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The Effects of Actinomycin D on the Biosynthesis of

Plasma Lipoproteins”

Gerald R. Faloona,] Bruce N. Stewart, and Melvin Fried

ABSTRACT: Intraperitoneal administration of actinomy-
cin D, particularly when supplementary injections
were given, severely inhibited orotic acid incorpora-
tion into the trichloroacetic acid precipitate of rat
liver for several hours and resulted in a decrease in
the principal low density lipoprotein component of
rat serum, which was still apparent after 21 hr. At the
same time the concentration of high density lipopro-
teins was found to increase slightly. The biosynthe-
sis of lipoproteins was measured by following L-
[*H]lysine incorporation into the lipoprotein protein

Evidence has been presented that mRNA of signifi-
cantly prolonged stability exists in reticulocytes, a
highly differentiated mammalian tissue essentially
synthesizing a single type of protein (Marks er al.,
1962). As an organ displaying a wide variety of enzy-
matic functions and synthesizing a number of different
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moieties, both in vivo and in the isolated perfused
liver.

In both cases actinomycin D pretreatment caused a
greater inhibition of low density lipoprotein synthesis
than that of high density lipoprotein. Specific activity
determinations on a number of protein fractions isolated
from the perfusate and from the liver after a liver per-
fusion demonstrated that the decreases in synthesis
observed after actinomycin D treatment vary consider-
ably for different proteins, indicating a general hetero-
geneity of hepatic template stability.

proteins for export, the liver might be expected to
exhibit a heterogeneous stability of its mRNA
population, Pitot er al. (1965) have presented evidence
that the templates coding for several liver enzymes
have quite different lifetimes. A number of investigators
have measured hepatic protein synthesis after blocking
or inhibiting RNA synthesis with actinomycin D
(Singer and Leder, 1966). Recently John and Miller
(1966) measured the synthesis of the specific plasma
proteins, albumin and fibrinogen, in a perfused liver
system and found the synthesis of the latter molecular
species to be more sensitive to inhibition by actinomycin
D.

With the exception of the chylomicrons, serum
lipoproteins are synthesized mainly, if not exclusively,
by the liver (Roheim er al., 1967). Two species of
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peptide subunits are believed to predominate in
lipoprotein molecules; o peptide is associated with
high density lipoproteins (HDL)! and 3 peptide with
low density lipoproteins (LDL). The protein moiety
associated with very low density lipoproteins (VLDL)
is very similar to, although apparently not identical
with, the 8 peptide (Granda and Scanu, 1966).

In the present paper, the synthesis of different lipo-
protein fractions are compared in a perfused rat liver
system and in the whole animal at various times after
treatment with actinomycin D. The results indicate
that the synthesis of the LDL is affected earlier and
more extensively than that of HDL, and that the ob-
served differences are part of a general heterogeneity
of hepatic template stability. A preliminary report has
appeared (Faloona er al., 1967).

Methods and Materials

Rats. Male rats (Holtzman, 200-400 g) were main-
tained in a fed state except when used as blood donors,
in which case they were fasted overnight.

Chemicals, Isotopes, and Antisera. Actinomycin D
was a gift of Merck Sharp and Dohme Research
Laboratories. L-[*H]Lysine (270 xCi/umole) was pur-
chased from Nuclear-Chicago. Antiserum to rat serum
proteins was obtained from Hyland Laboratories.

Prorein Isolation. Blood was obtained from the
abdominal aorta under ether anesthesia and was
either allowed to clot or was defibrinated by collecting
the fibrin by stirring with wooden sticks. Lipoproteins
were isolated from the serum, or from perfusates, by
flotation in a Spinco Model L or L-2 ultracentrifuge
using a 40 or a 50 Ti rotor. The density of the serum
or perfusate was sequentially adjusted to selected
values by addition of a concentrated solution of
KBr, d = 1.37. After an ultracentrifuge run the lipo-
proteins were aspirated from the top 1-1.5 ml and
recentrifuged at the same initial density. The density
of the next milliliter was measured by pycnometry
and the isolated lipoproteins defined as less than
that density. The clear intermediate zone (2-5 ml),
which contained only traces of protein, was discarded
and the residual portion readjusted with KBr to the
succeeding density. The initial background densities
and minimal average forces used to isolate each frac-
tion are shown in Table I. Another component, inter-
mediate density lipoproteins (IDL), with hydrated
density = 1.07, could be excluded by discarding the
center of the tube after centrifugation at 4 = 1.07.
In lipoprotein fractions prepared in this manner no
other components were detectable by analytical ultra-
centrifugation, and serum albumin could not be de-
tected immunochemically. Serum albumin was isolated
by trichloroacetic acid-ethanol extraction (Debro
et al., 1957) and checked for homogeneity by ultra-

! Abbreviations used: VLDL (very low density lipoproteins),
d < 1.010; LDL (low density lipoproteins), 1.01 < d < 1.06;
HDL (high density lipoproteins), 1.075 < d < 1.20; IDL (inter-
mediate density lipoproteins), d & 1.07.

