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SUMMARY

The omission of K+ from the phosphate buffer used for isolation and incubation of white

fat cells potentiated the lipolytic action of theophylline but inhibited that of catecholamines.

Omission of K+ reduced the lipolytic action of growth hormone and glucocorticoid in the
absence of glucose from the medium. Valinomycin, a macrocyclic antibiotic which increases

the K� permeability of natural and artificial lipid membranes, inhibited the lipolytic action

of theophylline if K+ was present in the medium. In the absence of K+ valinomycin had
the opposite effect. Valinornycin did not mimic the stiinulatory effect of insulin on glucose

metabolism in buffer plus K� where it acted as an antilipolytic agent. Ouabain stimulated
glucose metabolism and inhibited the lipolytic action of norepinephrine only if K� was

present in the buffer. However, ouabain potentiated the lipolytic action of theophylline.
These results indicate that the activation of lipolysis in fat cells does not have an absolute
dependency upon K+ but can be indirectly influenced by alterations in medium K� or by
drugs which influence K+ influx and effiux across cell membranes.

INTRODUCTION

Mosinger and Kujalova (1) postulated

that the presence of K� in the medium was
required for the hormonal activation of

lipolysis in white adipose tissue. Recently
it was reported that omission of K� or addi-

tion of ouabain inhibited the lipolytic ac-
tion of catecholamines (2, 3) and either had

no effect (3) or increased (2) the lipolytic

action of theophylline.

The present studies were designed to in-
vestigate the possibility that the actions of
growth hormone plus glucocorticoid, norep-

inephrine, and theophyiline on free white
fat cells might have an absolute depend-
ency upon the presence of K� in the buffer.
The effects on fat cell lipolysis of valino-
mycin, an antibiotic which increases the
K� permeability of membranes (4-6), tet-
raphenylborate, a K� complexing agent (7),

� in part by a PHS grant (AM-

10149) from the National Institute of Arthritis

and Metabolic Diseases.

and of ouabain, a glycoside which inhibits

a K�-dependent ATPase (8), were also
investigated. The principal conclusion from
these studies is that the presence of K� in

the medium can influence but is not re-
quired for the activation of lipolysis in
white fat cells.

MATERIALS AND METHODS

White fat cells were isolated from the
parametriai adipose tissue of Sprague-
Dawley female rats starved for 18 hr prior

to sacrifice. The rats (130-150 g) were

maintained on laboratory chow for 7-14

days after arrival from the Charles River

Labs. Cells were isolated by a modification

of the procedure of Rodbeli (9) after diges-

tion of adipose tissue for about 1 hr with
crude bacterial collagenase (Worthington)
at a concentration of 0.5 mg/mI in Krebs-

Ringer phosphate buffer which contained
albumin, 4%; NaCl, 128 mM; CaCl2, 1.4
mM; MgCl2, 1.4 mM; N�t�HPO4, 10 mr�i



350 JOHN N. FAIN

Mo!. Phor,nacol. 4, 349-357 (1968)

(pH adjusted to 7.4 with HC1) ; and KCI,
5.2 m�i except in those experiments in

which the cells were to be incubated in

K�-free buffer. The buffer was made up
fresh daily and the pH adjusted to 7.4 after
addition of bovine fraction V albumin

powder obtained from the Pentex Company
(P-55) or the Armour Pharmaceutical

Company (No. 27,008 referred to as A-27).
In all experiments in which cells were in-
cubated in K�-free buffer they were isolated

and washed in buffer without K�. Under

t.hese conditions K� was released to the
medium during digestion of adipose tissue

with collagenase in K�-free buffer. Tile final

concentration of K� was around 2 m�i if

1 g of tissue was incubated in 3-4 ml of

collagenase solution. There was no further

release of appreciable amounts of K� dur-
ing the incubation period since the K� con-

tent of the medium in which the cells had

been incubated for 4 hr was 0.1 m� or less.

The K�-free albumin buffer used in each
experiment was also checked for K� content

and contained less than 0.1 m�. All K�
determinations were done by internal

standard flame photometry using an In-
strumentation Labs No. 143 flame photom-
eter.

