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SUM MARY

Nicotinic acid in vitro is known to depress basal lipolvtic rates in adipose tissue and
also to inhibit the action of a number of agents which stimulate adipose tissue lipolysis.

Three possible mechanisms by which nicotinic acid could exert this antilipolytic effect

have been examined. The rat epididymal fat pad was used as an adipose tissue source.
In vitro nicotinic acid was found to have no effect on fat pad phosphodiesterase activity.

Similarly, no direct effect of this drug on lipase activity could be demonstrated. Nicotinic

acid in vitro was observed to inhibit, by about 50%, the increased lipolytic rates induced

in isolated fat pad sections with theophylline. This inhibitory action, however, was antag-

onized by the further in vitro addition of the fl-adrenergic blocking agent, nethalide,

(pronethalol). Also, this antagonism appeared to be a direct one. It is suggested from

these results that nicotinic acid does not exert its antilipolytic action by either increas-

ing the degradation of cyclic 3’,5’-AMP or by inhibiting directly the activity of lipase.

It would appear, however, that nicotinic acid acts at a site that is either identical with

the receptor for nethalide or is closely associated to it. Thus, it seems possible that nic-

otinic acid may exert its antilipolytic action by depressing the ijroduction of cyclic
3’,S’-AMP.

INTRODUCTION

Nicotinic acid administered in vivo to a

variety of experimental animals and under

a variety of experimental conditions, lowers

plasma free fatty acids (FFA) (1-4). For

example, this drug loweis plasma FFA in
humans (1, 2), (logs (1, 2), and rats (3)
and also blocks the rise of plasma FFA

produced by the in vivo administration of
norepinephrine to dogs, without affecting

the blood lressure response to this hormone

(1, 4). Furthermore, nicotinic acid has been

shown to lower the abnormally high plasma

levels of FFA observed in alloxan-diabetic

rats (5). These effects are presumably clue

to a direct antilipolytic action of nicotinic

acid on adipose tissue (6-9). Nicotinic acid

in vitro inhibits the stimulation of lipolysis
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in isolated adipose tissue by catecholaniines

(6, 7), ACTH (6), growth hormone and
glucocorticoicls (6), and theophylline (8).
The addition of nicotinic acid to isolated

fat cell preparations depresses basal rates
of glycerol release, even in the presence

d)f glucose (6). In addition, this drug in
vitro has been observed to reduce time un-

usually high lipolytic rates seen in a(hpose

tissue removed from alloxan-diabetic rats

(9).

Current evidence suggests that many of

tIme known lipolytic and anti lipolytic agents

may exert their actions at least within the

broad framework of regulatory mechanisms

which are thought to mediate the lipolytic

action of catecholamines 10) . A schematic

representation of these mechanisms is

shown on page 2.

Catecholamines presumably increase in-

tracellular levels of cyclic 3’,5’-AMP
(cyclic AMP) by activating an adenyi



2 I�ETERSOX, IIILLMAN, AN!) ASHMOI{E

Mol. Pliarmacol 4, 1-9 (1968)

CATECHOLAMIN ES

ADE�iYL PHOSPHODIESTERASE
CYCLASE

ATP - �CYCLIC 3’, 5-AMP ---� � 5’ -AMP

it TRIGLYCERIDES
INACTIVE Y � ACTIVE ________

LIPASE LIPASE
FFA GLYCEROL

cyclase system, which is probably associ-

ated with the cell membrane. Increased

cyclic AMP levels are thought to increase

the conversion of an inactive lipase to an

active lipase. Tissue cyclic AMP levels
besides being influenced by the activity of

a(lenyl cyclase, may also be influenced by

the activity of the enzyme phosijhodiester-

�tse which catalyzes the conversion of cyclic

AMP to 5’-AMP. rFhe methyl xanthines,
caffeine, and theophylline are well known

inhibitors of phOsphodliesterase an(l (10 in
fact markedly stimulate lipolysis as well as

potentiate the lipolytic response to cate-

cholammes (11).
With regardl to the scheme above, it

seemed possible that nicotinic acid could

exert its antilipolytic action in one of the

following ways

1. By depressing time production of cyclic

AMP through either a direct or indirect

action on adenyl cyciase.
2. By stimulating phosphodiesterase andl

thereby reducing the steady state level of

cyclic AMP.
3. By directly inhibiting cyclic AMP-

sensitive lipase.

