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Abstract

The intestine and liver are crucial organs for vitamin A uptake and storage. Liver accounts for
70% of total body retinoid stores. Vitamin A deficiency (VAD) is a major micronutrient
deficiency around the world. The provitamin A carotenoid, 3-carotene, is a significant source of
vitamin A in the diet. -Carotene 15,15’ oxygenase-1 (BCO1) and 3-carotene 9/,10" oxygenase-2
(BCO2) are the two known carotenoid cleavage enzymes in humans. BCO1 and BCO2 are highly
expressed in liver and intestine. Hepatocytes and hepatic stellate cells are two main cell types
involved in the hepatic metabolism of retinoids. Stellate-like cells in the intestine also show ability
to store vitamin A. Liver is also known to accumulate carotenoids, however, their uptake,
retention and metabolism in specific liver and intestinal cell types is still unknown. Hence, we
studied the cellular and subcellular expression and localization of BCO1 and BCO2 proteins in rat
liver and intestine. We demonstrate that both BCO1 and BCO2 proteins are localized in
hepatocytes and mucosal epithelium. We also show that BCO1 is also highly expressed in hepatic
stellate cells (HSC) and portal endothelial cells in liver. At the subcellular level in liver, BCO1 is
found in cytosol, while BCO2 is found in mitochondria. In intestine, immunohistochemistry
showed strong BCO1 immunoreactivity in the duodenum, particularly in Brunner’s glands. Both
BCO1 and BCO2 showed diffuse presence along epithelia with strong immunoreactivity in
endothelial cells and in certain epithelial cells which warrant further investigation as possible
intestinal retinoid storage cells.
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Introduction

Vitamin A and its derivatives play an essential role in vision, embryonic development,
reproduction and cellular growth and differentiation [1-3]. Retinol derivatives such as all-
trans- and 9-cis-retinoic acid serve as ligands for RAR and RXR nuclear hormone receptors
that are proposed to control the expression of more than 500 genes [4,5]. Deficiency of this
fat soluble vitamin leads to blindness, compromised immunity and even mortality when
severe [6,7]. Since humans cannot synthesize vitamin A de novo, we consume it either as
preformed vitamin A (retinyl esters) from animal sources or as provitamin A carotenoids,
from fruits and vegetables. -Carotene (B-C)2 is the most potent of all carotenoids for
provitamin A activity [8-10]. These carotenoids can also be absorbed and stored intact in
animal tissues such as adipose tissue and liver [9,11]. -Carotene 15,15’
oxygenase-1(BCO1) and B-carotene 9/,10” oxygenase-2 (BCO2) are the only two
mammalian enzymes known to oxidatively cleave carotenoids. BCO1 catalyzes central
cleavage of provitamin A carotenoids at 15,15” double bond to form two molecules of all-
trans-retinal which can be further metabolized to vitamin A and its derivatives. In contrast to
BCO1, BCO2 catalyzes eccentric cleavage of both provitamin and non-provitamin A
carotenoids which results in the formation of apo-carotenoids such as -apo- 10’ carotenal
and B-ionone [12-17]. These two enzymes share 40% sequence homology and are both
expressed in tissues such as small intestine, liver, kidney and lungs [14,17].

Carotenoids are absorbed along with other ingested nutrients in the small intestine. -
Carotene may first be metabolized to vitamin A and make its way to the liver as a retinyl
ester, or it may be absorbed intact. If absorbed intact, B-carotene may either be stored or
metabolized in the liver to vitamin A. In a well-nourished state, liver stores about 70% of the
total vitamin A in the body. It is known that hepatocytes and hepatic stellate cells (HSC) are
the two major cell types involved in the uptake and storage, respectively, of retinoids
(retinol, retinyl esters) in liver [18]. Along with retinoid stores, liver has also been shown to
accumulate significant amount of carotenoids under normal physiological conditions. In vivo
and in vitro models have shown that both hepatocytes and hepatic stellate cells accumulate
carotenoid [19-21]. Hepatic accumulation of B-carotene has been observed in both the
BCO1 and BCO2-deficient mice [22,23]. Hence, it is clear that liver plays a significant role
in carotenoid metabolism either though central or eccentric cleavage pathways. The
immunohistochemical study by Lindgvist and colleagues demonstrated BCO1 and BCO2
proteins are present in human hepatocytes [24,25]. However, a recent gene expression study
has shown significantly higher BCO1 mRNA levels in primary hepatic stellate cells (HSC)
as compared to isolated primary hepatocytes in mice [20]. Additionally, while earlier studies
have reported a cytoplasmic localization of BCO2 in cell, two recent studies demonstrate
that BCO2 is a mitochondrial protein [22,26].

