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Inhibition of Hepatic Triglyceride

Formation by Clofibrate
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A B S T R A C T The effect of clofibrate (CPIB) on he-
patic glycerolipid formation has been studied in vivo
and in vitro in the rat. Feeding 0.25% CPIB in labora-
tory chow significantly reduced serum triglyceride levels
by 6 hr and concomitantly decreased the rate of glycerol-
4C incorporation into hepatic and serum glycerides, in

vivo. These changes persisted for at least 14 days. A
similar decrease in serum triglyceride and glycerol in-
corporation into hepatic glycerides was observed in rats
fed high glucose diets containing 0.25% CPIB. Serum
glycerol was reduced by feeding CPIB for 14 days. The
formation of diglyceride and triglyceride from 14C-sn-
glycerol-3-P by rat liver homogenates was inhibited by
addition of 1-40 mmCPIB to the reaction mixture.
These results suggest that CPIB reduces hepatic glycero-
lipid synthesis, possibly by inhibition of one or more
reactions in the esterification of sn-glycerol-3-P. This
change may account for the early fall in serum triglycer-
ide. At later time periods, serum glycerol levels fall and
in some experiments, hepatic triglyceride content in-
creases. Therefore, it is likely that additional metabolic
alterations may contribute to the sustained hypotriglycer-
idemic effects of CPIB.

INTRODUCTION
Ethyl chlorophenoxyisobutyrate (clofibrate or CPIB)1
reduces the serum level of triglyceride and, less fre-
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quently, cholesterol in humans and animals (2, 3). I t
is reported that CPIB inhibits hepatic cholesterol syn-
thesis in treated animals (4, 5). However, the mecha-
nism by which the drug reduces serum triglyceride is un-
certain. Multiple potential modes of action have been
suggested and include; an increased uptake of serum
triglyceride by adipose tissue (6) ; a decrease in fatty
acid release from adipose tissue (7) manifested by re-
duced serum free fatty acid levels (8); a reduction in
the rate of hepatic triglyceride release (9-12) ; and in-
hibition of hepatic fatty acid synthesis (13). Changes in
the distribution of thyroid hormone also have been postu-
lated as a mode of action for CPIB (14). However,
other possible mechanisms for the reduction in serum
triglyceride by CPIB have not been excluded.

The liver is the primary source of serum triglyceride
in the postabsorptive state. Therefore, suppression of
hepatic triglyceride synthesis should result in reduction
of serum triglyceride levels. Previous investigators did
not observe inhibition of triglyceride formation in the
liver of rats fed CPIB (10). However, the present stud-
ies demonstrate a significant reduction in hepatic di-
glyceride, triglyceride, and lecithin formation from glyc-
erol, measured in vivo, in rats given CPIB. Furthermore,
CPIB inhibited diglyceride and triglyceride synthesis
from sn-glycerol-3-P by liver homogenates. The inhi-
bition in triglyceride formation correlates temporally
with the fall in serum triglyceride and precedes changes
in serum glycerol levels. These results suggest that in-
hibition of hepatic glycerolipid synthesis contributes to
the lowering of serum triglyceride observed in rats given
CPIB.

METHODS
Male adult Sprague-Dawley rats weighing 200-250 g were
used in all studies. The rats were individually caged and
killed by exsanguination without fasting. The CPIB (0.25
g/100 g chow) was dissolved in diethyl ether and mixed
in ground Purina Rat Chow as described previously (5).
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In one experiment, CPIB (0.25 g/100 g diet) was mixed
with a diet containing 649 glucose (15). Experimental
rats were fed ad lib. for 6 hr to 14 days and control animals
were pair fed the same diets without CPIB.

