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Aflatoxin, a substituted lactone, is a metabolite of certain strains of
Aspergillus flavus, a common mould which has been isolated from many
foodstuffs, including peanuts, wheat, rice, soybean, corn, bread, milk
and cheese,? especially when stored in hot, moist conditions.! The fungus
also has been found in tropical soils. The toxic principle was first recog-
nized in Great Britain 8 where it caused fatal liver disease in turkeys, and
it was later shown to be an extremely potent carcinogen.*® The various
chemical forms of aflatoxin have since been purified and identified.™

Because of its worldwide distribution, and especially its prominent oc-
currence in Africa, where circumstantial evidence has suggested that
foods may be contaminated by mycotoxins,>*° the potential significance
of aflatoxin in human cancer has aroused concern.

As part of a systematic study designed to delineate and compare the
acute, reversible subcellular changes produced by hepatic carcinogens
with those that predominate and persist during the precancerous stages,
we have examined some of the effects of aflatoxin. We were also inter-
ested in determining whether this toxin produces specific acute and
chronic hepatic lesions in animals. This would assist in elucidating the
hypothetical role of the toxin in man.

MATERIAL AND METHODS

The aflatoxin B; used in these experiments was obtained through the generous co-
operation of Dr. G. N. Wogan (Massachusetts Institute of Technology). A “crude”
aflatoxin B, used in some of the earlier experiments was stated by Dr. Wogan to be ap-
proximately one-fourth as strong as the pure preparation. The lesions produced by
both preparations, however, were qualitatively similar. The agent was administered
as a solution in ethanol or in ethanol/propylene glycol but the vehicle and the route of
administration did not affect the qualitative nature of the lesions.

Acute Studies

Rats. Inbred male F-344 rats (250 to 300 gm) were used. Rats whose tissues were
to be used for electron microscopic studies were divided according to the dose schedules
in Table I. They were fed Purina® Chow, but were starved 24 hours before sacrifice.

Monkeys. Six female rhesus monkeys weighing approximately 2 kg were treated as
follows:
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(1) 3 mg per kg, pure aflatoxin, by mouth (PO) (died at g6 hours),

(2) 2.6 mg per kg, pure, intraperitoneally (IP) (sacrificed at 24 hours),

(3) 2.6 mg per kg, pure, IP (died at 60 hours),

(4) 2.5 mg per kg, pure, IP (sacrificed at 48 hours),

(5) o.45 mg per kg, pure, PO (sacrificed at 48 hours),

(6) 2.6 mg per kg, crude, IP (sacrificed at 48 hours).
Electron microscopic studies were carried out in animals 2, 4, 5 and 6. Light micros-
copy was accomplished on the tissues of all monkeys.

Chronic Studies

Sixteen male weanling ¥-344 rats were fed pure aflatoxin B,, 1 part per million
(ppm) in a synthetic diet ad libitum (16 per cent vitamin-free casein; 10 per cent corn
oil; 62.5 per cent sucrose; 2.5 per cent vitamin mix; 4 per cent salt mixture, UsP X1v;
5 per cent Alphacel). After 16 weeks, in g animals, the dose was increased to 2 ppm. At
33 weeks, all animals were placed on Purina® Chow for an additional 19 weeks. During
the entire experiment, laparotomy was performed and biopsy made as indicated in
Table II. Laparotomies were performed on all animals at 33 weeks and complete
necropsies were done at sacrifice.

TABLE 1
DOSE SCHEDULES FOR ACUTE TOXICITY EXPERIMENTS IN RATS

Number
Group of rats * Dose Route Sacrifice

Pure aflatoxin B,

1 2 3.78 mg/kg PO 72 hours

2 4 1.89 mg/kg PO 24, 48 & 72 hours

3 12 0435 mg/kg PO 24, 48 & 72 hours

4 6 0.167 mg/kg IP 24, 48 & 72 hours
Crude aflatoxin B,

[ y 2.6 mg/kg IP 24, 48 & 72 hours

6 2 2.0 mg/kg P 1 hour

y 8 10 mg/kg IP 12, 24, 48 & 72 hours

* This refers only to those rats used for the electron microscopic study. Additional rats
were used for light microscopy and for biochemical analysis.

