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SUMMARY

Time additioum of nmetradionc (2-metimvl-l ,4-naphmt.imoquinnonme) to svinite fat. cells iii time

Iresenmc’ of catecinolaminmes amid timeopinylline markedly increased time accumulation of
cyclic AMP uvitiminn 5 mm. However, menadione inrhibited the activation of adenyl cyclmisc

by nnorcpineplmrinie inn fat cell “girosts.” Vitamimn I’� (2-methyl-4-anniiro-1-nmapht.hmol) ac�

tually inhibited cyclic AMP accumulation except under conditions inn svimich autoxidationi

of I(� occurred. Time products obtainned from air oxidation of vitamimm K3 uvere able to inn-

crease time cyclic AMP conmtennt. of uvimite fat cells inn the presence of catecimolanninnes mind
timeophylline. Time increase inn cyclic A’slP content. (line to menadionme us-as largely initra-
cellular and did riot involve any alteration in the total ATP comntent. of fat. cells. Both menna-
dionie amid vitamin K5 (5 �eg/ml) increased rcspirat.ionm, glucose oxidationi, lactate accumula-
tion, amid fatty acid syintiresis. Time stimulation of respiration due to vitamin K� was po-
tenntiatcd by oligomycin, uvinile that. due to menadiomme was inhibited. The inncreases in oxy-
gen connsunmption, lactate accunmulationn, glucose oxidatiomn, and fatty acid biosymntimesis pro-

duced by botin menmadionc and vitamin K5 uvere senrsitive to cyanide. Ant.imycinn A
prefcrenmtiahly inhibited time inncreases inn glucose metabolism and respirationn due to nmenma-

dionne but imad a smaller effect on those attributable to vitamin K�. The inmsuhinn-like effects
of these drugs could be distinmguishmed fronm tire action of insulin itself by the greater st.imu-
lation of fatty acid synntimesis induced by imnsulinm. Vitaminm l,� , like insulin, inhibited the
lipolytic action of catecimolanminnes inn time abserrce of timeopimylhinme after a lag period of 5 mitm,

uvinile inn tine PiesenCe of 1 nmsn thcoplmvllimne time antihipolytic actioni svas largely overcome.
Inisinlium (lid riot affect tine accumuiationn of cyclic AMP, svhereas vitamin K� reduced cyclic
AMP accumulationi wider conditionns inn uvimich these agcnnts imad equivalent. effects onn hipo-

lysis. These results indicate timat certainm nrapimtimoquinmonmes can mimic tine action of inmsuhinm oni

lipolysis arid glucose metabolism uvimile inncreasing cyclic AMP accumulationi.

INTRODUCTION adionme or vitamirn K�) annd 2-met imyl-4-
. . . . - amino-l-naphtimol hydrochloride (vitamin

A inunmber of derrvatives of vitamin Kr, � . .
‘ . K5) are effective uvhenn given orally (1).

such as 2-met.hyi- 1 4-nrapimtimoquinone (men- . . .
Houvever, the admrnnstration of large

This investigation was supported by United amounts of these compounds to infants imas
States Public Health Service Gramits AM-10149 been associated with hemolvsis resulting inn
and A�sI-14648 from the National luistitute of hyperbiiirubinemia. The hemolytic effects
Arthritis amid Metabolic l)iseases. of menadione and vitamin K5 have been
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attributed to depletioni of reduced gluta-
timionne inn red blood cells secomidary to oxida-
tionn of inunmamn imenmoglobini to methemoglo-

bun by menadione (1, 2).
The role of vitamin K compounds inn time

formation of Imepatic factors involved inn

blood clotting is uvell established, but time
possibility that these compounds might. func-

tioni as oxidation-reduction carriers mi intact
cells has riot. been demonstrated inn roam-

nmals (3) . Time present investigation was
prompted by reports that vitamin K3 svas
capable of stinmulating time accumulation of
cyclic AMP and the metabolism of glucose

arid of innimibitimng lipolysis in u’cimite fat cells
(4, 5). It. imas been found t.imat. it is riot. vita-

mini I� whicim affects cyclic AMP accumu-
latiomi inn fat cells, but. time quinones produced
mis a result of oxidatiorm of vitamin K�

METHOI)S

l’ree uvirite fat cells uvere obtained from
120-160-g female Sprague-Dauvley rats

