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Abstract
Previous research in our laboratory showed that retinol inhibited all-trans retinoic acid (ATRA)-
resistant human colon cancer cell invasion via a retinoic acid receptor (RAR)-independent
mechanism in vitro. The objective of the current study was to determine if dietary vitamin A
supplementation inhibited metastasis of ATRA-resistant colon cancer cells in a nude mouse
xenograft model. Female nude mice (BALB/cAnNCr-nu/nu, n=14 per group) consumed a control
diet (2400 IU retinyl palmitate/kg diet) or a vitamin A supplemented diet (200,000 IU retinyl
palmitate/kg diet) for one month prior to tumor cell injection to preload the liver with vitamin A.
HCT-116, ATRA-resistant, human colon cancer cells were intrasplenically injected. Mice
continued to consume their respective diets for 5 wks following surgery. Consumption of
supplemental vitamin A decreased hepatic metastatic multiplicity to 17% of control. Hepatic and
splenic retinol and retinyl ester concentrations were significantly higher in the mice supplemented
with vitamin A when compared to mice consuming the control diet. Supplemental vitamin A did
not decrease body weight, feed intake or cause toxicity. Thus, supplemental dietary vitamin A may
decrease the overall number of hepatic metastasis resulting from colon cancer.
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Introduction
Death due to colorectal cancer is generally caused by distant metastasis rather than the
primary tumor itself (1). Many cancers metastasize to specific organs [For a review please
see: (2)]. For example, colon cancer mainly metastasizes to the liver and lungs (2). The
retinoids, a group of compounds consisting of vitamin A, its natural metabolites and several
synthetic compounds, have also been shown to inhibit metastasis in a variety of in vivo
model systems (3-13). Most previous work concerns the efficacy of all-trans retinoic acid
(ATRA) to prevent tumor metastasis. However, the phenomenon of ATRA-resistance limits
the efficacy of this compound as a cancer therapeutic. ATRA resistance occurs in most
tumor types during their progression and is defined as the inability of cells to growth inhibit
or differentiate in response to treatment with ATRA. This resistance is due to loss of retinoic
acid receptor (RAR) expression following promoter methylation [for a review see: (14)].
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In addition to the phenomenon of ATRA-resistance, the diet contains almost no ATRA (15).
Rather, the diet contains preformed vitamin A as retinyl esters, such as retinyl palmitate, in
animal-derived food sources. Dietary retinyl palmitate has been shown to decrease
malignant melanoma metastasis in mice (9). Retinyl esters are cleaved by lipases, yielding
retinol and fatty acids in the intestinal lumen. Once absorbed, retinol is re-esterified and
transported to the liver, the major site of vitamin A storage, via chylomicrons. Hepatic
retinol levels increase in response to supplementation and values in excess of 90 μM have
been reported (16). Therefore, dietary vitamin A supplementation can increase retinol levels
in the colon and liver, potentially affecting both primary colon tumors and those that have
metastasized to the liver. Indeed, retinol decreased hepatic metastases in a hamster model of
pancreatic ductal carcinoma (5).

Previously, we showed that retinol decreased the growth and invasion of ATRA-resistant
human colon cancer cells via a novel retinoic acid receptor (RAR)-independent mechanism
in vitro (17-19). Our laboratory has also shown that retinol decreases
matrixmetalloproteinase (MMP) 2 and 9 as well as phosphatidylinositol 3-kinase (PI3K)
activity in cultured human metastatic, ATRA-resistant colon cancer cell lines (17,19). A
non-ATRA-resistant, or ATRA-sensitive, cell line was not used in these previous studies or
the current work because, to our knowledge, there are no metastatic ATRA-sensitive cell
lines. Mouse xenograft studies utilizing intrasplenic injection or orthotopic implantation of
colon tumor cells to generate hepatic metastases have underscored the importance of these
enzymes in the metastatic process [for reviews please see: (20-22)]. Specifically, MMPs are
a family of proteolytic enzymes associated with tissue remodeling processes that occur
during tumor invasion and metastasis (23-25). Also, activation of PI3K is associated with
increased cell invasion and tumor metastasis (26-28). Akt is a serine-protein kinase,
downstream of PI3K. Akt activation via phosphorylation, a direct consequence of PI3K
signaling, has been shown to coincide with metastasis both in vitro and in vivo (29-31).