TasLe 11
CHRONIC AFLATOXIN EXPERIMENTS IN RATS
Aflatoxin Appearance Animals
No. concentration of first with
Group  animals in diet Duration Biopsy (wks.) tumor tumors
b3 6 1 ppm 33 weeks 2, 6, 10, 13, 35 weeks 3/6
14, 18, 20,
24, 35,37,
39, 40, 52
2 9 1 ppm 16 weeks 18, 20, 23, 26 weeks 9/9
followed by 26, 28, 30
2 ppm 17 weeks 35,37, 39,

40, 48, 52
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Morphologic Studies

Electron Microscopy. Each rat was lightly anesthetized with Metofane and its ab-
domen opened by a midline incision. Slices of liver were removed from either the me-
dian or lateral lobes, including tumor if present; these were minced into cubes mea-
suring 1 mm or less and fixed for 1 hour in 2 per cent osmium tetroxide buffered to
pH 7.4 with s-collidine. Additional samples were fixed in phosphate-buffered glutaral-
dehyde. The tissue was dehydrated in a graded series of alcohols and embedded in
Epon 812. Thin sections cut with an LKB Ultratome were mounted on titanium
grids, stained with lead or uranium and examined with an RCA 36 electron micro-
scope employing a 35- to 40-p objective aperture and an accelerating voltage of 50 kv.

Samples of pancreas were taken from 2 animals at each interval in group 3 (Ta-
ble I).

The monkeys were anesthetized with Nembutal® (30 mg per kg IP) and samples
of liver quickly removed. The tissue was subsequently prepared for electron micros-
copy with the same methods used for rat liver.

Light Microscopy. Samples of all viscera from both rats and monkeys were fixed in
neutral buffered formalin, embedded in paraffin and stained with hematoxylin and
eosin. Selected blocks from both species were stained with the periodic acid-Schiff
(PAS) technique, the Feulgen stain and methyl green—pyronine. Frozen sections
were stained with oil red O for fat. Semithin (0.5 to 1.5 ) sections of liver prepared
for electron microscopy were stained with toluidine blue for light microscopic exami-
nation.

Biochemical Studies

Specimens of rat liver were homogenized in a Potter-Elvehjem homogenizer and
the nuclear fraction separated by the method of Widnell and Tata.!! Purity of the
fraction was confirmed by electron microscopic examination of embedded pellets and
by estimation of the glucose-6-phosphatase activity in the fraction.12:18 Nucleic acids
were determined by the method of Schneider.14 Protein was estimated by the Lowry
method.1® For total lipids, liver was dried to a constant weight, extracted with Bloor’s
ethanol-ether solvent, reweighed and the lipid content determined by difference.
Glycogen was determined by the method of Seifter 18 using the anthrone reagent.
These biochemical determinations were performed in duplicate and the results ex-
pressed per mg DNA,

Phosphorous—oxygen (P:0) ratios were determined with alphaketoglutarate as
the substrate as outlined by Umbreit, Burris and Stauffer.l?” Malonate was included
to block oxidation of succinate.

REsuLTs
Acute Experiments

Rats. Light Microscopy. In our experience a dose of 0.45 mg per kg
as used in group 3 was the most suitable to permit study of cytologic
changes without excessive necrosis during the period of the acute experi-
ments. Accordingly, the following descriptions related to both light and
electron microscopy are concerned with this group except where other-
wise indicated.

In groups 2 and 3, at 24 hours there was slight swelling of periportal
parenchymal cells and increased acidophilia; there was also loss of gly-
cogen and pyroninophilia in the periportal and midzonal areas. Scanty
mononuclear cell infiltrates were present about some of the portal tracts.
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By 48 to 72 hours, there was well marked necrosis of periportal liver cells
with a neutrophil and mononuclear cell infiltrate. There was slight ductu-
lar and bile duct proliferation, some cells showing mitotic figures. Occa-
sional acidophilic bodies were seen in liver and Kupffer cells. At these
intervals nucleoli stained with Feulgen stain, methyl green-pyronine and
hematoxylin and eosin, were much smaller and less numerous than in the
normal state. At 72 hours necrosis was more apparent. In 2 rats given
2 mg per kg crude aflatoxin and sacrificed at 1 hour (group 6) no light
microscopic changes were detected; by electron microscopy, however,
nuclear alterations (see below) were conspicuous. In rats given o0.167
mg per kg pure aflatoxin IP (group 4) no necrosis was observed and
changes in periportal parenchymal cells were negligible.

Electron Microscopy. Twenty-four Hours. The most prominent
changes occurred in nuclei; there were diminution in nucleolar size, sepa-
ration of the fibrillar and granular components of the nucleolus and for-
mation of nucleolar “caps” (Fig. 1). In some cells, complete separation
of the fibrillar and granular elements was seen (Fig. 2) while, in other
nuclei, nucleolar components were accompanied by dispersed nucleolar
granules (Fig. 3). While the lobular orientation in sections examined by
electron microscopy was uncertain, examination of semithin sections by
light microscopy indicated that the nuclear alterations were present
throughout the lobule and were present in almost all cells.

In the cytoplasm there was proliferation of smooth endoplasmic re-
ticulum (Fig. 4) and early focal cytoplasmic necrosis. Dissociation of
ribosomes from ergastoplasmic membranes was conspicuous (Fig. 5).
In the periportal regions, mitochondria were closely packed and lacked
normal matrix dense granules but contained numerous ill-defined flecks
of dense material (Figs. 6 and 7).

