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Abstract The absorptive cells of the small intestine, entero-
cytes, are not generally thought of as a cell type that stores tri-
acylglycerols (TGs) in cytoplasmic lipid droplets (LDs). We
revisit TG metabolism in enterocytes by ex vivo and in vivo
coherent anti-Stokes Raman scattering (CARS) imaging of
small intestine of mice during dietary fat absorption (DFA).
We directly visualized the presence of LDs in enterocytes.
We determined lipid amount and quantified LD number and
size as a function of intestinal location and time post-lipid
challenge via gavage feeding. The LDs were confirmed to be
primarily TG by biochemical analysis. Combined CARS and
fluorescence imaging indicated that the large LDs were located
in the cytoplasm, associated with the tail-interacting protein of
47 kDa. Furthermore, in vivo CARS imaging showed real-time
variation in the amount of TG stored in LDs through the
process of DFA.iE Our results highlight a dynamic, cytoplas-
mic TG pool in enterocytes that may play previously un-
expected roles in processes, such as regulating postprandial
blood TG concentrations.—Zhu, J., B. Lee, K. K. Buhman,
and J-X. Cheng. A dynamic, cytoplasmic triacylglycerol pool in
enterocytes revealed by ex vivo and in vivo coherent anti-Stokes
Raman scattering imaging. J. Lipid Res. 2009. 50: 1080-1089.

Supplementary key words small intestine e dietary fat absorption e
CARS microscopy

With obesity and cardiovascular disease being worldwide
health issues, the impetus of understanding the param-
eters that govern energy intake and blood lipid concentra-
tion has emerged. Blood lipid concentration and a major
portion of energy intake are regulated through the highly
efficient process of dietary fat absorption (DFA) by the
small intestine. Greater than 95% of dietary fat consumed
is absorbed whether a low- or high-fat diet is consumed
(1), as evidenced by the small amount of fat that is ex-
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creted in feces. In the small intestine lumen, dietary fat
in the form of triacylglycerol (TG) is hydrolyzed to generate
FFAs and monoacylglycerols (MGs) by pancreatic lipase.
These products are then emulsified with the help of phos-
pholipids and bile acids present in bile to form micelles. FFAs
and MGs are then taken up by the absorptive cells of the
small intestine, enterocytes, where they are resynthesized
into TGs and incorporated into the core of chylomicrons
(CMs), which are secreted via the lymphatic system into
the circulation (2, 3).

Most current models of the synthesis of CMs show the
resynthesized TG in this process entering the lumen of the
endoplasmic reticulum (ER) where the assembly of CMs be-
gins and do not highlight the potential for the resynthesized
TG to enter a cytoplasmic TG storage pool unless there is a
defectin CM synthesis or secretion (1, 3—8). In fact, wild-type
mice fed a high-fat diet, or challenged with an oil bolus by
oral gavage, are commonly reported as having no lipid drop-
let (LD) accumulation in enterocytes (9—11). Nevertheless,
both indirect and direct evidence exists supporting the pres-
ence of a cytoplasmic storage pool in enterocytes. In humans,
sequential meal tests demonstrated that CMs secreted
after a second meal carried TG ingested in the first meal
(12, 13). In rats, TG is synthesized within 30 s after an intra-
duodenal fatinfusion (14); however, the secretion of TG into
the lymph does not reach a steady state until 4 h after infu-
sion, suggesting that the rate-limiting step in DFA is the trans-
port of TG from the ER to the Golgi (15). This lead the
investigators to hypothesize that during this time, TG resides
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on the cytoplasmic side of the ER for later secretion (16). In
addition, more TG was found in the cytoplasm of entero-
cytes isolated from high fat compared with chow-fed rabbits
by biochemical analysis (17). Finally, electron microscopy
images of enterocytes from humans challenged with fat loads
demonstrated the existence of a cytoplasmic TG pool (18).
Resynthesized TG that first enters a cytoplasmic TG storage
pool may not be immediately available for the synthesis of
CMs; however, upon lipolysis and reesterification, it may then
enter the lumen of the ER where the assembly of CMs begins.
Nevertheless, whether a dynamic, cytoplasmic TG pool exists
during the process of DFA remains unclear, as reviewed by
Murphy (7). This is most likely due to the limitations of cell
models for mimicking this process and methods for investi-
gating this complex process in vivo.

Coherent anti-Stokes Raman scattering (CARS) micros-
copy is an emerging technique that permits vibrational imag-
ing of specific molecules with three-dimensional submicron
spatial resolution (19, 20). With a particularly strong CARS
signal from C-H stretch vibration, CARS microscopy has been
used for label- and fixation-free imaging of lipid domains in
single bilayers (21), myelin sheath in nervous system (22),
and LDs in adipocytes (23), foam cells (24), mouse skin
(25), and Caenorhabditis elegans (26). These studies demon-
strate the exciting possibilities of investigating the role of
lipids in cell biology and physiology by CARS microscopy.

