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ABSTRACT

The purpose of these investigations
was to ascertain the effect of (—)—hy-
droxycitrate on the accumulation .of lipid
in the meal fed rat by examining the rates
of lipogenesis after acute and chronic
treatment. Oral administration of
(—)—hydroxycitrate depressed signifi-
cantly the in vivo lipogenic rates in a
dose-dependent manner in the liver, adi-
pose tissue, and small intestine., The
hepatic inhibition was significant for the
8 hr period, when control animals demon-
strated elevated rates of lipid synthesis.
The kinetics of this reduction of in vivo
hepatic lipogenesis were identical after
acute or chronic administration of
(—)—hydroxycitrate. However, in vitro
rates of lipogenesis were elevated after
chronic administration of (—)—hydroxy-
citrate for 30 days. Rats receiving
(—)—hydroxycitrate consumed less food
than the untreated controls; however, this
decreased caloric intake was not responsi-
ble for the drug induced depression of
hepatic lipogenesis, as shown by studies
using pair fed rats.

INTRODUCTION

(—)—Hydroxycitrate, the principal acid of
the fruit rinds of Garcinia cambogia, (1-3) was
shown to be a competitive inhibitor of adeno-
sine 5'-triphosphate (ATP) citrate lyase (EC
4.1.3.8) (4,5), the enzyme catalyzing the exira-
mitochondrial cleavage of citrate to oxaloace-
tate and acetyl CoA. This action of (—)—hy-
droxycitrate should reduce the acetyl CoA
pool, thus limiting the availability of 2 carbon
units required for fatty acid (FA) and choles-
terol biosynthesis. Our previous investigations
substantiated this hypothesis, since the acute
admnistration of (—)-hydroxycitrate inhibited
in a dose-dependent manner the in vitro rates of
lipogenesis in hepatic cell-free and slice systems
and the in vivo rates of hepatic FA and
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cholesterol synthesis (6). Of the four stereoiso-
mers of hydroxycitrate, only (—)—hydroxycit-
rate reduced significantly the in vitro and in
vivo rates of lipid synthesis (6). The depression
of 3-f-hydroxysterol biosynthesis by
(—)—hydroxycitrate was confirmed in a per-
fused rat liver system (7,8). The inhibition of
FA synthesis was demonstrated after intraperi-
toneal - administration of (—)—hydroxycitrate
.

It seemed important to ascertain how the
chronic administration of (—)-—hydroxycitrate
would affect the rat’s metabolic pattern of lipid
biosynthesis and storage. This investigation was
designed to examine the effect of the chronic
oral administration of (—)--hydroxycitrate
upon in vivo rates of lipogenesis and to analyze
in greater detail the characteristics of the
inhibition of lipogenesis after acute administra-
tion. These studies were performed under the
conditions of induced rates of lipid synthesis,
which have been described previously (10). In
vivo rates of lipogenesis were determined using
[14C]lalanine and {3H]water; the latter being
employed to determine the total rate of FA
(9, 11-16) and cholesterol synthesis (7) inde-
pendent of the source of carbon precursors of
the acetyl groups.

EXPERIMENTAL PRO(;.EDUR ES

Female rats of the Charles River CD strain
(Charles River Breeding Laboratories, Wilming-
ton, Mass.) weighing 120-160 g (ca. 16 wk old)
were housed individually in wire-bottomed
cages in a temperature-regulated (22 C), light-
controlled room (12 hr light, 6 A M.-6 P.M.,
and dark 6 P.M.-6 A.M.). They had free access
to water and were fed a commercial diet:
(Purine Rodent Chow, Ralston Purina Co., St.
Louis, Mo.) ad libitum for at least 1 week prior
to the experiment. Animals were fasted 48 hr,
then meal fed a synthetic diet (G-70) daily
from 8-11 AM. for the remainder of the
experimént. Food consumption and body wt
were measured during the meal feeding period.
Body wts were randomized, so that each experi-
mental group had an identical wt spread. Food
spillage was measured daily.