Forty-eight Hours. By 48 hours, nuclear changes described previously
persisted and were of somewhat greater variety although it was not pos-
sible to reconstruct a temporal sequence based on their severity. The
mitochondria in many cells contained roughly circular areas consisting
of a granular interior surrounded by a dense periphery (Fig. 8). In the
cytoplasm, extensive myelin figures were common (Fig. 9) and numerous
lipid droplets were present within cisterns of endoplasmic reticulum
(Fig. 10). Dissociation of ribosomes from ergastoplasmic membranes
persisted.

Seventy-two Hours. Nuclear abnormalities persisted and small con-
densations of the fibrillar component measured approximately o.5 to
0.7 »in diameter. This component was frequently closely associated with
a collection of dense granules.

Aside from necrosis of periportal cells, the cytoplasmic changes at 72
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hours consisted of enhanced proliferation and dilatation of smooth endo-
plasmic reticulum particularly in peripheral portions of cells, extensive
formation of myelin figures and accumulation of lipid globules.

Groups 1, 4, 6 and 7. Certain additional changes were observed in re-
maining groups. In group 1 the necrosis was very extensive throughout
the liver. By electron microscopy, the necrotic areas showed advanced
disruption of cells with mitochondrial swelling and fragmentation of en-
doplasmic reticulum. In group 4, no electron microscopic changes were
observed.

By one hour, in rats given 2 mg per kg of crude aflatoxin (group 6),
nuclear alterations indistinguishable from those present at 24 hours in
group 3 (o.45 mg per kg) were already apparent, but only a moderate
proliferation of smooth endoplasmic reticulum was seen.

By 12 hours rats given 1 mg per kg of crude aflatoxin IP (group 7)
showed increased proliferation of smooth endoplasmic reticulum and
prominent dissociations of ribosomes from ergastoplasmic membranes
(Fig. 11). In occasional cells, partially sequestered groups of mitochon-
dria showed bleb-like evaginations imparting a “dumbbell” shape to their
profile. The evaginations lacked cristae and dense matrix granules and
were limited by a single membrane (Fig. 12). The nuclear alterations
were similar to those in group 3 at 24 hours or in group 6 at 1 hour.

Monkeys. Light Microscopy. Liver of the monkey given 2.6 mg per
kg of pure aflatoxin and sacrificed at 48 hours showed sinusoidal conges-
tion with cell vacuolization. While individual cell necrosis and eosino-
philic bodies were prominent (Figs. 13 and 14), occasionally extensive
areas involving contiguous lobules were necrotic. A moderate neutrophil
reaction accompanied the necrosis. Slight oval cell proliferation was pres-
ent as was a mononuclear infiltration about the portal tracts. The peri-
portal necrosis seen in rats was not observed.

The liver in the monkey given o0.45 mg per kg pure aflatoxin orally
and sacrificed at 48 hours showed very occasional acidophilic cell necro-
sis and slight periportal loss of glycogen with moderate to marked ac-
cumulation of intracytoplasmic fat droplets throughout the lobule. The
liver in the animal given 2.5 mg per kg pure aflatoxin and sacrificed at
48 hours showed extensive hemorrhagic necrosis with few cells remaining
intact. Neutrophils were present throughout and were particularly nu-
merous in portal tracts. There was marked loss of glycogen. The reticulin
pattern was not altered conspicuously. In the monkey given 3 mg per kg
pure aflatoxin orally, by 96 hours there was massive hemorrhagic necro-
sis with a prominent neutrophil reaction throughout the lobules and in
portal tracts. In addition, early bile duct proliferation was apparent.

Electron Microscopy. In nuclei, changes comparable to those in the
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rat were observed. The nucleolus was separated into zones with distinct
fibrillar and granular components (Fig. 15) with the granules being
somewhat larger, more discrete and dispersed than in the rat. In many
nuclei, angular condensations measuring 0.5 to 1 » were common; these
were of uncertain origin and composition (Fig. 16).