These three possibilities have been investi-

gatedi in the present study.

METHODS

Epidi(lvInal fat )ads \Vei’e obtained from

male, Wistar strain, rats, maintained! on a

standlard laboratory (liet. Body weight at

the time of sacrifice rangc1 from 250 to

300 g. All animals were sacrificed by stun-

ning and exsanguination. In experiments in

which adipose tissue from diabetic rats was

compared with that of normals, blood, for

sugar determination, was collected in hep-
arinizedl test tubes during exsanguination.

Rats were made dlial)etic by an injection

of alloxan (Eastman Organic Chemicals,
Rochester, New York), 40 mg/kg i.v., fol-

lowing a 48-hr fast. All alloxanized animals

were maintained on protamine zinc insulin

(Eli Lilly and! Co., Indianapolis, Indiana)

4 units/lay, for at least 2 w’eeks prior to

use. rFhe last injection of insulin was given
72 hr prior to removal of fat pads. Tissue
from these animals was used only if plasma
glucose, as measured by the glucose oxidase

method (12), exceeded 250 mg/100 ml.

Lipolysis in adipose tissue was deter-

mined by measuring the rate of glycerol

(13) release from sections of whole fat pad

i ncul)ate(1 in Krehs-Ringei’ ‘s bicarbonate
buffer, pH 7.4, containing 2% bovine al-

buniin (fraction V, Sigma, St. Louis, Mis-
souri). Tissue sections weighed 250-300 mg
and were incubated under 95% 02-5% CO2

in 4 ml of buffer, at 37#{176},for 90 mm. In
experiments measuring glucose utilization,

incubations were carried out exactly as

above, excel)t that the buffer also contained

100 nig/100 ml glucose-1-14C (specific
activity 100 j�C/g; Volk, Burbank, Califor-
nia). Labeled CO2 at the end of these in-

(ubations was determined in aliquots of

the incubation media by the method of
Woeller (14).

Phosphodiesterase activity was measured

in the 4000 q supernatant (excluding the

floating fat cake) of an epididymal fat pad!

homogenate, by a modification of the

method of Nair (15). In this procedure
adlenylic acid produced (luring the reaction

was treated! with a snake venom phospha-

tase (Crotilus adarnan tens) and the in-

organic phosphate released w’as measured.

Lipase activity was assayed in either a
12,000 g supernatant of an epididymal fat

pad homogenate, by the method of Rizack
(16) or in a crude 10% homogenate, in-
cubated ulidler 95% N2-5% CO2. In the

former case, tri-n-butyrin (Eastman Kodak,

Rochester, New’ York) was used as the

substrate and the rate of glycerol release

was measured. In t1ie latter case, epidid-
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ymal fat pads were homogenized in Krcbs-

Ringer’s bicarbonate buffer, pH 7.4, con-

taining 5% bovine albumin. Glycerol deter-

minations were made on 1-mi aliquots of

the homogenate, immediately before and!

after a 30-mm incubation at 37#{176}.The net

production of glycerol over the 30-mm

period was used as a measure of lipase
activity. In this system, glycerol release

from endogenous lipid was found to be

linear with time up to 50 miii.

Protein was determined l)y the method

of Lowry (17).

In vitro additions of one or more of time

following agents were made in the various

assay systems described: theophyllinc

(Merck, Rahway, New Jersey); isopropyl-

arterenol (isoproterenol) (CalBiochem.,

Los Angeles, California); nethalide (pro-

nethalol) (a!derlin) (Ayerst, New Yom’k,

New York); nicotinic acid (Nutritional

Biochemicals, Cleveland, Ohio).

