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aBsTRACT. Chylomicrons from villous columnar epithelial cells are generally known to be transported only by central lymph vessels (CLV),
whereas antigenic particulates derived from the intestinal lumen can also be transported by subepithelial blood capillaries (sBCs) in rat
intestinal villi. The possibility of chylomicron absorption by sBCs was histoplanimetrically studied in the rat jejunum under a transmission
electron microscope. The chylomicrons more abundantly presented in villous venules than in arterioles. The most frequent size (MFS) of
chylomicrons was 75 to 90 nm in diameter in the areas near sBCs, while it was 45 to 60 nm in the epithelial intercellular spaces just above
sBCs or the intermediate areas between sBCs. The MFS of chylomicrons was 45 to 60 nm in the intermediate areas between sBCs and
in the epithelial intercellular spaces just above these areas. The MFS of chylomicrons in CLV was intermediate between that in the area
adjacent to sBCs and that in the intermediate areas between sBCs. Chylomicrons were found in small vesicles in the endothelial cytoplasms
of sBCs. No chylomicrons larger than 600 nm were observed in the lamina propria. These findings suggest that some of the chylomicrons
smaller than 75 nm, which are probable intestinal very low-density lipoproteins (VLDL), are directly transported to the liver by hepatic
portal blood in addition to CLV and that epithelial fat droplets larger than 600 nm are not discharged into lamina propria in rat jejunum

under physiological conditions.
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In the small intestinal lumen, fats in foods are generally
degraded into glycerol and short-, medium- and long-chain
fatty acids. The short-chain fatty acids are absorbed by
villous columnar epithelial cells and are directly transported
by subepithelial blood capillaries (sBCs), while long-chain
fatty acids and some of the medium chain fatty acids are
absorbed and reconstructed into fat droplets in the villous
columnar epithelial cells. Newly synthesized fat droplets
are discharged from villous columnar epithelial cells into
the lamina propria as chylomicrons in the broad sense [4].
Chylomicrons are classified as plasma lipoproteins, i.e.,
spherical particles with widely ranging diameters, and were
discovered in the blood of man and animals [4, 5].

Plasma lipoproteins are currently classified into
chylomicrons in the narrow sense (more than 75 nm in
diameter), very low-density lipoproteins (VLDL) (75 to 28

* CORRESPONDENCE TO: KiTAGAWA, H., Laboratory of Histophysiology,
Department of Bioresource Science, Graduate School of
Agricultural Science, Kobe University, 1-1 Rokkodai-cho, Nada-
ku, Kobe, Hyogo 657-8501, Japan.
e-mail: hkitagaw(@kobe-u.ac.jp

©2013 The Japanese Society of Veterinary Science

nm in diameter), low-density lipoproteins (LDL) (27 to 21
nm in diameter) and high-density lipoproteins (HDL) (12
to 7 nm in diameter) based on their diameters and specific
gravities during centrifugation [10, 18]. The lipoproteins
are generally composed of a hydrophobic core made up of
triacylglycerides and cholesterol ester and surrounded by a 2
nm-thick shell. The shell consists of both phospholipids and
apolipoproteins, which are classified as apoA, apoB, apoC,
apoD and apoE. The common function of all apolipoproteins
is to assist in the solubilization of neutral lipids in the blood
circulation [18].

VLDL are generally produced by hepatocytes in the liver
[9], but are also produced by epithelial cells in the small
intestine [30]. Plasma VLDL possess apoB and apoE, but do
not possess apoA-I and apoA-IV [20]. In contrast, intestinal
VLDL possess apoA-I, apoA-1V, apoB and apoE, as well as
chylomicrons [10]. Thus, the intestinal VLDL possess the
same molecular structure as chylomicrons in the narrow
sense. Therefore, the term “minute chylomicrons,” defined
as chylomicrons less than 75 nm, is used instead of VLDL
in this paper.