The G-70 diet consisted of 70% glucose, 23%
vitamin-free casein, 5% Phillips and Hart salt
mixture IV (17), 1% corn oil, 1% complete
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FIG. 1. Relation between the in vivo rates of hepatic fatty acid (FA) and cholesterol synthesis and the time
of administration of [14C]alanine and [3H] water. Rats were prefasted 48 hr, then meal fed the G-70 diet for 9
days. The rates of FA and cholesterol synthesis were determined using a pulse of [14C]alanine and [3H] water
injected immediately after the 3 hr meal. FA were separated from cholesterol by anion exchange
chromatography as described in the text. Each group consisted of 9-10 rats. The vertical bar gives the standard
error of the mean for FA synthesis (above) and cholesterol synthesis (below). ® [14C] alanine & [3H] ,0.

vitamin mixture, and 40 g/kg cellulose. When
equimolar amounts of (—)—hydroxycitrate
(Na); and citrate (Na); were administered as
dietary admixtures, an equivalent wt of glucose
was deleted from the diet. To ensure complete
uniformity, all diets were mixed with a twin-
shell dry blender equipped with an intensifier
bar (Patterson-Kelley Co., East Stroudsburg,
Pa.).

Measurement of In Vivo Rate of Lipid Synthesis

Immediately after the 3 hr feeding period,
rats were anaesthetized lightly with Penthrane
(methoxyflurane, Abbott Laboratories, North
Chicago, I11.) administered intravenously a 0.25
ml saline (pH 7.4 to 7.6) solution with the
following composition: 12.3 mg alanine, 5 uCi
[14C]alanine (specific activity 156 mCi/
mmole), 30.6 mg a-ketoglutarate (as an amine
acceptor for transaminase) and 1 mCi [3H]
water (specific activity = 100 mCi/g). Experi-
ments indicated that [ 14C]alanine was equiva-
lent to either [14C] pyruvate or [14C]lactate as
a carbon precursor for lipogenesis. [ 3H] Water
was employed to determine the total rate of
lipogenesis, since tritium is incorporated into
FA independent of the source of carbon precur-
sors (11,12). Animals were killed by decapita-
tion and blood collected in centrifuge tubes 30
min after the radioactive pulse, unless otherwise
indicated. The specific radioactivity of the
body water of each rat was determined by
counting a diluted serum aliquot in 10 ml
following cocktail: toluene (2.4 1), 2-methoxy-
ethanol (1.6 1), naphthalene (320 g), and
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BBOT (2,5-bis-2-(5-tert-butylbenzoxazolyl)-
thiophene, 16 g). Liver, perirenal adipose tissue,
and small intestine were excised rapidly,
weighed, and homogenized in 15 ml H,O in a
Virtis 45 Macro Homogenizer for 15 sec at ca.
30,000 rpm. The contents of the small intestine
were removed by repeated washing before
homogenization. Duplicate 3 ml aliquots whole °
homogenates were saponified, extracted, and
the absolute radioactivity (dpm) determined, as
described previously (6,10). Liver lipids were
extracted totally or separated into FA and
cholesterol by anion exchange chromatography,
as described previously (6). It was determined
by anion exchange chromatography that the
total lipid extract of liver contained FA
(96-97%) and cholesterol (3-4%). Data are
expressed as nmoles [14C]Jalanine or umoles
[3H] water converted into lipid/g tissue/30 min.
The nmoles [14C]alanine were calculated ac-
cording to the injected load of alanine, as
reported previously (6,10). The umoles
[3H] water were determined as described previ-
ously (9,11).

