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Abstract

Drugs such as ethanol, carbon tetrachloride,
ethionine or ACTH have a profound influence on
lipid metabolism. The enzymatic synthesis of
triglycerides and phospholipids by the liver, the
release of triglycerides from liver to plasma and
the transport of free fatty acids from adipose
tissue are affected. These changes in lipid metabo-
lism may be considered as resulting from chemi-
cally induced stress. In order to study the trans-
port of lipids during a stress not induced by
drugs, cold stress was also investigated. The
changes in lipid transport following ethanol or
ACTH administration were quite different from
those observed during cold stress where body temp
must be maintained by mobilization of energy pro-
ducing substrates. However, the alterations in
lipid transport during both cold and drug in-
duced stress are dependent on the sex of the rat.
The observed effects apparently involve a sex-
dependent transport of triglycerides from liver to
plasma and also a sex-dependent mobilization of
energy-producing substrates.

OLLOWING THE ADMINISTRATION of drugs such as
ethanol, carbon tetrachloride, ethionine, ACTH or
morphine, fatty acids mobilized from adipose tissue
are deposited in the liver as triglycerides. Treatment
with these drugs also affects the enzymatic synthesis
of triglycerides, phospholipids and lipoproteins in the
liver. The effect of these drugs on lipid transport, and
particularly on the transfer of triglycerides from the
liver to plasma, is a matter of even greater interest.
The transport of free fatty acids following drug
administration has been studied extensively (1-5).
However, very little attention has been paid to the
effect of drugs on triglyceride transport although the
change in plasma conen is usually much greater for
triglycerides than for free fatty acids. For example,
following ethanol ingestion in the rat, the serum
triglyceride level may increase to ca. 1200 y/ml, while
free fatty acids inerease at the same time to 250 y/ml
(1). Plasma levels of triglycerides are very responsive
to drug administration and can be increased or de-
creased by treatment with the appropriate drug.
Ethanol and ACTH raise the plasma conen of triglye-
erides by stimulating their transport from liver to
plasma; carbon tetrachloride (6) and ethionine (7)
lower the plasma concn by repressing triglyeceride
transfer out of the liver.
The sex of the rat has a profound influence on these
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changes in plasma triglycerides. It has been known for
many years that the increase in liver triglycerides
after ethanol or carbon tetrachloride ingestion was
dependent on the sex of the rat. The experiments to
be discussed show that the response of plasma triglye-
eride levels to drug administration is also dependent
on the sex of the rat. Changes in conen of plasma and
liver triglycerides are not due simply to the androgen-
estrogen ratio in male and female rats. What is in-
volved in these experiments is a sex-dependent trans-
port of triglycerides from liver to plasma.

The administration of ethanol (8), carbon tetra-
chloride or ethionine (9) increases the triglyceride
content of rat liver. Since stimulation of fatty acid
transport to the liver or fatty acid synthesis by the
liver would result in an increased liver lipid content,
it was necessary to investigate the origin of the fatty
acids found in liver following drug administration.
The development of gas chromatographic procedures
made it possible to prove that the increase in liver
triglycerides was paralleled by an inecrease in liver
triglyceride linoleic acid (Fig. I). Following adminis-
tration of carbon tetrachloride, for example, the liver
triglyceride content increased from a control value
of 4 mg/g liver to 78 mg/g liver (Fig. 1). No de-
crease in phospholipid linoleic acid was observed
(Fig. 1). Therefore, the linoleic acid present in liver
triglycerides had not been transferred enzymatically
from liver phospholipids. Since linoleic acid is not
synthesized by the rat, this acid must have been trans-
ported to the liver from adipose tissue. From these
and related experiments (8) it is now believed that
most of the fatty acids, deposited in liver as triglyc-
erides after drug administration, have been trans-
ported from the depots and did not arise from de
novo synthesis in the liver.