(Charles River CD strain) fed laboratory

cimouv ad libitum. W’lnite fat cells uvere iso-

lated by a nmodiflcationi of tine procedure of

l�odbeil (6) from time pooled parametrial
adipose tissue of tirree or more rats. Krebs-

1�innger-pimospimate buffer of time follouving
compositionm uvas used iii all experimennts:

XaCl, 128 nmM; CaC15, 1.4 mM; MgSO4, 1.4

mM ; KC1, 5.2 mmmiii; arid Na2HPO4 , 10 m�i.
Time buffer us-as prepared daily amid adjusted
to pH 7.4 svitim NaOH after addition of
Armour bovine fractionm V albumin pouvder
Ol� Penntex fractioni V aibunminn defatted by
tire procedure of Guihlory anid Ftacker (7).

l’or studies inn svhnicin time formation of
labeled cyclic AMP svas to be examined,
t lie cells usere uvasimed once arid then inncu-
bated for 15 nun i�i 4 � albumirm buffer con-
tainninig adenninre-S-3H (23 Ci/mmole) . Time
labeled cells uvere washed once uvith buffer

amid them added to inicubatiorn flasks.
Inn studies inn sslmicim ATP arid glucose

6-pirospimate uvere to be determinned, tine
reactioins uvere stopped by addition of S %

(v/v) percimloric acid inn 40�7 (v/v) ethanmol.
ATP and glucose 6-pimospimate uvere deter-

mmmcd inn aliquots of time neutralized flu-

trmntcs by fluorometric procedures of William-

son arid Corkey (5). Labeled cyclic AMP
usas determinmed inn nmeutralized percimloric

acid tiltrmmtes by addimng 0.2 nil of 5’” zinc
sulfate mmnnd 0.1 ml of saturated sodiunm

imyclroxide amid adjusting tine j)H to between
7 armd 5. The mixt ore uvas centrifuged, annd
time procedure uvas repeated. Inn otlmer studies

the mcdiunm on’ cells svere boiled for 1 mini
prior to the ban’iunm-zinmc procedure. Time

bariunm-zimmc filtrate � cinromatograpined
on a 4 X 70 nmm colunmin of Dosvex 50
(AG5OW-XS, 100-200 nmesir), and time cyclic

.A:.’�lI� fraction uvas collected, lyopirihzed,
amid them resuspemnded inn 0.1 ml of 50 m�r
Tris-HC1 (pH 7.0). ()nie 25-j.nl sanmple uvas
removed for deterrninnationm of labeled cyclic
.A:\IP turd couimted inn a. liquid scinntillationn
spectrometer usimng Bray’s solution (9). Total

cyclic A1\IP uvas (lctcrminmed on other mmli-
(fUOt5 by time procedure of Goldberg et al.

(10) as described by l’mtinn, Dodd, arid Novak
(11).

Adenyl cyclase activity svas clet erminmed
usirng fat cell gimosts prepared by imypotonmic

lysis of svimite fat. cells by tire procedure of
Birnmbaunmen et al. (12). Tine ghosts us-crc used
immediately arid imncubated at 37#{176}for 20
mini inn a totfll volunie of 100 � conntmiininng

40 m�i Tris-HC1 (pH 5.0), 5 nut MgCl2
30 m� KC1, 1 nun cyclic A’ilP, S miii pimos-
pimoennolpyruvate, 10 �zg of pyruvate kinmase,
1 mM ATP, arid 0.2 �tCi of tritiated ATP

(Ness- Ennglamnd Nuclear Corporation). At time
end of tine inncubationm period time tubes uvere

boiled for �3.5 nminn after time addition of 50
�l of 5 mM cyclic AMP. Time total volunne
uvas added to a :� x 65 mnm columni of Douvex

AG5OW-Xs, 100-200 nmeshm. Time fraction
comrtainminng cyclic \.‘�IP uvas collected, arid

0.2 ml of 5� zinc sulfate anid 0.1 ml of satu-
rated barium hydroxide svere added. Time

pH uvas adjusted to 7-S. Follouving centrifu-
gation time procedure uvas repeated, aind 1
ml uvas cornintcd in 10 nml of Bray’s scinntilla-
tiomn nnixture (9) inn a liquid scintillation

spectrometer. Proteinn comncenntratiomn uvas de-
terminmed accordinng to time procedure of
Losvry et al. (13).