The objective of the present study was to determine if dietary vitamin A supplementation
decreased the hepatic metastases of colon tumor cells in vivo. Our model utilized
intrasplenic injection of HCT-116 human colon carcinoma cells into female BALB/
cAnNCr-nu/nu athymic mice to generate hepatic metastases. These mice consumed control
or vitamin A-supplemented diets for one month prior to tumor injection and five weeks
following injection to mimic a chemopreventive scenario. Hepatic tumor incidence and
multiplicity, hepatic, splenic and serum retinoid concentrations, as well as MMP -2, -9,
phosphorylated and total Akt levels, indicative of PI3K activity, were determined at
sacrifice. Our data show that hepatic preloading resulted elevated hepatic and splenic retinol
and retinyl ester concentrations and a marked decrease in tumor multiplicity.

Materials and Methods
Tissue Culture

The human colorectal carcinoma cell line HCT-116 was obtained from the American Type
Culture Collection (Manassas, VA) and grown in Dulbecco's Modified Eagle's Medium in a
humidified atmosphere at 37°C with 5% CO2. Media were supplemented with 10% fetal
bovine serum and antibiotics (1000 U/mL penicillin and 1000 μg/mL streptomycin).

Animal Studies
Animals were housed at the University of Texas at Austin. This animal study was performed
in accordance with the principles and procedures outlined in the National Institutes of Health
Guide for the Care and Use of Laboratory animal under assurance number A4107-01 and
with the University of Texas at Austin IACUC protocol number 05060201.
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Purified AIN-76 rodent diet was modified to contain different concentrations of retinyl
palmitate and irradiated (Research Diets, Inc, New Brunswick, NJ). Diet composition is
shown in Table 1. The control diet contained 2,400 U vitamin A/kg diet as retinyl palmitate
meeting the National Research Council (NRC) mouse vitamin A requirement (32). The
vitamin A supplemented diet contained 200,000 IU vitamin A/kg diet as retinyl palmitate.
Diets were stored at 4 °C in opaque containers to prevent degradation of vitamin A. Diets
and water were consumed ad libitum. Fresh diets were provided every other day and feed
consumption was recorded at this time. The mice were weighed weekly.

Female BALB/cAnNCr-nu/nu athymic mice (n=14 per group; strain code 01B70, NCI-
Frederick, Frederick, Maryland) aged 6 to 8 weeks consumed either the 2,400 IU vitamin A/
kg control diet or a diet containing 200,000 IU vitamin A/kg diet as retinyl palmitate for one
month prior to intrasplenic injection. Metastasized liver tumors were generated by
intrasplenic injection of 2 × 106 HCT-116 cells in 50 μl of magnesium and calcium free
Hank's buffered saline solution (HBSS) as described by (33-35).

Following surgery, the mice consumed their respective diets for five more weeks prior to
sacrifice. Livers were excised at sacrifice and liver metastatic incidence and multiplicity
determined visually. Half of each liver was fixed in 10% formalin for immunohistochemical
and pathological analysis. The remaining half of each liver and the entire spleen were snap
frozen in liquid nitrogen. These liver and spleen samples along with serum samples were
stored at −80C prior to high-pressure liquid chromatographic (HPLC) determination of
retinoid levels.

Upon necropsy, the number of metastatic tumors per liver ranged from greater than 100 to
fewer then 10. Because it was difficult to accurately determine the number of tumors when
there were more than 50 tumors per liver, we developed a scoring system to quantify tumor
multiplicity, similar to the system in (36), as shown in Table 2.

