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SUMMARY

Tolbutamide markedly enhanced glucose oxidatiomi to carbon dioxide nit-md imihibited lac-

tate formation by rat brown fat cells in the preset-ice of imisulit-i or cysteimue. Tolbutamide
alone increased oxygen uptake, and this stimulatioim was enhanced by insulin or cysteiime.
The effects of toibutamide were similar to those of carbot-myi cyanide in-chlorophemmylhydra-

zone, at-i uncoupler of oxidative phosphorylation. The increase it-i glucose oxidatiomm by tol-

butamide or the uncoupling aget-it was not due to time stimulation of glucose metabolism
via the pentose shunt pathway. The hypoglycemic sulfonylureas, tolazamide at-md glyburide,
also stimulated glucose oxidation and respiration iii the presence of imisulimi, but to a lesser
extent than tolbutamide. Carboxytolbutamide, which has mio hypoglycemic actiomi, did
not affect brown fat cell metabolism. Tolbutamide also stimulated respiration amid glucose
oxidation by rabbit brown fat cells immthe preset-ice of insulin. Tolbutamide did miot affect
the oxidation of glucose by white fat cells it-i either the presence or absemmce of insulin. Phemm-

formin stimulated lactate formation by rabbit at-md rat brown fat cells and rat white fat
cells. Phenformin inhibited glucose oxidation by rat white or brown fat cells in the preset-ice
of insulin. The results suggest that the effects of tolbutamide on browmm fat cells are prob-

ably due to an uncoupling action, while those of phenformin are due to inhibition of respira-

tion.

INTRODUCTION

Sulfommylureas are used in the treatment
of mild maturity omiset diabetes meliitus.
However, their mechanisms of actiot-m are

still obscure. Most believe that the hypo-

glycemic effect is due to the stimulation of

insulin release it-i pancreatic fl-cells (1, 2).

Others favor the idea that sulfommyluneas
act nt-i extrapancreatic sites, sit-ice the re-

lease of insulit-i alone cammnot accout-it for the

long-term metabolic effects of tolbutamide
(3). �\ Tat-my extrapaneneatie sites of actiomi

have beet-i investigated at-id reported.
Among these are the irmhibitiot-m of hepatic
ketogenesis it-i rat liver slices (4), it-mcreased

These studies were supported in j)art by Public
Health Service Grant AM-10149 from time Nrutionai

Institute of Arthritis at-id Metabolic Diseases.

glucose uptake at-md glycogemi syn thesis in

rat white adipose tissue (5), tumid potenti-
atiot-i of insulin aetiomm on glucose uptake

by skeletal muscles (6). Sonic have sug-
gested that sulfonyluneas directly potemitiate
insuliim action by other extrapammcreatie
mechanisms (7, 8). De Schepper nund de

Beer (9, 10) found that chiorpropamide

at-md tolbutamide imucreased oxygen uptake
by rat liver mitochondnia at-mci reduced ATP
levels in liver slices.

Recent interest it-m the effects of sul-

fonylureas omi adipose tissue is due to time

work of Stomme and imis associates (11-13).

Thuev found thuat sulfonylurenus exert an

at-itilipolytic action it-i rat white adipose

tissue and isolated mit white fat cells.

The preset-it studies were desigt-ied to
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investignute the effects of tolbutnumide tumid
its derivatives omi isolated browmm fat cells

of rats and rabbits in order to enhance our
general understandimmg of the effects of
sulfon�lureas OH nuetabolism. We also

compared the effect of tolbutamide with
thnU of I)hemmformit-m on time metnubolism of
browmm nut-md white fat cells.

MATERt-ALS AND METHOt-)S

Brown fat cells wet-c isolnuted from the

(Iomnrnul interscapular brown tissue of 130-
160-g Spnague-Dawley femnule rats (Charles

River (1D strain) fed laboratory chow ad
libitunm. Cells were isolated by digestiomu of

time mit-iced brown fat pads ivitim crude
hnucteninui collagenniuse (%Vorthingtomm) at a
concentratiot-m of 1 mmmg/nml in phosphate

buffer cot-itaining 4 � nulbunmin (14). The
buffer �vnus prepnure(1 fresim daily, nut-md the
j)H � rudjusted to 7.4 tufter additiomi of

bovine frnictjot-i V nulbunmimm powder (lot
30,709) obttuit-ied from Art-noun Pharma-

(eutiCnul ( ‘onmj)ammv. Time j)Imospimate buffer
cot-itt-mit-med Xa(’l, 12S iiiM ; (1t-u(1l2, 1 .4 nuiu;

\1g804, 1.4 mimmi;KCI, 5.2 nmut-; nut-mdNa�HPO4,
10 nm�i (pH nud�usted to 7.4 with HC1). In
the studies ut-sit-mg rrubbits, brown fnut cells
\%�m�t-�t� obttuit-ied sinmilnurly fronm the dorsal
it-mterscapuliur brown It-ut jauds of yoummg
rabbits (New Zerulruid strnuit-i, weighing

nut-ott-mid .00 g). Vuimite fat cells were obtnuimued

by digestiomi of the pnurrut-mmetninul adipose
tissue with 0.5 nmg t-mml of cohlrugennuse (15).

)xyget-i cot-isunmption uvt-us nmet-usuned it-i a

hlsot-i respironmet er nut 370� The cells were
added to silicot-iized \Vnurburg side arnu nes-

pirot-mmeten flntsks contnuit-ming 3 nml of medium
at-id gnussed with 100 � oxygen. (1)2 was
absorbed by time nudditiot-i of 0.2 mmmiof 5 #{182}�

EOH to rolled strips of filter paper (3 X
�0 t-munm) it-i the center well. Respiratiot-m was

t-mmeasured after nit-iit-mitinul 30 mit-i of it-mcuba-

lion, wimicim served as the equihbrnutiot-m period.
it-i time experinmemits uVitli labeled substrates,

I it-c filter pnupers were ret-mmoved nut time ct-md

of time immcubnution period nut-mci cout-mted in

13t-’av’s 5()htt-ti()t-1 (16).