Oxygen connsumpt.iomm sva.s measured inn a

Gilsomn respirometer uvitin air as time gas
pimase at 37#{176}.Tine single side-arnm Warburg
respiromcter flasks us-crc treated uvitin sili-

conic prior to cacim experiment. Tine flasks,
comntaininng time cells inn �3 ml of medium, uvere

equilibrated for :�o mini prior to tire stntrt. of



TABLE 1

Effect of nitaniin K5 and fluoride on lipolysis and cyclic AMP aeeunmulation

White fat cells were isolated by digestion of parametrial adipose tissue for 45 miii with 1 nmg/nml
of collagemiase. The cells were washed, incubated with adenine-8-5H for 15 nmimi, and then washed to re-

nmove uuiiuicorporated adenimne. White fat cells (50 mg/tube) were incubated for 5 or 30 mimi imr 1.5 ml of

buffer contaimiiuig 2� defatted Pentex albimmium. The couicentration of theophylline was 1 mit ; mior-

epinephrimie, l.3pM; vitanmin K�, Spg/nml; amid sodium fluoride, 10 must.

Cyclic AMP accumulation

Additions ‘I’otal Labeled

5 mm 30 mm 5 mm 30 mm

nmoles/g c/nm: p,noles/g

Noume 0 0.1 7 5 1.0

Norepimrephriuie + tireophylline 33.4 12.5 475 225 21.4
Vit.aniiui K� 2.3 0.7 75 20 2.6
Vitamin K� + norepineph-

rine + theophyllimie 43.3 42.0 1065 610 17.5

Sodium fluoride 0 0 0.6

Fluoride + norepiuiepinrimie +

theophylhine 1.8 27 10.1

Fluoride + vitanmin K� + nor-

epimiephrimie + theophyilimie 3.6 50 10.5
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t inc 2-imr period over svinicir respirationn svas

nmeasured. Carbon dioxide was absorbed by
rolled strips of filter paper (5 x SO mm) imn the
cemmter useiis, to svimicim 0.2 ml of 10�. KOH

had been added. When labeled glucose uvas

presennt , t lie st rips of paper ss’cre renmoved at

time ennd of time experiment and counmted inn
Brmtv’s solutionn (9).

Time connversioln of labeled glucose to car-

bonn dioxide, glyceride-glycerol, arid fatty
acids uvas determined by tine procedures of
Rodbell (6). ‘rime amounnt of cells added to
each flask svas calculated after determinma-
tionm of t ime total fatty acid conrtenit follouvirng

saponmificationn anmd assuminng 3 mmoles of

fatty acid Ier gram of cells (6). Aliquots of

time nmedium us’cre removed for analysis of

glycerol (14) annd lactate (15) at time end of

time inncubationn.
:\ lennadionne (2-nmet hvl- 1 , 4-nmaphmt hoqui-

mmonme), crystahhinme anntinmycinn A from Slre/)lo-

lnyC(’s kitazawaensis mycelia, anmd oligomycimm
(15 % A annd 55 #{182}�B) us-crc obtainned timrouglm
Sigma Cimemical Company ; stock soiutionms

us-crc prepared inn 95� etiranmol. Inn all cx-
pcrinmennts uvitin these agcnnts aIr equivalent

amounrt of etimamnol svas added to time control
flasks, aitimougim time additionm of up to 10
,.d of alcoimol per flask imas produced rio

detectable effect orn time metmtbohisnm of brosvnn

or svlmite fat cells. Solutionis of vitaminn N�
(2-met hyl-4-amino- 1 -nmapht mo1 Imydrochnlo-
ride), obtained from Xutritionmal Biochemi-

cals Corporation, uvere prepared fresh eachi
day. Oxidized vit aminm K� svas prepared by

air oxidationm of vitamin N� dissolved inn
uvater. Tire oxidized product ss’as insoluble

inn svmiter anmd obtaimmed by filtration of time
react ionn nmixture fohlosvcd by washing uvithm
water mmmd drying of time (leep red product
iii a desiccat or. The inmsulimn ss’as a glucagonm-

free porcine preparation donnated by Eli
Lilly annd Companny.

