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Rabbits fed on f-carotene have higher serum levels of all-trans
retinoic acid than those receiving no f-carotene
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The aim of the present work was to determine the effect of giving increasing doses of supplements of f-
carotene on serum retinoic acid levels in rabbits. Four groups of 7-week-old female rabbits were fed for
9 weeks on a pelleted diet containing 172 mg vitamin A as retinyl acetate/kg and including control
gelatin beadlets devoid of p-carotene or 1, 2 or 4 mg S-carotene/kg body-weight per d. Serom was
collected at 3, 6 and 9 weeks after the beginning of the experiment and the concentration of all-trans
retinoic acid was determined by a gradient reverse-phase high-performance liquid chromatography
system following a double-phase extraction. The average concentration of retinoic acid in serum of the
combined control and 1 mg f-carotene/kg groups was 3-80, 3-06 and 2-40 nm at 3, 6 and 9 weeks
respectively. The concentrations of retinoic acid in serum of the combined 2 and 4 mg f-carotene/kg
groups were 480 nm (P < 0-05), 376 nm (not significant) and 490 nm (P < 0-005) at 3, 6 and 9 weeks
respectively. A SAS (SAS Institute Inc., 1985) general linear model repeated-measures analysis of
variance revealed that the effects of treatment (P < 0-01), time (P < 0-05) and treatment x time
interaction (P < 0-05) were statistically significant. It is conclunded that giving S-carotene is associated
with higher concentrations of all-trans retinoic acid in the serum of rabbits than in those receiving no f-
carotene.

P-Carotene: Retinoic acid: Rabbit.

It has been shown in various studies that retinol and retinaldehyde are converted into all-
trans retinoic acid (retinoic acid) in animal tissue (Mahadevan et al. 1962; Dunagin et al.
1964 ; Crain et al. 1967; Emerick et al. 1967 ; Kleiner-Bossaler & De Luca, 1971; Frolik
et al. 1981). Retinoic acid was detected and measured in animal tissue and fluid following
the administration of retinol, retinaldehyde and retinoic acid itself. In humans, retinoic acid
was measured under physiological conditions (De Leenheer et al. 1982; Lambert & De
Leenheer, 1985; Napoli et al. 1985). Retinoic acid is, therefore, regarded as a natural
metabolite of retinol and retinaldehyde (Frolik, 1984; Cullum & Zile, 1985). Retinoic acid
fulfils the function of vitamin A in the processes of growth and epithelial cell maintenance,
but not in those of reproduction or vision (Dowling & Wald, 1960; Thompson et al. 1969 ;
Ott & Lachance, 1979). On the other hand, retinoic acid is more active than retinol in many
in vitro bioassay systems (Roberts & Sporn, 1984).

It has been reported that g-carotene could be converted into retinoic acid by animal
tissues in vitro (Crain et al. 1967; Napoli & Race, 1988). However, it has not yet been
shown that giving f-carotene affects the concentrations of retinoic acid in body fluids or
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tissues. The present communication provides findings which indicate that giving j-carotene
orally is associated with higher serum levels of retinoic acid in rabbits.

MATERIALS AND METHODS
Animals and diet

New Zealand white female rabbits were purchased from Hazelton Research Co. (Denver,
PA) at the age of 6 weeks. Before their delivery they had free access to commercial pellets
containing lucerne (Medicago sativa). On their arrival the rabbits were housed in individual
cages and fed on the basic pelleted diet, especially prepared by Bioserv Inc. (Frenchtown,
NJ), containing (g/kg): crushed barley grain 200, crushed oat grain 200, sucrose 186,
cellulose 140, soya-bean extract 150, AIN-76 mineral mix 70, vitamin mix 20, maize oil 30,
methionine 3, choline chloride 0-1. The vitamin mix supplied (mg/kg diet): 1-72 vitamin A
as retinyl acetate, 12-5 gg vitamin D, 20 thiamin, 20 riboflavin, 20 pyridoxine hydrochloride,
10 vitamin K as menadione, 10 Ca D-pantothenate, 10 folic acid, 0-5 biotin, 200 niacin, 40
vitamin E, 50 4g vitamin B,,, made up in sucrose to give 20 g. The diet was kept in a 4° cold
room and given to the rabbits ad /ib.

