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Abstract—3,4-Benzpyrene, phenobarbital, and chlordane are three compounds that
produce marked increases in the activities of hepatic microsomal drug-metabolizing
enzyme systems. They were compared with regard to their effects on the nucleic acid and
protein content of various subfractions of rat liver homogenates. Pretreatment of rats
with chlordane and phenobarbital produced similar changes. The changes produced by
pretreatment with 3,4-benzpyrene, however, differed from those of phenobarbital and
chlordane. The differences between the effects of 3,4-benzpyrene and those of chlordane
and phenobarbital were noted primarily in the subfractions of rat liver homogenates
which contained largely smooth endoplasmic reticulum (SER). Chlordane and pheno-
barbital caused significantly greater increases than 3,4-benzpyrene in the RNA and
protein content of the fraction containing the SER. Pretreatment with each of the three
compounds produced statistically significant decreases in DNA content of liver homo-
genates when expressed as mg DNA/g liver. Considered in the light of previously
accumulated evidence, the results provided further support for the hypothesis that
3,4-benzpyrene may exert its stimulatory effects on hepatic microsomal drug-metabo-
lizing enzyme systems through a mechanism different from that of phenobarbital and
chlordane.

SEVERAL investigators have shown that there is a marked increase in activity of
microsomal drug-metabolizing enzymes of the liver after the administration of a
variety of drugs and/or chemicals, Reviews have appeared in recent years which
describe these phenomena.l~5 Among the agents that are most potent in producing
such activity increases are the polycyclic aromatic hydrocarbons, the long-acting
barbiturates, and the chlorinated hydrocarbon insecticides. Conney et al.® proposed
that increased drug-metabolizing enzyme activity resulting from administration of
stimulatory agents was due to increased enzyme synthesis de novo. The long-acting
barbiturates and chlorinated hydrocarbon insecticides? appear to cause a nonspecific
type of adaptation by the liver which results in the accelerated metabolism of a wide
variety of lipid-soluble compounds. The polycyclic aromatic hydrocarbons, on the
other hand, produce increases in the metabolism of comparatively few compounds,
Associated with the increases in enzymic activity produced by phenobarbital and
chlordane pretreatment are increases in the amount of the smooth endoplasmic
reticulum (SER), as observed by Remmer and Merker® and Fouts and Rogers.?
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Remmer and Merker!® also noted increases in the phosphorus, nitrogen, and lipid
content of the SER, as well as smaller increases in protein and RNA content of the
same fraction when animals were pretreated with phenobarbital. Fouts and Rogers?
reported that little change occurs in the SER of livers of animals pretreated with the
polycyclic aromatic hydrocarbons 3-methylcholanthrene and 3,4-benzpyrene. Hart
and Fouts? noted an increase in the nitrogen content of the 9000 g supernatant
fraction of livers from animals pretreated with chlordane.

The present study compares the effects of 3,4-benzpyrene, phenobarbital, and
chlordane on the protein and nucleic acid content of various subfractions of rat liver
homogenates from rats pretreated with these enzyme-stimulating agents. Special
attention is given to the protein and RNA content per cell (where DNA is used as a
measure of cellularity), per g liver tissue (wet weight) and per total liver. Considered
in the light of previous studies pertaining to mechanisms of induction of hepatic
microsomal drug-metabolizing enzyme systems, the present studies appear to present
further evidence that phenobarbital and chlordane exhibit their enzyme-stimulating
properties through similar mechanisms which differ from that of 3,4-benzpyrene.