Immunohistochemistry
Formalin-fixed liver portions were paraffin-embedded prior to immunohistochemistry.
Hematoxylin and eosin stained sections were also examined for signs of liver toxicity by a
veterinary pathologist. All immunohistochemistry was performed in the Histology and
Tissue Processing Facility Core at MD Anderson, Science Park, Smithville, TX. Cytokeratin
(CK) 20 (sc-17113, Santa Cruz Biotechnology, Santa Cruz, CA), a protein expressed in
human goblet cells and enterocytes (37), was used to detect metastasized human colon
cancer cells in paraffin-embedded liver sections. MMP-2 (AB19167, Chemicon, Temecula,
CA), MMP-9 (AB16306-50, Abcam, Cambridge, MA), total Akt (#4691, Cell Signaling,
Beverly, MA), and phospho-Akt (Ser 473) (sc-7985-R, Santa Cruz Biotechnology, Santa
Cruz, CA) antibodies were also used for immunohistochemistry. Three consecutive 4 μm
sections were stained with CK20, MMP-2, and MMP-9 or CK20, total Akt, and phospho-
Akt in this order. Tissue sections were deparaffinized in xylene and rehydrated in
descending ethanol series to water. Next, endogenous peroxidase was blocked by incubating
with 3% hydrogen peroxide for 10 min. Antigen retrieval was performed by heating tissue
sections in 10 mM citrate buffer (pH 6.0) for 10 min in a microwave followed by a 20 min
cool down. Non-specific antibody binding was blocked with Biocare Blocking Reagent
(BS966M, Biocare, Phoenix, AZ) for 10 min. A 1:100 dilution of CK20, a 1:100 dilution of
MMP-2, a 1:500 dilution of MMP-9, a 1:100 dilution of total Akt and a 1:50 dilution of
phospho-Akt were used for primary antibody incubation. The samples were then incubated
with horseradish peroxidase conjugated anti-rabbit (RMR622, Biocare, Concord, CA) or
anti-goat (GHP516L, Biocare, Concord, CA) secondary antibodies. The slides were the
counterstained, mounted and observed by light microscopy. Staining intensity was
determined using NIH Image. Phospho-Akt levels were normalized for total Akt levels. All
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immunohistochemistry was performed by the Histology & Tissue Processing Facility Core
in the University of Texas M.D. Anderson Cancer Center, Smithville, TX.

High Pressure Liquid Chromatography
Serum was isolated from whole blood as described in (38). Sera, livers, and spleens were
quantitatively assayed for retinoid content via HPLC as described (39). Briefly, 100 μl of
serum and thawed, homogenized tissue samples were adjusted to a total volume 500 μl with
PBS and the retinoids extracted with 350 μl of a 50:50 (v/v) solution of acetonitrile/butanol
followed by 300 μl of a saturated K2HPO4 solution. Following thorough mixing and
centrifugation, the upper phase was aspirated. Each sample (180 μl) was loaded onto an
analytical 5-μm reverse-phase C18 column (Grace Vydac, Deerfield, IL). Retinoids were
eluted using a three mobile phase gradient system (40,41) at a flow rate of 1.5 mL/min on a
Waters Empower System (Waters Corporation, Milford, MA). Serum and tissue retinoids
were identified by matches in elution time to known standards as described (39). The
concentrations of the retinoids were calculated from the area under each peak detected at a
wavelength of 340 nm compared to a known amount of standard. The levels of retinoids
were normalized to sample volume (serum) and wet tissue weight (spleen and liver).

Statistical Analysis
Values shown are the mean ± SEM for n = 14 unless otherwise indicated. All statistical
analyses were performed using SPSS (Apache Software Foundation, Wilmington, DE,
version 17.0 for Macintosh). The effects of vitamin A supplementation of liver on tumor
multiplicity score, liver and body weight, serum and tissue retinoid concentrations, and
phospho-Akt and total Akt levels were analyzed using a two-tailed T-test for unequal
variance. Results were considered significantly different at P < 0.05.