Determination of Radioactive Neutral Lipids
and FA in Serum

Serum lipids were extracted by the method
of Bligh and Dyer (18). Sera from three rats
were pooled (5 ml) and the following reagents
added in order after adequate mixing: 5 ml
chloroform, 10 ml methanol, 5 ml chlioroform,
then 5 ml H,O. The extract was filtered over
Whatman 1 paper, the upper phase discarded,
the lower phase evaporated to dryness under
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N,, and 5 ml methanol added. The extract was
added to a 1 x 10 c¢cm column containing
Dowex 1-X2. Neutral lipids were eluted with 45
ml methanol:ethyl ether (1:1), and FA were
eluted with 80 ml ether:80% methanol: acetic
acid (10:8:2). Both fractions were evaporated
under N, to dryness and analyzed for absolute
readioactivity, as described previously (6).

Measurement of In Vitro Rate of Lipogenesis

The details for determining the incorpora-
tion of [1,5-14C] citrate (specific acitivity =
6.4 mCi/mmole) into saponifiable lipid by a
hepatic cell-free (100,000 x g for 30 min)
system have been reported previously (19). The
procedures used for the saponification and
extraction of lipid were the same as those
described previously (6). Protein was deter-
mined by a modification of the method of
Lowry (20). The amount of radioactivity incor-
porated from [1,5-14C]-citrate into saponifi-
able lipid was a measure of the in vitro rate of
lipogenesis dependent upon the activities of
ATP citrate lyase, acetyl CoA carboxylase, and
FA synthetase. Data are expressed as nmoles
[14C]citrate converted into lipid/g liver/30
min. Data may be converted to [14C]citrate
incorporated into lipid/mg protein by dividing
by 20.

Sources of Chemicals

(—)—Hydroxycitric acid lactone was isolated
from the dried fruit rinds of the Indian plant
Garcinia cambogia. Trisodium salt was used;
solutions of this salt were prepared from the
crystalline form or by hydrolysis of the lactone
(30 min heating at 90 C with three equivalents
of NaOH).

Constituents for the synthetic diets were
obtained from Nutritional Biochemicals, Cleve-
land, Ohio. Other chemicals were purchased
from Sigma Chemical, Milwaukee, Wis.

Statistical Analysis

The z test was used to analyze all experi-
mental results (21). Data were processed statis-
tically for outliers (22).

RESULTS

Measurement of In Vivo Rate of Lipid Synthesis

Figure 1 demonstrates the in vivo rate of
hepatic FA and cholesterol biosynthesis as a
function of min after the injection of the
[14C]alanine and [3H]water pulse. The con-
version of [3H]water into FA and cholesterol
was linear for 60 min. after pulse administra-
tion. During this 60 min period, the specific
activity of the body water remained constant.
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FIG. 2. Relation between radioactive serum lipids
and the time of administration of [14C]alanine and
[3H] water. Rats were prefasted 48 hr then meal fed
the G-70 diet for 9 days. A pulse of [14C] alanine and
[3H]water was injected immediately after the 3 hr
meal. Serum lipids were extracted as described in the
text. Each group consisted of 9-10 rats, and the
vertical bar gives the standard error of the mean. ®
[14C] alanine & [3H] 50.

However, [14Clalanine conversion was maxi-
mal at 30 min and ca. linear for only 15 min.
When the sera of the rats receiving {14C]
alanine and [3H]water were examined for the
amount of radioactive lipid present, both
{14C]alanine and [3H] water conversion were
linear for 30 min (Fig. 2). Since the standard
assay time employed was 30 min, it was
important to determine whether the radioactive
serum lipids present at 30 min were neutral
lipids (indicating liver biosynthesis) or FA
(indicating adipose tissue biosynthesis). Sera
FA and neutral lipids were separated, and all
the radioactivity was recovered in the neutral
lipid fraction, indicating that the [14C], [3H]
lipids present in the serum at 30 min were of
liver origin.
Characteristics of the Inhibition of ln Vivo Rates
of Lipid Synthesis by (—)—Hydroxycitrate

The effect of the oral administration of
(—)—hydroxycitrate (2.63 mmoles/kg) upon
the in vivo rate of hepatic lipogenesis was
examined over a 24 hr period to determine the
extent and duration of the ihhibition and to
establish whether the lipogenic rates in the
(-)-hydroxycitrate-treated animals increased
during the time when control rates decreased.
Figure 3 illustrates the in vivo rates of lipo-
genesis determined by the conversion of
[14C]alanine and [3H]water into lipid. To