After 14 days, both control and experimental animals were
injected either intraperitoneally or intravenously with 0.5 ml
isotonic saline containing 5 juCi of 1-3, glycerol-'4C (6.5 ,uCi/
,umole) obtained from New England Nuclear Corp, Boston,
Mass. 17 min later, the animals were anesthetized with ether,
the abdomen opened, and 6-12 ml of blood withdrawn from
the dorsal aorta and placed in ice. The livers were removed
quickly, frozen in liquid nitrogen, and stored at -40'C.
The hepatic lipids were extracted, separated by thin-layer
chromatography, and radioactivity determined as reported
earlier (6). Hepatic and serum triglyceride and diglyceride
content was determined by dichromate reduction (17) after
separation by thin-layer chromatography (TLC) or by an
automated modification of the method of van Handel and
Zilversmit (18). An estimation of the rate of glycerol in-
corporation into glycerides was derived from the following
equation;

glyceride formed/1 7 min =
dpm in hepatic glyceride/g liver

specific activity serum glycerol (dpm/,umole)

Serum glycerol concentration was determined as described
by Laurell and Tibbling (19) except the samples were de-
proteinized by dilution with an equal volume of water and
boiling in water for 5 min.

Serum glycerol radioactivity was determined after sepa-
ration from glucose by thin-layer chromatography on micro-
crystalline cellulose plates (Brinkmann Instruments, Inc.,
Westbury, N. Y.). The solvent system was water, butyl
alcohol, and acetic acid (5: 4: 1). Glycerol was separated
from glucose and sn-glycerol-3-P. The glycerol was eluted
from the cellulose with methyl alcohol, the solvent removed
by evaporation under N2 and the remaining glycerol dis-
solved in scintillation counting fluid (Liquifluor and tolu-
ene 1: 24).

The incorporation of "C-sn-glycerol-3-P into lipids by
preparations of rat liver was measured by a modification
of earlier techniques (15). The liver homogenates were
prepared in 4 vol of 0.25 M sucrose containing 0.01 M Tris-
HCl buffer, pH 7.5. After centrifugcation at 4VC for 10
min, 0.2 fnl of the supernatant was incubated for 15 min
at 37'C with 50 mmKCl, 20 mmTris-HCl pH 7.5, 3.6
mM MgCl2, 3.6 mm ATP, 0.7 mM dithiothreitol, 40 /M
CoA, 2.5 mg of albumin, 1.42 mmNa palmitate, and 0.12
mM 'C-sn-glycerol-3-P (0.1 ,uCi) in a total volume of
0.7 ml. CPIB was added as the Na salt dissolved in 0.01 M
Tris-HCl pH 7.5. The reaction was stopped by adding 10
ml of chloroform-methanol (2: 1, v/v). Lipids were ex-
tracted and separated by TLC as described previously (15,
16). Radioactivity was determined by liquid scintillation
spectroscopy. The incorporation of palmitate-"C (0.2 /LCi)
into hepatic lipids was measured under identical assay
conditions except that the concentration of sn-glycerol-3-P
was 5 mM.

The location of the radioactive label in the triglyceride
formed in vivo and in vitro was determined. Triglyceride
was separated by TLC, scraped and eluted from the silica
gel with chloroform: methanol (2:1) and subjected to
methanolysis (20). Radioactivity in the glycerol and fatty
acid products was determined after appropriate TLC sepa-
ration.

Glycerokinase determination was based on the methods of
Robinson and Newsholme (21) and Newsholme, Robinson,
and Taylor (22). The homogenate was incubated for 5 min
with 85 mmTris-HCl, 1.25 mmEDTA, 21 mmNaF, 17
mM dithiothreitol, 3.6 mmATP, 3.4 mmMgSO4, and 0.3
ACi glycerol-"4C in a total volume of 0.28 ml. The product,
sn-"C-glycerol-3-P was recovered on a DEAE-cellulose
paper disc (21, 22). Activity of the enzyme was propor-
tional to time of incubation and enzyme concentration
under these conditions.

Long-chain acyl CoA synthetase activity was measured
in liver homogenates as described by Wittels and Bressler
(23), and diglyceride acyltransferase by the method of
Young and Lynen (24). Serum CPIB levels were deter-
mined in one experiment (25). Protein was estimated by the
method of Lowry, Rosebrough, Farr, and Randall (26).
All data were analyzed by the standard t test with variance
estimated by standard error mean (SEM).

