C and D). Others have observed antigen-
ic similarities between human, calf, and
pig rotavirus (7).

We conclude from these and other (I,
4, 5) data that rotavirus occurs in most
mammals, but it is generally benign. Our
results suggest that rotavirus owes its be-
nignity to its high prevalence which inev-
itably leads to the neonate encountering
the virus while being passively protected
(5, 8) by local antibody in the gut pro-
vided by the mother’s milk. Active im-
munity, without the burden of overt dis-
ease, probably issues from this constant
encounter. This is analogous to the se-
quence of subclinical infection and im-
munity seen with infantile paralysis (po-
liomyelitis) in primitive societies (10).

Problems arise when the dose of the
virus exceeds the capacity of the im-
mune system to contain viral growth.
According to our results, this occurs
when the highly susceptible piglet (less
than 1 week of age) is exposed to large
doses of rotavirus while being reared ar-
tificially. At this time, the piglet is
weaned and no longer protected by anti-
bodies in the milk, and the virus is free to
multiply. The disease can be prevented
by cleaning the delivery room (thus
lowering the dose) and rearing the piglets
in a nursery that can be entirely cleaned
between groups (thus preventing the
buildup of the infecting dose). Symptoms
can be ameliorated by promptly feeding
antibodies, for example, cows’ colos-
trum.

Most children by 6 years of age have
antibody to rotavirus. Rotaviral diarrhea
peaks in the winter months in children %2
to 1% years of age, and is often acquired
in infant wards. Nursing infants, in com-
parison to infants fed artificially, have a
much lower incidence of the disease in
hospitals (/, 2, 11). In view of our find-
ings, these data on human infants sug-
gest (i) that the virus is prevalent in the
community and the disease exacerbates
when dose is increased (because of
crowding, decreased ventilation in the
winter, continuous use of nurseries), and
(ii) that the weaned infant is removed
from protective antibody in milk. These
circumstances, when coupled with lower
levels of sanitation and nutrition, could
account for the high number of infant
deaths in the Third World. Thus the
management practices that precipitate
rotaviral diarrhea in piglets may be simi-
lar to those used for some infants.

JAMES G. LECCE, MARGARET W. KING
WiLLiaM E. DORSEY
Departments of Animal Science and
Microbiology, North Carolina State
University, Raleigh 27607
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Binding of Benzo[a]pyrene 7,8-Diol-9,10-Epoxides to DNA, RNA,
and Protein of Mouse Skin Occurs with High Stereoselectivity

Abstract. The formation, stereostructure, and cellular reactions of the 7,8-diol-
9,10-epoxide metabolites of the carcinogen benzo[ajpyrene have been examined af-
ter topical application of benzo[a]pyrene to the skin of mice. In this known target
tissue, polymer adducts from diastereomeric diol epoxides, (+)-(7S, 8R, 9R, I0R)
and (+)-(7R, 8S, IR, 10R), were formed stereospecifically from their corresponding
7,8-dihydrodiols. Both diol epoxides bind with proteins, RNA, and DNA in vivo. For
the nucleic acids, binding occurs preferentially at the 2-amino group of guanine in
cellular RNA and DNA in vivo. Methods for establishing the structure of the cellular
adducts as well as the possible biological implications of their formation are dis-

cussed.

Since the initial studies indicating that
metabolites of benzola]pyrene (BP) 7,8-
dihydrodiol are bound to DNA to a much
greater extent than any other metabolites
of BP (1), substantial evidence has accu-
mulated suggesting that the diastereo-
meric BP 7,8-diol-9,10-epoxides (diol
epoxides 1 and 2) are ultimate carcino-
genic metabolites of BP. For example,
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BP—+—<

Jeo s

OH

HO~
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02 HO-.
o, /Oi}__—,
HO= ™ HO
OH

BP 7,8-oxide is a potent skin carcinogen
although weaker than BP, BP 7,8-dihy-
drodiol is slightly more carcinogenic
than BP on mouse skin, and BP 7,8-
oxide and BP 7,8-dihydrodiol are non-
carcinogenic when the 9,10 double bond
of the molecule is hydrogenated (2). In
addition, both BP 7,8-dihydrodiol and
diol epoxide 2 are much more potent car-
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*“;,:),,} — %)

OH OH
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Fig. 1. Metabolic activation of BP in mouse skin. The absolute stereochemistry shown for the
BP 7,8-dihydrodiols has been established by exciton chirality studies (15, 16).