Greater understanding of the localization of carotenoid cleavage enzymes is needed to better
understand the metabolism of carotenoids in liver and intestine. Hence, we studied the

2 ppbreviations used: VAD, Vitamin A deficiency; BCO1, p-Carotene 15,15’ * oxygenase-1; BCO2, B-carotene 9”°,10’ * oxygenase-2;
HSC, hepatic stellate cells; B-C, p-Carotene ; DMEM, modified Eagle’s medium; CHO, Chinese hamster ovary; ATCC, American
Type Culture Collection; IHC, immunohistochemistry; PNS, post nuclear supernatant; PMS, post mitochondrial supernatant.
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cellular and subcellular expression and localization of BCO1 and BCO?2 proteins in rat liver
and intestine. We demonstrate that both BCO1 and BCO2 proteins are localized in
hepatocytes and mucosal epithelium. We also show that BCO1 is also highly expressed in
hepatic stellate cells (HSC) and portal endothelial cells in liver. At the subcellular level in
liver, BCOL1 is found in cytosol, while BCO2 is found in mitochondria. In intestine,
immunohistochemistry showed strong BCO1 immunoreactivity in the duodenum,
particularly in Brunner’s glands. Both BCO1 and BCO2 showed diffuse presence along
epithelia with strong immunoreactivity in endothelial cells and in certain epithelial cells
which warrant further investigation as possible intestinal retinoid storage cells.

Materials and methods

Cell lines

Antibodies

Rat hepatoma McArdle RH7777 (McA) cell line (ATCC, #CRL-1601) was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(Sigma—Aldrich, St Louis, MO), 100 units penicillin and 100 pg streptomycin/ml
(Invitrogen #15140), and 0.2 mI/100 ml Fungizone (Invitrogen #15290). Chinese hamster
ovary (CHO) cells, stably transfected with mouse BCO1 cDNA and referred as NY CHO
cells in this study, were used as a positive control in assessing the specificity of the antibody
for BCOL1 protein. The non-transfected chinese hamster ovary cell line, obtained from
American Type Culture Collection (ATCC, #CRL-10154), was referred to as ATCC CHO
cells and was used as a negative control. NY CHO and ATCC CHO cells were maintained in
basic medium, MEMa (+10% FBS, 100 units penicillin/streptomycin/ml, and 0.2 mi/100 ml
Fungizone). All the cell lines were incubated at 37 °C with 5% CO, and 95% humidity. All
chemicals were purchased from Invitrogen or as specified.

A rabbit polyclonal antibody against mouse BCOL1 (1gG) referred to as “BCO1 antibody”,
was prepared as described [14]. A chicken anti BCO2 was prepared using a synthetic
peptide unique to the C-terminus of human BCO2 (Genway biotech, San Diego, CA). A
commercially-available rabbit antibody against human desmin (Novus Biological, Littleton,
CO) was used as marker for hepatic stellate cells. Polyclonal rabbit anti-VDAC1 antibody
was used as mitochondrial marker for immunostaining of Western blots.

Secondary antibodies used in immunohistochemistry (IHC) were; biotin—streptavidin-
conjugated donkey anti-rabbit IgG and anti-chicken IgY (Jackson Immunoresearch, West
Grove, PA). Peroxidase conjugated mouse anti-biotin 1gG (Jackson Immunoresearch) was
used as tertiary antibody. For Western blotting, secondary antibodies used were infrared dye
conjugated, donkey anti-chicken and goat anti-rabbit (LI-COR biosciences, Lincoln, NE).
For immunofluorescence, mitotracker dye (Invitrogen, Grand Island, NY) was used to stain
mitochondria in McA cells and the secondary antibodies were conjugated to Alexa 488
including donkey anti-rabbit for BCO1 and donkey anti-chicken for BCO2. IHC also used a
peroxidase conjugated mouse anti-biotin tertiary antibody (1gG) (Jackson Immunoresearch,
#200-032-211).
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Subcellular fractionation