TaBLE I: Conditions for Isolation of Lipoproteins.

Initial Final Min Av Force
Fraction  Densitys Density= (g min)
VLDL 1.01 1.006 1 X 108
LDL 1.07 1.05 1.5 x 108
HDL 1.21 1.18 2 X108

a Refers to background density independent of
protein.

centrifugation and electrophoresis, For the isolation
of total liver protein, livers were homogenized in 95 %
ethanol and the precipitate was washed once with 10 %
trichloroacetic acid and twice with 95 %7 ethanol.

Analytical Ultracenrrifugation. Flotation analyses
were conducted in a Spinco Model E analytical ultra-
centrifuge using an An-D rotor and a 12-mm double-
sector cell. Runs were made at 42,040 rpm at 23°,
with schlieren photographs taken at a 65° bar angle.
To prepare samples for analytical ultracentrifugation,
serum was adjusted to d = 1.235 with solid KBr
and centrifuged for 2 X 10%¢ min. Lipoproteins were
isolated with the top 1 ml of solution at a background
density of 1.21,

[*4ClOrotic Acid Incorporation. To estimate the
extent of inhibition of RNA synthesis after actinomycin
D treatment, rats were injected intraperitoneally with 1
vCi of [1“Clorotic acid (1.5 mCi/mmole) and the livers
were removed 1 hr later. They were homogenized
and washed extensively with ethanol and with 109
trichloroacetic acid at 4°. The precipitate was dissolved
in1 M NaOH and aliquots were taken for 14C analysis.

In Vivo Incorporation Experiments. L-[3H]Lysine
(20 pCi/100 g body wt) was injected intraperitoneally
into fasted rats at varying times following administra-
tion of actinomycin D and the animals were bled
from the abdominal aorta exactly 1 hr after the lysine
pulse. The lipoproteins were isolated and washed as
described above. Livers were removed, weighed, and
frozen, and later homogenized in ethanol, washed in
trichloroacetic acid, and again with ethanol before
dissolving in NaOH for specific activity determination
of liver protein. The total LDL fraction was separated
from serum by adjusting to an initial background
density of 1.085 and centrifuging for 1.5-2 X 10%¢
min. HDL was then isolated in the usual manner and
albumin was extracted from the residue (Debro et al.,
1957).

Liver Perfusion. After surgical preparation similar to
that described by Heimberg er al. (1965), the livers were
perfused in situ with cold saline for about 3-5 min, thus
washing the sinusoids free of the liver donor’s blood.
The liver was then introduced into the perfusion system
(Heimberg ez al., 1965) and preperfused for 20 min be-
fore adding the L-[*H]lysine. The perfusate consisted of
40 ml of defibrinated whole blood from fasting rats,
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FIGURE 1: Flotation analysis of normal rat serum lipoproteins. Lipoproteins, d <1.19, were concentrated 5.7-fold
from sera of normal fasting rats. Photographs of schlieren patterns (1-5) were taken at 6, 9.5, 17, 23, and 30 min after
reaching 42,040 rpm at d < 1.19,26°. V = VLDL, L = LDL, I = IDL, H = HDL. Flotation from right to left.

diluted to 100 ml with Krebs bicarbonate buffer (Krebs
and Henseleit, 1932), to which 250 units of heparin was
added. L-[*H]Lysine (100 uCiin 0.5 ml of saline) was in-
troduced as one pulse into the portal cannula at time
zero. Perfusions were terminated 2 hr after addition of
isotope.

Specific Activity Measurements. Isolated lipoproteins

were precipitated from the solutions by addition of ten
volumes of cold isopropyl alcohol. The isopropyl alco-
hol precipitates were washed twice with 10 %] trichloro-
acetic acid and once with ethanol and dried in vacuo. The
dried protein was then dissolved in 1 M NaOH, aliquots
were taken for protein determination (Lowry ef al., 1951),
and the radioactivity was measured in a Packard Tri-
Carbliquid scintillation counter. In the perfusion experi-
ments the proteins were washed more extensively because
of the much greater concentration of nonprotein radioac-
tivity. This extra washing process included dissolving in

TABLE I1: Inhibition of ['*C]Orotic Acid Incorpo-
ration into Trichloroacetic Acid Precipitate of Liver
Homogenate.