By label-free CARS imaging, we report direct visualiza-
tion of LDs in enterocytes in fresh small intestine tissues
from mice challenged acutely or chronically with dietary
fat. In addition, we quantified the lipid amount and LD num-
ber and size by Image J analysis of CARS images. By combin-
ing CARS with fluorescence imaging, we show that these LDs
are primarily located in the cytoplasm. Finally, we demon-
strate real-time observation of a dynamic, cytoplasmic TG
poolin enterocytes by in vivo CARS imaging of exposed small
intestine. These results depict cytoplasmic TG accumulation
and depletion within enterocytes of mice during the process
of DFA.

MATERIALS AND METHODS

Mouse model

All procedures were approved by the Purdue Animal Care and
Use Committee. All mice used in this study were C57BL/6] mice,
3—5 months of age, unless otherwise specified. The mice were
maintained in a 12-h-light and 12-h-dark cycle, fed either a low-
fat rodent chow diet (Harlan Teklad; no. 5053) or a high-fat,
semipurified diet (Research Diet; no. D12492). DGAT1-deficient
mice were bred and genotyped as described (27). In all experi-
ments, mice were food deprived for 4 h before procedures were
initiated unless specified. Gavage feeding needles (no. FTP-20-30)
were purchased from Instech Solomon.

Tissue harvest and maintenance

Mice were first euthanized by ketamine/xylazine overdose.
Small intestine tissue, from pylorus to cecum, was harvested
and divided into five regions as shown in Fig. 1A. Each small in-
testine was first divided into three equal length segments. The
first one-third was divided evenly and denoted as regions 1 and

2. The middle one-third was also divided evenly and denoted as
regions 3 and 4. The last one-third was denoted as region 5. The
intestine segments were subsequently rinsed in PBS (pH 7.0) sev-
eral times to remove chyme until the rinse solution appeared
clear. For intact tissue imaging, fresh tissues (5 mm) were placed
in 3 ml DMEM (Gibco) supplemented with 20 mM HEPES (J.T.
Baker), 100 U/ml penicillin-streptomycin (Gibco), and 10% FBS.
Tissues kept at 4°C maintained good morphology over 5 h. Small
intestine tissue was cut longitudinally and laid flat for luminal
imaging as shown in Fig. 1A. All tissues were imaged within 3 h
after euthanasia.

Isolation of enterocytes

The procedure of enterocyte isolation from small intestines
followed a previously described protocol (28) and is provided in
Supporting Information.

CARS and two-photon excited fluorescence imaging

CARS and two-photon excited fluorescence (TPEF) imaging
were performed at the same multimodal microscope shown in
supplementary Figure I (29). Pump and Stokes lasers were gener-
ated from two synchronized Ti:sapphire lasers (Tsunami; Spectra-
Physics, Mountain View, CA) with a pulse width of 5 ps. These two
lasers were tightly synchronized (Lock-to-Clock; Spectra-Physics),
collinearly combined, and directed into a laser scanning confocal
microscope (FV300/IX71; Olympus America, Center Valley, PA).
A 60X water immersion objective [numerical aperture (NA) = 1.2]
or a 20X air objective (NA = 0.75) were used to focus the laser
beams into the sample. The average powers of the pump and Stokes
beams at the sample were 40 and 30 mW, respectively. The epide-
tected CARS (E-CARS) signals were collected by the same objective
for focusing, while the forward-detected CARS (F-CARS) signals
were collected using an air condenser (NA = 0.55). External photo-
multiplier tube detectors (H7422-40 and R3896; Hamamatsu,
Japan) were used to receive the E-CARS and F-CARS signals. In
our experiments, the E-CARS and F-CARS images have almost the
same contrast (see supplementary Figure III), indicating that
E-CARS is a reflection of forward CARS signal (2). Therefore,
E-CARS images were used when only the CARS signal was required
unless specified. Within each figure, the same intensity scale was
used for each panel. The total acquisition time is 3.26 s per image.
F-CARS images were used when CARS and TPEF were combined to
study colocalization of different structures because the forward
channel is not sensitive to TPEF signal. TPEF signals were generated
by the pump laser at the same excited wavelength (~707 nm). For
TPEF imaging, nucleus was labeled by Hoechst (Molecular Probe),
and Golgi complex was labeled by BODIPY-ceramide (Molecular
Probes). Two band-pass filters (hp520/40m-2p; Chroma) were used
to transmit the fluorescence signal of Hoechst and BODIPY.