Animal experiments were performed according to the guidelines of the Institutional Animal
Care and Use Committee of The Ohio State University (Columbus, OH, USA). Livers were
dissected from Sprague Dawley rats (body wt 260 g). Liver homogenate was prepared in
0.25 M sucrose (3 ml/gm) using Dounce and Omni tissue homogenizers and fractionated
using differential centrifugation as described in [27]. The homogenate was centrifuged at
245xg for 10 min to separate nuclear fraction (pellet) from post nuclear supernatant (PNS).
The PNS is subjected to centrifugation at 13,000xg for 13 min to give the mitochondrial (M)
fraction in pellet form and post mitochondrial supernatant (PMS) fraction. This PMS
fraction is again centrifuged at 138,000xg for 30 min which separated cell free cytosolic (S)
supernatant fraction from microsomal (P) fraction. All steps were repeated three times and
fractions were kept on ice at all times.

Western blot analysis

Fresh liver and intestine were removed from rat and homogenized with Radio-
Immunoprecipitation Assay buffer (RIPA, Thermo Scientific, Rockford, IL) with protease
inhibitor cocktail (Pl, Roche Diagnostics, Indianapolis, IN) in a ratio of 1 g:5 ml for liver
and 1 g:3 ml for intestine with an Omni Tissue Homogenizers (Kennesaw, GA). The small
intestine was excised from the pyloric sphincter to the ileocecal valve and then further
divided into eight equal sections. Mucosa was scraped from each intestinal segment.

Cultured cells were lysed with RIPA + PI. The collected lysate was centrifuged at 14,000 rcf
at 4 °C for 15 min to get clear supernatant.

The total protein concentration of cells, tissue homogenates, or subcellular fractions was
determined using the BCA protein assay (Thermo Scientific, Rockford, IL). Proteins were
resolved by SDS-PAGE and transferred to nitrocellulose membranes (Millipore, Bedford,
MA). After transfer, the blot was incubated with primary antibodies, rabbit anti-mouse
BCOL1 and chicken anti-human BCO?2. Incubation was performed overnight at 4 °C on a
rocker. Membranes were washed and incubated with infrared dye conjugated secondary
antibodies, goat anti-rabbit and donkey anti-chicken for 30 min at room temperature. Blots
were protected from direct light after secondary antibody incubation and observed with the
Odyssey LI-COR Infrared Imaging System (LI1-COR biosciences, Lincoln, NE).

Immunofluorescence staining

For further characterization of the antibody for BCO1, fluorescence immunostaining was
used to visualize the expression of BCOL1 in NY CHO cells. NY and ATCC CHO cells were
seeded at a density of 1.5 x 10° cells/well on coverslips in 6-well plates and cultured
overnight. Then, the cells were fixed with 4% (w/v) paraformaldehyde and permeabilized
with 0.3% Triton X 100 (Fisher Scientific, Fair Lawn, NJ). After permeabilization, cells
were washed and blocked with 5 mg/ml bovine serum albumin (BSA, Fischer Scientific)
and 5% normal donkey serum (NDS, Jackson Immunoresearch) in PBS for 30 min to inhibit
non-specific binding of primary and secondary antibodies. The primary antibody solution
was applied, which comprised of rabbit polyclonal anti-mouse BCO1 antibody. Cells were
incubated overnight at 4 °C. After incubating with primary 1gG, cells were washed three
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times with PBS and incubated with Alexa Fluor 488 conjugated donkey anti-rabbit which
fluoresces green when excited at 499 nm. Prolong Gold antifade (Invitrogen, Carlsbad, CA,
USA) mounting medium was applied and cells were visualized using Olympus IX71
epifluorescence microscope and Olympus cell sense software. Controls without primary
antibodies were performed for both NY and ATCC CHO cells.

