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ABSTRACT Aging and cancer share a number of charac-
teristics. This has led to the hypothesis that species’ differences
in longevity may be governed in part by the same mechanisms
as those processes governing species’ differences in their age-
dependent probability of developing cancer. Much evidence
has indicated that B-carotene and retinol may be important
natural anticarcinogens. Accordingly, they also may be impor-
tant antiaging agents. This possibility has been tested by deter-
mining if a positive correlation exists between the concentra-
tion of carotenoids and retinol in serum and brain tissue with
the maximal life-span potential of mammalian species. The re-
sults show a significant positive correlation for the carotenoids
but not for retinol. These results suggest that the carotenocids
may be biologically active as protective agents against cancer
and as longevity determinants. Retinol appears to be less im-
portant in these functions.

Considerable epidemiological and laboratory evidence exists
suggesting that retinol and B-carotene may be natural protec-
tive agents against cancer development (1-5), but definitive
experiments have not yet been reported. Retinol has a wide
range of biological effects, particularly on cell growth and
differentiation (6-10), and it is also an antioxidant (11, 12).
Carotenoids may have a protective role for a wide variety of
plants and microorganisms (13-15), but their biological role
in mammals is less clear (13, 16-18). B-Carotene is an excel-
lent singlet-oxygen scavenger and can protect against photo-
sensitized oxidation (19-21). More recently, B-carotene has
been shown to protect against free-radical-induced lipid per-
oxidation (22-24) and to be a good radical-trapping antioxi-
dant at an oxygen partial pressure typically found in normal
tissues (25). There is no evidence for a biological role of the
xanthophylls in mammalian species (16-18). Thus, in mam-
malian species, carotenoids could be an important natural
protective agent against the oxygen radicals that are pro-
duced in all tissues as normal by-products of metabolism
(26-28).

Nothing definite is known about the biological basis deter-
mining the maximal life-span potential (MLSP) of mammali-
an species, but it may involve the same factors that deter-
mine the sensitivity of different species to cancer (26, 29,
30). Thus, B-carotene and retinol may be protective against
both aging and cancer through a common mechanism. This
possibility has been investigated by determining if a positive
correlation in the concentrations of carotenoids and retinol
in serum and brain tissues exist as a function of the MLSP of
six primate and seven nonprimate mammalian species. A sig-
nificant positive correlation was found for the carotenoids
but not for retinol.
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MATERIALS AND METHODS

Source of Tissues. Primate blood and brain samples were
obtained from Yerkes Regional Primate Center, Duke Uni-
versity Primate Facility, Washington Regional Primate Cen-
ter, and the Delta Regional Primate Center. Serum samples
for nonprimate species were obtained from Pel-Freez. Hu-
man serum samples were taken from volunteers, and blood
and tissue samples from Peromyscus maniculatus (deer
mouse) and Mus musculus (field mouse) were from our wild-
type animal colony at the Gerontology Research Center.

Estimation of Species’ Longevity. Estimates of MLSP were
taken from a literature survey covering over 100 zoos world-
wide (31, 32).

Life-Span Energy Potential (LEP). LEP is calculated as the
product of MLSP and basal specific metabolic rate (SMR)
and represents the energy expenditure over MLSP on a per
unit weight basis (26-28, 33).

Carotenoid and Retinol Assays. Blood samples were col-
lected in the morning after an overnight fast and were pro-
tected from excessive light exposure. The serums were im-
mediately prepared and frozen at —70°C. Total carotenoids
(carotene and xanthophylls) and retinol were measured in
the serum by using the assay of Kahan (34, 35).

Carotenoids and retinol were measured in brain samples
by using the method described by McLaren et al. (36). Lip-
ids were extracted with chloroform/methanol, and the solu-
tion was dried by evaporation (37).

RESULTS

Carotenoid and Retinol Concentration in Serum. Serum
concentrations of carotenoids and retinol are tabulated in
Table 1 and illustrated in Figs. 1 and 2. Fig. 1a shows a posi-
tive correlation of serum carotenoid concentration as a func-
tion of species MLSP, where r = 0.835 (P < 0.001) for all 12
species and, for the primates, r = 0.936 (P < 0.01).