It-i experit-imet-its wimen respirnmtion was

not t-mmenusured, time cells were immcubnuted in

17 X 100 nmrn I)olyethylemIe tubes con-

tnthmit-mg 1.5 mmml of t-mmediut-um. Brown fat cells

were gassed witim 100 #{176} oxygemm, nut-id the

tubes were capped amid it-icubated in nu water

bath at 37#{176}.Carbon dioxide was collected
ot-i rolled filter papers it-m disposable plastic

center wells (Kontes Glass Company)
attached to the rubber caps. At the end of
the incubatiomm period, 0.2 ml of Hyamit-me

hydroxide (Packamd Instrument Company)
was added to the filter paper, amid 0.25 ml
of 1 N H2S04 to the nmediunm. The filter

papers and wells were removed after 30

mm at-md counted it-i Omt-iifluor-toluene

solution.
At the ct-md of immcubatiot-m period, nuliquots

of the mediunu were takemi for lactnute analysis

(17). Total lipids were extracted from the

remainit-mg nmedium plus cells by nu modifi-

catiomi of time procedure of Dole nut-id Mci-

nemtz (18) (hexnuiie was substituted for
heptane), cut-id aliquots of the hexanue layer
were evapornuted nit-md timemi counted in 10
ml of Ommmifluon-toiuene scimmtillatiot-m solu-
tion (14). Total fatty acids were obtained

by saponification of arm aliquot of the hexane
extract, follow-ed by acidification and cx-
tractiomm witim hexaime (14). Glyceride-
glycerol fonniatiot-m was calculated by sub-

traction of time nnudioactivity in total fatty

acids from that in total lipids (14). The

formation of canbot-i dioxide, total lipids,

fatty acids, and lactate is expressed as

micnonuoles of glucose converted to these

products clunimmg time incubation period per
millimole of triglyceride. Triglyceride con-

tent wtus deternmined frot-mm time total fatty

acid content (14) nit-mci is used for cot-mvet-m-
ience to express the amount-mt of cells present
it-i each expeninment.

The sources of time chenmicals were nus

follows. Tolazanuicie [Tolit-mase; 1-(imexahy-

dno-1H-nuzepimi-1-vl) -3-(p-tolylsulfonyl) urea,

lot ZN 610], canboxytolbutamide [1 -butyl-

3-(p-carboxyphet-iylsut-lfonyl)ut-rea, lot 7262-

CHV-77], and glybunide [glibemmclamide;

HB-419; 1 - [p - [2 - (5 - chloro - a - nut-usa-

mido)phenyl]sulfonvi]-3-cyelohex\-lurea, lot

9734-PEM-iGhi were gifts of Dr. Wiliianu

E. Dulimi of time Upjoimn Conupnumiy. Crystal-

lit-me poneit-me iimsuhit-i wnus nu gift of Eli Lilly

at-md Conupnunv; it contaimmed less than

0.0003 ‘7� glucnugot-m by weight. Glucose-U-

‘�C,t- glucose-6-tm4C, nut-ui glucose-1-’4C were

1 The abbreviatiomis used are: giucose-L-’4C,

glucose uniformly labeled with “C; rn-CCP, car-

bomiyl cyanide vs-chiorophenvlhydrazomie.
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Without

tolbutamide
�

Increment due to tolbutamide at

0.13 mg/mI 0.33 mg/mI 1 mg/ml

4.5 ± 1.0

10.0 ± 4.0

22.3 ± 4.0
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obtained fronu the New Eiiglnummd Xuclenur

Corporatiomm. Carbommyl cyanide ni -cimioro-

phenylhydrazot-me, vahmuonmycimi, pimemiformmmin

(N - $ - phemmethylbiguat-uide hydrochloride),
tolbutamide, nut-id other chenuicnul s were

obtained commercinully.

RESULTS

In isolated rat brown fat cells, toibuta-

mide alot-me increased, but t-mot sigmuificat-utly,

the conversion of glucose to CO2 (Table 1).

However, iii the preset-mce of imisuiit-m, glu-

cose oxidatiot-m was markedly increased by

tolbutamide (Table 1).

Cysteine is ot-me of a number of thiol

compoummds which at relatively higim cot-i-

centratiorms stimulate glucose mettubohsni

by wimite (19) nut-id browt-i (20) fat cells.

Cysteit-ie, like it-msulni, it-icrenused glucose

cot-iversiot-i to canbot-i dioxide it-i brown fat
cells (Table 2). The stimulation by tol-

butanmide of glucose oxidatiomm was nuimost

20 times greater in the presence tiunumi it-u

the nubset-ice of cysteimie (Table 2).

Toibutamide at a cot-icet-itnation of 1

nmg/mi tripled the rate of respiratiomm it-i

the presence of 2.8 m�t (Table 2) or 30 mM

glucose (Table 3). The stimulatiot-m of respira-

tiot-i by tolbutamide was doubled it-i the

presence of cysteit-me (Tables 2 at-md 3). The

effect of tolbutanuide mm respiration it-i

either the preset-ice on abset-mce of cysteimie

was ummaffected by immcnenising the concen-

TABLE 1

Effect of tolbutamide with and without insulin on glucose metabolism by brown fat cells

Brown adipose tissue of normal fed rats was digested with 1 mg/mi of collagenase for 1 hr. The cells

were incubated (1.92 Mmoles of triglyceride per t ube) for 3 hr in 1.5 ml of medium containing 4% albumin

and 2.8 mr�i glucose-U-’4C. The values wit hout tolbutamide are the means of three experiments, and the

increments dome to added tolbutamide are the means ± standard errors of the paired differences.