The fat cells were incubated for 4 hr in
17 X 100 mm plastic culture tubes. Initial
control values were obtained on cells in-
cubated for 5 mm. The values for each

experiment were based on the average of

duplicate tubes using pooled fat cells ob-
tained from the adipose tissue of 3 or more
rats. All experiments were replicated at

least 4 times with different groups of
animals. The results were evaluated by
paired comparisons using the Student t test.

Glycerol was determined by a fluori-
metric modification of the enzymatic pro-
cedure of Vaughan (10) on a SO-pJ aliquot

of the medium. DPNH formation was
measured with a filter fluorimeter (Amer-

ican Instrument Company, Silver Spring,
Maryland). The wavelength of the incident

light was 340 m.t and the secondary filter
transmitted light above 410 m�. Free fatty
acids were determined on the remainder of
the incubation medium and cells by a

modification of the procedure of Dole and

1\leinertz (11) in which hexaiie was sub-

stituted for heptane. In some experiments
0.1-0.3 1iC of uniformly or randomly

labeled D-glucose-14C (New England Nu-

clear or Schwartz BioResearch) were
added to each tube. The incorporation
of labeled glucose into carbon dioxide, total
lipid, and fatty acid was determined by the
procedure of Rodbell (9) . The amount of

cells added to each tube was calculated
from the total fatty acid content assuming

3 mmoles of fatty acid per gram of cells

(9).
Bovine growth hormone (NIH-GH-B6)

was a gift of the Endocrinology Study

Section of the National Institutes of
Health, and dexamethasone (9a-fluoro-
1 1f�,17a,21 -trihydroxy-16a-methyl-l ,4-preg-

nadiene-3,20-dione) was a gift of Merck.
The crystalline insulin was a gift of the Eli

Lilly Company, and valinomycin of Dr.

J. C. MacDonald of the National Research

Council of Canada (Saskatoon, Saskatche-
wan). The valinomycin (2.4 mg) was dis-

solved in 0.5 ml of absolute ethanol and
then diluted to a volume of 10 ml with 4%
albumin buffer. In all experiments with
valinomycin, the same volume (25 � of

5% ethanol was added to control flasks.
Sodium tetraphenylborate (K&K Labs.),
L-norepmephrine bitartrate (CalBiochem),

ouabain octahydrate (Sigma), and theo-
phylline (Mallinckrodt) were used as re-
ceived from the suppliers except that theo-
phylline was recrystallized from ethanol.

Stock solutions of all drugs and hormones

were stored at -15#{176}.

RESULTS

The lipolytic action of theophylline was

considerably greater in K�-free buffer than
in regular buffer containing 5 mM K� (Figs.

1 and 2). The cells in the experiments

shown in Fig. 1 were incubated in P-55
albumin and there was almost no lipolytic

response to 0.2 m�i theophylline; those in
Fig. 2, which were incubated in A-27 al-

bumin, showed a marked acceleration of

lipolysis with 0.2 m�i theophylline. The
P-55 albumin apparently contains a con-

siderable amount of an inhibitor of lipoly-
sis whose effects can be largely overcome by
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FIG. 1. Effect of omission of medium K+ on the lipolytic action of theophylline and growth hormone p!u.s�

gl’ucocorticoid

Free white fat cells (8 mg of cells per flask) were incubated for 4 hr in 1.5 ml of P-55 albumin without

added glucose. The values are the means of 7 paired replications; the filled triangles represent those in the
presence of growth hormone (Gil), 0.75 ��g/ml, and of dexamethasone (DEX), 0.015 ,sg/ml; open circles

represent those in the absence of these hormones.

increasing the concentration of the lipolytic
agent. Previous studies indicated that in
cells incubated with P-55 albumin there
was no lipolytic action of growth hormone

and glucocorticoid unless a lipolytic agent

such as theophylline was present (12).
Similar results were seen in the studies
silown in Fig. 1. Tile increase in lipolysis

due to theophylline alone was considerably

greater in K�-free buffer, but that due to

growth hormone plus dexamethasone in the
presence of theophylline was about the

same in the presence as in the absence of

K� (Fig. 1).
The lipolytic action of 0.05 p.g/ml of

norepinephrine was reduced by about one-
half in K�-free buffer as compared to buffer
with K� (Fig. 2). Under identical condi-

tions the lipoiytic action of theophylline

was 60% greater in K�-free buffer (Fig. 2).