1-3, glycerol-14C was purchased from New England Nu-
clear Corp. and over 98% of the radioactivity in this prod-
uct was chromatographically identical to glycerol. Lipid
standards were purchased from Applied Science Labs, Inc,
State College, Pa. All other reagents were obtained from
regular commercial sources. CPIB ethyl ester and Na salt
was kindly provided by Dr. J. Noble of Ayerst Labora-
tories, New York.

RESULTS
The administration of CPIB for 2 wk resulted in a de-
crease of 38% in mean serum triglyceride levels as
shown in Table I. Hepatic triglyceride content was in-
creased in rats given CPIB for 14 days in these two ex-
periments. However, the level of hepatic triglyceride was
variable and ranged from a decrease of 30% to an in-
crease of 40% in multiple experiments. Similar variable
changes in liver triglycerides have been reported in rats
fed chow diets plus CPIB (5, 10, 27-30).

There was no significant variation in total body weight
or rate of weight gain between the controls and experi-
mental animals. An increase of 22% in mean liver
weight occurred in rats fed CPIB, which is in good
agreement with earlier studies (4, 10). The serum con-
centration of CPIB varied from 0.5 to 1.7 mmafter 14
days of treatment with CPIB.

The concentration of serum glycerol in the control
and treated animals at the end of 2 wk is shown in Ta-
ble I. The level of serum glycerol was regularly lower
in the rats given CPIB.

Triglyceride synthesis in vivo. The incorporation of
glycerol-14C into hepatic and serum triglyceride was mea-
sured in control rats and rats fed CPIB. To determine
the optimum time intervals for estimation of glyceride
synthetic rate, the incorporation of glycerol-14C into
hepatic triglyceride was measured at various times up to
1 hr in control rats and rats fed CPIB. Maximum
radioactivity was found in hepatic triglyceride 15-30 min
after intraperitoneal or intravenous administration of
glycerol-14C in both groups (Fig. 1). Therefore, a time
period of 17 min was chosen for these calculations.
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TABLE I

Effects of CPIB on Hepatic and Serum Triglycerides, Serum Glycerol, and Liver Weight

Serum Liver
Experiment triglyceride triglyceride Liver weight Serum glycerol

n mg/100 mI 4SEM P mg/g ±SEM P g ±SEM P nmoles/ml 4SEM P
Control (10) 100.5 :1:8.6 4.07 :10.34 13.1 4-0.62 137.7 :18.0

<0.001 <0.005 <0.005 <0.025
CPIB (15) 61.6 :1:5.9 5.89 ±0.35 16.9 ±0.58 96.5 43.1

Control (12) 84.7 49.3 3.86 ±0.27 10.0 ±t0.57 136.6 ±t3.5
<0.01 <0.005 <0.001 <0.005

CPIB (13) 53.0 ±3.8 6.30 ±0.58 12.8 ±0.61 104.2 ±3.5

Serum triglyceride concentration is expressed as mg triglyceride/100 ml serum ±SEM; liver triglyceride content as milligrams
triglyceride/gram wet weight of liver ±SEM; and liver weight as grams ±SEM. Rats given CPIB for 14 days showed a mean
decrease of 39 and 37% in serum triglyceride levels in two separate experiments. The CPIB groups showed mean increases of
31 and 39% in liver triglyceride content and a 22% increase in liver weight. Glycerol concentration is expressed in nanomoles/
milliliter serum ±SEM. P values are given for differences between control and CPIB groups.

Determinations of the specific activity of serum
glycerol was necessary for calculation of the rate of
glycerol incorporation into hepatic triglyceride. After
the first 2 min, the radioactivity present in glycerol was
stable throughout the 17 min interval. Therefore, calcu-
lations were based on the serum glycerol specific activity
at 17 min. The rate of glycerol incorporation into hepatic
triglyceride was estimated from the specific activity of
serum glycerol and the total radioactivity of the hepatic
glyceride fractions in 1 g of liver 17 min after ad-
ministration of glycerol-14C. The results are shown in
Table II.

