
*P < 0.05 compared with basal enteroids; n = 3–6 unique enteroid lines (all C57Bl/6J WT).
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freshly isolated tissue, enteroids had reduced expression of 
all apolipoprotein mRNA expression under both culture 
conditions, ranging from 2 to 20% the level observed in 
intestine. Differentiation by growth factor withdrawal signifi-
cantly increased only apoA-IV mRNA expression. Expres-
sion of lipid absorption and resynthesis enzymes was also 
reduced from whole tissue levels, but differentiation of the 
enteroids only resulted in a trend toward increased expres-
sion compared with nondifferentiated enteroids (Table 1). 
Interestingly, only NPC1L1 was expressed in enteroids 
(both basal and differentiated) at higher levels than in 
whole tissue. These data show that enteroids (both basal 
and differentiated) have the necessary machinery for lipid 
absorption and chylomicron secretion, but that differentia-
tion does not significantly improve expression levels.

Dietary TAG is absorbed from a proximal-to-distal gradi-
ent along the length of the small intestine (29–32). Corre-
spondingly, there is a gradient of terminally differentiated 
enterocytes responsible for TAG absorption, as well as a 
gradient of apolipoprotein expression. We asked whether 
enteroids isolated along the proximal-to-distal gradient 
would retain this physiological gradient of apolipoprotein 
expression upon culture and propagation. As shown in 
Fig. 3A, we cultured enteroids from crypts isolated from 
duodenum, jejunum, and ileum, and measured apoB-48 
mRNA and protein expression (Fig. 3B). apoB-48 expres-
sion was highest in duodenal enteroids and decreased 
along the proximal-to-distal gradient with significantly lower 
expression in ileal enteroids. Solute carrier family 10 mem-
ber 2 was expressed in the reverse gradient, and we mea-
sured this as both duodenal and ileal tissue and enteroids 
(Fig. 3B), confirming the maintenance of gene expression 
along the proximal-to-distal gradient of primary enteroids. 
In Fig. 3C, D, we confirmed the maintenance of tissue gra-
dient by comparing apoB-48, apoA-IV, and apoA-I mRNA 
expression in duodenal tissue and to ileal tissue gene expres-
sion (Fig. 3C), and found that ileal tissue apolipoprotein 
expression was 10% the levels of duodenum. Consistent 
with these in vivo expression ratios, we found that enteroids 
cultured to maturity from crypts isolated from duodenum 
and ileum mirrored this physiological pattern, with ileal 

enteroid apolipoprotein expression ranging from 1 to 
10% the levels in duodenal enteroids (Fig. 3D). Therefore, 
in mature enteroids derived from the most proximal and 
distal intestine, there was a gradient of apolipoprotein ex-
pression that was highest in the duodenum where TAG ab-
sorption occurs, and lowest in the ileum where the least 
TAG absorption occurs; this regional pattern of apolipo-
protein expression was maintained through 10 days in 
culture.

Having established that primary murine enteroid cul-
tures (both nondifferentiated and differentiated) express 
the key machinery for TAG absorption and lipoprotein syn-
thesis and secretion, we next determined whether this cul-
ture model could be used as a model for dietary TAG 
absorption and chylomicron secretion. As shown in Fig. 4A, 
confluent Caco-2 cells had significantly more genomic 
DNA than primary enteroids. This reflected the highly con-
fluent and uniform nature of Caco-2 cells, whereas enteroids 
grew as a 3D enterocyte-like culture with hollow luminal 
compartments and large empty areas within the culture 
dish. Despite the difference in cell number and genomic 
DNA content, mature enteroids secreted approximately 
4-fold more TAG into culture medium (Fig. 4B) than Caco-2 
cells maintained for 17 days post confluence (in both high 
and low glucose media). In vivo, TAG precursors are lumi-
nal FFA generated by pancreatic lipase’s action on dietary 
TAG. These FFA precursors are then resynthesized to TAG 
through the 2-MAG pathway (which is not active in Caco-2 
cells, which use the glycerol-3-phosphate pathway). There-
fore, we delivered fat to the enteroids in a manner consistent 
with in vivo fat presentation (to the luminal compartment), 
a major advantage of the use of primary enteroids as a 
model in intestinal lipid absorption. We used BODIPY-la-
beled FA (C12) micelles to demonstrate this luminal deliv-
ery to enteroids (Fig. 4C). Mature enteroids were gently 
opened via pipetting, which exposed the luminal face of 
the enteroid to BODIPY-FFA micelles. During the initial 
(0 h) treatment, both the inner lumen and the basolateral 
side of the enteroids were exposed to lipid, with fluores-
cence in and around the mature enteroid. After 1 h, the 
enteroids reclosed and at 2 h were stringently washed to 