Chylomicrons discharged from the villous epithelial cells
into the lamina propria are generally transported by central
lymph vessels (CLV) and never by sBCs [2, 4]. On the other
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hand, a phenomenon known as “persorption,” by which
various substances or particulates in the intestinal lumen
are directly transported into the blood circulation without
any digestion, has been reported in humans and various
animal species [34]. In persorption, both specific antibodies
against the ingested substances and epithelial receptors for
IgG-Fc fragments probably play an important role [38—40].
Furthermore, the direct entry of luminal particulates into the
sBCs has been histologically demonstrated in intestinal villi
of the rat jejunum [40]. From these reports, the sBCs in the
intestinal villi are assumed to be special blood vessels that
can absorb and transport macromolecules or particulates,
including chylomicrons, from the extravascular tissue.
Therefore, the aim of the present study was to observe
the direct transportation of some chylomicrons by hepatic
portal blood in the rat jejunal villi by histoplanimetry and
transmission electron microscopy.

MATERIALS AND METHODS

Experimental animals: A total of 4 male Wistar rats aged
7 weeks (Japan SLC Inc., Hamamatsu, Japan) were used.
The animals were maintained under conventional laboratory
housing conditions and permitted free access to water and
food (Lab MR Stock; Nosan Corp., Yokohama, Japan). The
animal facility was maintained under conditions of a 12-hr
light/dark cycle at 23 + 1°C and 50-60% humidity. Clinical
and pathological examinations were performed for all
animals, and no signs of disorder were observed. This study
was approved by the Institutional Animal Care and Use
Committee (Permission number: 17-04-05) and carried out
according to the Kobe University Animal Experimentation
Regulations.

Histological procedure: After cardiac exsanguination
under deep anesthesia with ip. injection of pentobarbital
sodium (Dainippon Sumitomo Pharmaceuticals, Osaka,
Japan) at AMO0:00, small tissue blocks were obtained from a
5 cm segment that was 10 cm caudal from the duodenojejunal
flexure. Then, the blocks were immediately immersed in
0.1 M phosphate-buffered 2.0% glutaraldehyde—2.0%
paraformaldehyde solution at 4°C for 24 hr (pH 7.2).
After fixation, the tissue blocks were immersed in 0.1 M
phosphate-buffered 1.0% OsO, (pH 7.2) for 90 min at room
temperature (r.t.). Some of the blocks were then immersed
in 1.0% imidazole—1.0% paraphenylenediamine solution for
2 hr at r.t. to confirm the lipid droplets with reference to the
method of Nakao ez al. [22]. After dehydration with an ethanol
upgrade system, the tissue blocks were embedded in a QY-2
resin mixture. Semithin sections of 1 um thickness were cut
using an ultramicrotome (Sorvall MT-1; Dupont, Newton,
CT, U.S.A.) and stained with 0.01 M phosphate-buffered
0.05% toluidine blue solution (pH 7.4). Ultrathin sections of
70 nm thickness were cut using the same ultramicrotome and
stained with both 3% uranyl acetate solution and 3% lead
citrate solution. The ultrathin sections were observed under a
transmission electron microscope (H-7100; Hitachi, Tokyo,
Japan) at an accelerating voltage of 75 kV.

Quantitative ultrastructural observation: Five intestinal
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Fig. 1. The seven areas histoplanimetrically measured in
this study: 1, the epithelial intercellular space just above
subepithelial blood capillaries (sBCs); 2, the narrow area
near sBCs; 3, the epithelial intercellular space just above the
intermediate area between sBCs; 4, the intermediate area
between sBCs; 5, the lumen of central lymph vessels (CLV)
in the villous apex; 6, the lumen of the venules at the base
of the intestinal villus; 7, the lumen of the arterioles in the
submucosa. C, sBCs.

villi that were cut longitudinally along the villous axes were
randomly selected from each animal under a transmission
electron microscope. In each intestinal villus, the diameters
of 300 chylomicrons were measured in each of 5 areas on
the photographs, which were magnified 13,000 fold: the
epithelial intercellular space just above sBCs, the narrow
area adjacent to the sBCs, the epithelial intercellular
space just above the intermediate area between sBCs, the
intermediate area between sBCs and the lumen of CLV in the
villous apex (Fig. 1). The mean diameters were calculated
from the average of the major axis and the minor axis of each
chylomicron. The size distribution of chylomicrons in each
15 nm was represented by the average of 4 animals, and the
distributions from the 5 areas were compared.