Confocal fluorescence microscopy

For the subcellular localization study, cells were plated on collagen coated coverslips (BD
Biosciences). For mitochondria staining, live cells were treated with 400 nM mitotracker-red
(Invitrogen, #M7512) for 15 min in incubator. After staining, cells were fixed in ice-cold
methanol for 20 min and incubated with blocking buffer (5% BSA +2% NDS in PBS) for
one hour. Primary antibody was used to localize endogenous BCO1 or BCO?2 in cells,
followed by 30 min incubation with Alexa 488 conjugated secondary antibody. After
immunostaining, coverslips were mounted on glass slides using anti-fade mounting medium
from Invitrogen. Images were captured by Olympus FVV1000 spectral confocal microscope.

Immunohistochemistry

Results

Immunohistochemical staining was performed to determine the localization of BCO1 and
BCO2 proteins in rat liver and intestinal cells. Formalin-fixed, paraffin-embedded rat liver
and intestinal sections of 3-5 um were prepared by Veterinary Histology Laboratory
Services, The Ohio State University (Columbus, OH, USA). Before proceeding with
staining, paraffin sections were first deparaffinized in xylene and rehydrated in graded
ethanol. Sections were treated with 3% hydrogen peroxide to block endogenous peroxidase
activity and blocked with 3% BSA and 1.28% NDS in PBS (pH 7.4). After blocking,
sections were incubated with primary antibodies: rabbit anti-mouse BCOZ1, chicken anti-
BCO2, goat anti-human desmin, and rabbit anti-villin. Tissues were then incubated with
biotin-SP conjugated secondary antibodies: donkey anti-rabbit; donkey anti-chicken IgY,
and donkey anti-goat. An anti-biotin conjugated horseradish peroxidase (HRP) tertiary
antibody was used followed by diaminobenzidine (DAB, Dako, Carpinteria, CA) and
counterstained with Gill’s Hematoxylin (Fisher Scientific, Fair Lawn, NJ). Controls were
performed without primary antibodies for all the antibodies. Sections of rat liver and
intestinal tissue were examined using Olympus BX51 light microscope with 10x, 20x, 40x
and 60x objective. DP Manager Software was used to digitally record images.

Characterization of antibodies

The specificity of the antibodies towards BCO1 and BCO?2 proteins was tested using
immunofluorescence. CHO cells stably transfected with BCO1 cDNA were positively
stained by antibody to BCO1 (Fig. 1, panel D) but not with antibody to BCO2 (Fig. 1, panel
C). No staining was observed in non-transfected normal CHO cells for either BCO1 (Fig. 1,
panel A) or BCO2 (Fig. 1, panel B). Antibody specificity was further verified with Western
blot (Fig. 1, gel image on right). The anti-BCO1 antibody reacts specifically with a protein
band at the correct molecular weight (~63 kDa) in positive control cells (Fig. 1, right, lane:
BCO1) and whole rat liver homogenate (Fig. 1, right, lane: LIVER). Similarly, anti-BCO2
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antibody reacted with an approximately ~60 kDa protein in whole rat liver (Fig. 1, right,
lane: LIVER) and shows no reactivity with lysate of BCO1 cDNA transfected cell line (Fig.
1, right, lane: BCO1). Neither antibody reacted with lysate from negative control cells (Fig.
1, right, lane: ATCC).

The specificity of the anti-desmin antibody (marker for quiescent hepatic stellate cells) was
also tested by Western blot. A single band for desmin protein was detected at the predicted
molecular weight of 52 kDa in rat liver. No labeling was observed in either NY CHO or
ATCC CHO cells (data not shown).

Immunolocalization of BCO1 and BCO2 protein in liver

We first studied the localization of BCO1 and BCO?2 in cells in the portal triad and central
vein areas of the liver (Fig. 2). Comparison of serial tissue sections treated with anti-BCO1
(Fig. 2A) and anti-BCO2 (Fig. 2B) and controls without primary antibodies (Fig. 2C)
indicate strong BCO1 labeling in the endothelial cells lining the portal vein (Fig. 2A, black
arrows) and hepatic artery (Fig. 2A, red arrow). The staining of the endothelial cells was not
observed for BCO2. However neither BCO1 nor BCO2 antibody showed labeling of
endothelial cells lining the central vein (Fig. 2D-E, arrows). Fig. 3 shows BCO1 expression
in endothelial cells in portal triads at higher magnification. In parenchyma, the BCO2
protein expression was limited in hepatocytes (Fig. 4, right panels). However, BCO1 protein
was expressed in parenchymal and non-parenchymal, lipid-containing, stellate cells (Fig. 4,
left panels).