In contrast, Fig. 16 shows serum retinol concentration to
be remarkably constant for the different mammalian species,
where the linear correlation coefficient for all species is r =
0.363 (P > 0.1) and for the primates is r = 0.163 (P > 0.1).
Thus, the ratio of carotenoids per retinols, as shown in Fig.
1c, is seen to increase significantly as a function of MLSP,
where the linear correlation coefficient for all species is r =
0.612 (P < 0.05) and for primates is r = 0.905 (P < 0.02).

Fig. 2 shows the results if the data were plotted against
LEP instead of MLSP. The results are remarkably similar,
but the correlation coefficients for the primates are slightly
less significant, as indicated in the legend.

Age-Dependent Changes in Carotenoids and Retinol. Serum
carotenoid or retinol concentrations as a function of age are

Abbreviations: MLSP, maximal life-span potential; LEP, life-span
energy potential.
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Table 1. Serum concentrations of carotenoids and retinol in primate and nonprimate mammalian species as a function
of MLSP and LEP

Ratio
Ident. Species MLSP, LEP, Carotenoids, ug/100 carotenoids/
no. (common name) yr kcal/g ml Retinol, ug/100 ml retinol
Primates
1 Human 90 =35 815+ 51 548 +105 (n=100 240 *=3.68 (n=10) 2.03 = 0.498
2 Orangutan 50 =8 447 =79 348 *13.5 (n=4) 30.2 2425 (n=4) 1.15 = 0.473
3 Chimpanzee 48 =5 469 + 51 178 *113 (n=15) 246 *478 (n=16) 0.726 = 0.481
4 Gorilla 43 =5 30936 106 = 242(n=13) 18.7 £571 (n=13) 0.566 = 0.215
5 Gibbon 35 =8 56942 44 = 21 (n=13) 31.3 £3.02 (n=3) 0.140 = 0.0680
6 Rhesus 34 =5 51276 99 * 326(n=4) 116 =125 (n=4) 0.853 = 0.295
Nonprimate mammals
7 Horse 46 =38 235+20 214 = 3.07(h=13) 9.39+ 418 (b=3) 227 =1.06
8 Cow 30 =5 164 15 360 = 2.03(b=2) 14.5 +£0.494 (b =2) 2.48 +0.163
9 Goat 25 =5 27730 33 = 127(b=2) 18.2 £131 (b=2) 0.181 = 0.0708
10 Rabbit 12 *2 25730 240 1.69(n=2) 20.6 £0919(n=2) 0.116 = 0.0817
11 Deer mouse 8 =1 440 * 68 132+ 1.76 (n=5) 169 +7.48 (n=5) 0.078 = 0.109
12 Rat 40+05 152+30 165% 291(b=4) 16.2 +4.54 (b=4) 0.101 = 0.315
13 Field mouse 3.5+05 23215 165+ 113 (n=4) 149 =421 (n=4) 0.110 = 0.0814

Ident. no., identification number; n, no. of different individuals measured; b, number of separate serum batches ana-
lyzed. (Each serum batch represents pooled serum samples from an unknown number of different individuals of unknown
ages.)
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FiG. 1. Serum carotenoid and retinol concentrations as a func- Fi1G. 2. Serum carotenoid and retinol concentrations as a func-
tion of MLSP. e, Primates; O, nonprimate species. Identification tion of LEP. @, Primates; O, nonprimate species. Identification
numbers of species are listed in Table 1. Error bars represent SD. numbers of species are listed in Table 1. Error bars represent SD.
For primates only, linear correlation coefficients are: r = 0.926 (P < For primates only, linear correlation coefficients are: r = 0.635 (P >

0.010) in a, r = 0.163 (P > 0.10) in b, and r = 0.905 (P < 0.020) in c. 0.1)ina, r=0.175 (P > 0.1) in b, and r = 0.546 (P > 0.1) in c.
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F1G. 3. Serum carotenoid and retinol concentrations in human
and chimpanzee as a function of age. ®, Retinol; O, carotenoids. (a)
Chimpanzee; carotenoids, r = 0.023 (P > 0.1); retinol, r = 0.39 (P >
0.1). (b) Human; carotenoids, r = —0.028 (P > 0.1); retinol, r = 0.25
(P> 0.1).

shown in Fig. 3 for human and chimpanzee and indicate that
no significant changes occur in either carotenoid or retinol
serum concentration as a function of age. These results con-
firm other studies of human carotene and retinol levels as a
function of age (38).