Changes in the enzymatic synthesis of triglycerides
and phospholipids also oceur following the administra-
tion of ethanol, carbon tetrachloride or ethionine (10).
The enzymatic changes were studied in homogenates
prepared from livers of control and drug treated rats
using 1-Cl4-palmitate. This incorporation of radio-
active palmitate into triglycerides and phospholipids
is shown in Figure 2. In all three examples, drug
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Fie. 1. Mg of linoleic acid/g liver present in the triglye-
erides and phospholipids isolated from livers of control rats
and rats treated with ethanol, carbon tetrachloride or ethionine.
Ethanol (6.0 g/kg) was administered by stomaech tube as a
509 aqueous solution; carbon tetrachloride (1.5 ml/kg) was
administered by stomach tube as a 509 solution in mineral oil,
and ethionine was administered intraperitoneally (750 mg/kg).

treatment increased the enzymatic incorporation of
fatty acids into triglycerides and decreased the in-
corporation of fatty acids into phospholipids. When
the liver homogenates were prepared six hours after
the administration of the drug, the changes in enzy-
matie incorporation were quite striking (Fig. 2), but
small changes were observed in homogenates prepared
as early as two hours after ingestion of carbon tetra-
chloride. If these changes in enzymatic activity were
to oceur ¢n wivo, an increase in liver triglycerides
would result.

These enzymatic changes, however, are not great
enough to explain the ten to twenty-fold increase in
liver triglyeerides induced by administration of carbon
tetrachloride or ethionine to rats. If, in addition to
the enzymatic effect, the release of triglycerides from
the liver were blocked, the liver triglyceride content
should increase sharply. Therefore, experiments were
undertaken to study the transport of triglycerides
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Fia. 2. In vitro incorporation of 1-C*-palmitate into triglye-
erides and phospholipids by homogenates from livers of con-
trol (C), ethanol, carbon tetrachloride and ethionine treated
rats. Homogenates were prepared six hours after the adminis-
tration of the drugs in the doses listed in Figure 1. Conditions
of incubation have been described previously (10). Results
are expressed as percentage of total lipid radioactivity (e.p.m.)
incorporated into triglycerides and phospholipids.
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F1g. 3. Changes in liver triglyceride radioactivity in control
and carbon tetrachloride treated rats (Sprague-Dawley) during
the first hour following the intravenous injection of albumin-
bound 1-C*-palmitate. Carbon tetrachloride (1.5 ml/kg) was
administered orally four hours before injection of the labeled
palmitate.

from liver to plasma. By injecting radioactive pal-
mitate intravenously, it was possible to follow the re-
lease of triglycerides from liver and the appearance
of labeled lipids in liver and plasma of control and
drugs treated rats.

Ten minutes after injection of 1-Cl¢-palmitate into
the tail vein, the amount of labeled fatty acid found
in liver triglycerides was 24 times greater in treated
rats than in control rats (Fig. 3); after 60 min the
amount of labeled liver triglycerides was still greater
in treated than in control rats (6). In control rats
there was a sharp peak in liver triglyceride radio-
activity 30 min after injection of 1-Cl4.palmitate;
in carbon tetrachloride treated rats, the peak must
have occurred during the first ten minutes following
the injection.

Plasma triglyceride radioactivity in control and car-
bon tetrachloride treated rats is shown in Figure 4.
In control rats, the radioactive triglycerides in plasma
peak sharply 20 to 30 min after injection of 1-C14-
palmitate and this peak corresponds to the peak in
liver triglyceride radioactivity (6,11). After carbon
tetrachloride ingestion, no peak in the radioactivity of
plasma triglycerides was observed; radioactive tri-
glycerides were released from liver to plasma very
slowly. It is apparent from a comparison of Figures 3
and 4 that radioactive triglycerides are retained in
the liver after carbon tetrachloride ingestion and
normal release to the plasma is impaired.

Negligible amounts of labeled free fatty acids were
found in plasma and in the liver of control and treated
rats in these experiments.