The addition of valinomycin inhibited the
lipolytic action of theophylline on fat cells
incubated in buffer containing K� (Table

1 and Fig. 3). The addition of 100 �U/ml

of insulin produced an inhibition of the
lipolytic action of theophylline comparable
to that due to valinomycin, but insulin in-
creased the metabolism of glucose while
valinomycin almost completely blocked
glucose metabolism (Table 1).

The antilipolytic action of valinomycin

was dependent upon the presence of K� in
the medium and valinomycin actually
potentiated the lipolytic action of theo-
phylline in the absence of K� (Fig. 3). Vali-
nomycin also inhibited the lipolytic action
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FIG. 2. Differential effect of omission of K� on lipolytic action of theophylline versus norepinephrine

Free white fat cells (16.5 mg in presence of I’� and 17 mg in the absence of K�) were incubated for 4 br
in 1.5 ml of 4% A-27 albumin containing glucose (0.3 mM). The values are the means of 4 paired experiments;

those in the presence of 0.2 m�s theophylline are represented by striped bars, and those in the presence of

0.05 lAg/mi of i�-norepinephrine are represented by stippled bars. The increase in both fatty acid and glycerol

release due to theophylline was significantly greater (P < 0.05 by paired comparisons) in the absence of K�
from the medium while those due to norepinephrine were significantly lower in the absence of K+.

TABLE 1
Comparison of antilipolytic action of insulin with that of valinomycin

Free white fat cells (0.6 mg) were incubated for 4 hr in 1.5 ml of 4% P-55 albumin containing glucose

uniformly labeled with ‘4C (0.3 mM). The values, in micromoles per gram, are the means of 6 paired experi-

ments, and the differences due to insulin (100 ILU/ml) and valinomycin (4 /Ag/ml) are the means ± standard

errors of the paired differences. Theophylline (1 miss) was present in all tubes, as was K+. Glucose conversion

to fatty acid was less than 0.01 �mole/g even in the presence of insulin.

Parameter Basal

Difference due to

insulin, 100 /AU/m]
Difference due to

valinomycin, 4 �tg/ml

Glycerol release 125 -35 ± 9 -33 ± 8
Fatty acid release 235 -62 ± 13 -85 ± 11

Glucoseto 0.10 +0.29 ± 0.10 -0.10 ± 0.20
carbon dioxide

Glucoseto 0.12 +2.22 ± 0.60 -0.12 ±0.01

glyceride-glycerol
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FIG. 3. Potassium requirement for antilipolytic action of valinonzycin

Free fat cells (8 mg per tube) were incubated for 4 hr in 1.5 ml of P-55 albumin containing glucose (0.3 mia).
The values are the means of 4 paired experiments, and 1 mi�i theophylline was present in all tubes. The basal

value for glycerol release was 7 in the presence of K4� and 3 in the absence of � DEX represents dexa-

methasone at a concentration of 0.015 pg/ml; GH represents growth hormone at a concentration of 0.75

pg/mi.
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of growth hormone and dexamethasone in
the presence but not in the absence of K�
from the medium (Fig. 3).

Ouabain has been reported to inhibit the
iipolytic action of catecholamines (2, 3)

but not that of theophylline (2). The results
in Fig. 4 indicated that 10� M ouabain

actually enhanced the lipolytic action of

theophylline in both the presence and ab-
sence of K� from the medium (P ( 0.05
by paired comparisons). However, ouabain
did not inhibit the further increase in

lipolysis due to growth hormone and dex-
amethasone (Fig. 4).

Ouabain at a concentration of 5 X 10� 14

stimulated glucose metabolism in the pre-

sence of K� in the medium and inhibited the
lipolytic action of norepinephrine (Table
2). These effects of ouabain were not seen
in the absence of K� from the medium.

Tetraphenylborate was added in the ex-

periments shown in Table 3 to see whether
removal of any traces of K� present in or
released to the medium by fat cells would

affect the lipolytic action of growth hor-

mone plus glucocorticoid or of theophylline.

Tetraphenylborate (0.3 mM) did not sig-
nificantly affect the stimulation of glycerol
release due to theophylline or growth hor-
mone plus dexamethasone in either the

presence or absence of K� from the medium.
Tetraphenylborate did inhibit the stimula-

tion by these substances of fatty acid re-
lease, but only when K� was present in the
medium.