Glucose conversion to CO2

Nomie

Imisulin, 0.083 miiilliimmsitnil

Insulin, 0.4 milliumiitml

,.onoles/rnrnole triglyceride

0.3 ± 0.3 1.1 ± 0.8

2.3 ± 3.1 15.1 ± 2.2

3.7 ± 0.8 29.4 ± 8.5

5.0 ± 2.7

34.7 ± 6.8

46.0 ± 6.4

TABLE 2

Effects of tolbutamide and cysteine on brown fat cell metabolism in the presence of �.8 mor glucose

Browmm adipose tissue from normal fed rats was digested with 1 mg/mi of collagenase for 1 hr. The cells

(4.85 Mmoles of triglyceride per flask) were incubated for 2 hr in 3 ml of medium containing 4% albumin
and 2.8 mat- glucose-1J-’4C. The values without tolbutamide are the means of three experiments, and the
increments due to added tolbutamide are the means ± standard errors of the paired differences.

Addition

Oxygen consumption Glucose conversion to CO2

Increment due to

Without tolbutamide at

tolbutamide H --

0.33 mg:ml 1 mg/nil

Increment due to

Without tolbutamide at
tolbutamicle -

0.33 mg/ml 1 mg/mI

None

Cysteimie, 1 mat-

/.Ll/j.i?;zole triglyceride

5.3 ± 0.4 1.9 ± 0.6 11.4 ± 3.4

17.3 ± 2.8 7.1 ± 4.8 27.3 ± 11.0

j.ornoles/rnunole triglyceride

4.3 ± 0.4 1.0 ± 0.2 3.2 ± 0.4

18.2 ± 1.6 16.4 ± 2.6 57.1 ± 2.5
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TABLE 3

Effects of tolbutamide wit/s cysteine and cy.steine + insulin on respiration in the presence ofSO you glucose

Browmi adipose tissue from miormal fed rats was digested with 1 mg/nil of collagemiase for 1 hr. The

cells (3.92 /2moles of triglyceride per flask) were incubated for 2 hr in 3 nil of mimedioum contaimiing 4%

albumin and 30 mat glucose. The values without tolbutanmide are the meat-is of three experimemmts, amid

the imicrements dime to added tolbsmtarnide are the means ± standard errors of the paired differences.

.

�\ddmtmon

.

%\mthout
.

tolhutamm(le

Increment due to tolh
�- -�

utamide at
-

0.33 mg/mI 1 mg/mi

pl 02 consurned//2nzole triglyceride

Not-se 5.7 ± 0.7 4.0 ± 3.1 13.9 ± 3.5

Cysteine, 1 hiM 13.1 ± 5.8 8.0 ± 2.2 23.4 ± 6.7

Cysteimie, 1 ni�, -�- insulimi, 0.4

milliunit/mi 13.3 ± 1.9 24.3 ± 9.6

Insomlimi, 0.4 rnilliot-nit,/nil 5.2 ± 0.7

TABLE 4

Effect of tolbutauside and phenfornsin on brown fat cell metabolism in 1/se presence of 3 and 30 mt-i glucose

Brown adipose tissue from fed rats was digested with 1 mg/nil of collagemiase for 1 hr. The cells

(6 �moles of triglyceride per flask) were incubated for 2 hr in 1.5 nil of medium containing 4% albumin
and 3 or 30 mai glucose�U�m4C. The basal values are the means ± stamidard errors of three experiments,

and the increments due to added insulin are the means ± standard errors of paired differences. The

concentratiomi of tolbutamide was 1 mg/mI, at-idthat of phenforniin was 240 .ug/ml (1 mM).

Addition
Glucose
concen-
tration

Glucose�U��C conversion to CO.)

Without Increment due
. . . .
insulin to insulin

Glucose conversion to lactate

Without Increment due
. .
insulin to insulin

m.uf j.onol es/rn mole triglyceride j.o;soles/mmole triglyceride

Not-ic 3

30

1.9±0.6 12±1.5

3.5±1.5 15.8±4.0

5±0.8 36±6

9±6 48±5

Tolbsmtamide 3

30

4.9 ± 2.5 28 ± 6.0

11.3±4.3 31.3±3.0

1 ± 0.4 24 ± 10

6±3 38±7

Phenformin 3
30

1.9±0.4 0.8±0.4
3.5±0.3 2.4±0.9

18±3 38±5
38±7 63±11

tration of glucose ft-nm 2.8 to 30 m� (Tables
2 and 3).

The effect of tolbutamide omi glucose

metabolism in 3 mrut- as compared with 30
m� glucose ‘s\.ti� examit-med it-i the expeni-

met-its shown in Table 4. Glucose oxidation

in both the preset-ice nut-id absence of to!-
butamide was doubled by iumeneasit-ig the
colmcelmtnnutiomi of glucose 10-fold (Table 4).

The it-icnemeimt in glucose oxidatiot-i due

to insulimi or to tolbutamide plus it-msulit-m

was not significantly affected by the con-

centnation of glucose it-u the medium (Table

4).
Phenformimm (phemmetimyibiguaumide) is ot-me

of a nunmber of biguanide derivatives which

are oral hypoglycemic agents used in the

treatment of diabetes mellitus. Pheimformin

inhibits glucose oxidatiot-i by white adipose

tissue at-md it-icreases lactate formation (21-
23). Phenformimm nut a coneemitratioum of 1 mM

did not sigt-mificantly immhibit basal glucose

cot-ivension to carbon dioxide but did sig-

nificantly imihibit that due to insulium in rat

brown fat cells (Table 4). Phet-iformin in-

creased lnmctate formatioum but was without

affect on the marked stimulation of lactate

fonmatiomi sect-i in the preseumce of imusulin

(Table 4).
We carried out experinmet-mts using glu-

cose-1-’4C and glucose-6-’4C as substrates

to see whether the increase in glucose
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2 Unpublished observations.

metabolism by tolbutamide was due to
stimulation of the pet-mtose shut-mt pnutiuwnuy.

The effects of tolbutamide were nulso cot-mi-

pared with those of the ut-icoupling agemut

m-CCP and the nut-mtibiotic valimmonmycimi.