Results
Dietary vitamin A supplementation decreases liver metastatic multiplicity

All-trans retinoic acid-resistant human colorectal cancer cells were intrasplenically injected
to generate liver metastases in mice consuming vitamin A-sufficient (control group) or
vitamin A-supplemented diets (VAS group). All mice exhibited liver metastases, regardless
of diet. Therefore, we determined metastasic multiplicity, defined here as the number of
externally visible metastatic tumors per liver, per mouse. Tumor identity was confirmed by
positive CK-20 staining (Fig. 1B). Five out of the 14 mice consuming the vitamin A
supplemented diet (VAS group) exhibited more then 50 tumors per liver (Fig. 1A, left),
making the number of tumors difficult to accurately quantify. To overcome this, we
developed a scoring system (Table 2) similar to that used in (36) to quantify the number of
hepatic metastatic tumors. In contrast to the control group, no mice in the VAS group had
more than 50 metastases per liver (Fig. 1A, right). Supplementation with 200,000 IU vitamin
A/kg diet significantly reduced tumor multiplicity from an average score of 4.4 ± 1.2 in
control mice to 1.5 ± 0.3 in mice supplemented with vitamin A (P = 0.04) (Fig. 1C). These
scores reflect an approximate tumor multiplicity of 56.6 ± 22.0 and 9.9 ± 3.8 hepatic
metastasic tumors per mouse in the VAS and control groups, respectively. Tumor size and
morphology were not affected by treatment. Metastatic tumors in both groups ranged from
1-6 mm in diameter. Liver weight did not differ significantly between dietary groups (1.6 ±
0.3 g versus 1.2 ± 0.1 g; for control and VAS groups, respectively; P= 0.16). These data
indicate that dietary vitamin A supplementation prior to tumor cell injection, reduces the
number of metastases per liver but not the size of each individual metastatic tumor. Overall,
this reduction in the number of tumors per liver resulted in a lower tumor load per liver in
mice supplemented with 200,000 IU vitamin A/kg diet when compared to control.
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After consuming the diets for nine weeks, there were no significant differences in body
weight between control mice (21.2 ± 0.5 g) and those consuming 200,000 IU vitamin A/kg
diet (20.2 ± 0.5 g). Also, there were no differences in food intake between the control and
vitamin A-supplemented groups (data not shown). Finally, vitamin A toxicity results in skin
irritation and hepatic cirrhosis. Neither toxicity symptom was observed in mice consuming
supplemental vitamin A. Taken together, these data show that high levels of vitamin A
supplementation do not adversely affect body weight and food intake or cause toxicity in
mice.

Dietary vitamin A supplementation increases hepatic and splenic retinol and retinyl ester
concentrations

To determine if vitamin A supplementation for nine weeks increased tissue and serum
retinoid levels we examined ATRA, retinol and retinyl ester concentrations using HPLC
(Fig 2. and Table 3). All-trans retinoic acid was not detected in either tissue or serum (Fig.
2). Hepatic retinol levels were elevated in mice consuming the vitamin A-supplemented diet
by almost 8-fold when compared to mice consuming the control diet (1,759.0 ± 332.3 vs
231.2 ± 57.1 pmol/mg tissue, respectively; P < 0.01) (Table 3). Hepatic retinyl ester levels
also exhibited a large, approximately 35-fold increase, in mice consuming the vitamin A-
supplemented diet (13,928.7 ± 1,313.5 vs 398.4 ± 95.6 pmol/mg tissue, respectively; P <
0.01). Consumption of a vitamin A-supplemented diet also resulted in more than a 12-fold
increase in splenic retinol concentration (126.9 ± 18.9 vs 10.1 ± 1.5 pmol/mg tissue
respectively; P < 0.01) and a 26-fold elevation in splenic retinyl ester levels (7.3 ± 1.6 vs
189.9 ± 55.0 pmol/mg tissue respectively; P = 0.01) (Table 3). Specifically, serum retinol
levels tended to be increased by dietary vitamin A supplementation (P = 0.10). Serum retinol
concentrations were 1.2 ± 0.3 μM and 3.0 ± 0.9 μM for mice consuming the control and
VAS supplemented diets, respectively (n=5 per group). These data indicate that both hepatic
and splenic retinol and retinyl ester levels are increased following consumption of a vitamin
A-supplemented diet. We hypothesize that this increase in tissue retinol levels is responsible
for the decreased metastatic incidence.