The CARS spectrum of a single villus was obtained from a series
of CARS images of the same villus acquired at different Raman
shifts. The pump wavelength was fixed, and the Stokes wavelength
was manually tuned. The CARS intensity at each Raman shift was
normalized by the peak power of the Stokes beam. For imaging
lipids, the pump laser and the Stokes laser were tuned to 14,140
and 11,300 cm ', respectively, to generate a Raman shift of
~2,840 cm ™! that excites the symmetric CHy vibration (19, 23).
Band-pass filters (600/65 nm; Ealing Catalog) were used for trans-
mission of the CARS signal at 588 nm. All imaging experiments
were conducted at room temperature 22°.

Immunocytochemistry

Isolated enterocytes were used for all experiments involving
immunocytochemistry. Immunolabeling was performed using a

A triacylglycerol pool in enterocytes 1081

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

procedure modified from the literature (30) and is described in
the Supporting Information.

Animal surgery for in vivo CARS imaging

The animal surgery procedure was modified from a method
previously reported in the literature (31). Briefly, a mouse fed
300 wl olive oil via oral gavage was anesthetized by intraperitoneal
injection of ketamine /xylazine (100 mg/kg ketamine and 10 mg/kg
xylazine). After the mouse was in deep anesthesia, a longitudinal
incision (2 cm) was made along the abdominal median line and
a segment of the small intestine was exteriorized. An 8 to ~10 cm
section of the small intestine was exposed and a 2 cm section of
the jejunum region was cut open longitudinally along the anti-
mesenteric border and rinsed in prewarmed PBS (pH 7). The
anesthetized mouse was placed in a custom-made stage affixed
to the microscope stage. With the lumen facing downward, exteri-
orized jejunum segment was placed in a glass-bottomed dish affixed
to the stage (see supplementary Figure II). The dish was filled with
37°C DMEM medium (1-2 ml). This opened section of small intes-
tine was then examined on an inverted CARS microscope. The
anesthetized animal was checked every 5 min to verify the status
of anesthesia. The body temperature was maintained using warmed
towels placed near the animal. Ketamine/xylazine (50 and 5 mg/kg)
was readministered to maintain anesthesia during the imaging time.

Image ] analysis

Small intestine tissue (region 2) from mice fed 300 pl olive oil
via oral gavage and at different times after gavage were used for
determination of lipid amount by Image J analysis (for 1, 3, and
6 h after gavage, n = 5 mice, for 12 h after gavage, and n = 3 mice).
One to two villi were analyzed for each image depending on the
view of different image. All of the images were acquired under
the same experimental conditions, including laser power and
photomultiplier voltage. We used adaptive thresholding to obtain
avalue of threshold for the identification of LDs. Because all of the
images were taken under the same experimental condition, the
same threshold value was then applied to analyze all of the images.
The lipid amount as a percentage of area within each villus was cal-
culated. The same method was used to calculate the lipid amount
as a percentage of area in different regions of small intestine and to
determine the average LD diameter in the in vivo CARS images.
The images used for Image ] analysis of LD size have an area of
235.5 X 235.5 pm with a pixel size of 0.46 pum.

Electron microscopy

Small intestine tissue (region 2 in Fig. 1A) from mice fed 300 L
olive oil, 3 h after gavage feeding were used. The electron micro-
graphs of enterocytes were recorded on a FEI/Philips CM-10 bio-
twin transmission electron microscope, and the procedure is
described in Supporting Information.

Biochemical assay of TG concentration

The mucosa from region 2 (see Fig. 1A) was scraped, collected,
flash frozen in liquid nitrogen, and stored at —80°C. Lipids in the
mucosa were extracted by the HIP (hexane/isopropanol 3:2)
method (32). Briefly, after homogenization of the mucosa with
1 M Tris-HCL (pH 7.4), HIP and water were added and then
the mucosa sample was incubated for 30 min with occasional
mixing. The upper part containing lipids was removed to a new
tube. After evaporating the organic phase under nitrogen, lipids
were dissolved in 2% Triton X-100 water solution. The amounts
of TG were then determined by a WAKO L-Type TG determina-
tion kit (WAKO Chemicals) and were normalized to the protein
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concentration. The protein concentration was measured by a bi-
cinchoninic acid protein assay (Pierce).

RESULTS

Validation of CARS microscopy for imaging LDs
in enterocytes

We first examined the capability of our laser-scanning
CARS microscope in fixation-free, label-free imaging of
enterocytes in small intestine tissue dissected from mice.
Fresh small intestine tissue representing the jejunum (from
region 2, Fig. 1A) from mice fasted 4 h were cut open and
the lumen was exposed to laser illumination. The CARS
spectrum of villi exhibited a peak at 2840 cm ™' (Fig. 1B)
corresponding to the symmetric CHy vibration mode, with
a resonant signal to nonresonant background ratio of 10:1.
This mode images lipids abundant in fatty acids due to their
abundant CHs bonds. These lipids include phospholipids
making up cell membranes and TGs present within the
cell. The F-CARS signal at 2840 cm™ ! was used to visualize
the fingerlike villi that cover the mucosal surface of the small
intestine (Fig. 1C). Zoom-in images show that each villus was
lined with a monolayer of enterocytes (Fig. 1D). For an indi-
vidual enterocyte (inset of Fig. 1D), the nucleus did not pro-
duce a strong CARS signal and appeared as a dark hole in the
CARS image. A layer of microvilli that constitutes the apical
membrane of enterocytes was clearly identified. The F- and
E-CARS images gave the same contrast (see supplementary
Figure III), indicating that E-CARS signals are mainly contrib-
uted by back-reflection of forward CARS signals by the tissue.
Therefore, E-CARS images were used when only the CARS
signal was required unless otherwise specified.