778 0036-8075/78/0217-0778%00.50/0 Copyright © 1978 AAAS

SCIENCE, VOL. 199, 17 FEBRUARY 1978



cinogens than BP in the newborn mouse
3).

Studies of the metabolism of the
enantiomeric (+)- and (—)-BP 7,8-dihy-
drodiols by mono-oxygenase systems
from rat liver indicate that both 1 and 2
are formed from BP 7,8-dihydrodiol,
principally 1 from (+)-BP 7,8-dihydro-
diol and 2 from (—)-BP 7,8-dihydrodiol
“, 5) (see Fig. 1). Since metabolism of
BP to diol epoxides has not yet been
studied in a known target tissue in vivo,
we examined the nature of the bound
products which are formed from BP
when the hydrocarbon is applied to
mouse skin.

Each of 11 female C57BL/6J mice was
painted with 100 ug of [*'H]BP (1.4 mCi
per mouse, Amersham/Searle) in 100 ul
of acetone. After 24 hours the mice were
killed and the epidermal cells were iso-
lated. After homogenization (6), a pro-
tein fraction (14 mg, 3 x 10° dpm/mg),
an RNA fraction (1.8 mg, 2.8 x 10° dpm/
mg), and a DNA fraction (0.9 mg, 6.0 X
10* dpm/mg) were isolated by acetone,
sodium acetate, and ethanol precipi-
tations, respectively (7). Thus, the
bound BP metabolites per milligram of
each polymer varied more than 50-fold,
with protein having the highest specific
activity and total amount of binding and
DNA the lowest. Modified RNA and
DNA were hydrolyzed chemically and
enzymatically to their respective nucle-
osides (8, 9).

Two approaches were taken to estab-
lish the presence and the ratio of bound 1
and 2 in the macromolecular fractions
isolated from the skin of mice treated
with BP. In the first of these approaches,
the nucleoside adducts and the protein
adducts were treated with acid to release
the bound diol epoxides as tetraols. Pre-
vious studies had established that most
of the binding of these diol epoxides to
nucleic acid occurs through cis and trans
addition of the exocyclic 2-amino group
of guanine (9, 10) and to a lesser extent
of the backbone phosphate oxygen (9) at
C-10 of the diol epoxides. The acid hy-
drolysis conditions were selected such
that diol epoxides bound to the 2-amino
group of guanosine would be completely
released as tetraols. Since the pairs of
tetraols from 1 and 2 which result by cis
and trans addition of water at C-10 of the
epoxides are readily separated by high-
pressure liquid chromatography (HPLC)
“, 5), the stereochemical origin of the
tetraols released after acid hydrolysis of
the cellular adducts could readily be es-
tablished (Table 1). Of the total radio-
activity bound covalently to protein,
RNA, and DNA, 25, 80, and 75 percent,
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respectively, could be released in tet-
raols by acid hydrolysis. The nature of
the residual radioactivity was not further
investigated. The relative stereochem-
istries of the released tetraols indi-
cated that the covalent products in
each of the cellular fractions resulted
predominantly from 2. Interestingly, the
amount of tetraols from 1 relative to
those from 2 decreased from 39 percent
in the protein fraction to only 12 percent
in the DNA hydrolysate (Table 1). This
decrease in the relative amount of prod-

> >

-)

ucts from 1 in DNA may arise from the
greater chemical reactivity of 1 (/1) and
hence its decreased ability to migrate in-
tact from its presumed microsomal site
of origin to more remote biological tar-
gets.