Omission of K� reduced the lipolytic ac-
tion of growth hormone plus glucocorticoid
to a greater extent in the absence than in

the presence of glucose in the medium (Fig.
1 and Table 3). In cells incubated with
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FIG. 4. Effect of ouabain on lipolytic action of

heophylline

Free white fat cells (8 mg per tube) were incu-
bated for 4 hr in 1.5 ml of 4% P-55 albumin con-

taining glucose (2.8 mM). The values are the means

of 4 paired experiments, and 1 mas theophylline was

present in all tubes. The open circles represent val-
ues with t.heophylline (1 mM) alone; and filled tri-
angles those with growth hormone, 0.75 pg/ml, and
dexamethasone, 0.015 pg/mI, in addition to theo-

phylline. The basal value for glycerol release in the

absence of theophylline was 7 in the presence of K�

and 3 in the absence of K�.

glucose there was a lipolytic action of
growth hormone and glucocorticoid in the
absence of K#{247}(Table 3).

cells reduced the lipolytic action of low

concentrations of catecholamines (Fig. 2).

Previously Ho et al. (3) reported that

omission of K� inhibited the lipolytic action
of low concentrations of ACTH or cate-
cholamines but that these effects could be
overcome by increasing the concentration

of the hormones. The results of Ho et al.

(3) and those reported here suggest that

the lipoiytic action of ACTH and cate-
cholamines is influenced by K� but does

not have an absolute dependence on K�
as suggested by Mosinger and Kujalova
(1).

The potentiation of the lipolytic action

of theophylline by omission of K� is inter-

esting since theophylline is thought to acti-
vate lipolysis by decreasing the breakdown

of 3’,5’-adenosine cyclophosphate (3’,5’-
AMP). Ho et a!. (3) reported that prior

incubation of adipose tissue in K�-free
buffer or in the presence of ouabain resulted

in an inhibition of the adenyl cyclase ac-
tivity of homogenates of adipose tissue.

However, this cannot account for the
potentiation of the lipolytic action of

theophylline on fat cells by ouabain or
omission of K�. The adenyl cyclase activity
responsible for the basal formation of 3’,5’-

AMP must either not be influenced by K�
lack or t.here are other effects of K� lack
which more than offset any inhibition of

The omission of K#{247}from the buffer used

for isolation and incubation of white fat
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TABLE 2

Ouabain action on fat cell metabolism in presence and absence of K+

Free white fat cells (16.5 mg in the presence of K� and 17 mg in the absence of K�) were incubated for
4 hr in 1.5 ml of 4% A-27 albumin containing glucose uniformly labeled with 14C (0.3 miu). The basal values,
in micromoles/per gram, are the means of 4 experiments, and the differences due to ouabain ((1.05 mM) are

the means ± standard errors of the paired differences. Glucose conversion to fatty acid was less than 0.01

pmoie/g even in the presence of insulin.

Norepinephrine

+K� -K�

Difference due Difference due

(pg/mi) Basal to ouabain Basal to ounbain

0 3.0

Glucose to glyceride-glycerol

+2.2 ± 0.5 5.6 +0.5 ± 0.8

0.05 2.2 +2.0±0.7 6.1
Glucose to carbon dioxide

0±0.3

0 0.32 +0.18±0.1 0.8 +0.06±0.15
0.05 0.33 +0.11 ± 0.04 0.9

Glycerol release

0 ± 0.03

,

0 6 +2.5±1 3 0±0.5

0.05 67 -17 ± 4 31 -4 ± 2
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TABLE 3
Tetraphenyl borate and fat cell lipolysis

Free white fat cells (8 mg/tube in series A with glucose 0.3 m� and 9.5 mg/tube in series B without glucose)

were incubated for 4 hr in 1.5 ml of 4% P-55 albumin. The basal values in series A are the means of 4 experi-

ments while those in series B are the means of 6 experiments. The differences due to tet.raphenylborate (TPB)
at a concentration of 0.3 m� are the means ± standard error of the paired differences. GH + DEX represent
growth hormone at. a concentration of 0.7 pg/ml, and dexamethasone at a concentration of 0.015 pg/mI.

Theophylline was present in all tubes at a concentration of 1 mr�i.