The formation of triglyceride and diglyceride from
glycerol was decreased approximately 50% in rats given
CPIB. Since CPIB increased liver weight, glycerol
incorporation rates were calculated in terms of total
liver weight. The differences between control rats and
rats given CPIB were less marked when calculated in
this manner but were still significant. Lecithin forma-

TABLE II
Effect of CPIB on Hepatic Glycerolipid Synthesis

In Vivo from Glycerol-14C

Triglyceride Triglyceride Diglyceride Lecithin
per g per total per g per g

Experiment liver liver liver liver

n nmoles/17 pmoles/i17 nmoles/17 nmoies/i17
min ±SEM min ASEM min 4SEM min 5sEM

Control (10) 114.8 414.8 1.15 10.17 23.4 ±4.8 77.4 411.4
CPIB (15) 55.6 48.0 0.73 40.12 12.2 ±1.6 50.8 ±4.8
%Decrease 52% 36% 48% 34%
P P <0.001 P <0.05 P <0.025 P <0.025

The estimated pipid synthetic rate is expressed as nmoles of glycerolipid/g
of wet weight of liver per 17 min ASEMafter intraperitoneal injection of
glycerol-14C. In column two, the estimated triglyceride synthetic rate is
multiplied by the liver weight in grams. The estimated synthetic rate was
calculated as described in methods. Rats were fed CPIB for 14 days.

tion from glycerol was also determined by this tech-
nique and was depressed 34% in rats given CPIB. The
reduction of diglyceride and lecithin formation was
quantitatively similar to the decrease in triglyceride
formed, suggesting that CPIB may inhibit a reaction
common to the formation of these glycerolipids.

A decreased rate of glycerol uptake by the liver might
contribute to these findings, and therefore, the effect of
CPIB administration on hepatic glycerokinase activity
and the rate of glycerol-"4C disappearance from plasma
was measured. The mean value for glycerokinase ac-
tivity in rats fed CPIB for 14 days was 8.8 nmoles
sn-glycerol-3-P formed/mg protein per min ± 1.0 SEM
and 8.6 nmoles/mg protein per min ±0.5 SEM for the
control group. This difference was not significant. Ad-
dition of 20 mmCPIB to the incubation mixture did not
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FIGURE 1 The time course of glycerol-1'C incorporation
into hepatic triglyceride. Four rats were injected intraperi-
toneally with glycerol-'4C at each of the above time inter-
vals. Radioactivity in triglyceride reached a maximum be-
tween 15 and 30 min with a gradual decline occurring
thereafter. Similar results were obtained when the glycerol-
"C was given intravenously to normal rats or rats fed
CPIB.
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FIGURE 2 Triglyceride synthesis in animals given CPIB.
Eight animals in each of the four groups were fed the
appropriate diet for 2 wk. Glycerol-'C incorporation into
hepatic triglyceride in the CPIB treated rats was signifi-
cantly less than the corresponding control in both diet
groups (P < 0.025). Incorporation into triglyceride was
significantly increased in animals fed 64% glucose compared
with those fed laboratory chow with or without addition
of CPIB (P < 0.05). The hepatic triglyceride concentra-
tion was 10.3 ±1.1 mg/g in rats fed 64%7o glucose and this
increased to 14.9 +2.1 mg/g in those fed the same diet plus
CPIB for 14 days.

inhibit glycerokinase activity. The specific activity of
serum glycerol remained constant from 2 to 17 min in
both control and CPIB animals. The rate of glycerol-'C
disappearance from plasma from 20 to 60 min was also
similar in the two groups.

The effect of CPIB on glycerol incorporation into
hepatic triglyceride as measured, in vivo, was compared
in rats fed diets containing 64% glucose or an iso-
caloric amount of laboratory chow. Previous studies have
shown that this diet increases the capacity for hepatic tri-
gylceride synthesis measured in vitro (15). Fig. 2 dem-
onstrates that the 64% glucose diet increased the cal-
culated rate of triglyceride formation from glycerol