The number of chylomicrons in a unit area (6.0 x 10° nm?)
was also measured in the lumina of the venules at the base
of the intestinal villus and the arterioles in the submucosa
(Fig. 1). The measured data were expressed as means + SD.
The size distribution of chylomicrons in each 15 nm was
represented by the average of 4 animals. The Student’s 7-test
was used to compare the mean numbers of chylomicrons in
the lumina of the arterioles and the venules. P values less
than 0.05 were considered statistically significant.

RESULTS

Epithelial fat droplets: Numerous fat droplets were present
in the cytoplasms of the villous columnar epithelial cells at the
apical portions of intestinal villi. The amount of cytoplasmic
fat droplets increased toward the villous apex (Fig. 2). The
fat droplets varied in size with the largest being over 1 um in
diameter in villous columnar epithelial cells (Fig. 3). In the
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Fig. 2.

A light microscopic image of the jejunal villi. Numerous fat droplets (arrow) are visible in the villous columnar epithelial cells in

the villous apex. IV, intestinal villus. Bar=50 #m. Block staining with 1.0% imidazole-1.0% paraphenylenediamine.

Fig. 3.

An electron microscopic figure of the epithelium of the villous apex. Highly electron dense fat droplets larger than 1 4m in diameter

are visible in the villous columnar epithelial cells (Ep). Bar=10 um. Block staining by 1.0% imidazole-1.0% paraphenylenediamine.

Fig. 4.

Villous columnar epithelial cells with numerous large fat droplets (arrow) are exfoliated from the apex of the intestinal villus.

White asterisk, blood capillary; Ep, epithelial cells. Bar=10 xm. Block staining by 1.0% imidazole-1.0% paraphenylenediamine.

Fig. 5.
(arrows). Ep, epithelial cells. Bar=1 ym.
Fig. 6.

The apical portion of the epithelial intercellular space (EI) in the villous apex is enlarged and contains a few chylomicrons

The basal portion of the epithelial intercellular space (EI) in the villous apex is more enlarged than the apical portion of the EI

shown in Fig. 5. The El is occupied by highly dense chylomicrons of various sizes. Ep, epithelial cells. Bar=1 um.

Fig. 7.
Ep, epithelial cells. Bar=1 um.

exfoliating epithelial cells at the villous apex, numerous large
fat droplets were observed in the cytoplasms (Fig. 4).
Qualitative distribution of chylomicrons: The epithelial
intercellular spaces were markedly enlarged at the tops of the
intestinal villi. The apical intercellular spaces contained a
few chylomicrons (Fig. 5), whereas numerous chylomicrons
were found in the basal epithelial intercellular spaces (Fig.
6). Chylomicrons were dispersed in the lamina propria just

The area between the subepithelial blood capillaries in the villous apex contains numerous chylomicrons (arrows) of various sizes.

beneath the epithelial cells (Fig. 7). Chylomicrons were also
occasionally found in the small vesicles in the endothelial
cells of sBCs (Fig. 8). A few chylomicrons were found in
the lumen of arterioles and venules, and all the chylomicrons
in these locations were very minute (Figs. 9 and 10). On the
other hand, numerous chylomicrons of various sizes were
densely observed in the CLV (Fig. 11).

Quantitative distribution of chylomicrons: There were no
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Fig. 8.

The epithelial side of a subepithelial blood capillary in the villous apex. Numerous chylomicrons

(arrowheads) are located in a narrow space between the epithelial cell and the endothelial cell (En). A chylomicron
in the small vesicle is visible in the endothelial cytoplasm (arrow). L, lumen. Bar=1 um.

Fig. 9.
villus. En, endothelial cells. Bar=1 ym.