The C-i: C-fl ratio of the basal values for

COt- formation fronu glucose oxidatiomi was

1.3, while that for the increase due to

insulit-i was 1.8 (Fig. 1). The C-1:C-6 mnutio
of the imicrease due to tolbutamide nit 0.33
mg/ml was 1.0 and rose to 1.3 it-i time preset-ice

of insulin (Fig. 1). At a higher concentration

of tolbutamide (i nug/m!), the C-i: C-6
ratio was 0.9 in the abset-mce and 1.1 in time

presence of insulin.
The C-1:C-6 ratio due to m-CCP (2.5 X

40

30

20

GO

>. 10
a,

a,
00

E
E

40

0
E

0
1.0

FIG. 1. Stimnlation of carbon dioxide formation

from glucose-i _HC or glucose-6-14C by tolbulamide

with and wit hont in.nilin

Brown fat cells (5.9 �smoles of triglyceride)
were incubated for 2 hr it-i 1.5 mnl of nuediurn cot-i-

taining4% albumin buffer amid 2.8 mat glucose-1-”C
(upper half of the figure) or glucose-6-m4C (lower

half). 0, values in the absence of insulin; �,

those it-i the presence of 0.4 milliunit/mI of insulin.
The values for lactate formation amid glucose cot-u-

version to total lipid in these experiments are
shown in Table 5.

10-s M) alone was 0.8 ili time absence nit-id

1.0 it-u time preset-ice of immsulimm (Fig. 2). The

C-i : C-6 ratio of time it-icrease in glucose

oxidation due to valimmonuvcin was 1.1 in
the absence at-md 1 .0 in time presence of it-i-

sulimu. No sigrmificammt I)otentiation of valimmo�

mycimi nuetion ot-i glucose nmetabolisnm was

Sect-i it-i the presence of immsulin (F�ig. 2).

The (it-itt-i it-i Table 5 it-mdicate timnut wimile

tolbumtanuide, in -CC P, at-id valinonmycin
imicreased glucose oxidatiot-m, these nuget-mts mmot
only fnuiied to stimulate glucose conversion

to total lipid and lactate formatioum but in
sonme cases actually decreased timeir for-

mation. In the preset-ice of it-msulit-i time me-
suits were even nuore striking; t-ieither

tolbutanmide, m-CCP, imor valinonuycimu in-

creased glucose conversion to total lipid
or lactate (Table 5).

Time effects of tolbutamide on glucose
nuetabolism by wimite fat cells were quite

different from our observations with brown
fat cells (Table 6). Tolbutanmide had no
sigt-uificnumt effect on glucose oxidation or

cot-mversiomm to fatty nucids it-i citimer the

iiresence or absemice of it-isulimu (Table 6).
The C-i : C-fl ratio of time bnusai values was

approximately 0.6 it-i white fat cells, while
the ratio of the increnmet-its it-i glucose oxida-

tion due to it-msulit-m was 5.2, whicim is cot-i-

siderably greater timnut-i avnus sect-i it-i brown

fat cells (Fig. 2).
Phemiformimm stinuulated lactate formation

by white fat cells (Tnuble 6). However, this

drug inhibited the basnul cot-iversiomi of glu-

cose to cnurbot-i dioxide nut-id total lipid by

white fnut ceils at-md nuiniost completely

blocked the stimuiatiot-m by imusulin of glu-

cose oxidatiot-i at-id cot-mversion to lactate at-id

fatty acids (Table 6). All the studies with
white fat cells were performed it-i the pres-

et-mce of 0.4 m�i theophvllimie so that the
at-itihpol�tic actiot-i of tolbutamide and

phemuformimm could be examnmed. It-i the
studies simowmi in Table (1 with white fat

cells timene was a mt-irked inmhibitiot-i of

glycerol relenuse by pimet-iformit-m nit-id tol-

butamide (not showmm), nut-id we have seen

sinuilar ammtilipolytic effects of both drugs

ot-i browt-i fat cells.2

Tolazamide at-id glyburide are sut-lfonyl-
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��ALNCM)(N

None

Tolbutamide, 0.33

mg/ml

Tolbutamide, 1
mg/mi

rn-CCP, 2.5 x � M

\Talinot-nvcin, 2

i.�moles/,n,nole triglycerideMmoles/mmole triglyceride

-0.5 ± 0.8 21.2 ± 2.5

-1.0 ± 0.2 14.9 ± 2.2

-2.1 ± 1.9

-1.6 ± 1.6

1.1 ± 0.2

1.2 ± 0.2

14.0 ± 2.9 0.9 ± 0.4

10.3 ± 1.4 0.7 ± 0.2

/.Lmoles/rnmole triglyceride

1.9 ± 0.2 10.4 ± 1.210.2 ± 0.7

11.4 ± 1.6

8.2 ± 0.2

9.5 ± 0.3

-1.1 ± 1.9

1.9 ± 0.5

1.4 ± 0.4

1.2 ± 0.4

14.3 ± 0.6 0.6 ± 0.4

12.3 ± 1.7

6.7 ± 0.6

8.9 ± 1.0

2.0 ± 0.23.1 ± 1.4 0.4 ± 0.3
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Fm. 2. Effects of insulin on glucose-i i4(� or glucose-6�”C (�Ofl7’�,�S?()fl to CO2 in brown fat cells incubated

with carbonyl cyan ide ns -chlorophenylhydrazone lrn-Cl (CC) P1 or valinornycin

Brown fat cells (5.9 �moles of triglyceride per flask) were incubated for 2 hr in 1.5 ml of medium
comitainimig 4% aibumimi. The umishaded bars represent cells it-icumbated with 2.8 m� glucose-1-’4C, and the

stippled bars, those imicubated with 2.8 mat glucose-6-’4C. The cot-icemitratiomis of the different reagents
were as follows: insumlimi, 0.4 milliumiit/ml; carbot-iyl cyammide rn-chlorophenylhydrazone, 2.5 x 10-s M;

valit-moniycimi, 2 �&g/ml. The values for lactate formation amid glucose cormversion to total lipid it-i these
experiments are showmi it-i Table 5.