TABLE  1.  Enteroids express key apolipoproteins and enzyme machinery for lipid absorption,  
synthesis, and secretion

Gene
Basal Enteroid mRNA  

Expression (% Whole Tissue)
Differentiated Enteroid mRNA  
Expression (% Whole Tissue) P

apoA-l 3.72 ± 2.19 20.01 ± 11.77 NS
apoC-lll 2.34 ± 0.79 19.23 ± 12.63 NS
apoA-IV 2.34 ± 0.83 13.10 ± 4.60 <0.05a

apoB-48 5.75 ± 3.26 5.12 ± 2.65 NS
CD36 7.68 ± 6.26 11.08 ± 6.03 NS
ACSL5 3.35 ± 1.97 3.30 ± 1.98 NS
FABP2 5.46 ± 2.72 16.98 ± 8.00 NS
ACAT2 5.07 ± 2.40 14.84 ± 6.17 NS
NPC1L1 114.15 ± 65.14 161.05 ± 111.97 NS
MTTP 16.39 ± 10.06 36.39 ± 19.47 NS
MGAT2 12.89 ± 4.13 21.30 ± 4.32 NS
DGAT1 13.55 ± 7.44 34.62 ± 14.85 NS
DGAT2 22.39 ± 14.43 48.83 ± 28.63 NS

mRNA expression is expressed as a percent of mRNA expression in whole duodenum. Results are mean ± SEM; 
n = 3–6 unique enteroid lines (all C57Bl/6J WT). FABP2, fatty-acid binding protein 2; ACSL5, acyl-CoA synthetase;

aP < 0.05 comparing basal enteroid expression to differentiated expression.
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remove micelles from the basolateral surface. After 2 h of 
treatment and washing, all remaining BODIPY fluores-
cence was present in the lumen of the enteroid, rather 
than on the basolateral surface. After another 4–6 h, we 
removed the medium containing secreted lipoproteins 
(not shown). Though this approach did not fully approxi-
mate dietary fat absorption, it did significantly enrich the 
amount of lipid that was presented to luminal face of the 
enteroids. This experimental approach simulated availabil-
ity (in micelles or as FFA bound to BSA) and presentation 
(to the luminal surface) of dietary lipid. We could not dis-
count any lipid that was taken up from the basolateral sur-
face during the first 2 h incubation, however. Using this 
approach, we assessed whether enteroids were able to re-
esterify [3H]FFA delivered to the lumen into cellular and 
secreted [3H]TAG (Fig. 4D). We found that 1.0% of the 
[3H]FFA dose was incorporated into the cellular TAG pool 
and 0.5% of the [3H]FFA dose was secreted from the en-
teroids into the medium as [3H]TAG. Differentiation did 
not significantly increase the 1.5% of the [3H]FFA dose 
that was incorporated into [3H]TAG (Fig. 4E). The secre-
tion of TAG from enteroids occurred concomitantly with 
both apoA-IV and apoB-48 into the culture medium (Fig. 
4E, inset), which reflects apolipoprotein and chylomicron 
secretion in vivo.

Compared with post confluent Caco-2 cells (Fig. 4F), 
the rate of TAG secretion in response to a dose of BSA-
bound OA was significantly lower in enteroids, even after 
adjusting for cell number via genomic DNA content. 
Though cell culture models often use BSA-bound FFA 
as a delivery method, this does not exactly approximate 
dietary lipid absorption, which involves the concomitant 
absorption of FFA, MAG, cholesterol, and phospholipids 
in bile acid mixed micelles. Therefore, we compared 
[3H]TAG secretion when the labeled [3H]FFA was deliv-
ered in mixed micelles. As shown in Fig. 4G, we found 
that this stimulated [3H]TAG secretion from enteroids 
and that, compared with Caco-2 cells, treatment with 
mixed micelles in enteroids resulted in a 4-fold in-
crease in TAG secretion. Enteroids were also able to  
absorb [14C]cholesterol, and that cholesterol was incor-
porated into the cellular compartment after a 6 h incu-
bation (Fig. 4H).