The second method used for the analy-
sis of the nucleic acid-bound diol epox-
ides consisted of analysis of the radio-
active adducts by HPLC. Since the abso-
lute amount of nucleoside adducts which
can be obtained in this experiment in
vivo is limited, it was first necessary to
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Fig. 2. Coinjection of purified nucleoside adducts from [*H]BP in mouse skin and guanosine or
DNA-diol epoxide adducts from diol epoxides 1 and 2 on high-resolution uC;s-Bondapak. (A)
Guanosine-diol epoxide 1 and 2 adducts in vitro, and in vivo RN A adducts. Elution was mon-
itored at 280 nm for the guanosine adducts produced by treatment of (+)-1 (—) and (*)-2 (----)
with polyguanylic acid potassium salt. The elution of RNA nucleoside adducts obtained from
treatment of mouse skin with tritiated BP was monitored by radioactivity/(_rLrL). (B) 2'-Deoxy-
guanosine-diol epoxides 1 and 2 adducts and in vivo DNA adducts. Elution was monitored at
344 nm for the nucleoside adducts of calf thymus DNA with (*)-1 (—) and (*)-2 (). The
elution of the DNA nucleoside adducts (see text) was monitored by radioactivity (). Both
BP tetraols and unreacted nucleosides were first removed by HPLC with a Poragel PN column
(3/8 inch by 3 feet, eluted with 85 percent methanol in H,0). In the hydrolysate of in vivo RNA
adducts, before purification with Poragel PN, a substantial fraction (approximately one-third of
the radioactivity of the guanosine adducts) of less polar radioactive products was observed in
the HPLC retention volume where adenosine-BP diol epoxide adducts appear. In contrast, the
in vivo DNA adducts are predominantly those of BP and 2’-deoxyguanosine.
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establish the chromatographic mobilities
of all the possible diastereomeric guano-
sine adducts. To do this, (+) and (-) 1
“and 2 were separately treated with poly-
guanylic acid potassium salt under con-
ditions previously described for the race-
mic material (9), and the chromatogra-
phy mobilities of the resulting nucleoside
adducts were -determined (Fig. 2A).
When in vivo RNA nucleoside adducts
were chromatographed with ultraviolet-
detectable quantities of authentic marker
compounds, the three major radioactive
peaks were observed to coelute with
guanosine-diol epoxide adducts. Each
radioactive peak showed a change in par-
tition coefficient (an indication of ioniza-
tion) in the region pH 9.0 to 11.0 (Fig. 3),
providing evidence that they are indeed
guanosine adducts (/2). Furthermore,
acid hydrolysis of these in vivo products
produced radioactive products coeluting
with the tetraols from 1 and 2. Although
the third radioactive product coelutes
with a guanosine product from both 1
and 2 (G and F in Fig. 2A), the distribu-
tion of radioactivity in the acid-liberated
tetraols (see Table 1) suggests that the
overall 1/2 product ratio is approximate-
ly 1 to 4. Lack of cochromatography of
radioactivity in some of the potential
diastereomeric guanosine adducts in-
dicates that both 1 and 2 formed in vivo
in mouse skin are nearly optically pure
(+) enantiomers (see Fig. 2A).

To obtain appropriate marker com-
pounds for the DNA adducts, racemic 1
and 2 were allowed to react with calf
thymus DNA and the resulting modified
DNA was hydrolyzed with deoxyribonu-
clease I, snake venom phosphodiester-
ase, and bacterial alkaline phosphatase.
Essentially a single peak was obtained
on HPLC for nucleoside products from
2, while 1 showed three major peaks
(Fig. 2B). Cochromatography of the in
vivo DNA nucleoside adducts from
[PH]BP, partition versus pH analysis
(Fig. 3), and acid hydrolysis of the DNA
nucleoside adducts to radioactive tet-
raols (Table 1) confirmed the structure of
the major in vivo DNA products as diol
epoxides 1 and 2 linked to the 2-amino
group of 2’'-deoxyguanosine.