TABLE 5

10

Stimulation of lactate and total lipid formation by insulin in brown fat cells incubated with tolbutainide,
rn-CC!’, or valinomycin

Brown adipose tissue froni fed rats was digested with 1 mg/ml of collmugenase for 1 hr. The cells (5.9
�zmoles of triglyceride per flask) were imicubated for 2 hr in 1.5 nil of medium containing 4% albumin and

2.8 mat glucose-1-’4C or glucose-6-”C. The basal values are the meat-is of three experiments, and the

increniemmts due to added insomlimi (0.4 miiilliommiit/ml) are the means ± standard errors of the paired differ-
ences. (ilomeose conversion to carbon dioxide in the same experimemits is shown in Figs. 1 and 2.

Additions

Glucose conversion to lactate

-�-- -

Glucose-1-’4C
conversion to total lipid

Glucose-6-’4C
conversion to total lipid

Increment
Basal due to insulin

I

IncrementBasal due to insulin
5I Increment

Basal due to insulin

ureas whicim are climiicnullv effective at lower

comicemmtnatiomms that-i tolbut-tnunuide (24, 25).

Canboxytolbutanuicle is a tolbutntmide me-

tabolite found to iuave muo Imypogiycemic

action (3). Tolbutanuide at concentrations
fronu 0.33 to 1 mg/ml it-icneased glucose-

U-’4C comivensiomm to ‘4CO2 and oxygen con-
sumptiot-i by browmi fat cells in the preset-ice



TABLE 6

Effect of tolbutanside and phenformin on metabolism of white fat cells

White parametrial adipose tissue from fed rats was digested with 0.5 mg/mI of collagemiase for 1 hr.

The cells (40 �moles of triglyceride per flask) were incubated for 4 hr imi 1.5 ml of nmediumn comutaining
4% albumin, 0.45 mat theopliylline, and 2.8 mao glucose-1-14C or glucose-6-’4C. The basal values are the

meat-is ± standard errors of three experinients, and the imicrements due to added imisomlin (80 Molt-sits ml)
are the means ± standard errors of time paired differemices. The concemitrnution of tolbutaniide was 1

mg/mi, and that of phenformin was 120 �zgrnl (0.5 mat).

Glucose conversion to CO2
Glucose conversion

to) fatty nucids

Addition

None

Tolbutamiiide

Phenformin

\Vithout
insulin

Increment
due to insulin

Glucose conversion
to lactate

Without Increment
imisulin due to

insulin

1-14C

1-’4C
6.i4C
1-’4C

/2moles/mmole triglyceride

15.1

27.6

15.8
26.6

0
0.1 ± 0.1

0.1 ± 0.1

0.6 ± 0.2

0.2 ± 0.1

0.3 ± 0.3

± 4.0
± 4.0
± 3.5
± 8.0

0

0

j.u,zolcs1mmole triglyceride

0.3 ± 0.1 5.8 ± 0.1

0.7 ± 0.4 6.8 ± 0.8

2.5 ± 0.5 1.8 ± 0.6
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Glucose
label

Without Increment
insulimi due to insulin

j.smoles/mmole triglyceride

0.5 ± 0.1 10.0 ± 2.8

0.8 ± 0.3 1.9 ± 0.4
0.7 ± 0.1 11.3 ± 2.2

0.7 ± 0.2 0.6 ± 0.1

0.3 ± 0.1 0.3 ± 0.2

0.1 ± 0.1 0.1 ± 0.1

of 0.4 milliut-mit/mi d)f imisulimi (i�ig. 3) . Botim
tolazamide nit-md glybunide at dosniges be-
tweet-i 0.37 and 0.7 mg/mi increased oxygemm
consumption nit-id CO2 formatiot-m, while at
1 mg/mi the effects did not increase with
the dosage. It-i contrast to the above three

hypoglycenuic sulfonylurenus, carboxytoi-

butamide actually it-ihibited both t-4CO2
formnutiomu nit-id oxygemm coiisunuptiot-m (Fig.
3). Lactate fommatiomm at-id glucose cot-i-

versiomi to glyceride-glycerol were ut-iaf-

fected by carboxytolbutanmide it-i the sanue

experiments, while the imighest commcentna-
tions tested for the other sulfomiylureas

produced about a 50 % decrease it-i their

formation (not shown).
Experiments were carried out with

different substrates it-u the abset-ice of glu-

cose. As shown it-i Table 7, tolbutamide
stimulated oxygen cot-isimnuption it-i brown

fat cells almost 2-fold when no substrate
was preset-it. This stinmulatory effect as-as

similar to that seen when 2.8 m�i glucose

was added to the mediut-n (Table 2). Whet-i

substrates were added to the medium,

there was a 2-fold increase it-i basal respira-

tion. The it-icrememmt due to it-isulimm avnus the

same it-u either the preset-ice or absence of
substrates. The effect of insulin pius to!-

butamide was greater that-u that of either

nugent nulomie whet-i oxnuinucetate or succimmnute

w�as the substrate . I nsuiit-u nut-id tolbutarnide
togetiuer (lid tint give a greater effect than

toibutamide alomie whet- i a-giycero�)imospimate

�a-as time substnnute . It-i omie experiment 10
niM p�mruvnite was a(lded, nut-md respiration,

both basnul at-md thnut due to added nuget-uts,

was sinmilan to timnut observed with succinnute

or oxalacetate.
It-i rabbit brown ft-ut cells, toibutamide

alot-me nit 1 mg/nil had a significant stinmula-

tony effect on oxygemi consunmptiot-i, which
was mint sigmmificat-mtiy ct-that-iced by insulin

(Fig. 4). It-i the preset-ice of 0.4 Imuilliut-mit/nul

of it-msulin, 1 mg/nml of tolbutanuide en-

imat-mced glucose comiversion to CO2 (Fig. 4).
As shown in Fig. 4 and Table 8, t-ieither

oxygen uptake mion glucose miuetabolism
wnus affected by 0.4 milliunit/mi of insulin
alot-me. m-CCP at 2.5 X 10-i xi stimmuulnuted

oxyget-i uptake, at-md timis effect was ct-i-

hat-meed it-i the presence of insulin. Pimen-

fornuin it-mcreased lactate formation from
glucose, particularly it-i the preset-ice of

insulin (rfibl 8).