At 1 week after their arrival the rabbits were allocated to groups (seven to eight animals
per group) by the method of block randomization: quartets of rabbits identical or similar
in their body-weight and feed intake were formed; within the block, the animals were
allocated to groups at random. The group mean body-weights were 163, 1-66, 1-59 and
1-62 kg. Daily feed intakes during the week before beginning the experiment were 117, 113,
117 and 118 g/d for the four groups. One animal died as the result of an accident. The
animals were weighed once weekly; the amount of feed given and the amount refused were
also determined.

The protocol of the experiment was designed so that the animals of the four groups
would consume 0, 1, 2 and 4 mg p-carotene/kg body-weight per d in addition to a daily
intake of approximately 100 xg vitamin A/kg body-weight per d. The g-carotene was given
as gelatin beadlets containing 100 mg S-carotene/g (Rovimix; Hoffman-La Roche, Inc.,
Nutley, NJ). The zero-carotene diet contained identical gelatin beadlets without g-
carotene, from the same source. Three diets were prepared by mixing into the previously
mentioned basic diet: (A) 1-5 g gelatin beadlets without S-carotene (zero carotene/kg), (B)
0-15 g Rovimix beadlets plus 1-35 g zero-carotene beadlets (15 mg S-carotene/kg), (C)
1-5 g Rovimix beadlets (150 mg f-carotene/kg). Rabbits in the zero-carotene group were fed
on zero-carotene beadlets only (diet A). Rabbits of the three other groups received each
week individually prepared mixtures of the diets A, B and C in such proportions that the
planned consumption of S-carotene was achieved. Each week during feed dispensation the
amount of g-carotene offered was adjusted to the amount consumed during the previous
week. Thus, one group of rabbits consumed zero S-carotene, the second group consumed
1 mg p-carotene/kg body-weight per d, the third group consumed 2 mg p-carotene/kg
body-weight per d and the fourth group, 4 mg g-carotene per kg body-weight/d. During
the 9 weeks of the experiment, daily feed intake for all the animals (n 29) was 116-3 (sp
15-0) g. Body-weight at the beginning of the experiment was 1-63 (sp 0-14) kg and at the end
3-32 (sp 0-37) kg. The rabbits were bled from the ears 3, 6 and 9 weeks after the beginning
of the experiment. The blood was centrifuged, the serum separated and immediately frozen
at —70° The serum was used for the determination of retinoids.

Retinoic acid determination

Ethanol (40 ml) was added to serum (20 ml), and the tube was vortexed and then
centrifuged. After discarding the protein precipitate, sodium hydroxide (2 M, 1-0 ml) was
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added to the supernatant fraction and kept for 10 min in an ice-bath and then extracted
with n-hexane (5-0 ml). The two phases were separated by centrifugation. To the aqueous
phase, hexane (5-0 ml) was added and the mixture centrifuged. The hexane layer was
discarded. The aqueous layer was acidified with 2:0 ml 2 M-hydrochloric acid for 10 min in
an ice-bath. Then hexane (5-0 ml) was added, and the tube vortexed and centrifuged. The
hexane phase was separated from the aqueous phase, and the aqueous layer re-extracted.
The two hexane layers were combined and evaporated under nitrogen. The residue was
redissolved in 200 zl methanol and a 100 gl portion was injected on to the high-
performance liquid chromatography (HPLC) column.