RESU LTS

Effects of Nicotinic Acid on Phosphodies-

terase Activity

Table 1 show’s the results obtained when

phosphodiesterase activity was assayed in
vitro in the presence and absence of nico-

tinic acid. Neither 10-s M nor 10� �i nico-

tinic acid altered significantly the activity

of this enzyme. Similar in vitro concentra-

tions, however, are known to markedly

reduce the lipolytic response of adipose

tissue to catecholamines (6, 7), ACTH (6),
growth hormone plus dexamethasone (6),
and theophylline (8, also see Fig. 4), and

also to depress basal lipolytic rates in iso-
lated fat cell preparations (6).

TABLE 1
Effects of ni(Otiflic acid on adipose tissue

phospho(!U4erase (lCtivit/J

Phosphodies-

In vitro additions

Final
coiicen t rat ion

(M)

terase activity

(mj�moles P�/
nig j)rotein/hr)

- - 162±27’
Nicotinic acid 1 X 10� 133 ± 6
Nieotiiiic acid 1 X 10-i 161 ± 15

Each value represents the means ± S.E.M. of 4

observations.

Effects of Nicotinic Acul on Lipase Activity

Lipase activity was measured in tissue

from diabetic and norma! rats. Both tn-n-
butyrin (Table 2) amid! endogenous lipid
(Table 3) were employed as substi’ates.
Nicotinic acid, again in concentrations

which are antilipolytic, was found to have

no effect on either the lipase activity in

normal adipose tissue or the much higher

!ipase activity observed in diabetic tissue.

Effect of Net halide on the “Insulin/ike”

Action of Nicotinic Acid

Besides its antilipolytic effect, nicotinic

acid in vitro has been reported to stimulate
carbohydrate utilization in fat pads in a
manner similar in some respects to that

observed for insulin (18). This report in-

clud!es the observation that nicotinic acid

significantly stimulates the production of

14w2 from glucose-1-14C. It has also been

observed that an insulin-stimulated pro-

duction of 14C02 from glucose-1-’4C in

isolated fat pads is significantly depressed!

by the �-adrenergic blocking agent neth-

TABLE 2

Effects of nicotinic acid on !ipa.�e activity in adipose tissue froni noimu! (mu (habetie raL�

Lipase assays were carried out as described in the text using I ri-n-butvrin (01 M) as a substrate Each value

represents the mean ± S.E.M. of � observations.

Fat pad source In vitro additions

Final c oncentration

(sm)

Lipase activity (/2moles

glycerol/mg protein/hr)

Normal -

Nicotinie acid 1

-

X 10�

0.547 ± 0.013
0.534 ± 0.015

Diabetic -

Nicotinic acid 1
-

X 10�

1.326 ± 0.017

1.317 ± 0.026
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TABLE 3
Effects of a icotinic a(i(I on lipase activity in adipose tissue fiomn norina� and diabetic rats

Lipase assays were carried out as dcsciihcd iii t be text, using endogenous lipol as the substrate Each value

represents the mean ± SE M of 3 oh isei’�at iofls

Fat pad source In vitro additions littal con(ent ration (M )

Lipase activity

(j.imoles glycerol!

gram tissue/30 mini

Normal --

Nicotiiiic acid

-

2.5 X 10�

2.02 ± 0.10

1 .97 ± 0.11
Diabetic -

Nicotimiic acid

-

2.5 X 10-i

4.50 ± 0.09

4.56 ± 0.07

alide, which by itself fails to alter basal

production (19). That nethalide is also

capable of blocking a nicotinic acid-stimu-

!ated pnoduction of 14C02 from glucose-i-
14� in isolated fat pads, is shown in Fig. 1.

Nicotinic acid at 5 X 10-i M increased! 14C02
production 70% above control values.

While nethalide (10-s r�i) was found to

exert no effect by itself, it completely
blocked the effect of nicotinic acid. On the

basis of these re�uIts it was decided to
examine the possibility that nethalide might

also antagonize nicotinic acid with respect

to its effect on lipolvsis.