I) ISCUSS ION

It-i our expeninments with rat brown fat

cells, tolbutamide potemitiated the action of
insulimm on glucose oxidatiomm to carbon



50

-D

a,
>. 40

a,

4)

0

E

20
4)

0

10

0

OXYGEN CONSUMPTION

#{149}‘��LBLITAMIDE

//

� TOLAZAMIDE

4/’ �
,.“ ,,//‘ GLYBURIDE

CARBOXYTOLBUTAMIDE

GLUCOSE TO CO2

40 #{149}

I
0 20
E __________

dioxide. Higim cot-icentnnutiomis of cysteine or
other thiols contnuit-iit-ig sit-lfhydry! groups

l)nmntiall�� nt-mimic the nuctiomi of insulit-m on

white (19) amid! browmi (20) fat cells. The
preset-mt t-�esults nulso indicate that cysteit-ie
had the sanme effect as it-isulin on stimula-
tint-i of glucose oxidnutionm by tolbutamide.
Possibly, in time inesemice of insulin or cys-

teit-me, trat-ispont is t-mo longer the mate-limitit-mg
step for glucose nuetnubolisnu and under

these comiditiomis nut-i effect of tolbutamide
nt-i the oxidation of glucose cat-i be sect-i.

Sulfonylureas have beet-i reported to

stimulate respiratiot-m it-i rat liven mito-

chondnia (10) nut-id it-i isolated pancreatic
islet cells of nuice (24) . Th it-mcrease was
more mt-inked at glucose concemmtrations
below 5.5 m�. It-i mit browt-i fat cells,

to!butt-umide stinmulated oxygct-m consumption
it-i the abset-mce of added substrate nut-md in

the presence of succinate, oxalacetate,
a-glycenophospiuate, or glucose.

Sulfot-mylureas imnuve beet-i fout-id to de-

crease the ATP level in rat diaphragm at-md
liver slices nund t-mmice �-cel!s, nut-md to it-mhibit

proteimi synthesis it-u mit diaphragm, liver
slices, kidney, nut-i(l nudipose tissue (9, 10,
23). The decrease it-i ATP level nut-id it-i-

crease in oxygemi uptake may have been

due to the ut-icouphng effects of the sul-

fomuylureas. m-CCP is a potemit umicoupling

agemit of oxidnutive piuosphonylatiomi (26).

The effects of tolbutamide at-md m-CCP on

glucose oxidnution by rat brown fat cells

at-id oxygen cot-isumptiot-u by rabbit brown

TABLE 7

- 0 0.2 0.4 0.6 0.8 1.0 1.2
mg/mi

Fio. 3. Effects of suifon!Jlurea derivatives on

brown fat cell metabolism

Brown fat cells (8.3 j.omoles of triglyceride Per
flask) were it-scot-bated for 2 hr it-i 3 ml of 4% aihu-

mimi buffer cot-itaimmimig 2.8 mat gloicose aiid 0.4

niilliumiit/nil of imusomlimm. *, values for different

doses of tolbutamide; E, those for tolazamide;

A, those for glyhuride; 0, those for carboxy-
tolbutamide.
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Effects of tolbutamide and insulin with different substrates on metabolism of brown fat cells

Brown ft-ut cells (7.5 ILmnoles of triglyceride per flask) were incubated in 3 mnl of 4% albumin buffer for
2 hr. The basal values are the means of five experiments. The increments due to insulin (0.4 milliunit/

ml), tolbutamide (1 mg/nnl) or 1)0th (at the same concentrations) are the means ± standard errors of

the paired differences. All cells were isolated and incubated in the absence of glucose.

Substrates Basal
Increment Increment due

due to insulin to tolbutamide

Increment due to
tolbutamide +

insulin

Id 02 consumed //.Lmole triglyceride

None 6.7 ± 1.9 7.3 ± 1.4 11.3 ± 2.5 16.4 ± 7.1
Oxalacetate, 10 mM 14.5 ± 6.0 6.2 ± 1.7 11.5 ± 1.6 24.8 ± 4.3
Succinate, 10 mat 15.2 ± 4.4 6.7 ± 0.4 13.8 ± 1.5 23.5 ± 3.4

a-Glycerophosphate, 10 mat 15.8 ± 3.7 5.9 ± 1.2 10.6 ± 3.8 10.8 ± 2.6
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TABLE 8

Effects of phenformin and m-CCP on nmetabolismn of rabbit brown fat cells

Brown adipose tissue from nornmal rabbits (2-3 weeks old) was digested with 1 mng/ml of collagennse

for 1 hr. The cells (20.5 Mmoles of triglyceride per flask) were incombated for 2 hr in 3 ml of medium
containing 4% albumin, 0.1 mg”mI of pammcreatic trypsimi inhibitor, amid 2.8 mao glmmcose-U-m4C. The values

without addition of phenformin or m-CCP are the mneamis of four experiments, amid the chamiges due to
phenfornmimi or m-CCP are the means ± standard errors of the paired differemmces. The effects of tolbuta-

mide in the same experiments are shown in Fig. 4.