To validate the applicability of CARS microscopy in map-
ping TG stored in cytoplasmic lipid droplets (CLDs) in small
intestine, we used diacylglycerol acyltransferase 1 (DGAT1)
deficient mice and PL81-treated mice that have previously
been shown to have abnormal TG accumulation in CLDs
in enterocytes. DGAT1 catalyzes the last step of TG biosyn-
thesis (33, 34), and PL81 inhibits CM secretion in enterocytes
(15, 35). We challenged DGAT1-deficient mice with 50 pl
olive oil and C57BL/6] mice with 50 pl olive oil containing
5 wl PL81 administered via oral gavage after a 4 h fast. Three
hours after gavage, we harvested small intestine tissues rep-
resenting the jejunum (region 2, Fig. 1A) and imaged with
CARS microscopy. Numerous LDs were found in enterocytes
of both the DGAT 1-deficient mice (Fig. 1E, F) and the PL81-
treated mice (Fig. 1G, H) consistent with previous reports
using other imaging techniques (15, 33).

To illustrate the advantages of CARS imaging, we per-
formed oil red O (ORO) staining of fixed small intestine
tissues and compared the CARS and ORO fluorescence sig-
nals. As shown in supplementary Figure IVA and B, the
CARS signal and ORO fluorescence signal overlapped well.
Compared with ORO labeling of fixed tissues, CARS micros-
copy provides a unique tool for label-free and fixation-free
imaging of LDs in intact enterocytes. We have further used
this tool to investigate LD accumulation and depletion
during the DFA process in ex vivo and in vivo small intestine
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Fig. 1. Validation of CARS microscopy for imaging LDs in enterocytes. A: Mouse small intestine was divided
into five regions. Tissues from region 2 were cut open longitudinally and imaged in lumen view. B: CARS
spectrum of lipids in the small intestine. C, D: CARS image of villi from wide type mice fasted 4 h. A mono-
layer of enterocytes constitutes the outer layer of each villus, and the microvilli are evident on the apical side
of enterocytes. Inset of D shows a CARS image of two enterocytes. The cytoplasmic organelles show a bright
contrast due to the abundant CHy groups in their phospholipid membranes. The nuclei display a dark con-
trast. E, F: Enterocytes from DGAT1-deficient mice fed 50 wl oil via oral gavage and 3 h after gavage show a
high level of LD accumulation with the diameter of LDs up to 9 um. G, H: Enterocytes from mice fed 50 pl
olive oil with 5 pl PL81 via oral gavage and 3 h after gavage show a high level of small LD accumulation. D, F,
and H are zoom-in views of the squares in C, E, and G, respectively.

tissue, which cannot be done with current methods requiring
tissue fixation and labeling.

Observation of LDs in enterocytes from mice fed a
low- or high-fat diet

We fed mice a low- or high-fat diet for 3 weeks and im-
aged the small intestine tissue by CARS microscopy. We
observed many more and larger LDs in enterocytes of
mice fed a high-fat (Fig. 2C, D) compared with a low-fat
(Fig. 2A, B) diet. These results demonstrate that entero-
cytes of mice store TG in LDs during the normal DFA pro-
cess. However, large variations in the size and number of
LDs were observed in different mice (data not shown),
most likely due to the variation in when individual mice
last ate before imaging. To better understand the roles
of the observed LDs during DFA, we quantified LD accu-
mulation and depletion using a gavage feeding model as
described below.

Quantification of LDs in enterocytes from mice
administered dietary fat via oral gavage

To monitor LD accumulation with controlled feeding
amounts and times after ingestion, we challenged mice
after a 4 h fast with either 50 or 300 pl olive oil via oral
gavage. We chose these amounts to approximate the
amount of fat present in the intestinal lumen when fed a
low- or high-fat diet, respectively. Small intestine tissues

representing jejunum (region 2, Fig. 1A) were imaged by
CARS microscopy 3 h after gavage. Sparsely distributed
LDs were found in the enterocytes from mice fed 50 ul
olive oil (Fig. 2E, F). In contrast, the small intestine from
mice fed 300 wl olive oil exhibited a large amount of LDs
with diameters up to 10 wm within enterocytes (Fig. 2G, H).
Because of the strong CARS signal from TG stored in LDs,
the CARS signal from phospholipids in the cell membranes
of enterocytes was not as obvious as those of mice fed 50 pl
olive oil. Notably, the goblet cells could be readily differen-
tiated from enterocytes because there was no lipid accumu-
lation in goblet cells (see supplementary Figure III). In
summary, by comparing the images from mice fed no oil,
50 wl oil, and 300 pl oil, we observed a strong correlation
between the amount, size of LDs, and the amount of dietary
fat consumed.