Effect of Net halide on the Antipolytic

Action of Nicotinmc Acid

Theophylline, by virtue of its effect on

the enzyme phosphod�esterase, causes very
marked increases in the lipolytic rates of

Fia. 1 Effects of nicotinic acid afl(l net/ia/u/c on (ft /)ro(lurtwn from yluico.�u-l-’’C by rat epidid-

i,rna! fat paul s(’(t(unS

1tt(lI value represents the mean ± S.L.M. � 5 (il)s�rVations.
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adipose tissue (11). The lipoiytic i’esponse

of segments of epididymal fat pad to in-
creasing in vitro concentrations of theo-

phylline is shown in Fig. 2. Effects of
nicotinic acid! and nethalide on the maxi-

niumn lipolytic response which could be
obtained with theophviline are summarized

in Fig. 3. Nicotinic acid at 10� and 10 M

d!epressed the response to 102 M theophyl-

line by about 50%. While nethalide alone,

at similar concentrations, had little, if any
effect on theophylline-stimulated lipolytic

8.0

further increased by the added presence of

the catecholamine (11). This same report
dlemonstrates that at theophylline concen-

trations which elicit maximum lipolytic

rates, tissue phosphod!iesterase activity is

about 10% of normal while tissue cyclic

AMP levels are increased about 5-fohl. It

is suggested then, that theophylline is capa-

ble of increasing tissue cyclic AMP levels

to the point where the amount of cyclic

AMP-sensitive !il)ase becomes mate limiting.

Therefore, while the further addition of a

THEOPHYLLINE (Molar)

rates (10� M nethahde appeam’ed to have a

slight stimulatory action), it almost com-

pletely blocked the effect prod!uced by nico-

tinic acid. These results suggest that
nethalide is either directly or mdirectly

antagonizing the antilipolytic action of
nicotinic acid. It should be mentioned at
this point that the maximum lipolytic re-
sponse of epididlynlal fat pa(ls to in vitro

theophylline has been reported! to be ap-

proximately three times higher than that
obtained when norepinephnine was used! as
a lipolytic agent; also the maximum ic-
sponse to theophyllinc alone cannot be

catecholamine to such a system would tend

to increase cyclic AMP concentrations even

more, this would not be reflected! in in-

creased lipolytic mates. Nethalide at con-
centi’ations conipai’able to those shown in

Fig. 3, has been demonstrated to 1)e a weak
agonist, as well as a strong antagonist, of
tile catecholamines with regard to cyclic

AMP pm’odimction in adipose tissue (20). On

time basis of this, ncthalid!e would probably
not be expected! to exert any appreciable
effect on the system described in Fig. 3.
Thus, while nethalide could be increasing

tissue cyclic AMP levels above those
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Each value represents the mean ± S.E.M of 4 observations.

aclneVe(! with tlmeophylhine, hipolytic rates
would remain unafle(’te( 1. ihe nethalide

antagonism of tile nicotine aci(1 effect, how-

ever, could then be in(lire(’tiii as much as
it could be secomm(larv to time produ(tion of

this added increniemmt of cyclic AMP.
Timeophylline at I 0� M induces a lipolytic

response which is in general only about

50% of time maximuni m’esponse obtained

with higher concentrations (see Fig. 2).

Therefore, a concomitant stimulation of

cyclic AMP produ(’tion in such a system,

might be expected! to increase lipolytic rates.