An external standard was used to determine the retinoic acid level in serum. Portions of
standard of all-frans retinoic acid (E 1% 1480) solution in methanol (15 ng/ml) were
injected on to the HPLC system and peak areas were determined. The peak area of retinoic
acid in the serum was compared with that of standard retinoic acid, and the amount present
was then calculated. All extractions and handling of retinoic acid were carried out under
red light. On the addition of all-trans retinoic acid (10 ng) to serum (2-0 ml, human)
followed by extraction and analysis, the recovery was 78 (sD 2) % (n 9). Results were not
corrected for recovery of standard. Precision of the assay was 93 %. Total retinyl esters in
serum were measured as one peak (Bankson ez al. 1986). A gradient reverse-phase HPLC
system consisting of a 150 x4-6 nm Ultrasphere ODS (5§ gm) column and a precolumn
packed with hypersil-ODS (10 gm) were used. The gradient was selected to separate all-
trans retinoic acid from other polar retinoids. The mobile phase consisted of two solvents,
100 % methanol, and methanol-water (65:35, v/v) containing 5 g ammonium acetate/l.
The second solvent was used for 1 min followed by a 15 min linear gradient to 100%
methanol. Following a 9 min hold at 100 % methanol, there was a 5 min gradient back to
methanol-water (65: 35, v/v). Solvents were sonicated daily and a stream of N, was allowed
to bubble through the solvent during the HPLC run. For detection, Perkin-Elmer LC-95
UV /visible spectrophotometer detector (18 gl cell) set at 350 nm was used at the maximum
sensitivity (0-001 absorbence units, full scale).

Statistical analysis
Statistical analysis of the data was carried out by the SAS (SAS Institute Inc., 1985) general
linear model (GLM) analysis of variance. A SAS GLM procedure for repeated-measures
analysis of variance (SAS Institute Inc., 1985) was also carried out. The post hoc test after
the ANOVA was that suggested by Williams (1972) for the comparison of several dose
levels with a zero-dose control.

RESULTS

The vitamin A status of the animals was unremarkable: mean serum retinol did not differ
between treatments or week of experiment, and ranged between 2-45 and 3-57 yM. Serum
retinyl esters, also, did not differ between treatments or weeks of experiment, thus
indicating no signs of hypervitaminosis A, even in the high g-carotene rabbits: control
levels were 0-53 (sp 0-21), 0-49 (sD 0-38) and 0-66 (sD 0-75) uM retinyl esters at 3, 6 and 9
weeks respectively, calculated as retinyl palmitate. In the treatment groups, mean values
ranged from 0-61 (SE 0-32) to 1-66 (SE 4-38) uM; however, due to the high standard error, the
differences were not statistically significant. Liver retinol, as expected, showed no
differences at 9 weeks (Table 1), whereas liver retinyl esters in the high g-carotene group
only, showed considerable storage of retinyl esters. All serum samples were tested for £-
carotene; it was undetectable (limits of detection, 2 x 107® uMm).

The average serum concentrations of retinoic acid are shown in Table 2. At 3 weeks after
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Table 1. Liver concentrations of retinol and retinyl esters in rabbits fed on diets providing
varying levels of §-carotenet for 9 weeks

(Values are means with their standard errors)

Liver retinyl esters

Liver (as retinyl palmitate)
(nmol/g) (nmol/g)
Level of g-carotene given
(mg/kg body-wt per d) Mean SEM Mean SEM
0 115 17 154 25
I 115 9 164 30
2 125 13 162 21
4 171 17 371 42x*

Mean value was significantly different from that for zero-carotene control (Williams’ test): ** P < 0-01.
t For details of diets and dietary regimen, see p. 196.

Table 2. Serum concentration of all-trans retinoic acid in rabbits fed on diets providing
varying levels of f-carotenet

(Values are means with their standard errors for no. of rabbits shown in parentheses)

Serum retinoic acid (nM)

Period on p-carotene (weeks)... 3 6 9
Level of f-carotene given
(mg/kg body-wt per d) Mean SEM Mean SEM Mean SEM
0 3-60 047 (5) 316 0-50 (6) 2:60 0-50 (4)
1 416 0-30 (4) 296 040 (7) 233 070 (4)
2 490 030 (3) 410 0-60 (6) 443 0-70 (4)
4 483 0-50 (2) 346 053 (7) 527* 0-87 (5)

Mean value was significantly different from zero-carotene control (Williams’ test): * P < 0-05.
T For details of diets and dietary regimen, see p. 196.