Oxygen consumption G lucose conversion to lactate

Insulin No
addition

Change due to Change due to
phenformin mn-CCP (2.5 X

(1 mat) 10� M)

No

addition

Change due to Change due to

phenformin m-CCP (2.5 X
(1 mat) 10-i at)

mnilliunit/
ml

,.d/Mmole triglyceride
M?noles;’mmolc triglyceride

0 1.9 ± 0.8 -0.1 ± 0.4 +4.7 ± 0.4a 3.9 ± 0.7 +2.0 ± 0.4a -0.1 ± 2.0
0.4 2.0 ± 0.7 +0.2 ± 0.4 +7.1 ± 2.Oa 6.8 ± 2.0 +9.7 ± 3.2’ +4.0 ± 2.0

a Significant effect (p < 0.05 by paired comparisons).

fat cells were inidistimmguishabie at-md suggest

that the observed effects of tolbutamide
max’ be secomudary to its uncouplit-ig action.

Previous studies from this laboratory have
also shown that m-CCP is a potemmt stimu-

lator of respimat.ioim in rat bmowt-m fat cells
(27).

The action of tolbutamide was somewhat

different from that of valimmonmycin, whose
uncoupling action is secondary to stimula-
tion of K� flux (28, 29). Valinomycin also
stimulates respiratinim it-i brown fat cells,

but its actioni is dependent nt-i the presence
of K� in the medium (29).

The stimulation of respinatiomm by to!-

butamide in the absence of glucose on imisu-
un indicates that this effect of the drug is
not dependent on the availability of glucose.

The stimulation by insulin of respiration

in the absence of glucose is another effect

of this hormomme which is indepet-mdent of

any action nt-i glucose transport..

The therapeutically effective concemmtra-

tions of tolbutamide in nman are get-mcnally

considered to be in the range of 0.08-0.18

mg/nil (30). The minimally effective con-

centration of tolbutamide with respect to
probable ut-icoupling effects on brown fat

cell metabolism in our expenimet-uts was
within this range, but denmonstration of
maximal effects required concet-itnatiot-ms

in the range of 0.5-1 mg/mi (Fig. 3). Sig-
nificant effects of tolbutamide on it-isulin

secretint-u by the j)ct-�f1i5t�(1 nat l)ntmicrenus me-

(luire cot-ucemmtratiot-is it-i the mat-ige of 0.07-
0.2 nmg/mi of I)(�rfusnmtt� (31). However, it is
clear thntt there is no relatiomiship between
the probable uncoupht-mg actiot-is of gly-

bit-ride at-md tolazamide on browt-i fnut cells
at-id their effects on imisulit-i release, sit-ice

these agents were less effective that-i tol-

butanmide on brown fat cell metnubolisnu but
are much more potent thnumm tolbutat-muide

w-ith respect to insulin release and dosage

required for a hypoglycemic effect (32, 33).

Possibly glyburide at-md! tolazamide act

solely as pancreatic stimulants wherenus time

imypoglycemic ntctiot-m of tolbutamide nulso

involves potentiatiomi of insulin actiomi. We
suggest that further expenimet-its should be

perfonnmed to test the hypothesis timnut the
extrapancreatic actioims of tolbutanuidc (30)
may be due to nit-i ut-ucouplit-ig action, at-id

this should be cot-usidened as a possible

explammation of time effect of sulfot-iyluneas

nt-i the pancreas. At time very !enust, the

probable uncoupling action of sulfot-iyl-

uneas might explain their at-itihipo!vtic

action nt-i white (11-13) nut-id bnowii fat cells.2

Canboxytolbutamide is a metabohite of
tolbutnumide which is devoid of hvpo-

glycemic action (3) at-md is ineffective nt-i

isolated pancreatic islet cells of mice (24).
Our studies it-mdicate tiuat canbnxytol-

butanmide is also inactive as a probable
uncoupliimg agent nt-i bmowmi fat cells (Fig.
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FIG. 4. Effects of tolbutamide on rabbit brown

fat cells

Isolated rabbit brown fat cells (20.5 Mt-noles of

triglyceride per flask) were incoml)ated imi 3 ml of

iiiediuni comitainimig � albumimi bit-tier, 2.8 mat

glucose-TJ-14C, and 0.1 mg/mI of pancreatic tryp-
sin inhibitor. The left half of each graph shows the

values it-i the absence of insulin, while the right-

hand values are those in time presence of 0.4 milli-

ut-mit/mi of insulin. The ummsliaded bars represent

the basal values withoomt tolbomtamnide; the stippled
bars, values with 0.33 mg/mW of tolbumtaniide; and

the solid bars, values with 1 t-ng/mnl of tolbutamide.

The stiniulatiomm of respirat 0)0 at-md glucose oxida-
tion by 1 t-ng/nml of tolhiitamide �s statistically

significant (p < 0.05 l� paired conmparisons)

except in the case of glucose oxidatiomm in the ab-
sence of imssulin.

3). These (lnuta suggest that theme is some

specificity with regard to sulfommylurea

effects nt-i bmowmi ft-ut cell t-imetnubohsm.

Rudmnumi an(l 1)i( �it-olnunmo (34) found that
time white adipose tissue of mntbbits was

relatively insemmsitive to it-isuhimi. Timerefore,

we included a snmahl nut-noimnt of pancreatic

trypsni inhibitor it-i time medium used for
immcubatioim of rnubbit brown fat cells because
of time possibility tiinut. time ft-ut cells might
readily inactivate it-msuhit-i. Theme avnus no sig-
nificamit stimulation of glucose oxidation

by insuht-m nulot-ic it-i rabbit. brown ft-ut cells,

in contrnust to rat brown or white ft-ut cells.

Insulin did appenur to increase glucose oxi-
dation in time presence of tolbutamide.

