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Summary.—The effects of aflatoxin B, on the endoplasmic reticulum of rat liver
has been examined in vivo. Electron microscopy has shown a disorganization and
degranulation of rough surfaced membrane under these conditions and evidenceis
presented that this is a primary effect of the toxin, and results from the direct
attack of the aflatoxin on the steroid-dependent ribosome binding sites on the
membrane. A technique is described by which the presence of degranulated rough
membrane may be detected in microsomal preparations.

ArLATOXIN B,, in common with a
range of carcinogenic substances, evokes
a morphological as well as biochemical
changes in liver cells (Butler, 1966;
Svoboda and Higginson, 1968). Thus,
inhibition of RNA synthesis is accom-
panied by nucleolar segregation (Svoboda
and Higginson, 1968), and inhibition of
protein synthesis by the detachment of
ribosomes from the rough-surfaced endo-
plasmic reticulum and the proliferation
of smooth membranes (Butler, 1966;
Clifford, Rees and Stevens, 1967 ; Svoboda
and Higginson, 1968; Harley, Rees and
Cohen, 1969). Apparent membrane de-
granulation is often seen as a response to
drug challenge and accompanies the
induction of enzymes associated with
nascent smooth membrane and is also
associated with drug detoxication (Arcos,
Conney and Buu-Hoi, 1961; Orrenius
and Ericsson, 1966; Conney, 1967). Since
liver also contains an apparently inducible
aflatoxin hydroxylase located in the
endoplasmic reticulum (Shabort and Steyn,
1969), such degranulation and concomitant
increase in smooth surfaced membranes
could be the result of either direct removal
of ribosomes from the membrane or the
induced synthesis of new smooth areas
of endoplasmic reticulum. However, the
fact that aflatoxin produces an inhibition
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of protein synthesis in addition to disag-
gregation of polysomes (Harley et al.,
1969; Pong and Wogan, 1969) suggests
that the observed response is not an
adaptive biosynthesis of smooth mem-
brane. This view is endorsed by the
finding that aflatoxin B, causes the dis-
sociation of ribosomes from rough sur-
faced microsomal vesicles in vitro (Wil-
liams and Rabin, 1969).

This paper describes an attempt to
discriminate between these two possible
situations in vivo—i.e. induction of nas-
cent smooth membrane or direct mem-
brane degranulation—during the period
of feeding aflatoxin B, to rats in carcino-
genic doses.

MATERIALS AND METHODS

Male albino rats of the Porton strain
(40-50 days old) were fed ad libitum pow-
dered MRC 41B or a diet contaminated with
aflatoxin B;. The contaminated diet was
made by mixing (1 : 1) the MRC 41B with an
aflatoxin contaminated groundnut meal
(““ Rossetti ”’ meal) from the stock held at the
Central Veterinary Laboratory, Weybridge,
Surrey. Repeated analyses of this meal
have shown it to contain 10 parts/108
aflatoxin B,, 0-2 parts/10¢ B,; no aflatoxin
G, or G, had been detected (Allcroft and
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Raymond, 1966). After 9 weeks on this diet
(t.e. 5 parts/10® aflatoxin B,;), Butler and
Barnes (1968) reported that 100%, of the
survivors eventually developed hepatomata.
The early pathological changes in the livers
of our experimental animals were similar to
those previously described by Butler and
Barnes (1963). There was no focal or zonal
necrosis.

Animals were sacrificed at intervals by
cervical fracture and their livers rapidly
excised and removed into ice-cold buffer
(TKM) containing 0-25 mol/l sucrose. The
livers were shredded, homogenized and sub-
fractionated into total microsomal membrane
fraction, rough and smooth surfaced sub-
fractions, and a “ free ” polysome prepara-
tion by centrifugation on discontinuous
sucrose gradients as described previously
(Williams, Gurari and Rabin, 1969; Williams
and Rabin, 1969; Williams, Rabin and
Kisilevsky, 1972).