We observed strong immunoreactivity of anti-BCOL1 antibody in lipid containing hepatic
stellate cells (HSC), also called lipocytes because of their characteristic feature of having
lipid droplets in its cytoplasmic processes (Fig. 5, insets). BCO1 was also observed to be
expressed in hepatocytes, with uniform labeling of the cytoplasm (Fig. 5). To confirm the
BCOL1 expression in HSC, we compared the anti-BCO1 labeling with the stellate cell
marker, desmin, in serial sections (Fig. 6). We observed that the stellate cells stained for
desmin (Fig. 6, right panels) were also strongly stained by anti-BCO1 antibody (Fig. 6, left
panels).

Subcellular localization of BCO1 and BCO2 in liver

We studied the subcellular localization of BCO1 and BCO2 proteins using liver fractions.
Cell fractions were prepared from liver tissue by differential centrifugation and Western
blots were performed. We probed the cell fractions with both anti-BCO1 and anti-BCO2
antibodies (Fig. 7). The cytosolic fraction was found to be enriched in BCO1 (Fig. 7, right,
lane: S) and the mitochondrial fraction was found to be enriched in BCO2 protein (Fig. 7,
left, lane: M). In order to test the purity of the mitochondrial fraction, we probed the
fractions with anti-VDAC1, a mitochondrial marker. The labeling pattern of VDAC1 was
similar to BCO2 protein in mitochondrial fraction (Fig. 7, lower left, lane: M). There small
bands of both BCO2 and VDACL1 in the nuclear fraction (Fig. 7, left, lane: N) are likely due
to slight contamination of mitochondria in this fraction.

Arch Biochem Biophys. Author manuscript; available in PMC 2015 December 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raghuvanshi et al.

Page 7

The subcellular localization of BCO2 in mitochondria was verified by double-
immunofluorescence staining of McA cells for endogenous BCO2 protein using anti-BCO2
antibody and mitotracker dye (Fig. 8). The merged image for BCO2 and mitotracker dye
shows complete co-localization (Fig. 8, panel-Merge).

Immunolocalization of BCO1 and BCO2 protein in intestine

In addition to liver, intestinal sections were also examined for presence of carotenoid
cleavage enzymes. BCO1 immunoreactivity showed a gradient in the 3 sections with
strongest presence in the duodenum which tapered to lower presence in the jejunum and
ileum (Fig. 9). Immunoreactivity was so strong in the duodenum, that the antibody was
diluted to twice that used for the jejunum and ileum. BCO1 was present in the mucosa,
submucosa and muscularis. Immunoreactivity was stronger in the villi than the crypts.
Strongest presence occurred in Brunner’s glands of the duodenum and endothelial cells.
Localization of BCO2 in intestine was similar to that of BCO1 in that BCO2 also revealed
strongest immunoreactivity in the duodenum with lesser immunoreactivity in the jejunum
and ileum (Fig. 10). However BCO2 was not found in duodenal Brunner’s gland cells. For
both BCO1 and BCO2 there are also strongly immunoreactive, small cells along the villi
that may be specific epithelial cells (Fig. 11). A greater presence was observed in villi than
in crypts. A notable difference between BCO1 and BCO2 is stronger immunoreactivity for
BCO2 in cells that are dispersed throughout the epithelial cells of the villi and Peyer’s
patches (Fig. 11). Further investigation is warranted to identify these cells.