Dietary vitamin A supplementation did not decrease MMP or phospho-Akt levels in
metastatic tumors

In a previous study, we showed that retinol decreased MMP-2, -9 and PI3K activity
resulting in inhibition of human colon cancer cell invasion in vitro (17,19). To determine if
the activity of these enzymes were decreased by dietary vitamin A supplementation,
immunohistochemistry for MMP -2, -9, total Akt, and phospho-Akt was performed on liver
metastases. Phospho-Akt corrected for total Akt represents PI3K activity. These four
antibodies were pre-examined for positive staining in different tissues (data not shown).
Liver metastases introduced by intrasplenic injection of human colon cancer cells did not
contain detectable levels of MMP-2 and -9 (Fig. 3B and C). Metastasized tumors were
positive for total and phospho-Akt. However, vitamin A supplementation did not change the
level of total or phospho-Akt (Fig. 3D to F). We hypothesize that the lack of MMP -2 and -9
activity and an affect of vitamin A supplementation on PI3K activity may be due to the fact
that the livers were harvested at sacrifice, long after metastatic tumor cell invasion.

Discussion
The liver is the major storage site for vitamin A and the target organ for colon cancer
metastasis. Previously, we showed that retinol decreased ATRA-resistant colon cancer cell
growth and invasion as well as MMP -2, -9 and PI3K activity in vitro (17-19). Here, we
demonstrate that consumption of a diet containing 200,000 IU vitamin A/kg diet for one
month prior to tumor injection, effectively pre-loading the liver with vitamin A, and five
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weeks following tumor injection decreased the multiplicity of liver metastases in nude mice
intrasplenically injected with ATRA-resistant human colon cancer cells (Fig. 1C). In
addition, dietary vitamin A supplementation resulted in large increases in both hepatic and
splenic retinol and retinyl ester concentrations (Table 2). Given our previous work showing
that retinol inhibits the invasion of these cells in vitro (17). We hypothesize that these
elevated tissue retinoid levels, specifically retinol, were responsible for the decrease in
metastatic multiplicity observed.

Retinoids have also been shown to inhibit metastasis in a variety of model systems. ATRA
has been shown to inhibit metastasis in numerous studies (4,7,8,10-12,42,43); however the
diet contains little ATRA (15). Retinyl palmitate is the most common dietary retinoid and
has been shown to decrease malignant melanoma metastasis in mice (9). Retinyl palmitate,
and all retinyl esters, are hydrolyzed to retinol in the intestinal lumen. Retinol has also been
shown to inhibit hepatic metastases in a hamster model of pancreatic ductal carcinoma (5).
While the current study uses a xenograft model, previous work indicates that dietary vitamin
A is effective in a carcinogenesis model. Specifically, Delage et al (44) showed that dietary
supplementation with 200,000 IU vitamin A/kg diet as retinyl palmitate, the same level used
in the current study, inhibits high fat diet-induced aberrant crypt foci. Similar effects should
be seen in other carginogenesis models following dietary vitamin A supplementation. It
should be noted, however, that invasion and metastasis, the focus of the current study, rarely
occur in mouse carcinogenesis models [as reviewed in (45)]. Importantly, no previous work
has examined the effect of dietary vitamin A supplementation on colorectal cancer
metastasis despite the ability of supplementation to increase intestinal lumen and hepatic
retinoid levels.

The current study employed a chemoprevention model. Specifically, mice consumed their
respective diets for one month prior to tumor injection. Our intent was to increase the liver
retinoid concentrations before splenic tumor cell injection. We hypothesized elevated
hepatic retinol levels would decrease metastatic incidence as well as multiplicity. However,
tumor incidence in this study was 100% regardless of diet. Interestingly, splenic retinol and
retinyl ester concentrations were also increased by supplemental dietary vitamin A. This
increase in splenic retinoid levels may have decreased, but not eliminated, the number of
metastatic cell leaving the spleen, resulting in decreased metastatic multiplicity. Previously,
we showed that retinol decreased the activity of the metastasis-promoting enzymes MMP -2,
-9, and PI3K (17,46). However, due to elevated concentrations of retinol in the spleen as a
result of vitamin A supplementation, it is possible that any tumor cells shed by the spleen
may be resistant to retinol. We hypothesize that these retinol-resistant cells would be
capable of establishing hepatic metastases despite elevated hepatic retinol concentrations.
The lack of a difference in tumor size between the treatment groups may also indicate that
cells in the hepatic metastases are be resistant to the growth-inhibitory effect of retinol we
observed in a previous in vitro study (18). Retinol-resistance combined with end-point
sampling may be account for the lack of effect of dietary vitamin A supplementation on
MMP-2, MMP-9 and PI3K activity in the hepatic metastases (Fig. 3). Future work will
examine the effect of dietary vitamin A supplementation on MMP -2 and -9 and PI3K
activity closer to the time of tumor cell injection. The activity of these proteins, particularly
the MMPs, should be elevated early in the metastatic process because they are involved in
both extra- and intra-vasation.