In vivo, the intestine secretes dietary lipid in a chylomi-
cron particle. When we treated enteroids with BSA or OA 
bound to BSA (Fig. 5B), we found that enteroids secreted 
chylomicron-sized particles and that OA treatment signifi-
cantly increased the average size from 100 to 125 nm, 
which is consistent with chylomicrons isolated from lymph, 
which range from 100 to 350 nM (33–35). In contrast, Caco-2 

Fig.  3.  Enteroids maintain regional gene expression characteristics of their tissue of origin. A: mRNA and protein expression for apoB-48 
in mature enteroids established from duodenal, jejunal, or ileal crypts. Inset: Protein expression of intracellular apoB-48. *P < 0.05 in com-
parison to duodenal enteroids; n = 3–6 unique enteroid lines (all C57Bl/6J WT). B: Solute carrier family 10 member 2 (SLC10A2). C: Fold 
change analysis of apolipoprotein expression in freshly isolated duodenal tissue to ileal tissue. D: Fold change analysis of apolipoprotein 
expression in mature enteroids derived from either duodenum or ileum. Results are mean ± SEM. *P < 0.05; n = 3–6 unique enteroid lines 
(all C57Bl/6J WT).
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monolayers secreted 25 nm lipoproteins, consistent with 
the known secretion pattern VLDL, HDL, and LDL, rather 
than chylomicron-sized particles. We isolated secreted lipo-
proteins from Caco-2 cells and primary enteroids treated 
identically with growth medium (Fig. 5C) that were signifi-
cantly smaller.

Intestine-specific overexpression of apoC-III inhibits 
dietary fat absorption and results in the secretion of 
smaller chylomicrons

Finally, we wanted to determine whether primary  
enteroids, as a culture model for intestinal dietary fat 
absorption, would maintain the defects in intestinal lipid 

Fig.  4.  Enteroids synthesize and secrete TAG from FA precursors. A: Genomic DNA content of parallel cultures of Caco-2 cells and en-
teroids. B: Secretion of TAG into media from nondifferentiated enteroid cultures and 17 day post confluent Caco-2 cells. C: Incorporation 
of BODIPY-C12 FFA into enteroid lumen during 2 h treatment with BODIPY-FFA micelles. D: Enteroids were treated with 400 uM OA:BSA 
or BSA alone, and 0.5 uCi [3H]OA and the conversion to [3H]TAG was assessed after Folch extraction in both the media and the cellular 
lipid contents. E: Enteroids were cultured under basal and differentiated conditions and treated with lipid as in (D). F: Enteroids and Caco-2 
cells were treated as in (D) and total [3H]TAG in media and cells was assessed. Enteroids and Caco-2 cells were treated with mixed micelles 
containing [3H]OA (G) and [14C]cholesterol (H), and TAG and cholesterol accumulation was measured after Folch extraction. Results are 
mean ± SEM. *P < 0.05, comparing Caco-2 to day 10 enteroids [as in (B)], comparing enteroids to Caco-2 with same treatment (F); n = 3 
unique enteroid lines (all C57Bl/6J WT).
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absorption and secretion that are observed in in vivo mouse 
models. Hu-apoC-III Tg mice have a defect in dietary lipid 
absorption resulting in a delay in chylomicron secretion 
(14); we asked whether primary enteroids derived from hu-
apoC-III Tg mice retained this defect. As shown in Fig. 6A, 
enteroids derived from WT mice expressed no human 
apoC-III mRNA, whereas enteroids derived from hu-apoC-III 
Tg mice expressed the human form of apoC-III. Hu-apoC-
III Tg enteroids secreted significantly less TAG into the cul-
ture medium at days 4–10 of the culture period, when 
compared directly to parallel enteroid cultures of WT en-
teroids (Fig. 6B). Cells were treated with mixed micelles 
containing [3H]FFA, and the rate of incorporation of that 
[3H]FFA into the [3H]TAG pool was determined; we found 
that hu-apoC-III Tg enteroids had a reduced rate of [3H]
TAG accumulation (both intracellularly and secreted) 
compared to WT enteroids (Fig. 6C). Hu-apoC-III Tg en-
teroids secreted smaller chylomicrons than their WT coun-
terparts, with an average chylomicron size of 50 nm, 
compared with the 100 nm chylomicrons secreted by WT 
enteroids under basal growth conditions (Fig. 6D). This 
decrease in chylomicron size and TAG secretion may be 
due to a decrease in FFA incorporation into TAG in the 
enterocyte. We found that CD36, a plasma membrane FA 
transporter, was significantly reduced in the hu-apoC-III 
Tg enteroids (compared with WT enteroids). In vivo, CD36 
deficiency impairs chylomicron secretion (49), suggesting 
that the chylomicron secretion defect in apoC-III overex-
pressing intestine may be due to this reduced CD36 expres-
sion. Most importantly, this defect in TAG secretion and 