RESULTS

Aften’ immcubationm of svimite fat cells for 30

mini inn time presence of nnorepimnephnrinc anmd
thcophylhinc, timere svas an increase due to
vitamin K5 inn time accumulation of both

total anrd labeled cyclic AMP (Table 1).
Fluoride is a potermt activator of adcnyl

cvciase inn broken-cell prcparationns (12). In
intact fat cells fluoride inhibited cyclic

AMP accumulation and lipolysis in time

prescmnce of norepinicphrinc and timeophyllinme
(Table 1). Inn this experiment an appreciable

amount of cyclic A�\1P svas present after 30

Glycerol
release

(30 mm)
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mini of ilrcubationn. Flosvevcn’, inn time cxpen’i-

meunts sinown imi I”igs. 1 amid 2, time amounit.
of cyclic AMP that accunmulmited inn 30 nminn
uvas miiuvays less tintini 10 C; of tirat S(�CIi after

5 minr of iuncubatiomn svitlr univ of tine agenmts

tested. Vitamimn K� � relatively imneffective

againnst t ime hipolytic action of nnorcpinmepin-

rinme inn tire I)i�esennce of t ileOl)inVlhilic (‘l’ablc

1).

Inn tine nrext experinmcnnts I compmmi’cd the

effects of imnsuhimn and vitanminr K� omi hipolv-

sis, A’FP, mind cyclic A�\lP inn the lmn’eselnce

of nmorepinnepimr’inre cit lien’ uvitinout 01’ us-it h

met hvlxanmt mimes ( l’ig. 1 ) . Botin iunsulinn anmd

vitaminr l� reduced by t wo-timirds t inc lipo-
lvtic actionm of nnorepinrcpimrinne alone, but. inn

time i�r�s#{128}�iic� of t incopinvllinne their anti-
lipolvtic action ssmts largely overconme. Des-

I)itc time similar anntilipoiytic actiomms of inisin-
liii turd vitaminm N� , inrsulinm alomne had nno
effect oun cyclic A\lP mtccunmulationn svimereas
vitaniinn h.5 imncrcmised the nmccunmuiatiotr of

a

0 0.3 Li 0 0.3
THEOPHYLLINE mM

FIG. 1. Sttiii Ul(lliOfl by rilaiii in .K� of cyclic .4 JIP (m((tUfl itlation by fat cells ine?d)ate(l in Pentex albttm in

(00 ta jfl. mg norepineph rinc

Winite fat cells were isolated by digestiomi of adipose tissue for 45 nmimi with 1 nmg,”ml of collagemnase.

‘Fine cells were washed, iuicui)ated with adeuiimie-8-3H for 15 niimm, amid themi washed to remnmove imnincorpo-

rated midemmimne. Fat cells (80 rug. tube) were immcubated for 5 or 30 mimi iii 1.5 mimIof glucose-free btmffer cons-

t aiuiimig 4(�� (lefat ted Peuitex albumsnimm . Tine values mire t he averages fronn two paired experiments amid

represent the iuicreminemits over zero-timime controls excej)t for ATP, which represemits total A’l’P comitemit.

Norepiumephriume (1:3 pM) was Present Ill all ttmbes in either the absence or presence of 0.�3 or 1.1 flSM theo-

l)iiYllimie. 0 , miorepimie�)irriuie imi t he tii)semi(’e of insulin or vit amin K : ; A, 0. 17 nmilliumiit “ml of irmsulimn

El , 5 pg/nil of vitannin K:; *, imisulimi pltis vitamin K�. Glycerol relemise was nmeasured at 30 mimi, while
A’I’P amid total amid labeled cyclic A�i1P are 5-mimi values. ‘fhere was uio (Ietectal)le glycerol release in the

ai)semi(’e of miorepimiepimrine imi t hese exl)er)nments.
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Fm. 2. Inhibition bij vitamin K. of cyclic A:1IP accumulation bt1 fat cells incubated in .lrmour albie-

01 ifl containing norepineph nine

White fat. cells were isolated by digestiomi of adipose tissue for 45 miii with 1 mgmsml of collageumase.