Time
after
Actino-
mycin 7
D (hr) Dose Inhibn
In vitro 1 0.2 mg 90
(added to per-
fusate)
In vivo 3 0.1 mg/100 g 82
(intraperitoneal 3 0.3 mg/100 g 92
injections) 9 0.1 mg/100 g 67
9 0.3 mg/100 g 91
9 0.2and 0.1 95
mg/100 g
every 3 hr
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0.2 M NaOH and reprecipitating with trichloroacetic
acid. The same procedures were employed for albumin
and hepatic protein except that theisopropyl alcohol pre-
cipitations and the final ethanol wash were omitted.
Electrophoresis. Protein fractions were separated by
polyacrylamide gel electrophoresis at pH 9.1 usinga 7%,
gel. Bands were stained with amido black or eluted with
potassium phosphate buffer (u 0.01, pH 7.0).

Results

Effect of Actinomyein D on[**C]Orotic Acid Incorpora-
tion. Following intraperitoneal injection actinomycin D
has been found to be concentrated in the liver and to
inhibit hepatic RNA synthesis effectively. Such effects
are dose dependent and are reversed after significant
periods of time. Trakatellis er al. (1964) have shown
essentially complete inhibition of RNA synthesis 4 hr
after a dose of 0.1 mg of actinomycin/100 g of body
weight. For the purposes of the present work a dose and
injection schedule which would block mRNA synthesis
for several hours was developed. The results are shown
in Table II. Doses of actinomycin D of 0.1 mg/100 g of
body weight severely inhibit (<90%) ['*Clorotic acid
incorporation into total liver RNA. Tripling the dose
had little additional effect. Nine hours after injection
some recovery was observed. When an initial dose of
0.2 mg/100 g was followed by an additional 0.1 mg/100
g at 3-5-hr intervals, 95 % inhibition was observed after
9 hr.

Effect of Actinomycin D on the Circulating Levels of
Serum Lipoproteins. Ultracentrifugal analysis of serum
lipoproteins, d < 1.21, from normal fasted rats reveals at
least four components (VLDL, LDL, IDL, and HDL)
(Figure 1). As has been observed with proteins from the
human, VLDL and LDL contain very similar, if not
identical protein moieties (G. Faloona and M. Fried,
manuscript in preparation). The nature of rat IDL is
presently unresolved, but HDL has a protein moiety
that is distinct by electrophoretic mobility (), immuno-
chemical behavior (Windmueller and Levy, 1967), and
amino acid analysis (G. Faloona and M. Fried, manu-
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FIGURE 2: Effect of actinomycin D on the concentration
of circulating rat serum lipoproteins. Rats were injected
intraperitoneally with 0.2 mg/100 g at zero time and
0.1 mg/100 g at 9 and 17 hr and bled at 21 hr. Controls
received sham injections. Lipoproteins d < 1.21 were
isolated from 5 ml of serum. Photographs of schlieren
patterns were taken 6 min after reaching 42,040 rpm
at d = 1.21. Flotation is from right to left.

script in preparation). The average normal fasting serum
concentrations of the protein moiety of each fraction in
the rat are 2, 10, 4, and 48 mg per 100 ml for VLDL,
LDL, IDL, and HDL, respectively.

After actinomycin D treatment, the LDL concentra-
tion decreases until by 20 hr it is nearly absent from the
ultracentrifugal pattern of the serum. Concomitantly,
the concentration of HDL has increased (Figure 2).
Such a change in the relative concentrations of LDL and
HDL indicates that their relative rates of either synthe-
sis or removal from plasma have been altered in this
period.

Incorporation of [*H]Lysine in Vivo. In the in vivo
experiments in which [*H]lysine was injected intraperi-
toneally, the lipoproteins were separated into only two
fractions, LDL (d < 1.065) and HDL (1.08 < d < 1.20),
in order to ensure recovery of sufficient LDL protein for
accurate specific activity measurements. The assump-
tion that these two fractions are metabolically distinct is
based on the finding that the protein moiety of VLDL
synthesized and released by the liver may be converted