RNA was estimated by the method of
Schmidt and Thannhauser (1945), using the
extinction coefficient for hydrolyzed RNA
quoted by Fleck and Begg (1965), and protein
by that of Lowry et al. (1951). Cholesterol
was determined by a modification of the
method of Abell, Levy and Kendall (1952).
The thiol-disulphide interchange enzyme was
assayed as previously described (Sunshine,
Williams and Rabin, 1971). Testosterone
hydroxylase activity was determined both
by substrate enhancement of NADPH oxida-
tion and oxygen consumption, NADPH
oxidase by the method of Orrenius et al.
(1968), and NADPH-cytochrome C reductase
after that of Phillips and Langdon (1962).

TKM refers to a buffer containing 50 mmol/l
“tris ” base, 25 mmol/l KCI and 5 mmol/l
MgCl,, titrated to pH 7-5 with AnalaR HCI
before final dilution.
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RESULTS

The total microsomal membrane pre-
paration (i.e. before separation into rough
and smooth subfractions) was compared
with that obtained from control animals
of the same age and weight. Although
protein recoveries in this fraction were
identical for both groups, the membranes
from treated animals showed a progres-
sive loss of RNA. Total microsomal RNA,
i.e. membrane bound and ‘ free’”, was
not significantly different in the 2 groups.
Table I shows the total RNA and mem-
brane protein recoveries for a series of
animals, together with the difference in
RNA : protein ratios between treated and
control groups. This value clearly in-
creases with the time of feeding, as is
shown graphically in Fig. 1. Butler and
Barnes (1968), using an identical diet,
found that feeding for 4 weeks produced
very few tumours, whereas extending the
feeding period to 9 weeks eventually
gave 1009 incidence of tumour. It is
interesting to note that the livers from
the group of animals removed from the
diet after 4 weeks returned to normal
rapidly (by the eighth week), whereas the
livers of those not removed from the
contaminated diet until after 9 weeks
recovered only partially, over a period of
months.

These data are clearly consistent with
membrane degranulation observed previ-
ously (Butler, 1966), but more information
about the nature of this effect may be
obtained by measuring the enzyme activi-
ties that are normally differentially distri-

TaBLE I.—The Recovery of Microsomal Protein and BN A from the Livers of Control and
Aflatoxin B, Treated Rats*

Post-mitochondrial

Microsomal membrane

RNA recoveredt protein recoveredt
Time after commencement A

of feeding (weeks) Control  Treated Control  Treated AQ%
1 1-7 1-7 14 13-5 0-01
2 3-2 2-9 7-6 7-3 0-02
3 2-2 2-1 8-5 8-2 0-028
6 2-8 2-9 — — 0-044
8 2-4 2-5 — —- 0-055

* Rat Group II.
t mg per g liver (wet weight).

1 AQ = [RNA : proteinjcontrot — [RNA : protein]ireatea for membrane bound RNA.
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Fic. 1. -The variation of membrane bound RNA in rats treated with aflatoxin B, as described in the

text, with time of treatment.

AQ is the difference between the ratio of RNA : protein in the mem-

brane fractions derived from the livers of control and treated animals. Feeding of the contami-

nated diet was stopped after 9 wecks.
control animals—Groups I, IT and III.)

buted within rough and smooth membrane
subfractions. Fig. 2 shows the variation
in a number of enzyme activities and
cholesterol concentration of a variety of
membrane subfractions with RN'A content
and illustrates the distribution of these
functions between smooth and rough
surfaced microsomal membranes. This
information potentially allows the detec-

(Data averaged from 3 separate groups of treated and

tion of degranulated membrane, which
will have the same activities as native
rough but will be co-fractionated with
smooth membrane. If the difference in
bound RNA were due to the induced
synthesis of normal smooth membrane,
we should expect: (1) activities in total
membrane preparations from treated ani-
mals to be higher than those in the con-
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Fia. 2.—The distribution of cholesterol (—(QO—), NADPH-eytochrome C reductase (— @—), testo-
sterone hydroxylase (—A—), and NADPH oxidase (— 4 -—) activities, among microsomal mem-

brane subfractions with different RNA : protein ratios.