LIPIDS, VOL. 9, NO. 2
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FIG. 3. Effect of the oral administration of (~)—hydroxycitrate on the in vivo rate of hepatic lipogenesis

determined over a 24 hr period. Rats wefe prefasted 48 hr, then meal fed the G-70 diet for 6 days. On day 7, 50
rats each were given orally either saline or (—)—hydroxycitrate (2.63 mmoles/kg) directlg before receiving 8.7 g
food. The in vivo rate of lipogenesis was determined using the [!4C]alanine and [3H]water pulse at the
indicated times. The animals were killed 30 min after pulse administration. The vertical bar gives the standard
error of the mean (five rats/point). Nmoles [14C]alanine and pmoles [3H]water converted into lipid in the
(—)—hydroxycitrate treated animals were significantly different from controls at hr 2,4, 6,and 8 (p < 0.05). ®

Control A (~)—Hydroxycitrate.

standardize the amount of food consumed on
the experimental day, each rat was given 8.7 g
G-70 diet, which equals the food intake of rats
receiving 2.63 mmoles/kg of (—)—hydroxycit-
rate. Lipogenic rates increased to a maximum at
3-5 hr after feeding and declined subsequently
to a minimum at 24 hr. (—)—Hydroxycitrate
caused a significant inhibition of the lipogenic
rate for 8 hr after refeeding. During this period,
lipid synthesis from [!4C]alanine and [3H]
water was decreased by 68% and 72%, respec-
tively. By 12 hr, the rates of lipogenesis were
indistinguishable in controls and treated rats.
Although there was a tendency towards ele-
vated lipogenic rates 14-24 hr in the
(—)—hydroxycitrate treated rats compared to
controls, these results were not significant.

The oral administration of (—)-—hydroxy-
citrate inhibited significantly the in vivo rates
of lipogenesis in several tissues known to convert
carbohydrate into FA, namely liver, adipose
tissue, and small intestine (Table I). Although
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the rates at which [14C]alanine was converted
into lipid by the three tissues differed markedly
(adipose tissue > liver >small intestine), all
were depressed significantly by 10.52 and 5.26
mmoles/kg of (—)~hydroxycitrate. After oral
administration of 2.63 mmoles/kg of
(—)—hydroxycitrate, the lipogenic rates in liver
and adipose tissue were significantly inhibited.

Effect of the Chronic Oral Administration
of (—)—Hydroxycitrate on Hepatic Lipogenesis

Figure 4 demonstrates the in vitro rate of
lipogenesis in rats administered varying concen-
trations of (—)—hydroxycitrate orally for 30
days. The upper curve illustrates the observed
in vitro rate, and the lower curve gives the rate
of lipogenesis when 1 mM (—)—hydroxycitrate
was added to each assay. Animals receiving
(—)—hydroxycitrate at daily concentrations of
2.63, 1.32, and 0.66 mmoles/kg for 30 days
demonstrated a significantly higher rate of
lipogenesis compared to controls (1.5-2.1-fold).
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TABLEII

Reduction in the In Vivo Rate of Lipogenesis in Rats
Administered (—)—Hydroxycitrate Orally for 11 Days?

Rate of lipogenesis

Daily oral
dose of nmoles umoles

(—)—hydroxycitrate [14C])alanine Inhibition {3H],0 Inhibition

mmoles/kg converted percent converted percent
0 1043 + 131 0 64.3 + 5.3 0
0.66 760 = 107 27 50.4 £ 5.1 22
0.33 bid 824+ 84 21 56.2 + 5.8 13
2.63 248 + 27¢ 76 32.5 £ 2.0€ 49
1.32 bid 592 + 151¢ 43 40.7 + 6.2€ 37

AFive groups of 10 rats each were prefasted 48 hr, then meal fed the G-70 diet for 5 days.
They then were given saline or (—)—hydroxycitrate by stomach tube 1 hr before feeding the
G-70 diet and 4 hr after the completion of the meal (where bid [twice a day | administration
is indicated) for 11 days. Immediately after the 3 hr feeding period on day 11, the in vivo
rate of lipogenesis was determined in rat liver, as described in the text.

bpata are expressed as nmoles [ 14CJalanine and umoles [3H]20 converted into lipid/g
liver/30 min. Each value is the group mean * standard error.