It has in fact been observed that the lipo-
lytic response of adipose tissue to low con-

centrations of theophvhiine (10’ and
10 r�i) can be further stimulated with nor-

epinephrine in concentrations which induce
only slight lipolytic activity by them-

selves (ii). In Table 4, are shown the ef-

fects of net-halide at various conccntm’a-

TABLE 4
Effects of m((ti(alide on time lipolytic respoma

qf adipose tissue to theophy11�ne

Theophvlline was 9resent at a concentration of

10� ‘i

Additions

Number of

ohiserva-

t iofl5

(�lveero1 release as

9e1’celt of response

ti t heophvlline alone

105M 2 203-231
Net halide
I 0� M 2 20S-214

Net halide

103M 4 42 ± 5.0
Nethalide

tions, on the hipoiytic response of fat pads

to 10� M thcophylline. In the pm’esence of
nethahide at both I 0� M and 101 �t, lipo-

lytic mates in fat pmti:is \vem’e found to be

over 200% of those obtained with theo-



FIG. 4. Effects of nicotinic acid and nethalide on the maximum lipo!ytic response of rat epididymal

fat pad sections to theophylline

Each value represents the mean ± SEM. of 3 observations.
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pimylline alone. Nethaiide at 10� �, how-

ever, was found to depress lipolytic rates
by 58%.

In Fig. 4, the effects of nicotinic acid

and nethalide on the maximum iipolytic

response to theophylline (102 rsl), are
again shown. In this experiment, however,

nethalide at a concentration of 5 X 10’ M

depressed this response by about 25%.

\Vhile the pei’cent inhibition produced! by

nicotinic acid �2 x 10� si), was over twice

antilipolytic acid by: (a) decreasing cyclic

AMP production, (b) increasing cyclic

AMP degradation, or by (c) depressing

directly the activity of the cyclic AMP-
sensitive lipase. The last two possibilities
would appear d!oubtful, since in this study

no direct effect of nicotinic on either phos-

phodiestei’ase activity or lipase activity
could be demonstrated!. It should be men-

tioned, however, that although in vitro
nicotinic acid has been observed to depress

that produced by nethalide, the addition of
both nethalide (5 X 10� M) and nicotinic

acid (2 X 10� �i) to this system produced

an inhibition which was not significantly

different from that obtained with nethalide

alone.

DISCUSSION

With regard to what is currently knowmi
about the mechanisms involved in the regu-

lation of lipolysis in adipose tissue, it seemed

possible that nicotinic acid could exert its

basal lipolytic rates in isolated fat cell
preparations, time diegree of inhibition pro-

c!uced is much greater when nicotinic acid!

is used to antagonize the action of lipolytic

agents such as epinephrine and ACTH (6).
Furthermore, and! in contrast to the obser-

vations made w’ith isolated fat cells, basal
lipolytic m’ates in whole sections of epidic!-

ymal fat pad m’enioved from normal rats,

are unaltere! by in vitro nicotinic acid (6)
This d!rug, howevci’, depm’esses the much

higher lipoiytic rates observed in fat pad
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sections from diabetic rats (9). On tile
basis of these observations and since as is
shown in this study, lipase activity is much

higher in diabetic adipose tissue than in

normal, it seemed possible that an effect of
nicotinic acid on iipase might be demon-

strable only in a system in which increased

amounts of active hipase ai’e present. I-low-
ever, in tile one such system studied this

was found not to be the case. While hpase

activity in diabetic fat pads was found

to i)e over twice that found in normal tis-

sue, it. was not altered! 1)y the in vitmo addi-

tion of nicotinic acid!.

It appears much mote likely that nico-

tinic acid is exerting its action at a site

which is at least closely associated with the
i’eceptor lot’ the �-adrenem’gic blocking

agent nethalide. rFime �-adrenergic blocking

agents, in genem’al, have been found to be
weak agonists as well as strong antagonists

of catecholamine action on iipolysis in

adipose tissue (21, 22). This observation

taken together with the finding (20) that
nethalide is also a weak agonist and! stm’ong
antagonist of catecholamine stimulation of
cyclic AMP pm’oduction, strongly suggests

that nethalicle exerts its action via the
adenyi cyclase system

Nethalide at 10� and! 10’ M was ob-

served to inci’ease the iipolvtic response of

adipose tissue to i’elatively low concentm’a-

tions (10� �r of theophylline. This finding
suppom’ts the ol)sem’vatiofl that nethalide, at

least in the above concentm’ations, has a
stimulatory effect on cyclic AMP pi’oduc-

tion. At highci’ concentrations (5 X I0�
and 10� M) howevem’, nethalide w’as found
to (lepress the lipolytic response to theo-

phylline. It was not. possible during the
course of this study to demonstrate any

(lim’ect effect of nethalide, at 5 X 10� M

and I 0� M, On eithct’ lipase activity or

phosphodiesterase activity. If it can 1)e

assumed that nethalide acts exclusively via
the adenyl cyclase system, then it might he
concluded from this latter Oi)servatiOn that

nethalide in relatively high conccntm’ations
depresses cyclic AMP production.