The effect of drugs on triglyceride transport also
can be studied by following changes in the concn of
liver and plasma triglycerides. Six to eight hours
after ingestion of carbon tetrachloride, plasma tri-
glycerides declined to very low levels (50-70 y/ml)
{Fig. 5). During this period, plasma triglycerides
increased to from 300-800 y/ml following ethanol in-
gestion (Fig. 5) (10). At this time the concn of liver
triglycerides was 3040 mg/g liver in rats receiving
carbon tetrachloride and 20-30 mg/g liver in rats
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F1a. 4. Changes in plasma triglyceride radioactivity in the
same eontrol and carbon tetrachloride treated rats shown in

Figure 3.

treated with ethanol. However, 18-24 hr after carbon
tetrachloride ingestion, the liver triglyceride con-
centration reached 80-100 mg/g liver (9); the liver
concn after ethanol administration rarely exceeded
25-35 mg/g liver. The stimulation of triglyceride
release from liver to plasma by ethanol apparently
prevents the excessive accumulation of triglycerides
in the liver observed 18-24 hr after treatment with
carbon tetrachloride.

In these experiments female rats were employed be-
cause the increase in liver triglycerides was greater
in female than in male rats. Since the liver triglye-
eride content is dependent on the sex of the rat and
liver is the source of plasma triglycerides (12), plasma
triglyceride levels were measured to see if the sex
of the rat also influenced the concen of plasma triglye-
erides.

The effect of ethanol administration on the plasma
triglycerides in male and female rats is shown in
Figure 6. The plasma triglyceride conen increased
from 140-325 y/ml in female rats 6-8 hr after
ethanol ingestion; in the same experiment, however,
the plasma triglyceride in male rats increased from
200-1240 y/ml. The plasma from male rats was
lipemic. Plasma cholesterol levels were also higher

in the male rat. No significant change in plasma glu-
cose occurred in male rats, but in female rats the
plasma glucose level rose from 114-163 mg% after
ethanol administration.

‘When liver triglycerides were measured in the
same animals, it was found that the liver triglycerides
increased 20 mg/g liver in female rats; in male rats
the increase was only 11 mg/g liver. The very high
plasma levels observed in male rats in these experi-
ments suggests that triglycerides are transported out
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Fie. 5. Changes in plasma triglyceride levels (mg/ml plasma)
in fasting female rats (Sprague-Dawley) during the first six
hours after oral administration of ethanol (6.0 g/kg) or carbon

tetrachloride (1.5 ml/kg).

of the liver so rapidly that the liver conen never at-
tains the higher levels observed in female rats. The
liver triglyceride conen after ethanol ingestion reflects
the difference in the rate of release of triglycerides
from the livers of male and female rats.

Since large doses of ethanol are known to stimulate
the pituitary-adrenal axis (13), the response observed
with ethanol could be due to release of ACTH from
the pituitary. Therefore comparable experiments were
carried out with male and female rats receiving depot
ACTH subcutaneously (40 USP units, Armour Acthar
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Fig. 6. Changes in conen uf plasma triglycerides, cholesterol
and glucose in fasting male and female rats (Sprague-Dawley,
180-200 g) 7-8 hr after the oral administration of ethanol
(6.0 g/kg) as a 509 aqueous solution. The animals were
anesthetized with Nembutal and then bled from the heart 7-8
hr after administration of the ethanol. Triglycerides were de-
termined by a modification of the method of Butler et al. (18),
cholesterol by a modification of the method of Hanel and Dam
(19), and glucose by the glucose oxidase procedure. Results are

expressed as pg/ml plasma.
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Fia. 7. Changes in the conen of plasma triglyeerides, choles-
terol and glucose in fasting male and female rats (Sprague-
Dawley, 180-200 g) 7-8 hr after the subeutaneous injection
of 40 USP units of depot ACTH (Armour Acthar Gel). Experi-
mental proeedure was the same as deseribed for Figure 6.
Results are expressed as ug/ml plasma.

Gel, a dose well tolerated by rats).