CD36 expression occurs in the absence of feedback from 
the liver, since these cultured enteroids are not receiving 
any basolateral signals from blood.

DISCUSSION

We report here that primary murine enteroids recapitu-
late dietary fat absorption, secrete a chylomicron-sized par-
ticle, mirror intestinal absorption defects present in the 
genetic background of the mouse the enteroids are iso-
lated from, and can be exploited to discern key intestinal 
mechanisms directly applicable to disease.

The use of primary enteroids in culture has significant 
advantages. First, these cells maintain their in vivo orienta-
tion with an apical surface facing inwards around a central 
lumen, and a basolateral surface facing outwards toward 
the medium/extracellular matrix. The presence of ISCs in 
the enteroid culture allows the enteroids to be expanded 
and passaged in culture indefinitely. Like the intact intes-
tine, the enteroid crypts expand in culture by sloughing off 
cells into the luminal compartment followed by regenera-
tion of crypt epithelium. These cultures can be genetically 
manipulated to study overexpression and knockdown of 
key intestinal genes (18). This last point is not minor; pri-
mary mouse enterocytes are not viable in culture long 
enough for these types of studies, and human epithelial 
colorectal adenocarcinoma cells (Caco-2) cells do not fully 
retain in vivo physiology because they are a transformed 
culture system that grows in a monolayer sheet rather than 

Fig.  5.  Enteroids secrete a chylomicron-sized particle. A: Chylomicrons were isolated by ultracentrifugation followed by TEM, representa-
tive TEM image (n = 3–6 unique enteroid lines). B: Mature enteroids were treated with either 400 uM OA:BSA or BSA control for 6 h; lipo-
proteins were isolated and sized. C: The TEM sizes of lipoproteins secreted from mature nondifferentiated enteroids were compared with 
lipoproteins secreted from Caco-2 cells treated with 400 uM OA. Results are mean ± SEM. *P < 0.05; n = 3 different enteroid lines (all 
C57Bl/6J WT); 200–600 particles were counted per group.
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around a central lumen. Everted gut sacs, another option for 
ex vivo mechanistic studies, cannot be genetically manipu-
lated due to their short viability. It should be noted that the 
lymph fistula mouse model is still the gold standard for in 
vivo physiology of dietary fat absorption and enteroendo-
crine secretions. However, lymph fistula studies (and the 
everted gut sac model) cannot be maintained indefinitely, 
with a maximum experimental time of 8 and 24 h, respec-
tively. We show that enteroids maintain in vivo characteris-
tics throughout 16 passages with no change.

When compared with established models of dietary fat 
absorption, primary murine enteroids have several key 
strengths. In vivo, the intestinal epithelium is in a constant 
state of differentiation, renewal, and replacement, driven 
by the crypt-villus axis, which makes up the functional unit 
of the intestine. In the crypt, long-lived multi-potent stem 
cells (the ISCs) expressing LGR5 give rise to all the cells 
lining the intestinal epithelium. LGR5-positive cells are 