\Vhile nethalide in tile lower eonccntm’a-
tion ranRe (10� and l0� M) , had relatively

little effect on tile maximum lipolytic re-

spouse of adipose tissue to theophyllinc,
it almost completely blocked! the inhibition

produced in this system by nicotinic acid.

Although these results demonstrate an

antagonism between nicotinic acid and

nethahide, it would not be i’easonable, on

tile basis of these i’esults alone, to suggest
that this antagonism is a direct one. Since

in the above system, theophylline has prob-
ably caused complete lipase activation,
nethalide, in the concentrations used,

would not be expected to appreciably alter

lipolytic rates. It might, however, be cx-

pected to increase intracellular cyclic Ai\IP
levels above those which are obtained with

theophylline alone. This latter situation

would tilen provide a possible indirect

mechanism by which nethahide could an-

tagonize the antiiipolytic effect of nicotinic

acid. The subsequent observation, however,
that nethalide at a concentration (5 X
10� �m) which itself depressed the maxi-

mum lipolytic response of adipose tissue to

theophylline, still blocked the much greater

depression produced by nicotinic acid,

strongly suggests that these two agents act

on either the same receptor or at receptors

closely enough associated so that a direct
antagonism can take place. If these two

agents w’em’e acting at completely independ-

ent sites to depress hipolysis, one should
expect at least an additive effect when both

are present in this system.
Since the receptor for nethalide is most

likely tile adenyl cyclase system, it seems

reasonable to speculate that nicotinic acid
may exert its antihpolytie action r!im’ectly

on this system, to depm’ess cyclic AMP pro-

duction. Nethalide, however, was also

found to antagonize the action of nicotinic
maid in stimulating glucose utilization, and!

tllere is no evidence that this effect of
nicotinic acid! is mediated through the

adenyl cyclase system. It is possible, how-
ever, that this effect might be at least par-

t.iallv mediated through an alteration of
cell memhm’ane pem’meabihty. This possibil-

ity finds somne support in the observations
that nicotinic acid administration to both
normal (23-25) and diabet’c (26, 27)
subjects lead!s to significant depressions in

blood sugar. Since a likely location for the
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adenyl cyclase system is the cell nlembrane

(28), it is, therefore, possible that nicotinic

acid and netilalide may have cell sutface

receptors which ate closely associated. It
would! be conceivable then, that a nicotinic
acid interaction with its i’eceptor could

lead to abnormal functioning of tile adenyl

cyclase system. Nethalide on the othem’

hand!, could block this intem’action if, in

reacting with the adenyl cyclase system,

it overlapped tile receptor for nicotinic

acid. There is m’ecent evidlence suggesting
that a somewhat similar type of antago-

nismn might occur between the �-adrenergic
blocking agents and! insulin (16).

In conclusion, our results indicate that

nicotinie acid d!oes not exert its antilipolytic

action eitiler l)y incm’easing the degradation
of cyclic AMP or by depressing directly

the activity of the cyclic AMP-sensitive
lipase. The antihipolytic action of nicotinic

acid, howevem’, (hoes appeal’ to be directly
antagonized by the �-adm’energic blocking

agent, nethalide. Since the most likely re-

ceptor fom’ nethahide is the adenyl cyclase
system, it seems m’easonable to propose that
nicotinic acid! may exem’t its antilipolytic

action l)y diepressing the pm’odluction of

cyclic AMP.
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