A few minute chylomicrons (arrows) are dispersed in the lumen (L) of a venule at the base of the intestinal

Fig. 10. The number of minute chylomicrons (arrows) in the lumen (L) of an arteriole in the submucosa is smaller
than the number in a venule (Fig. 9). En, endothelial cells; Er, erythrocytes. Bar=1 um.

Fig. 11. Numerous chylomicrons of various sizes are visible in the lumen (L) of the central lymph vessels and are
also accumulated just under the endothelium (En). Bar=1 ym.

chylomicrons larger than 600 nm in diameter, and almost
all the chylomicrons were less than 180 nm in diameter
in all areas measured. The most frequent size (MFS) of
chylomicrons in the epithelial intercellular space situated
just above the sBCs was in the range from 45 to 60 nm and
was smaller than the MFS (75 to 90 nm) in the area near
the sBCs (Fig. 12). The MFS of chylomicrons in the CLV
was in the range from 60 to 75 nm and was an intermediate
size between those in the area near the sBCs and those in
the epithelial intercellular space situated just above the sBCs
(Fig. 12). On the other hand, the MFS of chylomicrons in
the intermediate area between sBCs was 45 to 60 nm and
was almost the same as that in the epithelial intercellular
spaces just above the intermediate area between sBCs (Fig.
13). In addition, the number of chylomicrons in a unit area
was significantly larger in the lumen of venules at the base

of the intestinal villus than in the lumen of arterioles in the
submucosa (Fig. 14). The MFS of chylomicrons was 45 to
60 nm in diameter in both the venules and arterioles, which
was smaller than the range in the CLV (Figs. 12 and 14).

DISCUSSION

In villous columnar epithelial cells, fatty acids and
monoglycerides taken through the epithelial microvilli are
synthesized into triglyceride droplets which are discharged
into the epithelial intercellular spaces as chylomicrons.
This process from the fatty acid absorption to the discharge
of fat droplets occurs within a few minutes [1, 3, 11]. It
has been reported that the size range of chylomicrons in
the epithelial intercellular space was from 120 to 480 nm
in diameter after gastric intubation of corn oil in the rat
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jejunum [26]. Moreover, in fasting rats, the most frequent
size of chylomicrons in the mesenteric lymph ranges from
20 to 40 nm in diameter, while in fat feeding rats, the sizes
of almost all the chylomicrons in the lymph range from 20 to
200 nm [12]. In the present ultrastructural study, there were
no chylomicrons larger than 600 nm in diameter in all areas
measured. However, the exfoliating epithelial cells of villous
apices possessed fat droplets larger than 1 #m in diameter.
Therefore, these findings suggest that large chylomicrons
over 600 nm in diameter are not discharged into the lamina
propria by villous columnar epithelial cells and are expelled
with epithelial cells into the lumen in the rat jejunum under

Fig. 12. Comparison of the relative frequencies of appearance of
chylomicrons among the epithelial intercellular space just above
the subepithelial blood capillaries (sBCs) (black circles with a thin
line), the areas near the sBCs (triangles with a dotted line) and the
lumen of central lymph vessels (white circles with a thick line).
Each value is the average of the percentages of chylomicrons in
each of the 15 diameter and represents the mean + SD.

Fig. 13. Comparison of the relative frequencies of appearance of
chylomicrons between the epithelial intercellular spaces just above
the intermediate areas between sBCs (squares with a thick line) and
the intermediate areas between sBCs (white diamonds with a dotted
line). Each value is the average of the percentages of chylomicrons
in each of the 15 diameter and represents the mean + SD.

Fig. 14. Comparison of the number of chylomicrons between
the lumina of venules at the base of the intestinal villus (white
diamonds with a thick line) and the lumina of arterioles in the
submucosa (triangles with a dotted line). Each value is the number
of chylomicrons in a unit area 6.0 x 10° nm? and represents the
mean + SD. Asterisks, P<0.05.

physiological conditions.