Eight hours after injection of ACTH into male rats,
the conen of plasma triglycerides was twice as high
in treated as in control rats; there was also an increase
in the plasma cholesterol concentration in treated rats
(Fig. 7). Very little change in either plasma triglye-
erides or cholesterol occurred in female rats following
subcutaneous injection of depot ACTH.

However, in female rats the plasma glucose levels
increased from 106-165 mg% seven to eight hours
after injection of ACTH. In male rats, no change
in plasma glucose oceurred.

Thus ACTH stimulation did not provoke the same
metabolic changes observed with ethanol. ACTH
stimulated the release of triglycerides to the plasma
only in male rats; no release of triglycerides occurred
in female rats.

These experimental conditions (ethanol, ACTH)
may be used to study stress in laboratory animals
(1). In order to study the transport of lipids during
a stress not induced by drugs, cold stress was investi-
gated. When male rats were maintained at 4C for
6-8 hr, the plasma triglyceride conen dropped to half
the level of the control rats maintained at room temp
(Fig. 8) and the plasma glucose levels increased sig-
nificantly from 110-170 mg%. In female rats main-
tained at 4C, no significant change occurred in either
plasma triglycerides or glucose.

The response of plasma cholesterol to cold stress
was variable and is under investigation. It was found
that exposure to cold could result in a rise in plasma
cholesterol levels in both male and female rats, but
the rise does not always oceur. In the experiment
shown in Figure 8, a marked increase occurred only
in female rats.

‘When the livers of animals subjected to cold stress

PLASMA CHANGES AFTER EXPOSURE TO COLD
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Fia. 8. Changes in conen of plasma triglycerides, cholesterol
and glucose in fasting male and female rats (Sprague-Dawley,
180200 g) after 7-8 hr exposure to cold (4C). Experimental
procedure was the same as described for Figure 6. Results are
expressed as ug/ml plasma.

Vor. 41
+ 1000+ CHANGES IN PLASMA CONCENTRATION
OF TREATED RATS COMPARED TO CONTROLS
+800f

TRIGLYCERIDES GLUCOSE
- i —
g +600
v
<
-
& taoof 3
€ =4
~ Z
o I 41 &

t200- « B= 2z
< < T

b T T -

= F{ B e

g L

el = fu

CONTROL Z ol ol

-200+

Fia. 9. Comparison of the changes in plasma conen of triglye-
erides and glucose after administration of ethanol (6.0 g/kg),
depot ACTH (40 USP units) and exposure to cold (4C) for 7-8
hr. Results are expressed as pg/ml plasma change from con-
trol levels.

were analyzed, it was found that the triglyceride
content of the livers of female rats had increased
from 3 mg/g liver to 12-20 mg/g liver. In male rats
subjected to cold stress there was no increase in the
liver triglyceride content from the control level of
2mg/g liver.

The results of these experiments with ethanol,
ACTH and cold, summarized in Figures 9 and 10,
show that the transport of cholesterol, triglycerides
and glucose depends not only on the type of stress, but
also on the sex of the rat. After ethanol or ACTH ad-
ministration the increase in plasma triglycerides was
greater in male rats than in female rats, and no change
in plasma glucose levels occurred. In female rats there
was a significant increase in the plasma glucose level.
If plasma triglyeerides and plasma glucose represent
the available or mobilized energy-producing substrates
needed in emergency situations, then during ethanol
or ACTH induced stress the male rat mobilizes triglye-
erides more easily than glucose and the situation is
reversed in the female rat.

During cold stress the rat must maintain its body
temp at 37C == 1C iu an external environment at 4C.
The male rat responds to this type of experimental
stress by mobilizing glucose instead of triglycerides.
The plasma and liver triglycerides fall suggesting
that in cold stress free fatty acids are either not re-
leased from the depots or that triglycerides are oxi-
dized in the liver as rapidly as they are synthesized.

This rather simple explanation of the mobilization
of either glucose or triglycerides for energy during
pituitary-adrenal stimulation does not apply to fe-
male rats subjected to cold stress. No change in
either plasma triglycerides or glucose occurred, al-
thongh triglycerides accumulated in the liver.