The ultrastructural alterations in the cytoplasm of viable liver cells
in the monkey, while essentially similar to those in rats, appeared less
pronounced and varied. Lipid accumulation and vesicles of smooth endo-
plasmic reticulum were prominent. Significant mitochondrial abnormali-

ties were not detected.
Biochemical Studies

The results of the biochemical studies (group 3) are shown in Tables
III and IV. While the protein/DNA value decreased equally in both the
homogenate and in the nuclear fraction, the fall of RNA/DNA ratios
was predominantly in the cytoplasm. The nuclear RNA/DNA ratio de-
creased by only 8 per cent. Glycogen levels dropped markedly but no

TasLe II1

BIOCHEMICAL CHANGES IN RAT LIVER ¥

Control 24 Hours 48 Hours 72 Hours

Total homogenate T

DNA 2.58 2.70 2.84 2.98
mg/gm =+o0.05 +o0.07 =+o0.07 =*+o.10
wet liver

RNA 3.46 2.68 2.1y 2.0y
mg/mg DNA =+0.03 =+0.09 *+o.10 =+0.08

Protein 74 65 59 57
mg/mg DNA =+0.84 =*+1.69 =+1.68 +4.03

Glycogen 9.4 3.7 1.y 14
mg/mg DNA +143 =+0.94 *+o0.25 +0.40

Lipids 48 48 47 55
mg/mg =+2.69 +1.74 =+4.86 +3.97
wet liver

G-6-p-ase 49 38 2.9 2.9
mg/mg DNA =+o0.22 =+0.08 =+o0.29 +048

Isolated nuclear fraction +

DNA 147 1.38 1.34 143
mg/gm wet liver =+0.08 *o.0r1 *o.r2 +o0.07
0.33 0.29 0.28 0.30
mg/mg DNA =+o.01 =+o.01 =+o.01 =+0.003
Protein 5.1 4.8 4.5 3.8
mg/mg DNA =+0.24 =+0.48 =+o0.19 =+0.28
G-6-p-ase 0.028 0.04 0.03 o.o1y
mg/mg DNA =+o.01 =+0.002 =+0.006 =+0.003

* Oral dose: 0.450 mg pure aflatoxin per kg body weight.
1 Mean =+ standard error.
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TasBLE IV

CHANGES IN RESPIRATION AND OXIDATIVE PHOSPHORYLATION
OF RAT LIVER MITOCHONDRIA FOLLOWING AFLATOXIN ¥

Number of
animals P:O ratios ul O,/mg N/hour
Controls 4 3.5%0.06 38%*3
24 hours 4 2.9+0.12 28+6
48 hours 4 1.72+0.03 163
%2 hours 4 1.4+0.04 34*s

* Oral dose: 0.450 mg pure aflatoxin per kg body weight.

uniform change was seen in lipid content. The low levels of glucose-6-
phosphatase activity in the nuclear fractions indicated a high degree of
purity of this fraction. In further studies, it was found that the degree of
nuclear recovery (as determined by comparison of homogenate DNA
to nuclear fraction DNA) correlated with the severity of necrosis as
seen by light microscopy.

The results of studies on the mitochondrial fraction are shown in
Table IV. Increasing functional damage to mitochondria with time is
indicated by the decreasing P:0O ratios after the administration of afla-
toxin. Both oxygen consumption and phosphorylation were inhibited
although the essentially normal oxygen consumption at 72 hours may
have indicated recovery of respiration without concomitant return to
normal of phosphorylation. Since the P:O ratio at 72 hours was not
greatly altered from the 48-hour value and the oxygen consumption
doubled, the absolute amount of phosphorylation per mg of N essentially
doubled between 48 and 72 hours.

Chronic Experiments

Light Microscopy. In chronic experiments, the lesions were almost
totally confined to parenchymal cells. Bile duct and oval cell prolifera-
tion was scant or absent even after 33 weeks. Cirrhosis or fibrosis was
never observed even when tumors were present. By 10 weeks, a few
scattered hyperbasophilic foci and occasional megalocytes began to ap-
pear (Fig. 17). The lesions did not increase in number markedly; the
parenchymal pattern tended to become indistinct with variation of cell
size and width of cords. Hyperplastic cells were intermingled with foci
of atrophic basophilic cells. In some areas, lines of stress appeared sug-
gesting irregular parenchymal hyperplasia. The first tumor appeared at
26 weeks in a liver showing relatively little architectural abnormality.
After restoration to a normal diet at 33 weeks changes similar to those
above persisted though hyperbasophilic areas were more prominent and
nucleolar enlargement was conspicuous in many areas. By 52 weeks,
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hepatomas had developed in 12 of 15 animals. These tumors were well
differentiated hepatomas or adeno-hepatomas composed of large, clear
cells with a compact pattern with circular or sinuous lumens as previ-
ously described.*!® Some appeared to be associated with hyperbasophilic
foci although the tumor cells more nearly resembled clear cells often
adjacent to hyperbasophilic collections. Tumors were not encapsulated
but were distinctly demarcated from the surrounding liver by absence
of cytoplasmic basophilia (Fig. 18), lines of stress and compressed
reticulum (Fig. 19). With PAS stains, though many tumor cells had
abundant amounts of glycogen, others did not (Fig. 20).