Carotenoid and Retinol Levels in Brain. Results are tabu-
lated in Table 2 and illustrated in Figs. 4 and 5. The concen-
trations of the carotenoids and retinol are presented both on
a wet-weight and on a lipid-weight basis. A significant posi-
tive correlation of brain carotenoid concentration was found
as a function of either MLSP and LEP values. In contrast to
the serum data, the correlations of carotenoid concentration
in the brain with the species’ LEP values appear to be slight-
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F1G. 4. Brain carotenoid and retinol concentrations as a function
of MLSP. e, Primate species; O, rodent species. Identification num-
bers for species are listed in Tables 2 and 3. For primates only, linear
correlation coefficients are r = 0.859 (P < 0.050) ina, r = —0.432 (P
>0.1) in b, and r = 0.822 (P < 0.050) in c.

ly better than with MLSP. However, as with the serum, reti-
nol concentration in the brain changes little as a function of
MLSP or LEP, and thus again there is a significant increase
in the ratio of carotenoids to retinol with MLSP or LEP val-
ue. The brain carotenoid and retinol concentrations for the
two rodent species were found to be similar to one another

Table 2. Brain concentrations of carotenoids and retinol in primates
Ratio
Ident. MLSP, LEP, Carotenoids,* Retinol,* Carotenoids, Retinol,* carotenoids/
no. Species yr kcal/g ng/100 g ng/100 g ne/g ug/e retinol
1 Human 90 815 97.1 + 12.8 359+ 3.55 4.85 = 0.64 1.79 £ 0.177 2.70 = 0.420
n=4 n=4 n=4 n=4
"2 Baboon 35 394 425+ 8.5 314+ 34 2.50 = 0.501 1.85 = 0.200 1.35 = 0.307
n==6 n==6 n==6 n==6
3 Rhesus 34 512 76.8 = 11.8 36.3 = 7.68 3.74 = 0.575 1.77 £ 0.374 2.11 + 0.550
n=4 n=4 n=4 n=4
4 Stump-tailed macaque 34 512 85.0 + 23.1 434+ 43 3.29 = 0.896 1.68 = 0.166 1.95 + 0.564
n=4 n=4 n=4 n=4
5 Crab-eating macaque 34 512 42.6 334 2.73 2.14 1.27
n=1 n=1 n=1 n=1
6 Squirrel monkey 18 485 723 = 296 58.9 = 19.3 2.76 = 0.113 2.24 + 0.737 1.22 = 0.404
n=2 n=2 n=2 n=2

Iderit. no., identification number.
*Per 100 g of wet weight tissue.

tAmount found in whole tissue normalized by the weight of total lipids.
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Fic. 5. Brain caratenoid and retinol concentrations as a function
of LEP. e, Primate species; O, rodent species. Identification num-
bers for species are listed in Tables 2 and 3. For primates only, linear
correlation coefficients are r = 0.920 (P < 0.010) ina, r = —0.239 (P
> 0.1) in b, and r = 0.821 (P < 0.050) in c.

and much lower than the longer-lived primate species.
Peromyscus and Mus Comparison. Peromyscus manicula-
tus (deer mouse) is an unusually long-lived rpdent species,
having a MLSP of about 8 yr and a LEP value of about 440
kcal/g (1 cal = 4.184 J). On the other hand, Mus musculus

Proc. Natl. Acad. Sci. USA 81 (1984)

(field mouse) has a relatively short life-span of 3.5 yr and a
lower LEP value of about 232 kcal/g. Both animals weigh
approximately 25 g and have similar basal specific metabolic
rates. Since a number of different tissues were available
from these animals, a comparison of their carotenoids and
retinol concentrations was made. These data are shown in
Table 3. The results show no significant differences between
these two species in the tissue concentrations of carotenoids
or retinol.

DISCUSSION

The major result of these studies is that a significant positive
correlation was found between the MLSP of different mam-
malian species and the concentration of carotenoids in serum
and brain tissue but not for retinol. These results suggest that
carotenoids may be important in determining both MLSP
and the age-dependent probability of cancer development in
mammals.