It is obvious from these initial experiments that cold
stress induces quite different metabolic changes from
either ethanol- or ACTH-induced stress. These sex-
dependent changes may provide a new experimental
approach for the investigation of the biochemical reg-
ulation of temperature.

Stimulation of the pituitary-adrenal axis also re-
leases catecholamines, and these amines are also in-
volved in lipid transport (1,14). It is known that
Dibenamine, an adrenergic blocking agent, partially
reverses the fatty liver due to carbon tetrachloride
(15). Since triglyceride transport is impaired by
carbon tetrachloride, the effect of Dibenamine on tri-
glyceride transport was investigated. The results of
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F1e. 10, Comparison of the changes in plasma conen of tri-
glycerides and cholesterol after administration of ethanol, depot
ACTH and exposure to cold for 7-8 hr. Results are e‘(pressed
as ug/ml plasma change from control levels. Figures 9 and 10
summarize the results presented in Figures 6-8.

some experiments with Dibenamine are shown in
Figures 11 and 12.

It was found that Dibenamine alone stimulated the
release of triglycerides from liver to plasma (16). The
plasma triglyceride content increased from 180-400 y/
ml while the liver triglyceride content declined from
5.6-3.8 mg/g liver. When rats receiving carbon tetra-
chloride were pretreated with Dibenamine, the plasma
triglycerides were maintained at normal levels in con-
trast to the rats receiving only carbon tetrachloride
(Fig. 11). In addition, the triglyceride content of the
liver (15 mg/g) was half that of rats receiving only
carbon tetrachloride (27 mg/g). Thus Dibenamine re-
versed the ecarbon tetrachloride fatty liver by main-
taining triglyceride transport out of the liver at nor-
mal levels, counteracting the blocking effects of carbon
tetrachloride on triglyceride transport.

If Dibenamine is acting as an adrenergic blocking
agent in these experiments, it may be presumed that
the catecholamines are involved in triglyceride trans-
port from liver to plasma.

Sex-dependent changes in plasma lipids are of
interest because atherosclerosis is widely believed to
be a result of a lipid metabolic disturbance, and up
to about the sixth decade of life this vascular disease
is seen predominately in males. Similar experiments
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Fia. 11. Changes in plasma and liver triglycerides in control,
tetrachloride-, Dibenamine- and ecarbon tetrachloride + Diben-
amine treated rats. Carbon tetrachloride (1.5 ml/kg) was ad-
ministered orally as a 509 solution in mineral oil. Dibenamine
(10 mg/kg) was injected intraperitoneally 18 hr before admin-
jstration of earbon tetrachloride. Experimental procedure was
the same as deseribed for Figure 6. Results are expressed as
ug of triglyceride/ml plasma and as mg of triglyceride/g liver.
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F1e. 12. Changes in plasma and liver cholesterol econen in the

same rats presented in Figure 11. Results are expressed as ug
of cholesterol/m! plasma and mg cholesterol/g liver.

were carried out with normal young men and women.
Changes in plasma lipids and glucose were followed
in these subjects after the subcutaneous injection of
depot ACTH. However, no sex dependent changes
in plasma, triglycerides, cholesterol or glucose were
observed. The dose (mg/kg) was, of course, much
smaller than that used in rats. However, when the
excretion of urinary steroids was followed using gas
chromatographic procedures (17), sex dependent
changes in the pattern of exeretion were observed in
preliminary experiments. These experiments are being
pursued.

The experimental conditions we have used (ethanol,
ACTH and eold) stimulate the pituitary-adrenal axis
and in this sense may be used to study experimental
stress in the rat. It is apparent from these studies
on a closely controlled genetic strain of rats main-
tained on a uniform diet that the metabolism and
transport of energy-producing substrates is different
in male and female rats. The same experimental
stimulus applied to male and female rats must release
different hormones or different amounts of the same
hormones to effect the sex-dependent metabolic changes
which have been observed.
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