TABLE III
Intravenous Glycerol-14C Incorporation into Hepatic

and Serum Glyceride

Serum Liver

Triglyceride
Triglyceride Diglyceride Triglyceride per total

Experiment per ml per ml per g liver wt

n nmoles/17 nmoles/17 nmoles/17 nmoles/17
min ±SEM min ±SEM min ±SEM min ASEM

Control (12) 20.0 413.0 1.6 :1:0.16 39.6 45.2 523.4 478.4
CPIB (13) 9.2 +1.8 0.8 ±0.14 19.0 43.2 318.2 +53.4
%Decrease 54% 50% 52% 39%
P P <0.01 P <0.005 P <0.001 P <0.025

The rate of serum glyceride formation is expressed as nmoles of glyceride/ml
serum per 17 min ±SEM. Hepatic glyceride synthesis calculated as nmoles
triglyceride/g wet weight of liver per 17 min ±5sM. Glycerol-14C was ad-
ministered intravenously. Estimated synthetic rate was calculated as de-
scribed in methods. Rats were fed CPIB for 14 days.

nearly twofold over control rats fed chow. CPIJB ad-
ministration reduced triglyceride formation 50% in rats
fed the regular chow diet and 43% in those fed the high
glucose diet (P < 0.025). Thus, CPIB did not prevent
the rise in triglyceride formation produced by high glu-
cose feeding but decreased glycerol incorporation into tri-
glyceride proportionately in both groups of rats. In this
same experiment, CPIB reduced serumn triglyceride lev-
els 21% in the rats fed chow and 37% in those fed the
64% glucose.

The decrease in hepatic triglyceride synthesis in rats
given CPIB was accompanied by reduced incorpora-
tion of glycerol radioactivity into serum glycerides. The
rate of incorporation of glycerol-"4C into serum di-
glycerides was reduced by 50% and into triglycerides
by 54% in rats fed CPIB as shown in Table III. This
reduction in serum glyceride formation correlates well
with the reduction of hepatic glyceride synthesis and
serum triglyceride concentration.

The early time course for the effect of CPIB on
serum triglyceride levels and the estimated rate of
hepatic triglyceride synthesis is shown in Fig. 3. A
decline in serum triglyceride was noted as early as 6
hr after starting the diet containing CPIB. This de-
crease was maximum at 48 hr and was sustained for
at least 14 days. At 6 hr, the rate of glycerol-"C in-
corporation into hepatic triglyceride was reduced to
approximately 50%. The decrease in triglyceride for-
mation also was maintained for 14 days. Thus, the
decline in glycerol conversion to triglyceride in liver
accompanies or precedes the decline in serum triglycer-
ide. Moreover, both of these changes occurred in the
absence of a change in hepatic triglyceride content and
preceded the fall in serum glycerol. The concentrations
of hepatic triglyceride and phospholipid and of serum

- 0
50

E- 200 0 0
' HOURS

FIGURE 3 The effect of CPIB on glycerol-"4C incorpora-
tion into hepatic triglyceride and on serum triglyceride after
6-36 hr of feeding. Values recorded are means for four
rats at each time period. The SE is indicated for triglyceride
formation. All differences from control rats are significant
(P < 0.01).
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TABLE IV
Studies of the Early Effects of CPIB

Time Liver Liver Serum
CPIB triglyceride phospholipid glycerol

hr mg/g pmole/g gmole/ml

0 6.5 41.0 31.9 41.0 0.19 40.02
6 7.1 ±0.5 33.4 42.6 0.17 ±0.02

12 5.9 ±0.8 32.7 ±0.4 0.20 40.01
20 6.6 ±0.4 33.7 ±0.7 0.21 ±0.04
36 6.1 ±0.5 33.7 ±3.9 0.20 ±0.03

Levels of hepatic lipids and serum glycerol during the first 36
hr of feeding a diet containing 0.25% CPIB. Values are means
±SEM for four rats at each time point. No differences are
statistically significant. Liver triglyceride values (mg/g ±SEM)
at later time periods were as follows: day 4, 7.86 40.6; day 6,
5.25 40.9; day 7, 6.96 ±0.5; day 10, 7.32 40.9; day 12,
7.47 ±2.6; day 14, 5.9 ±0.6. None of these differences were
statistically significant.

glycerol during the first 6-36 hr of feeding CPIB are
shown in Table IV. There was no increase in hepatic
triglyceride content measured every 2 days up to 14
days in this experiment. The specific activity of serum
glycerol and hepatic sn-glycerol-3-P did not vary from
controls during the initial 36 hr of CPIB treatment.