Electron Microscopy. The electron microscopic changes in chronic ex-
periments were slight. In no animals were the nucleolar alterations en-
countered in the acute experiments observed. By 10 weeks, the only
conspicuous abnormality in liver cells was the presence throughout the
cytoplasm of irregular spaces, even in paranuclear locations; these ap-
peared to arise from dilated tortuosities of bile canaliculi (Fig. 21).
After 10 weeks, the only consistent change noted was an increased promi-
nence of the smooth endoplasmic reticulum and occasional areas of focal
cytoplasmic necrosis. Dissociation of ribosomes from ergastoplasmic
membranes was not appreciable at any stage. Hyperplasia of smooth ER
was the only change uniformly present in liver cells after restoration to
the normal diet and in non-tumor areas of the tumor-bearing liver.

Tumors. Tumor cells were characterized by prominent collections of
vesicles of smooth endoplasmic reticulum, fat granules and a paucity of
dense granules in the mitochondrial matrix (Fig. 22). Occasional cells
contained mitochondria with linear strata of crystalloids (Fig. 23). The
“clear” cell pattern of tumors observed by light microscopy appeared
due to the extensive dilatation of cisterns of endoplasmic reticulum (Fig.
24). The lumen spaces seen by light microscopy were vascular sinusoids,
often without a continuous lining (Fig. 25).

Two features predominated in the nuclei of tumor cells. In many, there
were focal interruptions of the external lamina of the nuclear envelope.
Second, most nuclei, regardless of plane of section, lacked a distinct nor-
mal nucleolus. Instead, the nucleus contained large interchromatinic
areas with dispersed fibrils, presumably DNA, and collections of gran-
ules compatible with interchromatin granules (Fig. 26).

Discussion
Acute Effects
The acute changes in the rat as viewed by conventional microscopy

were essentially as described by others and included periportal paren-
chymal cell necrosis and slight bile duct proliferation.1?2° With electron
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microscopy, the most prominent features were separation of the granu-
lar and fibrillar components of the nucleolus with the formation of
nucleolar “caps”?'?* in both rats and monkeys. The morphologic altera-
tions were accompanied by a slight decrease in nuclear RNA content,
and a marked fall in cytoplasmic RNA. A significant fall in both nuclear
and cytoplasmic protein was also observed.

The nomenclature of nucleolar constituents as observed by electron
microscopy is based largely on the terminology developed from earlier
light microscopic studies; consequently certain inconsistencies have re-
sulted. The nucleoli in the present experiments showed such a wide vari-
ety of structural abnormalities that it was difficult to construct a tem-
poral sequence of changes even at 1 hour. Further, it is uncertain
whether these variations represented a continuum proceeding from a
single biochemical cause or whether some changes were morphologic ex-
pressions of secondary or tertiary lesions. Current knowledge about
nuclei does not permit definite conclusions at this time and, as Schoefl
stated #2 if any nucleolar synthetic processes are blocked, the structure
undergoes marked alteration.

It is generally agreed that the primary function of the nucleolus is
related to ribosomal and protein synthesis. Chipchase and Birnstiel 2
concluded that most, if not all, of the ribosomal RNA is synthesized by
non-nucleolar portions of chromatin and then transferred to the nucleo-
lus for assembly into ribosomes. Autoradiographic studies2® have also
shown that nuclear RNA synthesis occurs in both the nucleolus and the
chromatin with the former consistently containing more label than the
latter. Accordingly, it is possible that the nucleolar changes may be a
nonspecific morphologic representation of interference with the chroma-
tin—nucleolar axis and that they reflect variations in fundamental cell
activity, particularly protein synthesis.

The broader implications of the nuclear alterations due to aflatoxin
are difficult to envisage. Similar morphologic changes are caused by a
variety of agents whose biochemical action on cell nuclei either differs
from that of aflatoxin or has not yet been studied adequately to permit
functional generalization. Similar nuclear changes have been reported
after actinomycin D, mitomycin, 4-nitroquinoline-N-oxide and certain
pyrrolizidine alkaloids.?*4#" Despite differences in time of onset, dura-
tion and pattern, they appear to be essentially of the same order in all
cases, and one may speculate further on their functional significance.