Discussion

Hepatic retinoid stores account for approximately 70% of the total body vitamin A. It is also
proposed that 8-12% of total body B-C is taken up by the liver [28]. Retinoids taken up by
the liver are primarily metabolized in hepatocytes and stored as retinyl esters in hepatic
stellate cells (HSC) [18]. In this study, we have demonstrated that carotenoid cleavage
enzymes — BCO1 and BCO2 - are uniformly expressed in hepatocytes. This agrees well
with earlier studies showing BCO1 and BCO2 localization in hepatocytes [24,25]. The
expression of BCOL in hepatocytes clearly demonstrates a tissue specific synthesis of
vitamin A from the central cleavage of provitamin A carotenoids, such as -carotene. The
observed expression of BCO2 in hepatocytes is in agreement with a recent study that also
demonstrated BCO2 mRNA expression in isolated primary hepatocytes [20]. BCO2 protein
in hepatocytes may be involved in the synthesis of vitamin A via an alternate pathway, one
which was suggested earlier [25]. As BCO2 has broad substrate specificity, its role might
also be cleaving non-provitamin A carotenoids, such as xanthophylls, taken up by the liver.

Hepatic stellate cells (HSC) are known to be the cellular site for hepatic retinoid storage. An
in vitro model of HSC, GRX cells, have been shown to accumulate carotenoids such as -
carotene and lycopene and also are active in the conversion of $-carotene to retinoids
[19,21]. We have observed that along with hepatocytes, BCO1 protein is highly enriched in
the lipid containing HSC. Our findings are consistent with recent reports. BCO1 mRNA
expression was about 4-fold higher in isolated HSC as compared to hepatocytes [20,29].
Thus, the observed expression of BCO1 in HSCs directly implies a carotenoid metabolic
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pathway in these non-parenchymal cells. It is probable that the central cleavage pathway
may initiate cell specific transcriptionally active retinoid production. It has been recently
shown that BCO1 mRNA expression increases 20-fold in the wake of liver wound healing
[29], demonstrating the importance of BCO1 in synthesizing central cleavage products from
pro-vitamin A carotenoids in the liver.

Even on a vitamin A sufficient diet, BCO1 knockout mice demonstrated an increased
accumulation of B-carotene as well as increased triglyceride levels in liver and developed
liver steatosis over a period of time. Also there was an increased gene expression of PPARy
in HSC, but not in hepatocytes, of BCO1~/~ compared to a wild type mice [23]. Thus, the
observed expression of BCO1 protein in HSC implies a significant role for BCOL1 in retinoid
as well as in lipid homeostasis in the liver.

LRAT is the enzyme involved in the esterification of retinol to retinyl esters, the storage
form of retinoids in HSC and the enzyme is highly enriched in HSC. There is also evidence
regarding a possible function of endothelial cells in retinoid metabolism. A study by the
Matsuura group has localized LRAT in portal and sinusoidal endothelial cells in rodent liver
[30]. Interestingly, we have also observed immunolocalization of BCO1 protein in
endothelial cells of portal vein and hepatic arteries. The BCO1 expression in our study was
limited to endothelial cells of portal triads, no staining was observed in either sinusoidal or
endothelial cells lining the central vein. BCO1 mRNA has also been observed in endothelial
cells of glomeruli and tubuli in the chicken kidney [31]. Endothelial cells have not been
studied extensively in respect to the vitamin A metabolism, however it is known that
endothelial cells work in coordination with HSC to regulate the blood flow through hepatic
sinusoids [32]. The significance of BCO1 localization in endothelial cells is presently
unclear.

At cellular level, BCO1 and BCO2, both are expressed in hepatocytes whereas BCOL1 is also
expressed in HSC and portal endothelial cells in rat liver. The previous study on BCO1
immunolocalization was performed on human tissues showing BCO1 expression only in
liver hepatocytes [24]. The reason for this may be due to the use of lower magnification.
Moreover, no markers were used in previous study to distinguish the labeling between
parenchymal and non-parenchymal cells.

Two recent publications suggested the mitochondrial subcellular localization of BCO2
enzyme based on the localization of an expressed tagged protein and endogenous BCO?2 in
mouse liver [22,26]. Hence we examined the subcellular expression of endogenous BCO1
and BCO2 proteins in liver cellular fractions (post nuclear supernatant (PNS), mitochondrial
(M), microsomal (P) and cytosolic (S)) and in rat hepatoma McA cells. Our data showing
that endogenous BCO?2 is a mitochondrial protein in rat liver is fully consistent with these
recent reports of von Lintig and colleagues [22,26]. Confocal microscopy studies reveal that
BCO2 co-localizes with mitochondria in McA cells. The finding that BCO2 protein is
associated with mitochondria suggests that eccentric carotenoid cleavage products may have
some mitochondrial specific functions as recently proposed [22,26].
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There is increased evidence regarding overlapping expression of BCO1 and BCO2 mRNA
with carotenoid accumulating tissues. A recent study reported a significant accumulation of
dietary B-carotene in hepatocytes and HSCs in liver [20]. Thus, the results of the present
study showing that BCO1 and BCO2 proteins are localized in hepatocytes and the specific
expression of BCOL in hepatic stellate and endothelial cells, indicate that liver is also an
important site in the metabolism of dietary p-carotene as well as the major vitamin A storage
site. The precise function of BCOL in hepatic stellate cells and endothelial cells remains to
be elucidated.