Different regions of the small intestine play different
roles in the process of DFA. To study regional differences
in the small intestine in storage of TG in LDs, we dissected
five representative regions of the small intestine (see
Fig. 1A) from mice fasted for 4 h, fed 300 pl olive oil via oral
gavage, and sacrificed at 3 h after gavage. LDs were ob-
served in all five regions (see supplementary Figure VA-E)
of the small intestine, with region 2 having the highest
density of LDs. The same phenomenon was observed in
enterocytes from 4 h fasted mice fed 50 pl olive oil via oral
gavage at 3 h after gavage (see supplementary Figure VI).
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Fig. 2. TG storage in LDs correlates with amount of dietary fat consumed. A-D: CARS images of small
intestine tissue (region 2) dissected from mice fed low-fat (A, B) and high-fat (C, D) diets for 3 weeks. A
and C were taken with a 20X air objective. B and D were taken with a 60X water objective. E-H: CARS
images of the small intestine from mice fed 50 nL (E, F) and 300 ul (G, H) olive oil via oral gavage, 3 h
afer gavage. F and H are zoom-in views of the squares in E and G, respectively.

We quantified the CARS images by Image ] analysis and
found a higher amount of lipids in the proximal part than
the distal part of the small intestine, with region 2 and re-
gion 5 having the highest and lowest amounts, respectively
(Fig. 3A). These observations correspond well with the loca-
tion of most DFA. We note that region 1 exhibited slightly
smaller and fewer LDs than region 2. This result is probably
due to the fact that dietary TGs in the part of the intestine
most proximal to the stomach are not yet fully digested (2).
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Fig. 3. TG storage in LDs in enterocytes is small intestine re-
gion specific. A: Image | analysis of lipid amount in different
regions (n = 5 mice, 56 villi per mouse were analyzed for each
region). B: Biochemical TG analysis among different regions by a
colorimetric assay (n = 3 mice).
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To verify the CARS data, we extracted the lipids from the
small intestine regions and quantified the amount of TG
in each region by a colorimetric assay and found that these
results were consistent with the Image ] analysis, with the
proximal jejunum (region 2, Fig. 1A) exhibiting the highest
amount of TG (Fig. 3B). These results provide supporting
evidence that the CARS signals were contributed by TG
stored in LDs.

LDs stored in enterocytes are primarily cytoplasmic

The strong CARS signal appears to be representing TG
stored in LD within the cytoplasm of enterocytes; however,
a signal from TG during DFA could be due to TG within
the ER or Golgi complex as part of CMs (5, 36). To deter-
mine the subcellular localization of these LDs, we have
combined CARS and fluorescence imaging on the same
platform using florescent markers for nucleus, Golgi, and
ER. For high-resolution subcellular imaging, we isolated
enterocytes from mice that were fasted for 4 h, fed 300 pl
olive oil via oral gavage, and euthanized at 3 h after gavage.

To visualize nuclei, we labeled the isolated enterocytes
with Hoechst. The Hoechst-labeled nuclei and the LDs
were visualized by epidetected TPEF (red) and F-CARS
(green) signals, respectively. The images show that LDs
of different sizes were located in the extranuclear area of
enterocytes (Fig. 4A). To visualize the Golgi complex, we
labeled isolated enterocytes with BODIPY ceramide. As
shown in Fig. 4B, the TPEF signal from Golgi complex
(red) had some overlap with CARS signal (green), which
appears yellow in the image. The LDs in the overlapped
region were quite small, and they most likely represent
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Fig. 4. Subcellular localization of LDs by CARS (green) and fluo-
rescence (red) microscopy. A: Enterocytes were labeled by Hoechst
to visualize nucleus by TPEF. LDs were located in the extranuclear
region. B: Enterocytes were labeled with BODIPY ceramide to visu-
alize the Golgi complex by TPEF. Large LDs were located outside
the Golgi complex, whereas some small LDs overlapped with the
Golgi. C: Overlaid CARS and confocal fluorescence image of an iso-
lated enterocyte labeled with PDI antibody used as an ER marker.
Large LDs rarely overlapped with the PDI antibody signal. D: Over-
laid CARS and confocal fluorescence image of an isolated entero-
cyte labeled with TIP47 antibody used as a marker of CLDs. The
large LDs in enterocytes were coated with TIP47 protein. For A-D,
enterocytes were isolated from mice fed 300 pl olive oil via oral ga-
vage and sacrificed at 3 h afer gavage feeding. E, F: Electron micros-
copy images of single enterocytes in fixed small intestine tissues
extracted from mice fed 300 pl olive oil and sacrificed at 3 h after
feeding. Large LDs (indicated by arrows) are visible in the cytoplasm
of some enterocytes (E). However, some enterocytes in the same
tissue showed no LDs (F), indicating large cell-to-cell variability.