The pyrrolizidine alkaloids, lasiocarpine and Crotolaria extract, cause
an early decrease in total cell content of RNA and protein and probably
act as alkylating agents.2® They also induce nucleolar abnormalities in-
distinguishable from those due to aflatoxin. It is therefore possible that
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nucleolar “caps” represent morphologic evidence of alkylation.?” How-
ever, not all alkylating agents induce similar nucleolar alterations. Other
agents which methylate, such as dimethylnitrosamine,? or ethylate RNA
and possibly DNA 2%8 do not appear to cause such abnormalities.??:38
Also, comparisons of actinomycin D, mitomycin C, and 4-nitroquinoline-
N-oxide reveal certain differences in their effects on cells and incon-
sistencies that do not permit assigning a single cause for nucleolar
“caps”. Actinomycin causes rapid, early and extensive inhibition of
DNA-dependent RNA synthesis. On the other hand, with mitomycin,
RNA synthesis is not disturbed initially although later there is a mod-
erate action on RNA and protein synthesis.?** Nitro-quinoline-N-
oxide, moreover, primarily induces SH-containing enzymes followed
by arrest of glycolysis and decreased cellular ATP content with inhi-
bition of nucleic acid and protein synthesis following secondarily.?® It
has been suggested that mitomycin cause a cross-linking of DNA strands
or depolymerization of DNA. Preliminary studies in this laboratory,
however, using large doses of nalidixic acid, a drug which resembles
radiomimetic agents and which cross-links DNA strands yieldinga DNA
resembling that isolated from cells treated with alkylating agents,®®
failed to produce nucleolar changes within 24 hours.?” Furthermore,
x-radiation of cells produces nuclear and nucleolar alterations that bear
little resemblance to those due to aflatoxin, lasiocarpine or mitomy-
cin 38

Clifford and Rees %? showed that 30 minutes after aflatoxin poisoning
in rats, one-third of the cell content of aflatoxin was in the nucleus. It
was further shown that calf thymus DNA altered the absorption spec-
trum of aflatoxin Bi. Similarly, Sporn, Dingman, Phelps and Wogan *°
showed that aflatoxin binds to DNA and lowers nuclear RNA content.
The latter workers pointed out that the characteristics of enzyme in-
hibition caused by aflatoxin were very similar to those caused by acti-
nomycin D, ;

The nucleolar zonal rearrangement could have been a result of in-
creased nuclear RNase activity. Inhibitors of RNase in cell nucleoli have
been demonstrated but their role is largely unknown.** Chevremont,
Chevremont-Comhaire and Firket *? reported, by light microscopy of
cultured cells, that RNase caused shrinkage and fragmentation of
nucleoli; no electron microscopic studies have been reported, however,
in intact animals. A further possibility is interference with the normal
function of histones which appear to play an important role in DNA
repression,*® (Allfrey, cited by Moore#*), and in the regulation of nu-
cleolar RNA synthesis.#®* Conceivably, interruption of the normal
stabilizing effect of histones *® could result in abnormal nuclear structure.
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It would appear that zonal transformation itself is a secondary change
probably depending on altered nuclear constituents other than the nu-
cleolus since it occurs after ultraviolet radiation of non-nucleolar areas
of the nucleus rich in DNA, but not after radiation of the nucleolus it-
self.*” It has been suggested that nucleolar “caps” in cell cultures repre-
sent a form of spontaneous degeneration.*® Long-term protein deficiency
causes appreciable zonal change in nucleolar constituents.*®

In conclusion, it would appear that zonal transformation is a sec-
ondary change in the nucleolus dependent upon a disturbance in the
configuration of DNA, histones or RNase and results in a consequent
alteration in RNA and protein synthesis.

Biochemical Effects

Although only limited studies of the biochemical effects of aflatoxin
are available, certain interesting aberrations in liver cell activity have
been reported. Wogan and Friedman®® showed that aflatoxin inter-
fered with the ability of liver cells to respond to enzyme induction after
the administration of tryptophan or hydrocortisone. Friedman and
Wogan ®! and Sporn and co-workers*° also showed that aflatoxin B;
caused a marked reduction in the nuclear RNA/DNA ratio. These
workers indicated * that the early effect on RNA metabolism could be
one of the primary manifestations of aflatoxin toxicity. On the other
hand, Frayssinet, Lafarge, DeRecondo and LeBreton %2 found no im-
pairment of RNA synthesis in the nucleus following aflatoxin. In our
experiments, while the RNA/DNA ratio in the homogenate fell by 40
per cent, that in the nuclear fraction decreased by only 8 per cent. It is
possible that the higher dose of aflatoxin used by Wogan and colleagues
caused more extensive cell necrosis with nuclear disruption permitting
leakage of RNA out of the nuclei. Additional experiments in our labora-
tories with aflatoxin have demonstrated that the percent recovery in
preparing the nuclear fraction by centrifugation, as measured by DNA
content, is directly related to the extent of necrosis. Recovery thus prob-
ably relates to the proportion of intact nuclei within a homogenate.