Triglyceride synthesis in vitro. The effect of CPIB
on triglyceride synthesis from '4C-sn-glycerol-3-P by
rat liver homogenate preparations was measured at
various concentrations of CPIB as illustrated in Fig. 4.
Inhibition was detected at CPIB concentrations as low
as 1 mM, and higher concentrations progressively de-
creased both diglyceride and triglyceride radioactivity.
This result suggests an inhibition of in vitro glycero-
lipid synthesis at a step before diglyceride formation.
This hypothesis was supported by the failure of added
CPIB to inhibit diglyceride acyltransferase activity.
The initial reaction in this assay system is the esteri-
fication of sn-glycerol-3-P by long-chain acyl CoA
derivatives. The formation of the acyl CoA substrate
for sn-glycerol-3-P acylation by acyl CoA synthetase
also was not inhibited by CPIB in the concentration
range which inhibits triglyceride formation.

The effect of varying concentrations of sn-glycerol-
3-P on the inhibition of glyceride synthesis by CPIB
in vitro is shown in Fig. 5. Inhibition was demon-
strated at substance concentrations which give maximal
reaction rates in the absence of CPIB. Inhibition of
lipid formation also was observed at several different
concentrations of palmitate in the incubation mixture
(0.5-1.4 mM). These findings suggest that CPIB may
inhibit the esterification of sn-glycerol-3-P.

The capacity for triglyceride synthesis was measured
in liver homogenates prepared from rats fed CPIB for
14 days. This technique estimates the over-all activity

30 35 40
mMCPIB

FIGURE 4 The formation of triglyceride from 14C-sn-
glycerol-3-P by rat liver homogenates was measured as
described in Methods. CPIB was added as the Na salt after
adjustment of pH to 7.5. Inhibition of diglyceride formation
also was observed at concentrations as low as 1-2 mm
CPIB in the incubation mixture.

of the pathway under conditions of optimum substrate
and cofactor concentrations in vitro. The homogenate
was diluted 20-fold before assay, reducing the con-
tent of any inhibitory compounds, such as CPIB, pro-
portionately. To avoid variations in substrate concen-
tration, an excess of sn-glycerol-3-P (5 mM) was
added to all homogenates before assay. The incorpora-
tion of sn-glycerol-3-P into triglyceride by liver ho-
mogenates was 3.5 nmoles/mg protein per 15 min in
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FIGURE 5 The effect of CPIB (Na salt) on the incorpora-
tion of 14C-sn-glycerol-3-P into triglyceride in the presence
of various concentrations of sn-glycerol-3-P. This experi-
ment was performed with a rat liver homogenate prepared
from a rat fed laboratory chow. *, no CPIB; A, 12 mM
CPIB; *, 17 mMCPIB.
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GLYCEROL-I- sn-GLYCEROL- 3-P- DIHYDROXYACETONE-
PHOSPHATE

(DHAP)
2 ACYL CoA

MONOACYLGLYCEROPHOSPHATE
(MAGP)

3 1 ACYL CoA

DIACYLGLYCEROPHOSPHATE
(DAGP)

41

DI GLYCERIDE
(D G)

CDP-CHOLINE YL CoA

LECITHIN TRIGLYCERIDE
(TG)

FIGURE 6 The pathway of glycerolipid formation in liver.
sn-Glycerol 3-P is derived from glycerol or dihydroxyace-
tone phosphate. The following enzymatic reactions are
shown; 1) glycerokinase, 2) sn-glycerol-3-P acyltransfer-
ase, 3) monoacylglycerol-3-P acyltransferase, 4) phospha-
tidate phosphohydrolase, 5) CDP choline diglyceride acyl-
transferase, and 6) diglyceride acyltransferase.

rats fed CPIB and 3.3 nmoles/mg protein per 15 min
for the controls. This difference was not significant.