assembled CMs ready for secretion. To visualize the ER, we
labeled fixed, isolated enterocytes with an antibody for
protein disulfide isomerase (PDI). As shown in Fig. 4C,
the signal from PDI immunofluorescence (red) was well
separated from the CARS signal (green), showing that
the majority of the LDs, especially large ones, were not lo-
cated within the ER. To confirm that the large LDs are in-
deed cytoplasmic, we studied their association with
adipophilin and the tail-interacting protein of 47 kDa
(TIP47), which are both well known to associate with CLDs
in many cell types (37). We labeled isolated enterocytes
with an antibody for TIP47 or adipophilin. As shown in
Fig. 4D, the signal from TIP47 immunofluorescence
(red) formed a punctate circle surrounding LDs of differ-

ent sizes (arrow) visualized by CARS (green). Meanwhile,
we observed very weak immunofluorescence signal of
adipophilin in isolated enterocytes (see supplementary
Figure VII). These results suggest that the LDs are indeed
CLDs and highlight the possibility that TIP47 and adipophilin
may play different roles in the process of DFA.

We further carried out an EM study to validate our
CARS observations of CLDs in enterocytes. Small intestine
samples from mice sacrificed at 3 h after gavage feeding of
300 pl olive oil were fixed and stained with imidazole-
buffered osmium tetroxide. In some enterocytes, we observed
large LDs that are neither associated with ER membrane
nor Golgi complex (arrow, Fig. 4E). However, there is a
large cell-to-cell variability in TG storage in CLDs. For ex-
ample, some enterocytes in the same tissue showed no LDs
(Fig. 4F). Therefore, EM is limiting for quantitative evalua-
tion of LDs due to the use of thin slices and small observa-
tion areas to visualize individual cells. CARS microscopy
overcomes such limitation by chemically selective imaging
of LDs in a large area of fresh tissues.

In vivo CARS imaging reveals a dynamic, cytoplasmic
TG pool during the DFA process

Finally, we investigated the time-dependent property of
TG accumulation and depletion during the DFA process
by in vivo imaging of mouse enterocytes at different times
after oral gavage of 300 wl olive oil. An 8 to 10 cm section
of the small intestine was exposed in a glass-bottomed dish
(see supplementary Figure II) filled with 37°C medium,
and a 2 cm section of the jejunum region was cut open
to expose the villi to laser beams. The animal was kept
physiologically active with a warm towel. At 1.5 h after
gavage, small CLDs with an average diameter of 2.7 pm
began to accumulate in the enterocytes (Fig. 5A, B). At
3 h after gavage, the CLDs became much larger with an
average diameter up to 4.4 pm (Fig. 5C, D), indicative of
fusion of LDs in the cytoplasm. At 6 h after gavage, the
average diameter of LDs decreased to 3.5 pm (Fig. HE,
F). The physiological relevance of our in vivo data was
verified by ex vivo CARS images (see supplementary
Figure VIII) of enterocytes in small intestine tissues dis-
sected from mice euthanized at specified times after ga-
vage. The average diameter of CLDs in ex vivo fresh
tissues showed an increase from 2.2 pm at 1 h to 5.1 pm
at 3 h and a decrease to 3.4 um at 6 h, which agrees well
with the in vivo data. The amount of TG stored in LDs as a
function of time after consumption were derived from Im-
age | analysis of the ex vivo images and shown in Fig. 5G.
The LD amount increased from 1 to 3 h, slightly decreased
from 3 to 6 h, and became nearly depleted after 12 h diges-
tion. These results show that TG storage in CLDs in entero-
cytes is highly dynamic throughout the DFA process.