The activities have been replotted on a

common scale as a percentage of the activity presumed in membranes with RNA : protein == 0,

obtained by extrapolation.

trols, and (2) the specific activities of
both smooth subfractions to be the
same.

If, however, the decrease in membrane
bound RNA were the result of direct
rough membrane degranulation, then we
should expect: (1) activities of total
microsomal membrane preparations from

both groups to be identical, although
having different amounts of bound RNA,
and (2) the specific activity of the
“ smooth *’ subfraction from treated ani-
mals to be lower than that from controls
since it would now be diluted by mem-
brane with only the same activity as
rough.
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TaBLE IL.—The Levels of Various Enzyme Activities in the Total Membrane Fraction
from Rats* Treated for 3, 5, and 6 Weeks with Aflatoxin B, and Controls

Time of feeding

(weeks) RNA : protein reductase
Control 3 0-070 2-44
Treated 3 0-054 2-45
Control 5 0-068 3-10
Treated 5 0-045 3-20
Control 6 . 0-083 2-40
Treated 6 . 0-050 2-50

* Rat Group II1.

Cytochrome Ct NADPH#t

Testosteronet | Cholesterol]
oxidase  hydroxylase (ug/mg protein)
1-10 . 1-60 . 22
1-20 . 1-60 . 23
1-30 . 1-55 . 23
1-30 1-50 . 22
N/D N/D . 17
N/D N/D ) 17

t Arbitrary units-—enzyme activity directly proportional to membrane protein concentration in

range used.
N/D--Not determined for this sample.

Table II shows that by the first
criterion, the differences in RNA : protein
result from direct membrane degranula-
tion since, although differing in RNA
content, total membrane preparations
from both groups have identical activities.
Furthermore, the dilution of activity in
smooth membrane subfractions from
treated animals when compared with those
from controls enables the degree of
degranulation postulated to be calculated
(AQeale),  TIf the activities of the smooth
and rough membranes from control ani-
mals are As and AT respectively, and the
difference between the smooth membrane
activity from treated and control animals
is AA, then we may write:

e 190 — QY

where Qt is the RNA : protein ratio of the
total membrane preparation from treated

animalsand Qisthe limiting value of RNA:
protein for the rough surfaced vesicles.

AQcalc —

Since the activity of the disulphide
interchange enzyme goes to zero as the
proportion of rough surfaced vesicles in
the membrane increases, this enzyme is
most conveniently used to determine the
value QO to be substituted in the expres-
sion given above (Williams and Rabin,
1969). Table III shows that these calcu-
lated values (AQe2I¢) agree remarkably
well with the measured differences in
RNA : protein between treated and con-
trol membrane fractions (AQ), endorsing
the view that AQ is the result of direct
membrane attack by aflatoxin B;, causing
the detachment of ribosomes.

Ribosome-membrane association in
vitro may be monitored by assaying the
activity of the thiol-disulphide inter-
change enzyme, the activity of which is
masked in our assay by bound ribosomes
(Williams et al., 1969; Williams and
Rabin, 1969, 1971; Sunshine et al., 1971).
Using this technique, it has been demon-
strated that smooth membranes from

TABLE IIT.—Comparison Between the Measured Degranulation (AQ) of Microsomal
Membranes in Aflatoxin B, Treated Rats* and the Degree of Degranulation Calcu-
lated from the Dilution of Smooth Membranes Activity by Degranulated Rough

(AQcalc)

AQ calculated on the basis of

Time of feeding

(weeks) AQ Cholesterol
3 0-016 . 0-015
5 0-023 . 0-027
6 0-034 . 0-032
7 0-039 . 0-045

* Rat Group ILI.
X/D—Not determined for this sample.