DISCUSSION
Previous studies have suggested several possible mecha-
nisms for the decrease in serum triglyceride levels pro-
duced by CPIB. Accelerated lipid clearance, suppression
of adipose tissue lipolysis, inhibition of fatty acid syn-
thesis, and reduced hepatic lipoprotein synthesis or
release (12, 31) have been observed in experiments
conducted in vitro or in vivo. A previous study of
hepatic glyceride biosynthesis in rats given CPIB did
not show inhibition (10, 31), although more recent
studies in humans have suggested that hepatic tri-
glyceride secretion is lowered (11). Since the liver is
the major postabsorptive site for serum triglyceride and
lipoprotein formation, inhibition of these processes by
pharmacological agents could contribute to reduced
serum glyceride levels. Because of conflicting reports,
these studies were initiated to determine the effects of
CPIB on hepatic triglyceride formation measured in
the intact animal and in liver homogenates.

The pathway of hepatic glycerolipid biosynthesis is
shown in Fig. 6. Glycerol is removed from serum and
converted to sn-glycerol-3-P by action of glycerokinase.
sn-Glycerol-3-P also is derived from dihydroxyacetone-
phosphate. Diacylglycerophosphate is formed by se-
quential acylation of sn-glycerol-3-P (32) and the
phosphate removed to form diglyceride. Esterification
with long-chain acyl CoA derivatives yields triglyceride,
or alternatively, reaction with cytidine diphosphate

(CDP) choline or CDP ethanolamine forms the cor-
responding phospholipids.

The rate of incorporation of glycerol-14C into glycero-
lipids was used to estimate the rate of glycerol con-
version to glycerides in vivo. If significant changes in
the specific activity of intermediates in this pathway
do not occur, estimation of differences in hepatic tri-
glyceride synthesis may be obtained by this technique.
In control rats, the estimated rate of hepatic triglyceride
formation was approximately 400 nmoles/g liver per hr.
This estimate is in close agreement with values ob-
tained by different techniques in the rat and dog (31,
33, 34), although lower than values calculated in rats
fed 10% glucose without chow (35) or starved (36).
Since triglyceride released from the liver or hydrolyzed
during the experimental period would not be included
in the final calculation, the estimated rate of triglyceride
formation must be considered a minimum approximation.

The studies in intact animals show that CPIB reduces
the rate of incorporation of serum glycerol into hepatic
and serum diglyceride and triglyceride. It is unlikely
that this can be explained by a reduction in glycerol
uptake by liver since the time course for serum glyc-
erol-1'C disappearance was identical in controls and
rats given CPIB. In addition, hepatic glycerokinase
activity was unaffected by CPIB administration. It is
also unlikely that the variable increase in hepatic tri-
glyceride content noted in some experiments, second-
arily suppressed the rate of triglyceride formation in
the liver. A rise in hepatic triglyceride content occurs
2-4 days after feeding diets high in fructose or glucose
(37) and in choline deficiency (16), but both condi-
tions are accompanied by increased rates of triglyceride
formation as measured in vitro and in vivo (37).

The increase in hepatic triglyceride content, noted in
some experiments, can not be explained by the reduction
in hepatic triglyceride formation. The increase was
prominent in rats fed diets high in glucose as noted
previously (12). Under these latter conditions, an
additional effect of CPIB on lipoprotein formation or
release (12), hepatic triglyceride lipolysis, or the dis-
tribution of triglyceride between intracellular pools
probably occurs. Present data is insufficient to choose
between these various mechanisms. Possibly, the rela-
tively high rate of triglyceride formation in rats fed
high glucose diets containing CPIB (Fig. 2) permits
an effect of CPIB on hepatic lipoprotein formation or
release to be manifest.

In rats fed chow or high fat diets, hepatic triglyceride
concentrations may fall (5, 29, 30), remain constant
(10, 27, 28), or increase (10, 31). In the present stud-
ies, serum triglyceride levels fell uniformly in rats with
either normal or raised hepatic triglyceride levels.
Thus, variations in hepatic triglyceride concentration
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are not an essential component of the hypertriglyceri-
demic effect of CPIB. Further studies will be necessary
to explain fully the cause and significance of hepatic
triglyceride accumulation in some experiments.