The stiniulation by phet-mformin of lactate

formation by brown and white fat cells is

similar to previous observations with oligo-

mycin (35). Botim phemiformini and ohigo-
mycin (33) imthibit.ed glucose oxidatiomm by
white fat cells, nit-mci ohgonmycm (33) stinmu-

lated glucose oxidation by brow-n fat cells,
while phet-ifornmimi was without affect on

basal but did iniuibit time increase due to
insulin. Time effects of oligomyciii nit-id

phenfornuin appear to be quite similar at-id

confirm previous reports with respect to
the effects of phet-ifonmit-i on white adipose

tissue (21-23).
Insulit-m l)refem’emitiaily stinmulated time

hexose nionophospimate l)athway of glucose

nietabolism it-i brown fat cells, although to a

lesser extent than in white fat cells. Wit-me-
grad and Renold (36) onigit-iahiy reported
the preferentinui oxidation of C-i of glucose

by white adipose tissue it-i the preset-ice of
insulin, and this was confimnued it-u the

present expenimet-uts. Tolbutamide hnud ef-

fects opposite to those of insulin with re-
gard to stimulation of the shut-it pathway
in brow-n fat cells. Time effect of tolbutntmide
on the metabolism of glucose labeled at

C-i conmpamed with C-6 was cxnumined

because of time report that tolbutamide

preferemitinully stinuulat.ed time shunt path-
\vt-uy in white adipose tissue (4) . There was a

small, but t-mot sigt-mificant, stinmulation of

glucose-1-’4C oxidation by tolbutamide in

white fat cells, but this was it-msigiiificant
compared to the effect of insulit-i (Table 6).
The diffenemmce betwcet-m the effects of tol-

butamide on brown as compared to white

fat cell glucose oxidatiot-i is probably re-

lated to the nmuch greaten rate of oxidative

nuetabo!ism it-i brown fat cells (14).

The commc!usiomm from these studies is

that the effects of tolbutamidc nt-i brow-mm fat

cell metabolism appear to be due to un-

coupling of oxidative phosphonylatinim. The

stinmulation of glucose oxidation by tol-

butamide is secondary to its uncoupling

action and is depemmdent nt-u the preset-ice of

it-isulin to increase the immtracelluian avail-

ability of glucose.



SULFONYLUREAS AND BROWN FAT CELL METABOLISM 523

REFERENCES

1. H. S. Seltzer, J. Clin. Invest. 41, 289 (1962).

2. H. S. Yalow, H. Black, M. Villazon, and S. A.

Bet-son, Diabetes 9, 356 (1960).
3. J. M. Feldman and H. E. Lebovitz, Diabetes

18, 529 (1969).

4. A. E. Henold, G. R. Zahnd, B. Jeamiret-iaud amid

B. R. Boshell, Ann. N. V. ;tcad. &i. 74�

490 (1959).

5. C. Lopez-Quijada, H. R.-Candela and J. L.
11.-Cat-idela, Med. Erp. 6, 65 (1962).

6. J. M. Feldmat-i and H. E. Lebovitz, Diabetes
18, 84 (1969).

7. U. Heaven and J. 1)ray, Diabetes 16, 487

(1967).

8. I. A. Mirsky amid 1). Diemigott, J. Clin. En-

docrinol. Metab. 17, 603 (1957).

9. P. J. de Schepper, Bioclmern. Pharmacol. 16,
2337 (1967).

10. L. de Beer and P. J. de Schepper, Biochem.

Pharmacol. 16, 2355 (1967).

11. 1). B. Stone at-id J. D. Browt-i, Diabetes 15

314 (1966).

12. 1).B. Stone, J. 1). Brown amid C. P. Cox, Amer.

J. Physiol. 210, 26 (1966).

13. J. D. Brown and 1). B. Stot-ie, Endocrinology

81, 71(1967).

14. J. N. Fait-i, N. Reed and H. Sapersteit-i,J. Biol.

Chern. 242, 1887 (1967).

15. M. Rodbell, J. Biol. Chem. 239, 375 (1964).

16. G. Bray, Anal. Biochem. 1, 279 (1960).

17. H. Hohorst amid H. Bergmeyer, in “Methods
of Enzymatic Amialysis” (H. Bergmeyer,
ed), p. 266. Academic Press, New York,

1965.

18. V. P. Dole amid H. Meimiertz, J. Biol. Chenn.

235, 2595 (1960).

19. V. H. Lavis and B. IT. Williams, J. Biol.
Chem. 245, 23 (1970).

20. S. C. Loken and J. N. Ft-tin, Endocrinology

86, 432 (1970).

21. L. D. Waterbury amid J. J. Jaffe, Afol. P/tar-
macol. 3, 63 (1967).

22. N. 0. Jangaard, J. N. Pereira and. II. Pinson,

Diabetes 17, 96 (1968).

23. 11. D. Soling, H. Zahltemi, M. Bottcher and B.
Willms, Diabetologia 3, 377 (1967).

24. H. Stork, F. H. Schmidt, S. Westman at-Id C.
Hellerstrom, Diabetologia 5, 279 (1969).

25. B. Hellman, L. Idahi amid A. 1)amiielsson, J)ia-

betes 18, 509 (1969).
26. P. U. Heytler, Biochemistry 2, 357 (1963).

27. N. Reed and J. N. Fain, J. Biol. Cheni. 243,

2843 (1968).
28. C. Moore and B. C. Pressmami, Biochem. Bio-

phys. lIes. Commun. 15, 562 (1964).
29. N. Reed and J. N. Fain, J. Biol. Chem. 243,

6077 (1968).

30. J. M. Feldmami at-id 11. E. Lebovitz, .lrch.

Intern. Med. 123, 314 (1969).

31. G. M. Grodsky, L. L. Bennett, D. Smith amid
K. Nemechek, in “Tolbutamide after 10

Years” (W. J. H. Butterfield at-id W. Vt-un

Westerimig, eds.). p. 11. Excerpta Medica

International Congress Series No. 149,

Amsterdam, 1967.

32. A. Loubatieres, M. M. Mariani, (I. Hibes,

H. de Malbosc at-id J. Ciiapal, Diabetologia

5, 1(1969).

33. K. Schoffling, Therapiewoche 1, 11(1968).

34. D. Rudman and M. l)iUirolamo, .4dvan. Lipid

Res. 5, 35 (1967).

35. J. N. Faimi, S. C. Lokemi amid M. P. Czech,

Biochim. Biophys. Acta 197, 40 (1970).

36. A. E. Wimmegrad amid A. E. Renold, J. Biol.
C/tens. 233, 273 (1958).