highly dependent on Wnt signaling, which was stimulated 
by R-spondin in our cultures. We tried a variety of growth 
factor withdrawal approaches to push the cultures toward a 
terminally differentiated state containing a higher ratio of 
mature enterocytes (data not shown), including our differ-
entiation protocol where R-spondin was removed, and had 
varying degrees of success. Ultimately, R-spondin removal 
results in a higher amount of terminally differentiated cells, 
but this comes at the cost of LGR5+ niche, which means 
that replenishment of differentiated epithelial cells is lost. 
It has recently been reported that there is an additional 
niche of differentiated epithelial enterocytes that reverts 
to multipotent ISCs when LGR5+ stem cells are ablated 
(28, 36). This may explain one of the significant issues we 
faced with our primary enteroid cultures, which stub-
bornly retained “stem-ness” and high expression of LGR5 
throughout culture. In order to create a more entero-
cyte-lineage-committed culture, we needed to select for 

Fig.  6.  Enteroids derived from hu-apoC-III Tg mice secrete less TAG and smaller chylomicrons. A: Enteroids derived from hu-apoC-III Tg 
mice express human apoC- III mRNA, WT enteroids do not. B: Basal secretion of TAG into media. C: Enteroids and Caco-2 cells were treated 
with mixed micelles containing [3H]OA and the rate of TAG accumulation was measured after Folch extraction (and compared directly to 
rate at which Caco-2 cells accumulate [3H]TAG. Results are mean ± SEM. *P < 0.05, comparing WT to hu-apoC-III Tg enteroids. D: Chylomi-
crons were isolated and sized as in Fig. 5B. E: Relative CD36 mRNA expression in WT and hu-apoC-III Tg enteroids. Results are mean ± SEM. 
*P < 0.05; n = 3–6 unique enteroid lines for WT and transgenic mice.
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differentiation rather than support the stem cell niche, 
through genetic approaches [including the approach used 
by Clevers et al. (7) to transiently ablate LGR5+ cells or alter-
natively by knocking down Math1 to reduce signaling 
through the Notch pathway (5, 6, 37)]. Ultimately, we de-
cided that retention of the secretory and stem cells was a 
major advantage of the enteroid system, and that these 
genetic approaches might yield a more enterocyte-enriched 
culture, but not a more physiologic model. Existing ap-
proaches to cultures of primary enterocytes have a finite ex 
vivo lifespan, so we did not ultimately pursue this approach.

We found that enteroids derived from specific regions 
within the intestine maintained the physiological aspects of 
their tissue of origin and mirrored the absorptive phenotype 
of the absorptive gradient along the intact tissue. Specifi-
cally, treatment of proximal enteroids (duodenum) re-
sulted in the highest rate of chylomicron secretion, coupled 
with high apoB mRNA expression. Conversely, enteroids 
cultured from crypts isolated from the distal intestine (il-
eum) had the lowest rate of chylomicron secretion in re-
sponse to FA. Based on this tissue organization, it was likely 
that these ileal enteroids would be effective for studies of 
bile acid metabolism. Our data demonstrate that enteroids 
retain differentiated epithelial characteristics and mimic 
the native tissue physiology. An important unanswered 
question in our hands is the extent to which these cultures 
secrete incretin hormones and other endocrine secretions. 
Though we have shown that enteroids reflect key charac-
teristics of their tissue of origin, whether they retain spe-
cific changes resulting from an in vivo milieu of metabolic 
disease is unknown (for example, altered gene expression 
when coming from diet-induced diabetes models).

We confirmed that LGR5+ stem cells also express apoB 
(29). We believe the mature enterocytes expressing ALPI 
are the most responsible for chylomicron secretion, how-
ever, because it is only after mature enterocytes appear that 
significant TAG secretion occurs.

A limitation of this organoid system, as for other re-
ported tissue organoids (23, 38, 39), is that our enteroid 
models cannot exactly recapitulate the in vivo tissue. As we 
have demonstrated, although the cellular lineage composi-
tion, polarity around a central lumen, and stimulation by 
FFA mimic in vivo tissue physiology, there are several key 
aspects of the in vivo environment that are lacking. First, 
the underlying neuromuscular architecture is lost in en-
teroid culture. Because neural input is integral to many 
gastrointestinal functions, including peristalsis, endocrine 
secretion, and gastric emptying into the duodenum, this is 
a fundamental drawback of this culture system. Second, the 
intestinal lymphatics are lacking, which means that en-
teroids cannot recapitulate a key aspect of intestinal physi-
ology where dietary long chain FAs are transported through 
the lymph, prior to entering the plasma through the right 
subclavian vein (40). Finally, we found that enteroids se-
crete TAG at a lower rate from FFA precursors than Caco-2 
cell cultures. This is likely because the enteroid cultures 
contain fewer epithelial cells (and total cells in general) 
than monolayer Caco-2 cultures. This may also be due to 
the exclusive use of the liver-specific glycerol-3-phosphate 