The cells were washed. imicubated with ademiine-8-3H for 15 miii, amid themi washed t.o remove tmmiimicorpo-

rated ademnine. Fat cells (100 mg/tube) were incubated for 5 or 30 mm in 1.5 ml of glucose-free buffer comr-

taiuiimig 4(;�, Armour albunnimi. The values are the averages from two paired experimeuits timid represemit

the increnments over zero-tinme comntrols except. iii the case of ATP comntemit. Norepimiephrimne (1.3 pM) was

presemit in all tubes imn eitlmer the absence or presemice of 1.1 mit theophyllimne. 0, uiorepiuie�)1mrimie imi the
mibsemnce of imisulimm or vit minmi mi K :, ; A, 0. 17 millitrmnit .1ml of i nsuli mi; 0 , 5 pg ‘ nml of vi t anni mmK : ; �‘ , imisulin

Pltms vitamimi K:. Glycerol release was meastmred at 30 mimi, while A’I’P amid total amid labeled cyclic AMP
are 5-nmimi values. The lines between 0 and 1.1 mit theophylline for each group are drawn for comrvemnience

and are not meant. t(I imply that a limnear relationship exists at intermediate poimits.

both total arid labeled cyclic A\IP. Epi-
nmepimrine alone produced nearly maxinmal
stimulation of hipolysis, but time amount of
cyclic AI\IP founmd ssit in norepimnepimrinme alonme
was less than 2 � of timat seenn uvitim nnon�epi-

nepinrmnnc inn the presence of 1.1 nini timeopinyl-
linne. Time large accumulationi of cyclic A\IP
seenn in time preseimce of lipolytic ageints arid

metimylxanmtimimics nmmtv represent ann ‘‘over-

sin oot ‘ ‘ pirenomennoni hot associated uvit in army

physiological functionn. Tine damn inn l’ig. 1

indicate that there us-as mo correlmitionn be-

tweeni cyclic A\IP accumulationi at 5 nun
and hipolysis over a 30-mini inncubationm pe-
nod.

Neitirer vitaminm I’�� iror tincopiryllinne miS-
fected ATP contemnt at S nninm (1’ig. 1) or at.

30 mimn (data not shouvln). There usas ann

increase inn A’l’P due to innsulinr imn the pres-

cince of norepinnepinrine mnlonme, svlmicin uvas



Addition
Glucose Glucose

conversion conversion
to CO2 to fatty acid

p,noles g pp,ioles . ,n,;zole.s g cpm

Nomie 0.055 0.04 12 400

Vitarnimi K� (5 pg/nml) 0.75 0.49 12 370

Menadione

Oxidized

(5 pg/nil)

vit.amimr K5 (5pg,/mmml)

0 . 275

0.15

0 . 12

0.07
22

24
760

750

GLYCEROL RELEASE

‘l’.iBLF: 2

,S’tin,iulation by inenadione of cyclic .1 lIP accnini tnlation by fat cells in A rnnour albumin

\Vhite fat cells were isolated by digestiomi for 45 mnmimi with 1 mug/nil of collagemmase. The cells were

washed, amm(l half of thetis were imicubated for 15 nrnimn witin a(lemiimie-8-3H amid themi washed to remove

tmmiimicorporated adeumimie. ‘l’he fat cells winich had i)eemi imicttbtnted wit h labeled ademiimne were then innctt-
bated for 5 mimi itt 1 .5 nil of btmffer comntmiinimmg 2.8 mit glimcose amid 2� Armsiommr alhtmnrimi 1)1115 1 .3 pM mnor-

epimnephrimie amid! 1 minim theophyllimie. The other half of the cells (70 mng.tube) were inctmbated for 45 nmini

imi 1.5 mn! of buffer contaimiimig 2.8 mit ummiformimly labeled glucose�tm4C amid 2� Arnmour albumin.

______________ ---

Cyclic AMP accumulation

l’otal Labeled

I

4

4,)
0

0
E

0 5 30 0 5 30

MINUTES

FIG. 3. Effect of vitantin K:) On lipolysis

The values mire taken fronm the experiments showmi imi Figs. 1 amid 2 timid are the nmeans of four experi-

niemits. The 30-mimi values are also shown imi Figs. 1 amid 2. #{149},cells imnctibated with norepinepinrine inn the
absentee of vitamin K�; 0, those iuncubated with 5 pg/nil of vitamnimn K:).
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changed to a decrease inn time 1)resenct’ of
t.imcopirylhnmc imi botlr t ire presennce anid ab-

senmce of vitanmini K.) aind svas observed inn
both experinmenits.