¢p < 0.01.

mmoles/kg, whereas 0.66 and 0.33 produced
insignificant decreases.

As will be discussed, in the next paper,
(—)-hydroxycitrate significantly reduced appe-
tite, body wt gain, and body lipid levels. In an
attempt to separate the effects upon lipogenesis
from the effects upon appetite, three groups of
rats were treated as follows: (A) the first group
(controt) was allowed free access to the G-70
diet, (B) the second group [{~)—hydroxy-
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. FIG. 5. Reduction in the in vivo rate of hepatic
lipogenesis in rats administered (—)—hydroxycitrate
orally for 30 days. Rats were prefasted 48 hr, then
meal fed the G-70 diet for 5§ days. From day 6-36,
they received saline or varying concentrations of
(~)—hydroxycitrate 1 hr before feeding the G-70 diet.
Immediately after the 3 hr feeding period on day 36,
the in vivo rates of lipogenesis were determined in
810 rat livers/group as described in the text. The
vertical bar gives the standard error of the mean.
*p < 0.05 **p < 0.01 e [14C]alanine a [3H] 0.
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citrate)] was permitted unlimited access to the
G-70 diet, which contained (—)—hydroxycitrate
as a dietary admixture (daily dose equivalent to
2.63 mmoles/kg), and (C) a third group (paired
control) was allowed only the quantity of G-70
diet which its (—)—hydroxycitrate-treated pair
consumed on the preceding day (Table III). The
paired controls, even under dietary restriction,
demonstrated rates of lipogenesis equivalent to
unrestricted controls. However, in vivo rates
were inhibited significantly in the (~)—hy-
droxycitrate-treated rats,

DISCUSSION

The preferential usefulness of [3H] water for
the measurement of in vivo rates of FA and
cholesterol synthesis was apparent from the
results illustrated in Figure 1. The rate of
incorporation of [3H]water was linear for at
least 60 min and the total net rate was
substantially greater than that determined from
[14C]alanine at each interval. This was ex-
pected, since the protons of [3H] water were
converted into FA (9,11-16) and cholesterol
(7) independent of the source of carbon precur-
sors of acetyl CoA. In the studies reported here,
[14C]alanine was employed simultaneously to
provide a measurement of the lipogenic rate
from a specific carbon precursor.

We previously demonstrated that the oral
administration of (—)—hydroxycitrate inhibited
significantly in vivo rates of FA and cholesterol
synthesis in rat liver, as measured by the
conversion of [14Clalanine. These rate mea-
surements were made immediately following
the 3 hr meal (6). The results presented in
Figure 3 amplify and extend these observations,
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TABLE III

In Vivo Lipogenesis in Pair fed Rats Administered
(—)—Hydroxycitrate in the Diet and Meal fed for 38 Days

Rate of lipogenesis

nmoles #moles
[14C]alanine Percent [3H],0 Percent
Treatment? convertedd of control converted of control
Control 581 + 64 33.6+ 34
Paired control 781 = 86 134 39.2+29 117
(—)—Hydroxycitrate 163 + 16€ 28 21.1 £2.4¢ 63

2Three groups of nine rats each were prefasted 48 hr, then meal fed the G-70 diet for 5
days. Two groups were then meal fed the G-70 diet for 38 days, while the third group
received a dietary admixture of (—)—hydroxycitrate (52.6 mmoles/kg diet) in G-70. This
amount of (—)-hydroxycitrate was equivalent to ca. 3 mmoles/kg body wt/day. One group
receiving G-70 was pair fed to the (—)—hydroxycitrate treated rats. Immediately after the 3
hr feeding period on day 38, the in vivo rate of lipogenesis was determined in rat liver, as

described in the text.

bData are expressed as nmoles [ 14CJlalanine and pmoles [3H] 20 converted into lipid/g
liver/30 min. Each value is the group mean z standard error.