Wogan ® also showed that there was a biphasic response in protein
synthesis following aflatoxin; an immediate, transient suppression was
followed, at 3 days, by prolonged stimulation for several days. Our
studies, dealing only with protein content rather than synthesis or turn-
over, showed that the protein/DNA ratio in the homogenate fell by 24
per cent. Frayssinet and co-workers ®* showed that aflatoxin given to
rats 5 days before partial hepatectomy inhibited liver regeneration and
caused a decrease in total RNA and protein synthesis.
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Chronic Effects

In view of the potent carcinogenic properties of aflatoxin which may
cause tumors even following a single dose, the possible relationship of
the acute toxic changes to the chronic carcinogenic properties of the
agent are of interest. The acute morphologic changes occurring in the
nucleus were not observed in the chronic studies and nuclear and cyto-
plasmic alterations were negligible. This is in conformity with the light
microscopic findings in which liver damage was minimal prior to the
onset of small irregular adenomatous nodules. Although the present
studies support the role of a direct nuclear effect by aflatoxin, significant
nucleolar abnormalities in chronic poisoning, prior to appearance of
tumors, were not observed. The relationship of acute nucleolar changes
to carcinogenesis becomes problematic when one considers that potent
carcinogens, such as polycylic hydrocarbons and azo dyes, act predomi-
nantly in the cytoplasm; other agents which interact with DNA or de-
stroy the chemical integrity of chromosomes may be only weakly active
or inert as carcinogens. If the acute nuclear changes are related to the
carcinogenic process, it is possible that they occur in only a few cells
which were missed on electron microscopic sampling of the liver during
chronic experiments.

Other Species

In the monkey, Madhavan, Suryanarayana and Tulpule® showed
that aflatoxin caused severe, generalized fatty change, proliferation of
ductular cells, periductular sheaths of connective tissue and intralobular
and portal clusters of mononuclear cells with little necrosis or regenera-
tion of hepatic cells.

In the present study, the light microscopic changes in monkey liver
in acute poisoning were distinctly different from those seen in the rat.
Focal cell necrosis predominated in contrast to the marked periportal
necrosis present in the rat and the duckling.®® The pattern of these
changes was not unlike the lesions of viral hepatitis in man, except for
the lack of periportal cellular infiltration. This aspect, however, requires
further study at various dose levels. The observations in simian primates
raise the possibility that, in man, an episode of aflatoxin poisoning could
be confused, on histologic grounds, with acute viral hepatitis. The pos-
sibility becomes all the more interesting when one considers that viral
infection of the liver has been linked to some liver cancers in Africa 2
and that periportal hepatic necrosis such as occurs in the rat is rarely
seen in populations among whom there is a high incidence of liver can-
cer.
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In the duckling, Theron *® demonstrated lysis of mitochondrial mem-
branes 4 hours after administration of aflatoxin. He illustrated, in addi-
tion to mitochondrial abnormalities, a decrease in membrane-associated
enzymes as well as structural damage in membranes of mitochondria,
microvilli, or endoplasmic reticulum in close contact with extravasated
erythrocytes. He stated that the toxin was transported by erythrocytes
and, accordingly, all membrane structures in close contact with toxin-
bearing red cells were injured. Such intracellular effects of red cells were
not seen by us in either rat or monkey liver.

SUMMARY

Acute studies of ultrastructural and biochemical abnormalities in-
duced by aflatoxin B; in the liver of rats and monkeys revealed ab-
normalities in nuclear fine structure. These were accompanied by de-
creased cytoplasmic RNA and protein content as well as a fall in nuclear
protein levels. The early abnormalities in nuclear ultrastructure re-
sembled those due to actinomycin and other agents which cause nuclear
“capping”. The biochemical lesion primarily related to the nucleolar
responses, however, requires further elucidation. Mitochondrial func-
tion, as determined by P:O ratios, was abnormal in early stages follow-
ing aflatoxin administration, but it appeared that respiratory activity
recovered without a simultaneous and comparable degree of phosphory-
lative capacity.

The acute hepatic lesions in monkeys, by light microscopy, bore
some resemblance to the changes in human liver in acute viral hepatitis.

In chronic experiments, nucleolar changes such as those present in
acute experiments were not observed. On the other hand, well differen-
tiated hepatocellular carcinomas appeared in a significant number of
animals whose livers otherwise showed little architectural abnormality.
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LEGENDS FOR FIGURES

Figures 1 through 10 are from the livers of rats given 0.45 mg per kg of pure afla-
toxin orally.

Fic. 1. Twenty-four hours. The fibrillar (f) and granular (g) components of the

nucleolus are separated into two distinct zones. Lead stain. X 60,000,

Fi1c. 2. Twenty-four hours. There is complete separation of the fibrillar (f) and

granular (g) components with some dispersion of nucleolus-associated chromatin,
Lead stain. X 60,000.
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Fi1c. 3. Twenty-four hours. Nucleolar constituents are separated (f,g) and accom-
panied by a constellation of granules (bracket). The granular constellation prob-
ably does not represent a “burst” nucleolus 22 since the fibrillar and granular
nucleolar constituents are still present. Lead stain. X 9,900.