pathway by Caco-2 cells; a pathway that is normally used to 
assemble VLDL. In contrast, enteroids use the intestinal 
2-MAG pathway (as measured by TAG secretion and mRNA 
expression), which is preferred by enterocytes in vivo. 
When we delivered FFA within MAG-containing mixed mi-
celles (as in Fig. 4), this was apparent in the increase in the 
rate at which enteroids converted that FFA, likely shunted 
through the MAG pathway, into labeled TAG versus Caco-2 
cells, which should be less able to utilize this type of FFA 
substrate. Another limitation is that the rate of TAG secre-
tion is quite low (1.5%) in primary enteroids. This could 
be due to the short dosing period (to reduce the time the 
enteroids are in suspension culture); it could be due to the 
addition of Rho-kinase inhibitor to prevent suspension-re-
lated apoptosis; and it could also be due to the retention of 
the LGR5+ cells at the expense of epithelial cells. Enteroids 
maintained in complete growth medium still secrete TAG, 
which suggests that they are using acyl precursors derived 
from a different pool than during treatment with OA. This 
is another difference between in vivo enterocytes and the 
enteroid cultures.

The enteroid model described here facilitated studies of 
apoC-III overexpression in intestine. Recent epidemiologi-
cal studies show that apoC-III is an independent predictor 
of CVD risk and progression in humans (9, 40, 41), and 
that its presence on lipoproteins promotes their atheroge-
nicity (8, 43–45). This is likely because apoC-III, expressed 
in both liver and the intestine, raises plasma TAG through 
the inhibition of hepatic clearance of TAG-rich chylomi-
crons and VLDLs, stimulates VLDL secretion, and modu-
lates intestinal TAG trafficking (12, 46–48).

We show for the first time that apoC-III plays an intes-
tine-specific role in mediating fat metabolism. Prior to the 
development of this model, a major burden in these stud-
ies was in isolating the effects of altered intestinal chylomi-
cron secretion from alterations in both plasma lipids and 
hepatic uptake and synthesis. A major issue was the con-
founding effect of apoC-III present in bile secretions from 
the liver, coupled with potential feedback inhibition on 
chylomicron secretion by the hypertriglyceridemia found 
in apoC-III Tg mice (500–800 mg/dl). We found that 
overexpression of apoC-III in primary murine enteroids 
results in reduced lipoprotein secretion in the absence of 
basolateral exposure to raised plasma TAG, or endocrine 
feedback from the liver through plasma or bile. apoC-III 
overexpression in primary murine enteroids also resulted 
in the secretion of smaller chylomicrons, containing sig-
nificantly less dietary TAG. We measured CD36 expression, 
because it is a major regulator of intestinal lipoprotein se-
cretion, and we found that in the absence of hepatic feed-
back, CD36 is reduced in hu-apoC-III Tg enteroids. The 
enteroid culture model presented here, therefore, is not 
only appropriate for modeling key aspects of dietary fat ab-
sorption, but is also potentially critical for determining in-
testinal mechanisms where lack of hepatic secretions are 
critical (1, 49).

The intestinal enteroid model represents a significant 
advance in our ability to determine intestinal mechanisms 
for dietary fat absorption and lipoprotein synthesis and 
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secretion, as well as to determine mechanisms for intestinal 
regulators of metabolic disease, including apoC-III. This 
model will significantly expand our ability to test how spe-
cific genes or genetic polymorphisms function in dietary 
fat absorption and the precise intestinal mechanisms that 
are critical in the etiology of metabolic disease.

This work was performed in part at the Biosciences Electron 
Microscopy Facility of the University of Connecticut, and the 
authors would specifically like to thank Dr. Xuanhao Sun.
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