MATERIALS AND METHODS

Preparation of animals

Male Long-Evans rats weighing 60-80 g were used for all experiments. They were
maintained on regular Purina lab chow and water ad libitum until immediately pre-
ceding each experiment. All stimulators of hepatic microsomal enzyme activity were
injected intraperitoneally (i.p.). Phenobarbital sodium (dissolved in saline) was in-
jected at a dose of 40 mg/kg twice a day for 3 days. Protein and nucleic acid assays
were run 24 hr after the last dose of phenobarbital. Chlordane and 3,4-benzpyrene
were administered as solutions in corn oil. Chlordane, as the y-isomer (98-9 4+ 0-3%,
pure) was given once a day at a dose of 50 mg/kg for 3 days, with assays run 24 hr
after the last dose. 3,4-Benzpyrene was injected only once at a dose of 20 mg/kg, with
assays run 48 hr later. All animals, regardless of the stimulator used, were weighed
at the beginning of injections for the phenobarbital-treated group and immediately
before sacrifice.

Preparation of liver homogenates

All rats were killed by cervical dislocation; livers were quickly and completely
removed and rinsed thoroughly in ice water. They were then blotted, weighed, and
homogenized in ice-cold 0-88 M sucrose in a Potter homogenizer with a plastic pestle.
Pooled homogenates of three livers were employed for each determination. Each
3 ml of the whole homogenate contained 1 g liver. After having taken appropriate
aliquots for nucleic acid and protein determinations, the whole homogenate was
centrifuged at 9000 g for 20 min at 1-3°. Both the supernatant and the pellet were
reconstituted with ice-cold distilled water to the original volume of the whole homo-
genate, and aliquots were again taken for nucleic acid and protein assays. The 9000 g
supernatant presumably contained the soluble fraction and the microsomal elements
of the disrupted cells, whereas the pellet contained nuclei, mitochondria, and some
undisrupted cells.

Smooth endoplasmic reticulum and rough endoplasmic reticulum (RER) mem-
branes were separated according to a modification of the procedure of Fouts.!1



Drug-induced changes in nucleic acids 1455

In this modification, 2 ml of 1:33 M sucrose solution was layered under exactly 8 ml
of the reconstituted (in approximately 0-6 M sucrose solution) 9000 g supernatant
fraction in ultracentrifuge tubes. This was centrifuged for 8 hr in a Spinco ultra-
centrifuge at 40,000 rev/min (104,000 g) at 1-3°. The pellet, containing the rough
endoplasmic reticulum, was resuspended in 0-88 M sucrose solution such that the
final volume was 4 ml. The entire supernatant was reconstituted to 10 ml, mixed
thoroughly, and centrifuged for 1 hr at 104,000 g at 1-3°, This pellet, containing smooth
endoplasmic reticulum, was resuspended in 0-88 M sucrose such that the final volume
was 4 ml. Aliguots from these suspensions of rough- and smooth-surfaced mem-
branes and from the 104,000 g supernatant were then assayed for nucleic acid and
protein content.

Assay procedures

The protein content of homogenates of each subfraction was assayed by a micro-
biuret method described by Itzhaki and Gill.»2 Actual values were determined from
a standard curve; bovine serum albumin was used as the reference standard. RNA
and DNA determinations were made on each subfraction according to a modified
method of Scott et al,}3 The modifications consisted of an adaptation of the methed to
accommodate analyses of 0-5- to 1-0-ml aliquots of tissue homogenates. Reagent
volumes were increased by a factor of 80. With the exception of the incubations, all
parts of the procedure, including centrifugations and stirrings, were carried out in the
cold (1-3°). All reagents used in the assay were also kept refrigerated. Actual values
of RNA and DNA were obtained from standard curves, with yeast RNA, type XI,
and the sodium salt of calf thymus DNA, type 1, as respective standards. (RNA and
DNA were obtained from Sigma Chemical Co.). Yeast RNA and calf thymus DNA
were carried through the same assay procedure and plotted against the 260-mp O.D.
readings. In assays of homogenates, dilutions were made such that all O.D. readings
were in the linear range of the standard curve.