DISCUSSION

We directly visualized the presence of LDs in enterocytes
based on the resonant CARS signal from symmetric CHy
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Lipid Fraction

1h 3h
Time post Gavage Feeding

6h 12h

Fig. 5. In vivo CARS imaging demonstrates dynamic accumulation and depletion of TG in CLDs during the
process of DFA. A, D: At 1.5 h after gavage of 300 pl olive oil, enterocytes were filled with small CLDs with an
average diameter of 2.7 wm. B, E: At 3 h after gavage, larger CLDs with an average diameter of 4.4 pm were
observed, implying the occurrence of LD fusion. C, F: At 6 h after gavage, compared with the level at 3 h after
gavage, the CLD accumulation decreased with an average diameter of 3.5 wm. To estimate the change of
lipid size in vivo at different times after gavage feeding, 8,897 LDs at 1.5 h, 3,595 LDs at 3 h, and 1,698 LDs at
6 h were used. D—F are zoom-in views of A—C, respectively. G: Variation of the amount of LDs based on the
area of LD in enterocytes with different times after consumption of dietary fat. Ex vivo CARS images of re-
gion 2 small intestine tissues were obtained from five mice for 1, 3, and 6 h time points (at least 50 villi total at
each time point) and from 3 mice for 12 h time point (40 villi) and analyzed by Image ] software.

stretch vibration. The LDs were confirmed to be primarily
TG by biochemical analysis. Combined CARS and fluores-
cence imaging showed that these LDs were located in the
cytoplasm and coated with TIP47. The amount of TG
stored in enterocytes and the size of CLDs were quantified
by Image | analysis and found to be highly dependent on
the region of the intestine and directly correlated with
amount of TG consumed. Furthermore, in vivo CARS im-
aging showed real-time variation in the amount of TG
stored in enterocytes and size of CLDs throughout the pro-
cess of DFA. CARS imaging is a unique tool that allows the
label and fixation free method necessary and previously
unavailable for doing these types of experiments. Together,
these results highlight a dynamic, cytoplasmic TG pool in
enterocytes that may play previously unexpected roles as
discussed below.

DFA is a highly efficient process that may have evolved
to insure the absorption of a highly energy-dense macro-
nutrient during times when food was scarce. Mammalian
enterocytes are constantly renewing and turn over every
3 to 4 days. Thus, mammalian enterocytes would not be

1086 Journal of Lipid Research Volume 50, 2009

considered a long-term TG storage depot as mammals
have adipose tissue to serve this purpose. Nonetheless,
the temporal storage of TG in CLDs allows the excess
TG after a meal rich in dietary fat to be conserved within
the cell as opposed to being excreted in feces. The storage
of TG in CLDs after a meal rich in dietary fat may also
alleviate lipotoxicity to enterocytes induced by high con-
centration of FFAs (38).

The dynamic storage of TG in CLDs highlights an un-
derappreciated, regulatable pool of TG in enterocytes.
After dietary TG is resynthesized in the ER of the entero-
cyte, it may be directly incorporated into CMs for secretion
or temporarily stored in CLDs. In fact, the storage of TG
in CLDs has been previously described in hepatocytes. Two
DGAT enzyme activities in liver account for the synthesis of
TGs, one on the cytoplasmic side of the ER for storage in
CLDs and the other on the luminal side of the ER for the
synthesis of lipoproteins (39). Mouse models with overex-
pression of DGAT1 or DGAT? in liver showed that DGAT1
governs TG synthesis for secretion in lipoproteins, while
DGAT?2 overexpression contributes to CLD accumulation
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(40). There are at least three enzymes that catalyze the last
step in TG biosynthesis in enterocytes: DGAT1, DGAT2,
and diacylglycerol transacylase; however, their relative con-
tributions remain unclear (3). The abnormal storage of
TG in CLDs in enterocytes of DGAT1-deficient mice is con-
sistent with the hypothesis that one or both of the other
enzymes catalyzing this reaction has preference for synthe-
sizing TG for storage in CLDs.

Our observation of TG storage in CLDs decreasing
with time after feeding (Fig. 5) kindles the question about
whether enterocytes are capable of hydrolysis of TG stored
in CLDs. One possible candidate enzyme that may catalyze
this reaction is pancreatic TG lipase. Pancreatic TG lipase
has been identified in the cytoplasm of enterocytes (41, 42).
It was suggested that this enzyme is able to hydrolyze cyto-
plasmic TG, but not TG restricted within membrane-bound
organelles, such as the ER or Golgi complex. In addition,
pancreatic TG lipase was shown to have much higher activ-
ity in the first quarter than the sum of the other three quar-
ters of the small intestine. TG hydrolase is another enzyme
that is expressed in enterocytes that may be involved in the
hydrolysis of TG stored in CLDs (43). TG stored in CLDs has
multiple potential fates after hydrolysis by intracellular li-
pases; the hydrolyzed products of TG may be transported
back to the ER for TG resynthesis, packaging in CMs, and
secretion into circulation via the lymphatic system. Alterna-
tively, they may be secreted via the portal vein into circulation
(44), oxidized within the enterocyte (45), and/or used for
the synthesis of other lipids, such as cholesterol esters or
phospholipids (46).