the beginning of #-carotene feeding the levels of retinoic acid were higher by 35% in the
groups fed on 2 and 4 mg f-carotene/kg body-weight per d than in the zero S-carotene
group, although this difference was not significant. Between 3 and 6 weeks after the
beginning of the experiment the concentrations of retinoic acid decreased in all treatment
groups; however, this difference was not statistically significant. Between 6 and 9 weeks,
levels of retinoic acid continued to decline in the 0 and 1 mg g-carotene/kg body-weight per
d groups. However, they increased in the groups fed on 2 or 4 mg f-carotene/kg body-
weight per d. At 9 weeks after giving the experimental diets the difference between the zero
control and the 4 mg pg-carotene/kg body-weight perd group reached statistical
significance.

The serum levels of retinoic acid of the group fed on 1 mg g-carotene/kg body-weight
per d were similar to those of the zero g-carotene group throughout the experimental
period. Likewise, the serum levels of retinoic acid of the group fed on 2 mg S-carotene/kg
body-weight per d were similar to those of the group fed on 4 mg g-carotene/kg body-
weight per d. The results of these two pairs of groups are shown in Table 3. The justification
for combining groups in Table 3 is that the zero p-carotene and the 1 mg p-carotene/kg
body-weight per d groups were very similar both at 6 and 9 weeks, and were not statistically
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Table 3. 4 comparison of serum levels of all-trans retinoic acid between rabbits fed on
diets providing low and high levels of f-carotenet

(Values are means with their standard errors for no. of rabbits shown in parentheses)

Serum retinoic acid (nM)

Period on f-carotene (weeks)... 3(14) 6 (26) 9(17)
Level of f-carotene given
(mg/kg body-wt per d) Mean SEM Mean SEM Mean SEM
0 and I mg 38 0-30 306 0-30 2-40 0-40
2 and 4 mg 4-8* 023 376 0-40 4-90** 0-56

Mean values were significantly different from those at 0 and | mg S-carotene/kg body-wt per d: * P < 005,
** P < 0-005.

different; the same is true for the 2 and 4 mg #-carotene/kg body-weight per d groups.
Since the values from the two pooled groups are remarkably similar to each other, they
could thus be pooled. It can be seen that in this comparison the serum levels of retinoic acid
differed significantly 3 weeks after the beginning of the experiment, and at 9 weeks the
statistical significance of the difference increased to P < 0-005. An analysis by the SAS
GLM procedure for repeated-measures analysis of variance revealed a highly significant
treatment effect (P < 0-01), a significant time effect (P < 0-05) and a time x treatment
interaction (P < 0-05). The results of the analysis indicate that the decrease with time in the
serum concentration of retinoic acid (Table 2) is significant, but that it occurs only in some
of the treatments. Hence the significant interaction indicated a significant decrease in the
animals of the groups fed on 0 and 1 mg g-carotene/kg body-weight per d and no decrease
in the groups fed on 2 and 4 mg S-carotene/kg body-weight per d.

The values presented in Tables 2 and 3 indicate that rabbits fed on the two higher levels
of p-carotene showed significantly higher levels of retinoic acid in serum in comparison
with the groups given no g-carotene or a low level of g-carotene. Thus, the serum levels of
retinoic acid depend on the dose of f-carotene, i.e. on the level of g-carotene in the diet.
It should be noted that the amount of retinoic acid measured included a derivative of
retinoic acid, retinoyl B-glucuronide, which is hydrolysed to retinoic acid by the base used
in the extraction procedure (Barua & Olson, 1986).