The possibility that carotenoids may act in this capacity as
antioxidants was not clarified by the LEP correlation stud-
ies. Here, the correlation with MLSP or LEP was of equal
significance for the serum, although the correlation with
LEP was slightly better than with MLSP for the brain. Thus,
the biological activity of carotenoids may be as an antioxi-
dant and also by other unknown mechanisms which could
stabilize the differentiated state of cells. :

The shorter-lived mammalian species generally had low
concentrations of carotenoids in serum and brain, but it was
surprising to find that the concentrations in the longer-lived
deer mquse were not higher than for the field mouse. These
data suggest that the role of carotenoids as determinants of
mammalian longevity may have evolved only in the longer-
lived species, reaching a peak expression in human.

The possible importance of retinol as a natural anticarcin-
ogen as well as retinoid derivatives being potentially useful
in therapy of cancer is well known (1-5). However, no signif-
icant correlation of retinol concentration in serum or brain
tissue with the species’ MLSP or LEP values was found.
Most importantly, human serum and brain tissue did not
have similar levels of retinol compared to the shorter-lived
primates. These results indicate that, although retinol may
be an anti-cancer agent, it does not appear important in de-
termining the large differences existing in MLSP or cancer
resistance within the mammalian species.

It is not understood what determines the serum and tissue
concentrations of carotenoids, but it is likely to be based in
part on the quantitative and qualitative aspects of absorption

Table 3. Concentration of carotenoids and retinol in tissues of the field mouse and the deer mouse
Ratio
Ident. Species MLSP, LEP, Carotenoids,* Retinol,* Carotenoids,t Retinol,* carotenoids/
no. tissue yr kcal/g ug/100 g ng/100 g ne/e ne/g retinol
7 Deer mouse# 8 440
Brain 44.7 = 14.1 425+ 5.51 0.380 = 0.120 0.362 + 0.0469 1.05 =+ 0.358
Kidney 87.1 £ 25.6 117 =+ 10.6 1.61 =+ 0.473 2.16 = 0.196 0.745 = 0.229
Heart 38.9 56.2 0.828 1.19 0.695
Spleen 12.8 34.1 0.149 0.398 0.374
8 Field mouse$ 3.5 232
Brain 66.6 + 33.3 46.8 + 3.32 0.394 + 0.197 0.277 = 0.0189 1.43 +0.721
Kidney 157 *41.2 133 = 7.07 529 +1.41 4.57 *0.243 1.15 =+ 0.852
Heart 413 70.3 0.995 1.69 0.588
Spleen 40.0 98.5 0.300 0.738 0.406

Data represent mean *+ SD of four individual animals. All animals were 6-mp males. Both species were fed identical diets ad lib. Heart and

spleen tissues were pooled specimens.
*QGrams represent wet tissue weight.

fGrams represent total lipid extracted by cyclohexane, dried by evaporation, and then weighed.

tPeromyscus maniculatus (outbred).
8Mus musculus (outbred).
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and on the activity of an enzyme found predominantly in the
intestinal mucosa cells, B-carotene 15,15'-dioxygenase (39).
This enzyme is responsible for initiating the conversion of
carotene to retinol, and low levels would be expected in the
longer-lived species. Humans unselectively absorb both car-
otenes and xanthophylls into their tissues, whereas the
shorter-lived species absorb only the carotenes (16-18). The
amount of carotenoids in the diet would of course also play
an important role in determining the amount of carotenoids
that are absorbed, but not the qualitative aspects. Thus, al-
though all carotenoids are derived from the diet, the amount
and type that is absorbed in serum and other tissues is clear-
ly a species-dependent characteristic.

During the evolution of increased MLSP in the mammali-
an species, and particularly in the primates (27, 40), carot-
enoid concentration in serum and tissues also may have in-
creased. This miay have been facilitated by an increased ab-
sorption of both the carotenoids and xanthophyll and a
decrease in the activity of intestinal B-carotene 15,15’-dioxy-
genase. Thus, the nonselective absorption of the carotenoids
in humans may represent an end point to this evolutionary
strategy; most of the carotenoid protection attainable
through the diet is now being utilized.

In conclusion, these correlation studies appear to justify
more definitive experiments using species having different
MLSPs to further study the possible role carotenoids and
retinol may have in determining human lorigevity and resist-
ance to cancer.
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and Edith Cutler for laboratory assistance, drawing of the figures,
and typing of the manuscript. Her help was made possible by sup-
port received from the Paul Glenn Foundation for Medical Re-
search.
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