Additions

besides

Series A wi th glucose Series B without glucose

K� Difference due Difference due

theophylline (m�i) Basal to TPB, 0.3 mM Basal to TPB, 0.3 m�t

0 6 112

Fatty acid release (pmoles/g)

-30 ± 15 99 -46 ± 20

GH + DEX 6 174 -53 ± 20 178 -51 ± 16

0 0 120 +11 ± 14 154 -15 ± 16

Gil + DEX 0 186 +11 ± 12 191
Glycerol release (pmoles/g)

-34 ± 23

0 6 44 0±6 35 0±11
Gil + DEX 6 88 +2 ± 7 60 +12 ± 9

0 0 80 +13±15 89 +2±13
GH + DEX 0 110 +10 ± 6 95 -4 ± 2

adenyl cyclase. Since the lipolytic action

of cyclic 3’,5’-AMP (13) � of dibutyryl
3’,S’-AMP (14 and unpublished observa-

tions) is enhanced by omission of K� from
phosphate buffer, it is possible that K� lack

either inhibits tile breakdown at 3’,5’-AMP
or enhances the activation of triglyceride
lipase by the nucleotide.

Valinomycin accelerates the energy-
linked K� uptake by rat liver mitochondria
(15) and causes marked increases in the

permeability of natural (4, 5) and experi-
mental bimolecular lipid membranes (6)
to K� but not to Na�. Valinomycin could
act as a pore or carrier to transport K�
through lipid membranes and would there-
fore decrease the intracellular K� content
of cells incubated in K�-free buffer. This
could account for the stimulation of theo-

phylline action in K�-free buffer by valino-
mycin since it appears that the lower the

intracellular K� content the more lipolysis
is accelerated by theophylline. In the pres-
ence of 5 m�i K� in the buffer, valinomycin

may stimulate an energy-dependent influx
of K� into fat cells in addition to increasing
the passive K� efflux. The utilization of

energy for active K� uptake might reduce
the energy available for activation of

lipolysis and account for the inhibitory ef-

fect of valinomycin on theophylline-in-
duced lipolysis. The activation of lipolysis

by theophylline requires energy derived

from oxidative phosphorylation in both

brown (16) and white fat cells (17).
Growth hormone plus glucocorticoid was

able to accelerate lipolysis in K�-free buf-

fer containing glucose even in the presence
of 0.3 m�x tetraphenylborate. The addition

of this amount of tetraphenylborate should
have been sufficient to complex any traces
of K� released to the medium, and suggests
that the action of these hormones is not
dependent upon extracellular K#{247}if glucose

is also present.
Tetraphenyiborate has other effects on

cellular metabolism which may be un-

related to its ability to complex K� since

at higher concentrations and in the absence
of albumin it uncoupled energy transfer

reactions in rat liver mitochondria (18).

However, 0.3 m� tetraphenylborate, the
concentration used in this paper, had no
effect on basal glucose metabolism or the
action of insulin on fat cells incubated in

K�-free buffer (19). Possibly the format ion
of potassium tetraphenylborate was re-

sponsible for the reduction of fatty acid
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but not of glycerol release seen only in cells
incubated in buffer containing K� (Table
3).

Ouabain did not inhibit the potentiation

of theophyliine-induced lipolysis by growth

hormone and glucocorticoid, which is rather

different from the inhibitory effect of oua-
bain on the lipolytic action of catechola-

mines. The mechanism by which these hor-
mones influence lipolysis differs since the

lipolytic action of growth hormone and
glucocorticoid involves a lag period of at

least 1 hour which is blocked by inhibitors

of RNA and protein synthesis such as
ultraviolet light (20) , X-radiation (20),
puromycin (21) , cycloheximide (22) , and
actinomycin-D (21, 22) . The protein made
under tile influence of these hormones ap-