DISCUSSION
The serum and liver retinol and the serum retinyl ester concentration of the rabbits did not
statistically differ between the various treatment groups. Serum retinol levels were higher
than those found in rats. Serum retinyl ester levels were also elevated : no doubt because the
animals were not fasted and were, therefore, in a continuous postprandial state. Only the
liver retinyl ester concentration of the 4 mg f-carotene/kg body-weight per d group was
significantly higher than that of the three other groups. The retinyl ester concentration of
the 2 mg g-carotene/kg body-weight per d group was almost identical to that of the 0 and
1 mg fg-carotene/kg body-weight per d groups (Table 1), but the serum concentration of
retinoic acid in the 2 mg f-carotene/kg body-weight per d group was similar to that of the
4 mg pB-carotene/kg body-weight per d group. It is thus plausible to assume that the higher
retinoic acid levels in the 2 and 4 mg f-carotene/kg body-weight per d groups were not the
result of an increased retinol or retinyl ester conversion. Furthermore, Napoli & Race
(1988) show results, at least in rats in vitro, which exclude the formation of retinoic acid
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from the retinol produced by cleavage of fg-carotene. It is, therefore, suggested that the
higher levels of retinoic acid concentration found in the present study are the result of -
carotene conversion.

Since B-carotene is cleaved to retinal on its way to retinol, the intermediate retinal may
be converted to retinoic acid. A conversion of g-carotene to retinoic acid in the gut was first
described by Crain et al. (1967). More recently, Napoli & Race (1988) reported the
quantitatively significant conversion of #-carotene to retinoic acid by cytosolic enzymes of
a number of tissues. Retinoic acid increases in human plasma after an oral dose of retinoic
acid (Jurkowitz, 1962) and, together with the retinoid glucuronides (Barua & Olson, 1986),
is an endogenous steady-state metabolite (De Ruyter et al. 1979). Thus, it is not unlikely
that the increased retinoic acid in serum is derived from the dietary fg-carotene.

The gradual decrease during the experiment in the serum levels of retinoic acid in the
control group may have been caused by the high f-carotene liver stores at the time the
animals were purchased. The animals consumed approximately 1-5 mg #-carotene/kg body-
weight per d before arrival at our laboratory. Giving a diet supplying 0 or 1 mg g-
carotene/kg body-weight per d may have caused enough of a decrease in S-carotene stores
to result in a decline in serum levels of retinoic acid. Shapiro et al. (1984) found that rats
accumulated considerable amounts of f-carotene in some specific tissues (e.g. heart) when
fed on a similar level of f-carotene (0-02 g/kg diet) over 2 weeks. Rabbits are ‘ white fat’
animals, similar to rats with respect to g-carotene storage. In any case the observed decline
in retinoic acid was not statistically significant.

The biological significance of the fact that dietary f-carotene causes increased steady-
state blood levels of retinoic acid is at present unclear. It was previously suggested that
retinoic acid may have a different biological function from that of retinol (Zile & Cullum,
1983; Wolf, 1984). In this context the conversion of f-carotene into retinoic acid may have
biological importance. If, as suggested previously, retinol and retinyl ester may not be the
easily available precusors of retinoic acid under normal physiological conditions, then g-
carotene may be an important source of retinoic acid supplementation. The very rapid
metabolic clearance of retinoic acid from body fluids and tissues (55-85 % of a physiological
dose excreted in bile in 24 h; for review, see Frolik, 1984) may increase the significance of
this conversion. The effect of p-carotene on fertility is of special interest, since the pituitary
and the female and male reproductive organs were found to contain high concentrations
of cellular retinoic acid-binding protein (Ong ef al. 1982). Thus, the possibility exists that
the reported effects of f-carotene on fertility in women and cows (Kemmann et al. 1983;
Folman et al. 1983, 1987) may be mediated by retinoic acid produced from p-carotene,

The anti-carcinogenic action of f-carotene, reported both in animal and epidemiologic
studies (for review, see Greenberg er al. 1985), could possibly be caused by previous
conversion to retinoic acid. This possibility should be considered when pondering the
apparent paradox that increased dietary vitamin A (in the form of g-carotene) appears to
lower the risk of cancer (Greenberg et al. 1985), even though serum blood levels of retinol
remain unchanged. The increase in dietary f-carotene may by-pass retinol in the gut and
produce increased retinoic acid, which could be the actual anti-carcinogenic factor.

The authors are grateful to the Competitive Research Grants Office, US Department of
Agriculture for a grant (No. 87-CRCR-1-2321) for support of this work. The authors thank
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