Statistics

A randomized complete block was employed in the experimental design. The
results were evaluated by analysis of variance and Duncan’s new multiple-range test.
The level of significance chosen was P < 0-05. All statistical procedures are described
by Steel and Torrie.14

RESULTS

Comparison of the effects of stimulating agents on liver weights

The liver weights of the chlordane- and phenobarbital-treated animals were signifi-
cantly greater than those of the controls, as indicated in Table 1. However, the ratio
of the liver weights to the animal weights was significantly increased only in the
chlordane-treated rats. The differences in weight gain of the animals were not statistic-
ally significant. Weights of all the animals were measured immediately prior to the
first injections of phenobarbital-treated group and again just prior to sacrifice.

Comparison of the effects of stimulating agents on the nucleic acid content of subfractions
of liver homogenates

When expressed as mg DNA/g liver (wet weight), small but statistically significant
decreases in DNA content were observed in the whole homogenates of livers from
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animals pretreated with the stimulating agents (Table 1). The decreases in DNA
content produced by phenobarbital and chlordane appeared to be of a greater magni-
tude than that produced by 3,4-benzpyrene but, when analyzed by Duncan’s new
multiple range test, the differences between stimulators were not statistically significant.

Expressed as mg DNA/total liver, the mean values of the control homogenates
and homogenates from animals pretreated with stimulating agents did not differ
significantly. Measurements of DNA were made on the other subfractions of homo-
genates, but significant quantities were detected only in the whole homogenate and
in the pellet obtained from the 9000 g centrifugation. The stimulating agents also
caused decreases in the DNA content of the 9000 g pellet.

With the exception of the fraction containing the SER, no significant changes in
the RNA content of any subfraction could be detected when the results were expressed
as mg RNA/g liver (wet weight) (Table 2). Phenobarbital and chlordane pretreatment
produced 30-35 per cent increases, whereas administration of 3,4-benzpyrene resulted
in no detectable change in the RNA content of the SER. However, if the results were
expressed as mg RNA/mg DNA (DNA values were obtained from determinations
of the whole homogenate), significant increases were produced by phenobarbital
and chlordane in the whole homogenate and in the smooth pellet (Table 3). Chlordane
also caused significant increases in RNA/mg DNA in the 9000 g and 104,000 g super-
natants, 3,4-Benzpyrene produced a significant increase in mg RNA/mg DNA only
in the 9000 g pellet. When expressed as mg RNA /total liver (Table 4), increases pro-
duced by the stimulating agents were comparable to those detected when the results
were expressed as mg RNA/mg DNA. Significant differences, however, were fewer,
owing to an increase in experimental variability. It should be noted that, regardless
of the method of expressing the results, the RNA content of the pellet containing the
SER was always increased by pretreatment with phenobarbital and chlordane but
not by 3,4-benzpyrene. Phenobarbital and chlordane produced changes in the RNA
content which were not significantly different from each other in any subfraction.

Comparison of the effects of stimulating agents on the protein content of subfractions of
liver homogenates

Increases in protein/g liver (wet weight) were slight in all homogenate subfractions
(Table 5.) However, significant increases were produced by all stimulating agents in
the 9000 g supernatant fraction and in the 104,000 g supernatant fraction. In addition,
pretreatment with phenobarbital and chlordane resulted in significant increases in the
protein content of the pellet containing the SER. Increases were more pronounced
when the results were expressed as mg protein/unit DNA (Table 6) or per total liver
(Table 7). With the exception of the fraction containing the RER, phenobarbital
and chlordane caused significant increases in protein per unit DNA or per total liver
in every subfraction. Pretreatment with 3,4-benzpyrene, on the other hand, resulted
in increases in only the 9000 g supernatant fraction. When results were calculated as
mg protein/mg RNA, no significant differences were produced by chlordane, pheno-
barbital, or 3,4-benzpyrene.

In addition, the wet weights of the 104,000 g pellets were obtained by weighing the
empty ultracentrifuge tubes and reweighing after pouring off the supernatant. The re-
sults obtained further corroborated results obtained in the assay procedures (Table 8).
Phenobarbital and chlordane pretreatment resulted in a significant increase in weights
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of the pellets which contained the SER. No significant differences were observed in the
weights of the pellets which contained the RER. 3,4-Benzpyrene caused no significant
changes in SER or RER pellet weights.