As in a previous study [24] of the small intestine in humans, BCO1 was found in epithelial
cells along length of the small intestine, particularly in the villi. The present study extends
these findings by demonstrating BCO1 expression in endothelial cells as well as cells in the
submucosa and muscularis. Endothelial cells need retinoic acid for proliferation and
vascular remodeling [33]. BCO1 therefore, may provide an important precursor to retinoic
acid for these cells. Immunoreactivity of the muscularis is not altogether surprising since
BCOL1 is known to occur in skeletal muscle [24]. There were also cells in the mucosa with
strong immunoreactivity that warrant further investigation. Senoo et al. [34] recently
reported the presence of stellate like cells in the intestine which store vitamin A. It is
possible these strongly immunoreactive cells are an extrahepatic intestinal stellate cell that
stores vitamin A and carotenoids. Although the majority of vitamin A is stored in stellate
cells of the liver, extrahepatic storage also exists in stellate cells of various tissues such as
pancreas [35], lung, kidney, intestine [36] and vocal folds [37]. Intestinal epithelial function
is severely compromised in vitamin A deficiency. Storage of vitamin A directly in tissues
with high need allows for an emergency backup in times of deficiency.

Another highly immunoreactive area for BCO1 was the Brunner’s glands in the duodenum
[38]. These glands, which are largely found in the submucosa of the proximal duodenum
secrete copious mucin glycoproteins thought to form a protective barrier for the mucosal
surface [39,40]. They also secrete other factors such as ions, water, and both proteins and
lipids. The presence of BCO1 in Brunner’s glands is a curious finding indicating exocrine
secretions from these glands may initiate the process of carotenoid digestion. BCO1 action
in the duodenum could lead to rapid uptake of retinal by absorptive cells.

BCO2 expression in the small intestine occurred along the epithelial cells of the villi as well
as in endothelial cells. In addition BCO2 was expressed in the submucosa and muscularis of
the small intestine in agreement with its presence in skeletal muscle [25]. Finally, small,
strongly immunoreactive cells similar to those found to express BCO1 were also present
along the villi and Peyer’s patches. Because Peyer’s patches are part of the gut associated
lymphoid tissue the presence of BCO2 indicates possible activity in immune function. It is
possible that these strongly immunolocalized cells are intestinal stellate cells since their
presence and distribution were similar to those described by Senoo et al. [34].
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Fig. 1.
Immunoblots showing specificity of BCO1 and BCO2 antibodies. The specificity of

antibody to BCO1 (1:5000) was verified by immunofluorescence. Cell nuclei are stained
blue with DAPI. ATCC CHO cells are negative for (A) BCO1 and (B) BCO2. (C) BCO2
(1:5000) antibody shows no immunoreactivity in BCO1 cDNA transfected cell line (NY
CHO). (D) NY CHO cells stably transfected with BCO1 show positive immunoreactivity
(Alexa 488) with BCOL1 antibody. Images obtained with the Olympus FVV1000 confocal
microscope. Specificity of antibodies was also verified with Western blot (gel on right).
BCO1 shows immunoreactivity at ~63 kDa in BCO1 cDNA transfected cell line (BCO1)
and whole liver homogenate (LIVER) as a red band, but no reactivity in ATCC-CHO cells.
BCO2 show immunoreactivity at ~60 kDa in whole liver homogenate as a green band, but
no reactivity with ATCC-CHO or BCO1-CHO cells. Molecular weight markers shown at
left. Total protein per well was 40 ug.
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Fig. 2.