Based on the above discussion, we propose a revised
model of TG metabolism within enterocytes (Fig. 6) to de-
pict the role of TG storage in CLDs during DFA. This
model is consistent with previous models describing TG
storage and secretion in hepatocytes and enterocytes (7);
however, it also integrates other potential metabolic fates
of dietary fat within enterocytes that may play a role in
DFA. In this model diacylglycerol is synthesized from the
products of dietary fat digestion, MG and fatty acyl-CoA
(step 1). TG is then synthesized from diacylglycerol and
fatty acyl-CoA (step 2). The synthesized TG has two poten-
tial fates: direct incorporation into nascent CMs for secre-
tion via the Golgi (step 3) or storage in CLDs. As LDs
accrete in the ER membrane after high levels of dietary
fat are consumed, large LDs within ER membranes bud off
(47-49), thereby forming LDs in the cytoplasm (step 4).
TG stored in CLDs may be hydrolyzed by pancreatic TG
lipase or TG hydrolase. The hydrolyzed products have sev-
eral potential fates within the enterocyte. They may be trans-
ported back to the ER to be used in esterification reactions
resulting in the production of TG (step 5), phospholipids,
or cholesteryl esters. Resynthesized TG would again be
incorporated into nascent CM for secretion via the Golgi
(step 3 and step 6). Alternatively, the hydrolyzed products
of TG may be transported into circulation via the portal vein
(step 7) or oxidized within the enterocyte. Transport pro-
teins, such as L- and I-fatty acid binding proteins (L stands
for liver, and I stands for intestine), could play important
roles in transporting FFAs to the appropriate cellular loca-

TGiP FFA + MG Lumen

Fatty Acyl-CoA+MG 1
ER Fatty Acyl-CoA

6,00
A

o° %%

Enterocyte
\ Yy

Fig. 6. Model of the DFA process based on the finding of TG storage
in CLDs within enterocytes. Dietary TG is hydrolyzed in the small
intestine lumen by pancreatic lipase to FFA and MG. These products
are taken up by the enterocyte where they are rapidly resynthesized
in ER (steps 1 and 2) to form TG. Within the ER, the TG is packaged
in the core of CMs where it is secreted via the Golgi complex into
lymphatics (steps 3 and 6). Alternatively, TG synthesized in the ER
may be stored in CLDs (step 4). TG stored in CLDs may be hydro-
lyzed by a lipase, such as pancreatic TG lipase or TG hydrolase. The
hydrolyzed products of TG from CLDs may be transported back to
the ER (step 5) and reenter the secretory pathway (steps 3 and 6) or
excreted via the portal vein (step 7). Alternatively, hydrolyzed prod-
ucts may be catabolized within the enterocyte or used for other
complex lipid synthesis, such as cholesterol esters or phospholipids
(data not shown). DG, diacylglycerol; PL, pancreatic lipase.

tion for metabolism. It should be noted that the existence
of a cytoplasmic TG pool has been well accepted for hepato-
cytes where TGs are recycled and secreted in the form of
VLDL; however, whether dietary fatty acids are deposited
in CLDs in enterocytes or used directly for CM synthe-
sis and secretion remains unclear (7, 50). Our observa-
tion of CLDs in ex vivo fresh tissues and in vivo provides
direct evidence that dietary fatty acids enter a dynamic,
cytoplasmic TG pool in enterocytes in response to a dietary
fat challenge.

It is interesting to compare the LDs observed in
DGAT1 ™/~ mice and PL81-treated mice. These two mod-
els have been known to accumulate CLDs in enterocytes.
In our experiments, large LDs accumulate within the en-
terocytes in DGAT1 ™/ mice. PL81-treated mouse entero-
cytes do not show large LDs as observed in the DGAT1 ™/~
mouse, although the overall LD storage level is high. The
difference in LD size is possibly due to the different mech-
anisms involved in the formation of LDs by DGAT1 knock-
out and PL81 treatment. It was shown that PL81 could
decrease the activity of microsomal TG transfer protein
(15, 35) and affect the assembly of TG into nascent CMs
in the ER. On the other hand, deficiency of DGATT is ex-
pected to inhibit the formation of CMs, resulting in a higher
level of CLDs (33).

CONCLUSIONS

We directly observed a dynamic, cytoplasmic pool of TG
in enterocytes by ex vivo and in vivo CARS imaging of
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mouse small intestine. This finding highlights new possibil-
ities for regulation of the efficiency and/or rate of DFA by
controlling the rate of hydrolysis by TG lipases, the trans-
port rate of TG hydrolyzed products, or the FA oxidation
rate in enterocytes. Future studies based on this finding
may lead to development of new treatments to reduce
postprandial hypertriglyceridemia, a risk factor for the
development of cardiovascular disease, and/or improve
energy balance by decreasing the energy intake portion
of the equation that may ultimately be used to prevent
and/or treat the problems of overweight individuals and
obesity. Technically, our results demonstrate that CARS mi-
croscopy is capable of imaging intestinal TG storage and
depletion in live animals. We expect that this study will
open up a new approach to investigate the cell biology
and physiology of TG metabolism in mammals. B}
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