F16. 4. Twenty-four hours. There is marked proliferation of vesicles of smooth
endoplasmic reticulum. Lead stain. X g9,900.
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F16. 5. Twenty-four hours. Dilatation and partial degranulation (arrows) of the en-
doplasmic reticulum are prominent. Early focal cytoplasmic necrosis is present;
the foci are only partially limited by a membrane (asterisks). Lead stain.

X 17,000.

Fi1cs. 6 and 7. Twenty-four hours. The mitochondria, though lacking normal dense
matrix granules, contain ill-defined flecks (arrows). In Figure 7, selected mito-
chondria with membrane-limited matrix ‘“cavities” are illustrated. Lead stain.
X 17,000.
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F1c.8. Forty-eight hours. In the matrix of many mitochondria of periportal cells,
there are several roughly circular areas within a granular interior and usually a
more dense periphery (arrows). Lead stain. X 28,800.

Fic. 9. Extensive development of the smooth endoplasmic reticulum forms myelin
figures. This appears in many cells at 48 hours. Continuity with the rough endo-
plasmic reticulum is apparent at the arrow. Lead stain. X 11,400.

Fic. 10. In the midzonal and centrilobular cells the mitochondria frequently exhibit
indentations (i). Numerous lipid droplets (1) are present in cisterns of endo-
plasmic reticulum Lead stain. X 17,000.
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Fi1c. 11. In rats given 1 mg per kg crude aflatoxin, dissociation of ribosomes from
ergastoplasmic membranes (arrows) is a conspicuous abnormality at 12 hours.
Lead stain. X 20,000.

F16. 12. At 12 hours after 1 mg per kg crude aflatoxin, mitochondria in partially
sequestered portions of cytoplasm exhibit evaginated blebs (arrows) limited
by a single membrane and lacking cristae and matrix granules. Lead stain.
X 17,000,
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F1c. 13. Monkey liver, 48 hours after 2.6 mg per kg pure aflatoxin. Necrosis of con-
tiguous cells is evident along with nuclear debris (arrows). Hematoxylin and

eosin stain. X 750.

F1c. 14. Monkey liver, 48 hours after 2.6 mg per kg pure aflatoxin. Isolated foci of
cellular necrosis and homogeneous acidophilic bodies (arrow) are apparent.
Hematoxylin and eosin stain. X 750.
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F1c. 15. Monkey liver 48 hours after 2.6 mg per kg pure aflatoxin. Zonal rearrange-
ment of nucleolar constituents is prominent. The fibrillar components are present
at fy, f, and f; while granules (g) are large, discrete and separated. Lead stain.
X 55,000.

F1c. 16. In many nucleoli of monkey liver cells 48 hours after aflatoxin, angular
densities (arrows) are prominent. Lead stain. X 60,000.
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Fic. 17. Tumors appear to be related to vacuolated cells (arrow) situated adjacent

to hyperbasophilic foci. These are common in the rat liver after 16 weeks on a
diet containing 1 ppm aflatoxin. Azure—eosin stain. X 250.

Fic. 18. Hepatoma, rat liver. Most tumors (left) are composed of large, clear cells
in a compact pattern with occasional circular or elongated vascular channels.
Tumor cells are distinctly demarcated from the non-tumor area (right) by the
absence of cytoplasmic basosphilia. Azure—eosin stain. X 250.
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F1c. 19. Tumors are demarcated from the surrounding liver by a compressed reticu-
lum at their periphery. Gordon—Sweet stain. X 100.
F16. 20. Many tumor cells contain glycogen (arrows) while others do not. PAS

stzin with diastase digestion. X 250.
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F1c. 21. By 10 weeks, the most conspicuous abnormality in rat liver cells is the
presence of intracytoplasmic spaces that appear to arise from dilated tortuosities
of bile canaliculi. Lead stain. X 24,000.

F1c. 22. Tumor cells are characterized by poorly developed endoplasmic reticulum
and a paucity or absence of dense granules in the mitochondrial matrix. Lead

stain. X 14,200.
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F1c. 23. The mitochondria in occasional tumor cells contain dense linear strata re-
sembling crystalloids (arrows). Lead stain. X 24,000.

F1G. 24. Throughout the cytoplasm of tumor cells, the most consistent change is
dilatation of the cisterns and collections of vesicles of smooth ER. Lead stain.
X 17,000.
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F1c. 25. The lumen spaces seen by light microscopy prove to be vascular sinusoids,
often without a continuous lining. Red cell (RBC); lumen of sinusoid (L).
Lead stain. X 10,200.

Fic. 26. In the nuclei of most tumor cells, typical nucleoli are absent or small. The
nucleus contains extensive interchromatinic areas (ica) with fibrils, probably
DNA, and granules resembling interchromatin granules (icg). Lead stain,
X §,700.