TABLE 8. WET WEIGHTS OF 104,000 g ROUGH AND SMOOTH PELLETS FROM
FRESH LIVER*

Smooth Rough
Wet weight (% of  Signifi- Wet weight (9% of  Signifi-
Treatment of pellet control)  cance N of pellet control)  cance N
(mg) (mg)
Control 313 4 582 5
3,4-Benzpyrene 317 +11 } 4 611 +5 5
Phenobarbital 378 +20-6 4 581 0 5
Chlordane 377 +20-3 ‘ 4 519 —11 5
cv 9:1% 1329
* 2:67 g.
DISCUSSION

The results indicated that injections of phenobarbital and chlordane, when ad-
ministered in quantities sufficient to cause maximal increases in the activities of several
microsomal, drug-metabolizing enzyme systems, caused significant increases in the
total wet weight of livers and significant decreases in the DNA content per unit of
liver (wet weight). The changes produced by 3,4-benzpyrene on these parameters
were in the same direction but of a lesser magnitude.

In many cases, the changes produced by 3,4-benzpyrene lacked statistical signific-
ance. Such changes in DNA content are ordinarily associated with cellular hyper-
trophy rather than hyperplasia. However, if there were a change in ploidy, e.g. a
decrease in relative numbers of triploid cells, there still could be hyperplasia. This
aspect should be further investigated.

Based on the assumption that DNA content is a measure of cellularity, it appeared
that chlordane and phenobarbital were both capable of stimulating cells to synthesize
more protein per cell. This was particularly evident in the fraction associated with
the smooth endoplasmic reticulum (SER) but was also evident in both the 9000 g
and 104,000 g supernatant fractions. These results are in accord with the data ob-
tained by Gelboin and Sokoloff,!5 who showed that previous treatment of rats with
phenobarbital stimulated the incorporation of amino acids into microsomal proteins
of cell-free liver preparations. Gelboin and Sokoloff6 also showed that the admini-
stration in vivo of 3-methylcholanthrene or 3,4-benzpyrene resulted in a stimulatory
effect on the rate of amino acid incorporation in vitro into protein in rat liver homo-
genates. Our results tend to indicate that, if pretreatment with 3,4-benzpyrene results
in an increased biosynthesis of cellular protein, as the data of Gelboin and Sokoloff
suggest, increased synthesis proceeds more rapidly than protein catabolism. The
increased synthesis is thereby reflected in significant increases in the protein content
of the 9000 g and 104,000 g supernatant fractions.
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Associated with the increases in protein content per cell produced by pretreatment
with phenobarbital and chlordane were corresponding increases in the RNA content
of various subfractions of liver homogenates, Several laboratories have reported
increases in microsomal RNA content associated with phenobarbital pretreat-
ment.10:17-19 Remmer and Merker reported that the increase of RNA in the SER
after phenobarbital pretreatment was not significant. Our data indicated significant
increases in this fraction irrespective of the method of calculation. The percentage
increases, however, were similar to those obtained by Remmer and Merker. The
results obtained in this work do not appear to agree with those obtained by Von der
Decken and Hultin!? or Orrenius and Ernster.}8 Von der Decken and Hultin reported
increases in the RNA/protein ratio of total microsomes after 3-methylcholanthrene
pretreatment. Orrenius and Ernster reported an increase in the RNA/protein ratio
in the SER after phenobarbital pretreatment. Our results indicate that the RNA/
protein ratio is decreased in both SER and RER after treatment with phenobarbital
or benzpyrene. The observed decreases were not significant. The data obtained by
Remmer appear to be in agreement with ours, since he obtained larger increases in
the protein content than in the RNA content of SER after phenobarbital pretreatment.