Metabolism of BP and BP 7,8-dihydro-
diol to the BP 7,8-diol-9,10-epoxide
products that bind to RNA and DNA has
previously been examined in vitro with
cultured mammalian cells (/13) and with
bovine bronchial explants (14). For the
incubation of BP with bovine bronchial
explants, evidence was presented in-
dicating that only (+)-2 was bound to
RNA (14, 15). Although the results re-
ported here establish that this same
stereoisomer produces the major RNA
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Fig. 3. Change in partition coefficient plotted
against pH for RNA and DNA nucleoside
adducts formed from BP. Portions of tritiated
adducts (~ 750 and 1800 dpm per pH point for
RNA and DNA nucleoside adducts, respec-
tively) were partitionéd between equal vol-
umes (0.5 ml) of 20 percent 1-butanol in ethyl
acetate and 0.05M buffers. The relative
amount of radioactive adducts was deter-
mined by counting both layers [K, = counts
(cpm) in organic layer/counts (cpm) in aque-
ous layer] (12).

products in vivo in mouse skin treated
with BP, an adduct with (+)-1 is also ob-
served. Nucleoside products from both 1
and 2 were also observed in the analysis
of the DNA isolated from cultured cells
treated with BP 7,8-dihydrodiol, al-
though the stereochemistry of addition in
the products bound to DNA remains un-
known (13).

As shown above, in both RNA and
DNA of mouse skin treated with BP, diol
epoxide 2 forms the majority of the cova-
lently bound products. To our knowl-
edge, this study provides the first evi-
dence that diol epoxide 1 adducts are al-
so formed in vivo in a tissue susceptible
to carcinogenesis by BP. Furthermore,
since (+)-1 is formed from (+)-BP 7,8-

Table 1. Percentage of tetraols related to diol
epoxides 1 and 2 obtained by acid hydrolysis
of the adducts formed from BP in mouse skin.
All values are within 1.0 percent. Identifica-
tion of the tetraols was further confirmed by
converting them to their tetraacetyl deriva-
tives and comparing their mobilities in silica
gel thin-layer chromatography (Analtech, 2
percent methanol in CH,Cl,). More than 80
percent of the radioactivity applied to the
plate coeluted with authentic tetraacetate ul-
traviolet markers. No epimerization between
the two sets of tetradls was observed under
these acid hydrolysis conditions.

Modified Tetraols

cellular

fraction From 1 From 2
Protein* 39 61
RNAT 21 79
DNAYT 12 88

*Crude protein fraction was treated with 0.5N HCI
at 85°C for 1.5 hours. +The RNA and DNA frac-
tions after hydrolysis to nucleosides and purification
by Poragel PN were hydrolyzed by acid (85°C, 0.5N
HCI, 0.75 hour).

dihydrodiol and (+)-2 is formed from
(—)-BP 7,8-dihydrodiol (16), the mono-
oxygenase in mouse skin which pro-
duces these 9,10-epoxides (9R, 10R) is
highly stereoselective. This remarkable
stereoselectivity parallels that observed
for the formation in vitro of 1 and 2 from
the optically active BP 7,8-dihydrodiols
by rat liver microsomes (5). For ex-
ample, Baird and Diamond (I7) reported
that the ratio of DNA-bound 1 to 2 in cul-
tured hamster embryo cells is strongly
dependent on the time at which DNA is
analyzed. At early time points 1 adducts
predominate. Such an effect may also be
important in vivo. Conclusions as to the
relative importance of the diastereomer-
ic BP 7,8-diol-9,10-epoxides in the muta-
genicity and carcinogenicity of BP can-
not be based solely on quantitative mea-
surements of the amounts of these diol
epoxides bound to nucleic acid. More
complex questions regarding the relative
rate of repair and the function of diol
epoxide-damaged DNA must also be
considered.
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Chronologic and Physiologic Age Affect Replicative Life-Span

of Fibroblasts from Diabetic, Prediabetic, and Normal Donors

Abstract. Cultured skin fibroblasts from subjects with clinically apparent diabetes
mellitus and from subjects genetically predisposed to diabetes have a replicative life-
span that is inversely related to donor age. Fibroblasts from carefully defined normal
subjects not predisposed to diabetes fail to show this correlation. The data support
the idea that physiologic status of the tissue donor is a more precise determinant of
fibroblast replicative lifespan than chronologic age.