100 1
HDL

50
Lo~

% OF CONTROL SPECIFIC ACTIVITY

4 I 8 I 12 16
TIME (hours) AFTER ACTINOMYCIN WHEN HB*LYSINE WAS INJECTED
FIGURE 3: Incorporation of L-[*H]lysine into LDL and
HDL in vive. Rats were injected intraperitoneally with
actinomycin D in saline (1 mg/ml) at an initial dose of
0.2 mg/100 g body wt. Arrows ( 1) indicate additional
injections of 0.1 mg/100 g. Control rats received sham
injections of saline. At the indicated times L-[*H]lysine
(20 pCi/100 g body wt) was injected intraperitoneally
and the animals were sacrificed by exsanguination 1 hr
later. HDL and LDL were isolated and analyzed as
described in Methods and Materials. Specific activities
are plotted as per cent of control values. Each point
represents the average of data from at least five rats.

to LDL, but not to HDL. This is based on data from
experiments in humans with 13![-labeled lipoproteins by
Gitlin et al. (1958). A pulse of labeled amino acid ap-
pears in plasma protein in about 10-15 min and these
plasma proteins have usually reached maximum specific
activity at 1 hr (Peters, 1962; Majumbar et al., 1967).
Therefore, by sacrificing the animal 1 hr after the
pulse, the specific activity is measured at a time when
labeled amino acid incorporation is essentially complete ;
turnover of the plasma proteins which have been
synthesized and released in that period is minimal.

After an initial lag the specific activities of LDL de-
creased more rapidly than those of HDL after actino-
mycin D treatment (Figure 3). Since the LDL/HDL con-
centration ratio is also decreasing with time, the net in-
corporation difference is even greater. These data are
useful in demonstrating the time course of the relative
incorporation into the two fractions after actinomycin
D treatment. However, the use of a perfused liver system
permitted testing the possibility that the results of the
in vivo experiments might reflect selective inhibition of
the synthesis of LDL of extrahepatic origin. The use of
identical perfusate composition for actinomycin D
treated and control livers allowed more precise measure-
ment of the extent of inhibition.

Incorporation of [*H]Lysine by Perfused Livers. The
specific activity and net incorporation data from Table
ITI demonstrate that VLDL and HDL are the two prin-
cipal forms of lipoprotein synthesized and released by
the normal liver. Presumably LDL is produced in vivo
by the action of lipoprotein lipase on VLDL. This enzyme
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FIGURE 4: L-[ *H]Lysine incorporation into VLDL, HDL,
and albumin by isolated perfused rat livers. Liver donors
were pretreated:with‘Lactinomycin D, 0.2 mg/100 g at
zero time and 0.1 mg/100 g at 6 and 9 hr. Controls
received sham injections. At 10 hr livers were isolated
and perfused as described in Methods and Materials.
Data presented are from three actinomycin D treated
livers (shaded bars) and three controls (solid bars) with
the range of values indicated.

activity is either absent or substantially reduced in the
perfusion system. Absolute rates of synthesis cannot be
calculated from the incorporation data, but the relative
synthesis of the different fractions was obtained by
multiplying the specific activities by the concentration
of each protein in the perfusate. The validity of this cal-
culation is based on the assumptions that no appreciable
interconversion of protein moieties occurs during this
period and that concentration changes are negligible.
Although this may not be strictly true, it does not change
the interpretation that VLDL and HDL are the main
lipoprotein proteins released from the liver.

When livers were preperfused for 1 hr with actino-

TABLE 111: Incorporation of L-[3H]lysine into Lipoprotein
Fractions and Albumin by Normal Perfused Livers.

Sp Act. (dpm/mg) Net Incorp

at 2 hr (dpm)
VLDL 140,000 =+ 36,000 155,000
LDL 31,000 = 9,000 47,000
HDL 22,000 £ 4,000 218,000
Albumin 6,300 = 1,500 3,780,000

o Average of data from three perfusions plus and
minus standard deviation.
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FIGURE 5: Effect of actinomycin D on incorporation of
L-[3H]lysine into various protein fractions of liver and
serum by isolated perfused livers. After a typical double
perfusion using livers from an actinomycin D treated
rat and a sham injected control (see Figure 4 and Meth-
ods and Materials), the serum perfusates were sep-
arated into several fractions by polyacrylamide gel
electrophoresis. The livers were homogenized and the
homogenates separated into four crude centrifugal
fractions (nuclei, mitochondria, microsomes, and cell
supernatant). The supernatant components were further
separated by polyacrylamide gel electrophoresis. The
specific activity of each protein fraction was determined
and the ratios of the specific activities of normal/
actinomycin D treated animals are indicated on the
ordinate.

mycin D (2 ug/ml), no apparent effect was observed on
the extent of incorporation of [*H]lysine into the differ-
ent proteins. When livers were pretreated in vivo with
actinomycin D and perfused between 8 and 14 hr later,
decreased incorporation was observed into all fractions;
but the effect was a differential one, and in each experi-
ment the decrease in incorporation into VLDL was
greater than that observed with albumin which was in
turn greater than that of HDL. The data from three
experiments at 10 hr after the initial actinomycin D in-
jection are presented in Figure 4. Having received a
lethal dose of actinomycin D, the rats were lethargic;
however, their livers performed satisfactorily in the per-
fusion system. Gross appearance and perfusion flow rate
were normal although bile output was reduced some-
what (0.6 vs. 1.0 ul/min per g of liver).