Cc?mparison of BCO1 and BCO?2 protein expression in serial sections of rat liver tissue.
Specific staining shown in brown. (A) Localization of BCO1 (1:250) in endothelial cells
lining portal vein (black arrow, EC) and hepatic artery (red arrow, EC). (B) BCO2 (1:250)
protein expressed in peri-portal hepatocytes. Portal endothelial cells (EC) lack BCO2
expression. Endothelial cells of central vein is negative for BCO1 and BCO2 (arrows, panel
D-E). Panel C and F are negative controls for BCO1 and BCO2. PV, portal vein EC,
endothelial cells, CV, central vein, scale bar = 35 um.
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Fig. 3.

E)?pression and localization of BCOL1 in endothelial cells. (A) Arrows indicate the
endothelial cells of HA and PV that are positively stained for BCO1 (1:250). Note that
endothelial cells lining bile duct are negative for BCO1. (B) Higher magnification of portal
vein endothelial cells shows BCOL1 staining. PV, portal vein; BD, bile duct; HA, hepatic
artery. Scale bar 40 um.
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Fig. 4.

Cc?mparison of BCO1 and BCO2 protein expression in parenchyma. Panel A and C shows
localization of BCO1 (1:250) protein in parenchyma. Hepatic stellate cells shows BCO1
expression in parenchyma (A and C, arrows). Panel B and D shows BCO2 expression in
parenchyma. Scale bar = 35 um.
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Fig. 5.

E)?pression of BCOL1 protein in hepatic stellate cells. BCO1 (1:250) uniformly expressed in
hepatocytes (brown presence with blue nucleus). Hepatic stellate cells (HSC) with lipid
droplets, shown at higher magnification (in insets), also shows strong reactivity for BCO1
antibody. Scale bar 35 um, 7 um (inset).
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Fig. 6.

E)?pression of BCO1 and desmin (stellate cell marker) in serial sections of rat liver. Arrows
shows HSC immunostained with BCO1 (1:250) antibody (left panels) co-localize with the
HSC stained for desmin (1:50; DES, right panels). Insets denote the HSC immunostained for
BCOL1 and desmin at higher magnification. Scale bar 35 um, insets, 7 um.
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Fig. 7.
Immunoblots showing sub-cellular expression of BCO1 (1:5000), BCO2 (1:5000) and

VDACI1 (1:2000) proteins in rat liver cell fractions including nuclear (N), mitochondrial
(M), microsomal (P) and cytosolic (S). Left panels show the expression of BCO2 (full gel)
and VDAC1 (lower gel) in liver cell fractions. Right panel shows the expression of BCO1 in
the same fractions. Equal quantities of total protein were loaded on each lane.
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Fig. 8.
Co-localization of BCO2 and mitotracker. Double immunofluorescence staining shows for

BCO2 (1:2000) (green) and 400 nM mitotracker (red) in McA cells. Right panel shows
merged image for mitotracker dye and endogenously expressed BCO2 protein in McA cells.
Yellow color shows colocalization of BCO2 with mitotracker. Images were obtained using
confocal microscope with x 40 objective.
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Fig. 9.

8801 immunoreactivity in intestinal sections. Strongest immunoreactivity in duodenum
(antibody dilution 1:1000) (A) with less reactivity in jejunum (B) and ileum (C) (antibody
dilution 1:500). Villus, crypt, and muscular cells show diffuse presence. Strong presence in
Brunner’s glands (circled) and endothelial cells (arrows).
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Fig. 10.
BCO2 immunoreactivity in intestinal sections. Strongest immunoreactivity of BCO2 (1:750)

in duodenum (A) with less reactivity in jejunum (B) and ileum (C). Diffuse pattern in villi,
crypt, and muscle cells. Strong reactivity in endothelial cells (arrows).
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Fig. 11.
Immunoreactivity of BCO1 and BCO?2 in specific epithelial cells in the small intestine.

Strong, punctuate presence in specific epithelial cells (arrows) along villi with BCO1 (1:500;
A). BCO2 (1:500) presence in a strong punctuate pattern in specific epithelial cells (arrows)
along villi (B). BCO2 presence in a strong punctuate pattern in specific cells (arrows) along
Peyer’s patches (C).
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