As mentioned previously, dietary vitamin A supplementation increased hepatic retinol and
retinyl ester levels (Table 2). In the current study, hepatic retinol levels following
consumption of both the control and VAS diets were higher than those observed by
(16,47,48). This difference may be due to different lengths of time spent consuming their
respective diets, different strains of mice, or another unknown factor. Hepatic retinyl ester
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levels in the current study were higher then those observed by (48), for mice consuming
250,000 IU vitamin A/kg diet for 6 wks; however mice in the current study consumed their
respective diets for a total of 11 wks prior to sacrifice, which may account for this
difference. Hepatic retinyl ester levels in mice consuming the control diet in the current
study are similar to those observed by other groups (47,48) when the amount of dietary
vitamin A in each control diet is taken into account [for example, (36) fed 4500 IU vitamin
A/kg diet and observed retinyl ester concentrations between 800 and 1000 pmol/mg tissue].

Dietary vitamin A supplementation also increased splenic retinol and retinyl ester levels
(Table 2). Although the current study is the first, to our knowledge, to quantify splenic
retinoids, the role of vitamin A in immune function is well established [for reviews see:
(49,50)]. It is interesting to consider that the ability of dietary vitamin A levels to alter
splenic retinol and retinyl ester concentrations may, in part, confer the effects of vitamin A
on the immune response.

The recommended daily allowance (RDA) levels for vitamin A is 700 mcg RAE (retinol
activity units) or 2333 IU/day for female adult humans (over age 14) (51). Daily ingestion of
over 100,000 IU (33.3× the RDA) for more than six months is considered toxic [For a
review please see; (52)]. In addition, the smallest daily vitamin A uptake reported to cause
human liver cirrhosis was 25,000 IU (10× the RDA) for six years (53). The recommended
vitamin A dietary level from the NRC for mice is 2,400 IU of vitamin A/kg of diet (32). The
diets used in this study contained 2,400 (1× NRC) and 200,000 (80× NRC) IU vitamin A/kg
diet. Therefore, although we observed no toxicity in the current study, if the NRC
recommendation for mice is proportional to the RDA for humans, the level of vitamin A
supplementation used in this study may result in vitamin A toxicity in humans. Although not
examined here, it is possible that a lower level of vitamin A supplementation would show
the same effect as 200,000 IU/kg vitamin A supplementation and decrease metastasic
multiplicity. Future studies will determine if lower levels of supplemental vitamin A, which
would be better tolerated by human patients, are also effective for prevention of metastases.