In order to ascertain whether this differential effect was
occurring with other plasma proteins of hepatic origin,
a sample of those serum proteins remaining after HDL
was removed from a perfusate by flotation was separated
intoseveral fractions by electrophoresisinpolyacrylamide
gel at pH 9.1. The outer portion of each side of the gel
was stained and the gel was cut crosswise into segments
containing the visible bands. The proteins in each seg-
ment were extracted and their specific activities were de-



voL. 7, NO. 2, FEBRUARY 1968

termined. Since the original protein concentrations were
identical in the actinomycin D and control perfusates
and the gels were cut in an identical manner, the ratio of
specific activities for each extracted protein fraction is a
fair measure of the relative incorporation into that frac-
tion during the experiment. The results indicate an ex-
tensive range of sensitivities to actinomycin D (Figure
5). Similar treatment of the supernatant fractions of
homogenates prepared from the perfused livers showed
even greater specific activity differences as did the cell
particulates isolated ultracentrifugally from such ho-
mogenates.

Discussion

The observation that the ratio of LDL to HDL is re-
duced in rat serum following the inhibition of RNA
synthesis with actinomycin D can be accounted for by
the results of [*H]lysine incerporation studies in vivo
and in the isolated perfused liver. In both of these sys-
tems the data indicate a considerably reduced synthesis
of LDL and/or VLDL. Since the LDL protein moiety is
apparently identical with the principal protein com-
ponent of VLDL, and since VLDL is converted to LDL
in vivo, the reduction of VLDL synthesis would cause a
decrease in the LDL concentration of serum. The failure
of the HDL level to decrease in vivo even 24 hr after the
injection of actinomycin D is consistent with the ob-
served persistence of its synthesis. The slight increase ob-
served in HDL concentration (Figure 2) may be ascribed
to the decreased blood volume of rats treated with ac-
tinomycin D, The total circulating pool of HDL is
probably decreased. The normal half-life of circulating
LDL and HDL in the rat has been determined (G.
Faloona and M. Fried, manuscript in preparation) and
the rate of LDL turnover is sufficiently rapid to account
for its almost total absence from the circulation within
24 hr of a major block in its synthesis. While the half-
lives of LDL and HDL may be altered in the presence of
actinomycin D, the observed changes in their concentra-
tions are consistent with the observed changes in their
relative rate of synthesis.

It is unlikely that the results observed are due to a
preferential recovery of the synthesis of specific RNA
types, since the doses of actinomycin D employed were
sufficiently larger to maintain nearly complete inhibition
of RNA synthesis on the pretreated liver donors.
Because of these large doses the influence of secondary
changes in substrate or hormonal concentrations un-
related to mRNA availability in the liver cannot be
excluded.

The apparent insensitivity of HDL synthesis to ac-
tinomycin D supports the finding of John and Miller
(1966) that some plasma proteins of hepatic origin have
a considerably greater template stability than albumin.
It should be emphasized that the synthesis of each of the
specific plasma proteins measured in the present work
is initially insensitive to the presence of actinomycin D,

as is shown by the fact that 4 hr after addition of the in-
hibitor L-[*H]lysine incorporation into all of the proteins
is still significant. This indicates a general stability of the
messengers utilized in the synthesis of these plasma pro-
teins. Trakatellis e al. (1964) have shown that actino-
mycin D, in addition to inhibiting the synthesis of RNA,
increases the stability of hepatic mRNA in general.
Assuming that this phenomenon includes those mRNA
molecules which code for albumin and the plasma
lipoproteins, the period of template stability observed in
the presence of actinomycin D would be longer than the
stable life of mMRNA in the absence of the inhibitor.

Regardless of the actual lifetimes of the templates, the
results presented in this paper suggest independent con-
trol of the synthesis of the two major classes of lipopro-
teins released from the rat liver. The inferred differential
lipoprotein template stability appears to be only one
example of a general heterogeneity of hepatic template
stability. Since VLDL is responsible for glyceride trans-
port from the liver to peripheral tissues (Heimberg et a/.,
1963), its relatively short template stability might allow
its synthesis or release to be more sensitive to metabolic
regulation than that of HDL.
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