The evidence reported here is not entirely com-
parable with a previous study of glyceride synthesis in
rats fed CPIB for 14 days (10). Glyceride radio-
activity was measured 4 hr after glycerol-"4C admin-
istration in this latter experiment. At this time, vir-
tually all serum nonlipid radioactivity is in glucose
rather than glycerol, and hepatic lipid radioactivity has
decreased from peak levels. Furthermore, isotope dilu-
tion effects were not excluded since no correction for
the fall in serum glycerol or fatty acid concentration
was made.

This previous study suggested that hepatic lipopro-
tein formation was reduced in rats given CPIB. Segal,
Roheim, and Eder (12) also have reported a decrease
in triglyceride release from the liver as soon as 12 hr
after ingesting CPIB in the rat. These observations
could result from decreased glyceride and/or lipopro-
tein synthesis or impaired release of assembled lipo-
protein from the liver. The present study suggests that
reduced glyceride synthesis occurs at this early time
period but does not exclude an additional effect of CPIB
on lipoprotein metabolism.

The results of these experiments suggest an inhibition
of hepatic glyceride and lecithin formation at a step
between sn-glycerol-3-P and diglyceride in rats given
CPIB. This possibility was explored further by studies
in vitro. Addition of CPIB to rat liver homogenates
caused a progressive fall in diglyceride and triglyceride
formation. The concentration of CPIB which produced
20-35% inhibition approximates maximum serum con-
centrations. However, there is little information on
hepatic levels of this agent or on intracellular com-
partmental distribution and no direct correlation of in
vitro and in vivo concentrations is possible. It is of
interest that many observations show that CPIB is
bound by various proteins including albumin (3, 38).

The inhibition by CPIB in vitro was not related to
reduction of long-chain acyl CoA formation or in-
hibition of phosphatidic acid phosphatase or diglyceride
acylation (38). Moreover, the administration of CPIB
to rats had no effect on the capacity for triglyceride
formation from sn-glycerol-3-P in liver homogenates
prepared from these animals. This observation suggests
a possible direct inhibition by CPIB or a metabolite
rather than an indirect effect on the concentration of
enzymes in the pathway. Recent studies in this labora-
tory demonstrate that CPIB at concentrations of 0.1-
10.0 mm inhibits sn-glycerol-3-P acyltransferase, the
initial reaction in glycerolipid synthesis de novo (38).
A 50% inhibition of this microsomal reaction occurs in

the presence of 5.0 mmCPIB. Thus, both in vivo and
in vitro studies are compatible with a direct inhibition
of glyceride synthesis in the liver of rats given CPIB.

The present studies confirm previous observations
of a fall in serum glycerol, which probably results from
inhibition of lipolysis (7, 8). A similar decline in
hepatic sn-glycerol-3-P has been reported and may be
a consequence of the lower glycerol level or a result
of changes in thyroid metabolism (14). Both of these
latter changes may contribute to the sustained hypo-
triglyceridemic effect of CPIB by reduced hepatic tri-
glyceride formation. However, the fall in serum tri-
glyceride levels at 6 hr coincided with a decline in
estimated hepatic triglyceride formation in vivo before
any of the other metabolic alterations occurred. This
finding supports the hypothesis that the inhibition of
hepatic glyceride synthesis is a major initial factor in
the hypolipidemic effect of CPIB (1). However, other
demonstrated effects of CPIB may contribute to or sus-
tain the fall in serum triglyceride. These would include;
inhibition of apolipoprotein synthesis either directly or
as a consequence of decreased glyceride synthesis; im-
paired lipoprotein assembly or release; reduced adipose
tissue lipolysis; inhibition of hepatic fatty acid syn-
thesis; accelerated triglyceride removal from serum;
altered thyroid hormone metabolism and reduction in
adenyl cyclase activity (39). The relative importance
of these additional mechanisms as well as other po-
tential effects to the maintenance of hypotriglyceridemia
has not yet been established.

It is of interest that CPIB failed to prevent the
increase in glycerol incorporation into hepatic triglyc-
eride produced by high carbohydrate diets (15), which
agrees with results from studies in humans (40).
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