€p < 0.01.

since they provide the hepatic lipogenic profile
using [14C] alanine and [ 3H] water over a 24 hr
period. The rise and fall in the rates of
conversion of [3H] water over a 24 hr period in
meal fed, control rats corresponded to that of
[14C]alanine, previously reported (10). A sin-
gle oral dose of (—)—hydroxycitrate adminis-
tered to rats given the same amount of food as
controls depressed hepatic lipogenesis for the 8
hr period when control animals demonstrated
elevated rates of synthesis. During the next 16
hr, it was possible that the hepatic lipogenic
rates in the (—)—hydroxycitrate-treated rats
would increase or plateau, while the control
rates were decreasing, i.e. a frame shift of
lipogenic rates would occur with (—)—hydroxy-
citrate. The possibility that the carbons and
electrons diverted from hepatic lipid synthesis
during the 8 hr after feeding would be incorpo-
rated into lipid at a later time was not
substantiated, since the increased rates observed
during the next 16 hr in the (—)—hydroxy-
citrate-treated animals compared to controls
were not significant. Results not reported here
indicated that the amount of liver lipid, deter-
mined gravimetrically, in the (-—)—hydroxy-
citrate-treated animals durng the 8 hr period
when lipogenesis was significantly inhibited was
11% less than controls. Although these differ-
ences were not significant, at 10 hr the liver
lipid content of the (—)—hydroxycitrate treated
rats was significantly less than controls (21%).
Liver lipid levels were similar in both groups
from 12-24 hr after refeeding.

The metabolic fate of the carbons and
electrons that were diverted from conversion
into lipid posed an interesting question. Rates
of lipogenesis determined at a single interval, 3

hr after feeding, were reduced equivalently by
(—)—hydroxycitrate administration in liver and
adipose tissue, although inhibition was less
dramatic in small intestine (Table I). The
possibility that carbon and electron flux into
fatty acids increased in adipose tissue and small
intestine at later intervals in (—)—hydroxy-
citrate treated animals appeared unlikely. Cur-
rently, we are investigating other metabolic
fates of these diverted carbons and electrons.
The dose-dependent inhibition of the in vivo
hepatic rates of lipogenesis after 11 and 30 days
of (—)—hydroxycitrate administration (Fig. 5,
Table II) was similar to that observed after
acute administration (6). It was expected that
rates determined from [3H]water were less
depressed than rates from [14C]alanine, since
[3H] water provided a measure of the total rate
of lipid synthesis. However, the significant
increases (1.5-2.1-fold) in the in vitro rate of
hepatic lipogenesis in animals receiving 2.63,
1.32, and 0.66 mmoles/kg (—)—hydroxycitrate
for 30 days were unexpected. Since the in vitro
assay provided a measure of the activities of
ATP citrate lyase, acetyl CoA carboxylase, and
FA synthetase, the observed rate increases
suggested that the lipogenic enzyme activities
and levels were increased as a result of a
prolonged period of daily depression of FA
synthesis resulting from the competitive inhibi-
tion of ATP citrate lyase. The fact that a
constant level of (—)-—hydroxycitrate added
exogenously depressed the in vivo rates equiva-
lently suggested that ATP citrate lyase may be
the elevated enzyme. This theoretical, compen-
satory mechanism was provocative but un-
proved. It was interesting that dietary restric-
tion to the level consumed by (—)—hydroxy-
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citrate treated rats still produced elevated
control rates of hepatic lipogenesis (Table III).
The following paper examines the influence
of the chronic oral administration of
(—)—hydroxycitrate on appetite, wt gain, and
body lipid levels and discusses whether these
effects are related to the antilipogenic action of
(—)—hydroxycitrate described here.
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