B
Cytochrome C  NADPH  Testosterone

reductase oxidase hydroxylase
0-015 0-015 0-010
0-022 0-022 0-024
N/D N/D N/D
N/D N/D N/D
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Fie. 3.—The change in apparent thiol-disulphide interchange enzyme activity of smooth surfaced
microsomal membranes from livers of control and aflatoxin treated rats when incubated with a
polysome preparation from the livers of control animals, of the same age and weight, in the presence

or absence of oestradiol.

Smooth membrane (c. 10 mg ml-! protein) from rats treated for 1 week

with aflatoxin B, were incubated with a preparation of * free ” polysomes from control animals

(c. 5mg ml-! RNA) in the presence of oestradiol (2 ug ml-1) (—QO-—).

Control membranes

were incubated in an identical way, replacing treated membranes, (— @) or as above but in the

absence of steroid (— A—).
sucrose, at 21°C.

animals which have not been starved
before killing will bind added ribosomes
in the presence of an appropriate steroid
—oestradiol for male membranes and
testosterone for female (James, Rabin and
Williams, 1969; Sunshine et al., 1971).
Rough membranes will only bind added
ribosomes after prior degranulation in
vitro by chelating agents (Siiss, Blobel,
and Pitot, 1966; Williams and Rabin,
1969) or puromycin (Adelman, Blobel
and Sabatini, 1970; Rolleston, 1972).
Fig. 3 illustrates an experiment in which
membranes from treated animals and
controls were each tested for their ability
to bind added polysomes from control
animals in the presence of oestradiol

All incubations were carried out in TKM containing 0-25 mol/l

(2 ug ml—1).  Smooth microsomal mem-
branes from control animals bind ribo-
somes in the presence of the steroid, the
activity of the enzyme decreasing rapidly.
In the absence of the steroid, the apparent
activity of the ribosome-membrane mix-
ture decreases only at the same rate as
the membranes alone. However, the
membranes from treated animals do not
appear to bind ribosomes at all in the
presence of the steroid, the apparent
activity of the enzyme decreasing only
at the same rate as the controls without
steroid. This inhibition of steroid induced
ribosome binding is seen in all the treated
animals, suggesting that aflatoxin B,
either blocks the steroid dependent bind-
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ing sites or prevents their formation.
Direct blockage or destruction of the sites
seems the most likely explanation since
it has been demonstrated to occur on
incubation of smooth membranes with
aflatoxin B, ¢ witro (Blyth, Freedman
and Rabin, 1971). This effect on smooth
membranes ¢n vivo has been observed as
early as 2 days after commencement of
feeding, i.e. before any degranulation can
normally be detected, indicating that the
potential ribosome binding sites in smooth
membrane are more sensitive than the
active sites on the rough to the effects of
aflatoxin B;.

DISCUSSION

The experiments presented here and
previously (Williams and Rabin, 1969,
1971) strongly suggest that both in wivo
and in vitro, aflatoxin B, blocks a site on
the endoplasmic reticulum responsible for
the binding of ribosomes. Degranulation
and disorganization of the rough surfaced
endoplasmic membranes in vivo have been
described for carcinogens as diverse as
diethyl- and dimethyl-nitrosamines (Svo-
boda and Higginson, 1968; Magee and
Swann, 1969), 2-acetylaminofluorene
(Flaks, 1970), aminoazo-dyes (Porter and
Bruni, 1959; Ketterer, Holt and Ross-
Mansell, 1967), ethionine (Svoboda and
Higginson, 1968; Baglio and Farber,
1965), benz[a]pyrene (Harris et al., 1971),
tannic acid (Svoboda and Higginson,
1968; Reddy et al., 1970) and aflatoxin
B, (Svoboda and Higginson, 1968 ; Butler,
1966). The significance of such an effect
remains to be evaluated but it is likely to
be an early event since most carcinogens
require metabolic activation and the
enzymes responsible are located mainly
in the endoplasmic reticulum. Local
generation of reactive metabolites within
the membranes could lead to a semi-selec-
tive inhibition of membrane associated
protein synthesis. The effect of such a
shift in the pattern of protein synthesis
could be of the utmost importance during
cell transformation.
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