The exchange of both water and small lipid-insoluble
molecules across the endothelium of blood capillaries
is largely regulated by the balance between hydrostatic
and colloid osmotic pressures in animal tissues [28]. The
macromolecules, such as proteins permeated from blood
capillaries, are generally collected by lymphatic capillaries
in the interstitial tissues and finally returned back to the
blood circulation [24]. On the other hand, the persorption of
macromolecules and particulates from the intestinal lumen
to the systemic circulation has been reported in various
vertebrates—i.e., fishes [21], chickens [33], mice [14], rats
[17,27, 37], rabbits [31], dogs [13, 36, 37] and humans [15,
35]. Various substances are persorbed from the intestinal
lumen into the systemic circulation, including pollens and
spores [32], starch particles [13, 33], coal particles [23],
polyvinyl chloride particles and metallic iron particles [33,
36], colloidal gold particles [14], bovine serum albumin
(BSA) [38] and BSA-coated sheep erythrocytes [39].
The number of persorbed particulates from the intestinal
lumen is significantly greater in the portal blood than in the
systemic circulating blood in rats [39]. Moreover, the direct
crossing of the endothelium by sBCs has been histologically
demonstrated by luminal administration of IgG-Fc fragment-
coated particulates into the rat jejunum [40]. In the present
study, the number of chylomicrons in the venules of the
intestinal villi was greater than that in the arterioles in the
submucosa. This finding suggests that the chylomicrons are
directly added into the hepatic portal blood in the intestinal
villi. In addition, in the present study, the MFS (75 to 90
nm) of chylomicrons in the areas near sBCs was larger
than that (45 to 60 nm) in the epithelial intercellular spaces
and the intermediate arcas between sBCs, while the MFS
of chylomicrons in the epithelial intercellular spaces was
almost the same as the MFS in the intermediate areas between
sBCs (45 to 60 nm). This finding suggests that minute
chylomicrons less than 75 nm had partially disappeared
from the areas near sBCs. Moreover, in the present study,
the MFS (60 to 75 nm) of chylomicrons in the CLV was
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Fig. 15. A schema of transportation routes of chylomicrons in an apex
of rat jejunal villus. A central blind canal is a central lymph vessel.
White arrows indicate the direction of blood flow in a subepithelial
blood capillary. Black dotts, lipid droplets or chylomicrons.

intermediate between the above two MFS values. As a result,
these findings suggest that some of the minute chylomicrons
with diameters of less than 75 nm are directly transported to
the liver by hepatic portal blood, and the rest are transported
to the systemic circulation by the CLV in the rat jejunum
under physiological conditions. The transportation route of
chylomicrons is summarized in Fig. 15.

Some apolipoprotein receptors in the cell surface
membranes recognize free chylomicrons in the broad
sense. Rabbit VLDL receptors bind with high affinity to
apoE-containing lipoproteins, such as chylomicrons [29].
The mouse LDL receptor pathway plays a significant
role in the chylomicron remnant metabolism [16]. LDL
receptor-related protein derived from the rat liver also
recognizes rabbit LDL and rat LDL [19]. ApoB48 receptors
mediate the rapid high-affinity uptake of chylomicrons
in murine and human macrophages [7, 8]. The present
ultrastructural observation suggests the direct transportation
of chylomicrons encapsulated by cell membranes across
the endothelial cells of subepithelial blood capillaries.
Therefore, some of the apolipoprotein receptors probably
participate in the transportation across the endothelial cells
into subepithelial blood capillaries in the rat jejunal villi
under physiological conditions. In addition, the size of
minute chylomicrons transported by sBCs was less than 75
nm in diameter in the present study. Lipoproteins less than
75 nm in diameter are classified as VLDL, LDL or HDL [10,
18]. On the other hand, the VLDL receptor is expressed in
the small intestine of 15-day-old rats and in the enterocytes
from the small intestine of 1-month-old rats [6]. It has also
been reported that the LDL receptor is expressed in the
human small intestine [25]. Therefore, VLDL receptors
or LDL receptors may participate in the transportation of
minute chylomicrons by sBCs. Identification of the receptors
for minute chylomicrons is now in progress.
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