Increased RNA content after benzpyrene pretreatment was significant only in the
9000 g pellet. This result is in agreement with the work of Gelboin,2® who suggested
an increase in available messenger RNA associated with the 3-methylcholanthrene-
stimulated increases of microsomal amino acid incorporation. (3-Methylcholanthrene
and 3,4-benzpyrene behave similarly with regard to stimulation of enzyme systems,
and thus it might be expected that they would produce similar effects on RNA and
protein.)

One of the most striking features of the study was that phenobarbital and chlordane
did not differ from each other in their effects on RNA, DNA, or protein content of
homogenate subfractions, regardless of the method of expressing these values. In
addition, no statistically significant differences were shown in weight gain of the
animals, liver weights, mg RNA/mg protein, liver weight/animal weight, or wet
weights of the rough or smooth pellets from animals which had been treated with
chlordane vs. phenobarbital. Pretreatment with benzpyrene, however, resulted in
changes of several of the aforementioned parameters, which were significantly different
from those produced by phenobarbital or chlordane. Such observations correspond
to observed differences of these agents with regard to stimulation of microsomal
enzyme systems; i.e. phenobarbital and chlordane appear to enhance hepatic micro-
somal drug metabolisms by similar mechanisms which differ from the mechanism
by which benzpyrene stimulates drug metabolisms.

Some question may arise with regard to the presence of RNA in the smooth micro-
somal fraction. This may seem to be a paradox since, by definition, the smooth
microsomes are devoid of ribonucleoprotein particles, As previously mentioned,
several laboratories have reported RNA associated with SER. It is possible that some
of this RNA is due to contamination of the SER fraction with RER. However, the
RNA that is involved in the synthesis of proteins of the SER may be closely associ-
ated with the smooth membranes per se; i.e. certain proteins in the SER may be
synthesized by RNA which is associated with the SER. Current evidence suggests
that the ribosomal particles synthesize plasma proteins for export, but much less is
known concerning the biosynthesis of proteins found in the SER—i.e. are they



Drug-induced changes in nucleic acids 1463

transported there or synthesized at this site ? This question should be further investi-
gated.

An alternative explanation for the observed increases in the RNA content of the
SER after treatment with phenobarbital or chlordane should be considered. It is
possible that pretreatment with phenobarbital or chlordane may have resulted in an
increased contamination of the SER with RER relative to control livers. However, it
should be noted that if the SER of livers from phenobarbital- or chlordane-treated
rats contained a greater contamination of RER than is true of SER from livers of
control rats, the RNA /protein ratios would have been expected to increase, since RER
contains much more RNA than does SER. The analysis of variance of our data re-
vealed that pretreatment of rats with any of the stimulating agents employed did not
significantly alter the RNA/protein ratios. In the cases of phenobarbital and benz-
pyrene, slight decreases were noted. The fact that our results accord with those ob-
tained by Remmer and Merker, yet apparently conflict with those of Orrenius and
Ernster (as previously discussed) may reflect a difference in the method of separation
of rough and smooth microsomes. Orrenius and Ernster employed a method des-
cribed by Dallner et al..2! whereas Remmer and Merker employed the method of
Fouts.1! This discrepancy has been further investigated and discussed.2? It should
finally be noted that in our experiments the RNA/protein ratios obtained in the SER
were very low (approximately 0-01) which indicates a relatively clean separation of
the SER when compared to results obtained in other laboratories.

Taken together, these results provide further support for currently existing theories
pertaining to the mechanism of induction of hepatic microsomal drug-metabolizing
enzyme systems by drugs and chemicals. Such theories suggest that the induction is
mediated via DNA-directed RNA synthesis, with subsequent increases in cellular
RNA and in active enzyme protein population. Such increases might be expected to
be observed in the SER, where drug-metabolizing enzymes are presumably predomin-
antly located. Such changes might also be expected to be more pronounced in pre-
treatment with phenobarbital or chlordane than with benzpyrene, since the former
agents stimulate a larger number of enzyme systems.
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