The cultured human fibroblast has a fi-
nite replicative lifespan (/-3) which is in-
versely proportional to the age of the do-
nor (3-7). Moreover, this negative corre-
lation appears to hold true whether the
tissue of origin is lung (3), liver (6), or
skin of various anatomical sites (¢, 5, 7).
Most tissue donors in such studies have,
as a rule, been randomly chosen from
living subjects and from subjects at post-
mortem, many of them with overt pa-
thology (/-3, 5-7). But other donors, af-
fected by specific inherited disorders of
premature and severe aging, give rise to
fibroblast strains with significantly de-
creased replicative lifespans in com-
parison to age-matched controls (5, 8).
At several laboratories it has now been
demonstrated that diabetes mellitus, a
common genetically determined disorder
that reduces life expectancy (9), also has
an adverse, although more subtle, influ-
ence on fibroblast growth capacity ¢, 5,
10). The present results indicate that
both clinically apparent diabetics and
subjects genetically predisposed to dia-
betes show the inverse correlation be-
tween donor age and replicative lifespan
of cultured fibroblasts, whereas carefully
selected normal individuals fail to show
this phenomenon.

Three groups of subjects, 25 normal
controls, 26 diabetics, and 21 ‘‘pre-
diabetics’’ (both parents of each pre-
diabetic had maturity-onset diabetes)
volunteered skin biopsies for this study.
Fibroblast strains were developed from
4-mm punch biopsies of anterior forearm
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skin and grown in a humidifed atmo-
sphere (95 percent air, 5 percent CO, at
37.0 = 0.3°C) 4). The normal subjects
were in excellent health, had a negative
family history for diabetes, and showed
normal glucose tolerance after repeated
testing (/7). Diabetic subjects were pre-
dominantly free of clinical complications
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and were not affected by other specific
genetic syndromes that are frequently
associated with diabetes (5, 8). Of the 26
diabetics, 24 were on daily insulin thera-
py, while the other two were regulated
on oral hypoglycemic agents. The pre-
diabetics, although they show no clinical
evidence of diabetes, presumably carry
an increased risk of developing diabetes,
although it is now believed that these
subjects may only have a 10 to 20 per-
cent risk of developing clinically appar-
ent diabetes by the age of 45 (/1).

Samples were assigned code numbers
at the time of biopsy and handled in ran-
dom order to avoid systematic bias. All
tissue culture operations were then car-
ried out by one of us (E.J.M.) without
knowledge of the specific or group iden-
tities of each donor. Cells were har-
vested from explants and subcultured at
a1 : 8 ratio as soon as they attained con-
fluence, three mean population dou-
blings (MPD) being counted each time
(2-7). The number of cells that became
attached to the petri dish after each sub-
culture was not routinely determined.
But in random tests on all strains, plat-
ing efficiency 6 hours after subculture
ranged from 80 to 100 percent at early
passage and 50 to 80 percent at late pas-
sage; no significant differences were
found between the cells of normal sub-
jects, prediabetics, or diabetics at these
two passage levels. Thus, while the cu-
mulative number of MPD is clearly an
underestimate in all cases (2-7), values
in the three groups can still be compared
with validity.

The onset of senescence in cultures
was marked by a slowing of growth so
that longer periods were required be-
tween subculture. Cultures not confluent
by day 7 were given a complete change
of medium then and each week there-
after until they became confluent, where-
upon they were subcultured. If a cell
strain was unable to grow to confluence
after 28 days with three changes of medi-
um (on days 7, 14, and 21), it was de-
clared dead and the cumulative number
of MPD at the last confluence was desig-

Fig. 1. Correlation between donor age and
replicative life-span of cultured fibroblasts (to-
tal mean population doublings) in normal, pre-
diabetic, and diabetic individuals. The linear
regression equations are: for normals,
y = 59.24 — 0.25 x; prediabetics, y = 66.57
— 0.46 x; and diabetics, y = 57.80 — 0.27 x.
The mean age (= S.D.) of diabetic patients
was 40.15 = 19.25 (range 14 to 76) years; pre-
diabetics, 40.00 = 15.06 (15 to 62) years; and
normals, 44.28 = 17.50 (15 to 76) years. The
mean weight in the three groups according to
Metropolitan Life Insurance tables was be-
tween 100 to 108 percent of ideal body weight.
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