In conclusion, the present study shows that dietary vitamin A supplementation prior to
tumor injection decreases the multiplicity of hepatic metastases of colorectal cancer. Tumor
size was not affected, thus the combination of reduced tumor number with a lack of change
in tumor size indicates that the tumor load was lower per liver in mice consuming
supplemental vitamin A. We also show that hepatic and, surprisingly, splenic retinol and
retinyl ester levels are increased following vitamin A supplementation. To our knowledge,
this study is the first to show that dietary vitamin A supplementation inhibits colon cancer
metastasis to the liver in a mouse model. This is also the first study to show that splenic
retinoid levels can be increased by dietary vitamin A supplementation, indicating the spleen
can also store retinoids, albeit to a lesser extent than the liver. Taken together, these data
suggest that dietary vitamin A supplementation may prove useful for reducing the number of
metastatic tumors that develop, and thus the overall amount of cancerous tissue per liver in
patients prone to colorectal cancer metastasis.
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Fig 1. Effect of vitamin A supplementation on tumor multiplicity
BALB/cAnNCr-nu/nu female mice, aged 6 to 8 wks, were randomly divided into two
groups. The first group consumed the control diet, containing 2,400 IU vitamin A/kg diet.
The second group consumed a diet supplemented with 200,000 IU vitamin A/kg diet. The
mice consumed these diets ad libitum for one month prior to surgery. To generate
metastases, the mice were intrasplenically injected with 2 × 106 HCT-116 cells in 50 μl of
magnesium and calcium-free HBSS. Following surgery, the mice continued to consume
their respective diets for five weeks. After five weeks, all mice were sacrificed and their
livers examined visually for the presence and number of metastases. (A) Livers representing
tumor multiplicity scores of 11 (left) and 1 (right). (B) Representative slides showing
negative (left) and positive (right) staining for CK20. Arrow indicates metastatic tumor.
Scale bar is 1.0 mm. (C) Data shown are hepatic tumor score per mouse, mean ± SEM,
n=14. Scoring scheme is shown in Table 2. *Significantly different from control (P < 0.05).
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Fig 2. Retinoids detected in tissue and serum of control and vitamin A-supplemented mice
Retinol and retinyl esters but not ATRA or RAL were detected in the livers (A, B) and
spleens (C, D) of control (left column) and vitamin A-supplemented (right column) mice.
The results from one representative mouse per group and tissue are shown. Tissue sample
weights are as follows 128.0 mg (A), 101.0 mg (B), 150.0 mg (C), 137.0 mg (D). Note y-
axis scale differences between (A, B) and (C, D).
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Fig 3. Immunohistochemical analysis of MMP-2, MMP-9, phospho-Akt and total Akt levels in
liver sections
Consecutive slides of liver metastatic tumors were analyzed for CK-20, MMP-2, and
MMP-9 protein (A). In addition, consecutive slides of liver metastasis sample were analyzed
for with CK20, total Akt, and phospho-Akt protein levels (B). One representative sample is
shown. Scale bar in (A) indicates 1.0 mm. Scale bar in (B) indicates 200 μm. The level of
active Akt was not altered by vitamin A supplementation (C). Data shown are mean ± SEM,
n=5.
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Table 1
Diet composition

Dietary vitamin A (IU/kg)

2400 200,000

gm% kcal% gm% kcal%

Protein 20 21 20 21

Carbohydrate 66 68 66 68

Fat 5 12 5 12

kcal/gm, Total 3.90 100.0 3.90 100.0

Ingredient gm kcal gm kcal

Casein 200 800 200 800

DL-Methionine 3 12 3 12

Corn Starch 150 600 150 600

Sucrose 500 2000 500 2000

Cellulose, BW200 50 0 50 0

Corn oil 50 450 50 450

Mineral Mix S10001 35 0 35 0

Vitamin Mix V13001, no added Vitamin A 10 40 10 40

Choline Bitartrate 2 0 2 0

Retinyl Palmitate, 250,000 IU/gm 0.0096 0 0.8 0

Total 1000.0596 3902 1000.85 3902
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Table 2
Tumor multiplicity scores

Number of tumors per liver Score

1 to 10 1

11 to 20 2

21 to 30 3

31 to 40 4

41 to 50 5

51 to 60 6

61 to 70 7

71 to 80 8

81 to 90 9

91 to 100 10

Over 101 11
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Table 3

Tissue retinol and retinyl ester concentrations.

Retinol (pmol/mg tissue wt weight) Retinyl esters (pmol/mg tissue wt weight)

Tissue Control Diet VAS Diet Control Diet VAS Diet

Liver 231 ± 57 1,760 ± 330* 398 ± 96 13,900 ± 1,310*

Spleen 10 ± 2 127 ± 19* 7 ± 2 190 ± 55*

Tissue concentrations of retinoids were determined via HPLC. Data are presented as mean ± SEM, n = 14 mice per diet group. VAS, vitamin A
supplemented. Astericks indicate significantly different from mice consuming the control diet.

*
P < 0.01.
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