Iears to affect the formation of 3’,5’-AMP
(12). In contrast, the lipolytic action of
cateholamines is not affected by any of

the above-mentioned agents and is rapid

in onset (20-22). Catecholamines are
thought to activate adenyl cyclase with a
resultant increase in intracellular accumu-

lation of 3’,5’-AMP which accelerates

lipolysis (23).
The inhibition of catecholamine-induced

lipolysis and stimulation of glucose metab-

olism by ouabain in buffer containing K�
confirms the work of Ho et a!. (3, 24) and
extends their findings by demonstrating

that these actions of ouabain are not seen
in the absence of K� (Table 2). Kypson

et al. (14) reported that ouabain (10� 14)

inhibited the lipolytic action of epinephrine
but not of norepinephrine. Their data in-

dicated that ouabain inhibited the action

of both catecholamines but only the inhibi-

tion of epinephrine action was statistically
significant (14). The present results and

those of Ho et al. (3, 24) do not agree with

those of Kujalova and Mosinger (25), who
reported that ouabain blocked glucose up-

take by adipose tissue.
The effects of ouabain were similar to

those of the K�-free buffer in that both
inhibited the lipolytic action of norepi-
nephrine and potentiated that of theo-

phylhne. Since ouabain blocks the activity
of the transport system responsible for the

uptake of K� illto cells (8) , it is not sur-
prising that its effects in buffer containing

K� were similar to those produced by omis-

sion of K� from the buffer.
Despite the fact that ouabain and insulin

both stimulate glucose metabolism, there
is little similarity in their mechanisms of
action. Insulin is able to stimulate glucose
metabolism in tile absence of K#{247}(19)
while ouabain has no effect on glucose
metabolism in K�-free buffer (Table 2).
But of even more importance is the finding

that insulin inhibited (Table 1), while

ouabain potentiated, the lipolyt.ic action

of tlleophylline (Fig. 4).

IIEFEREN CES

1. B. Mosinger and V. Kujalova, Biochim. Bio-

phys. Ada 116, 174 (1966).

2. B. Mosinger and M. Vaughan, Biochim. Bio-

phys. Ada 144, 556 (1967).
3. R. J. ITo, B. Jeanrenaud, Th. Posternak and

A. E. Renold, Biochim. Biophys. Acta 144,

74 (1967).

4. D. C. Tosteson, P. Cook, T. Andreoli and M.

Tieffenberg, J. Gen. Physiol. 50, 2513 (1967).

5. E. J. Harris, G. Catlin and B. C. Pressman,

Biochemistry 6, 1360 (1967).

6. P. Mueller and D. 0. Rudin, Biochem. Bio-

phys. Res. Commun. 26, 398 (1967).

7. H. Flaschka and A. J. Barnard, Jr., Advan.

Anal. Chem. Instr. 1, 1 (1960).

8. J. C. Skou, Physio!. Rev. 45, 596 (1965).

9. M. Rodbell, J. Bio!. Chem. 239, 375 (1964).

10. M. Vaughan, J. Biol. Chem. 237, 3354 (1962).

11. V. P. Dole and H. Meinertz, .1. Biol. Chem.

235, 2595 (1960).

12. J. N. Fain, Endocrinology 82, 825 (1968).

13. B. Mosinger and M. Vaughan, Biochim.

Biophys. Acta 144, 569 (1967).

14. J. Kypson, L. Triner and G. G. Nahas, J.

Pharmaco!. Exptl. Therap. 159, 8 (1968).
15. H. A. Lardy, S. N. Graven and S. Estrada-O,

Federation Proc. 26, 1355 (1967).

16. N. Reed and J. N. Fain, J. Bio!. Chem. in

press.

17. G. Fassina, I. Maragno and P. Dorigo, Bio-

chem. Pharmacol. 16, 1439 (1967).

18. K. Tjtsumi and L. Packer, Arch. Biochem. Bio-

phys. 122, 509 (1967).

19. J. N. Fain, Endocrinology in press.

20. J. N. Fain, Science 157, 1062 (1967).

21. J. N. Fain, V. P. Kovacev and R. 0. Scow, J.
Biol. Chem. 240, 3522 (1965).



K+ AND WHITE FAT CELL LIPOLYSIS 357

22. J. N. Fain, Advan. Enzyme Regulation 5, 39 24. R. J. Ho, and B. Jeanrenaud, Biochim Biophys.

(1967). Acta 144, 61 (1967).

23. R. W. Butcher, It. J. Ho, H. C. Meng and E. 25. V. Kujalova and B. Mosinger, Biochim. Bio-

\\r Sutherland. J. Biol. Chem. 240, 4515 phys. Acta 127, 255 (1966).
(1965).

Mo!. Pharmacol. 4, 349-357 (1968)