Inn t inc Stln(hi(�S siiosvni inn Table 1 mund

1’ig. 1 t he cells \5�(q.(� incubated inn de-
fat t ed Penmt cx albumin. Alt imougin vitamin

I\.n inmcrcmmsed glucose oxidation by fat
cells incubmtt e(l inn Armour albumin (Table

2), it inhibited time cyclic A\IP accumula-

I



menmadionme is exerted

cellinlar accumulationn
act ionn of menradionne

401

301

20(

101

15

101

5

MINUTES
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tionm of cells under tine same conditions

(Fig. 2). Hosvcver, vitanminn K5 mad the

same anmtilipolytic action as in tine expeni-

ments simosvn inn Fig. 1 . Imnsuhin also had an
antilipolytic action, us-hicin uvas overcome inn
the prescmmce of 1.1 m�n theopimyhlinme, but
insulin immid rio signiiflcamnt effect on cyclic
AMP conmtemnt . Inn time experiments uvitim

Armour albumin none of timese agcnnts mad a
clear effect oni ATP content at 5 mm (Fig.

2).
The results inn l”ig. 3 indicate that time

antilipolytic actioni of vitamin K5 was de-
laved inn onset and uvas apparent only after
5 mm. Time results ss-ere pooled fronm time four

experiments simosvni in l’igs. 1 and 2, since
there us-as nmo difference among tine different.
lots of albumin ss’itlm respect to the annt.i-

hipolytic mtctionm of vitamin K5
The flmmdinng that vit.aminn I� inicrca.sed

cyclic AMP accumulation only if cells us-crc

incubated inn Pentex albumin suggested that
niot vit.aminm K� but a product. of its furt lien
metabolism might be responsible. I pre-

pared stock solutions of vitaminn K5 in
buffer conmtainming either 4 % Pentex or Ar-
mour albuminn and noted that a red color
gradually appeared inn time solution comitain-
ing Penmtex albumin but not in timat ss’ith

Armour albuminm. If vitamin K� ss’as dis-
solved in usater arid mixed vigorously, a

dark red color appeared. These results sing-
gested that. Armotmr albumin conmtainns a

subst.mtnmcc uvhmicim inihibits the autoxidationi

of K, to a quinmonne or semiquinnonc. Because

complete oxidationm of vitamin K5 (2-metiryl-
4-anminmo-1-mnapimthol) simould lead to the for-
matiomi of menadione (2-methyl-i ,4-napim-

thoquinonme), it uvas of inntencst to compare

tine effects of mernadionic (a pale yellouv

compoumnd) uvith timose of vit.amini K5 annd
time red product obtainmed by its oxidationi
inn air.

In tine studies simosvn inn Table 2, fat cells
inncubated inn Armour albumin. ?ilenna-
dionc or oxidized vitanminn K5, but not

unnoxidized 1(5 , inncreased cyclic AMP accu-

mulat.ioni after 5 nmini of incubation in time
presence of nnorepinncpiininne anid theopimy!-
line. All compounrds inncreased glucose oxi-

dation arid comnvcrsionn to fatty acids.

Time inmcrease inn cyclic A\IP produced by

menmudionne uvas riot tine result of a large

efflux of cyclic \IP from fat cells. The
studies in Fig. 4 immdicat e t inmLt t ire effect of

largely onn tire inntra-

of cyclic AMP. Tine
svas rmtpid, arid svas

cvenm greater at 5 nminn thmtnn at 15 nmimi svlrenn

Fmu. 4. Coniparison of ejjeets of menadione

(vitamin .153) with those of vitamin K:, Ofl labeled

cyclic AMP accumulation in fat cells

White fat cells were isolated by digestiomi of

adipose tissue for 45 miii with try�)sium amid col-

lagenase, 0.5 mg/mI each. The cells were washed,
inctmbated with adenine-8-3H for 15 mum, and then

washed agai mi t o remove mini ncorporated adeni ne.

White fat cells (134 mg timbe) were iumcubated for

5 or 15 mm iui 1.5 ml of bimifer contaiuiing 2�.

Armour albtmnmimi, 1 mit theophylline, amid 1.3 �M

norepinephrine. The zero-tinme valtmes are for tubes

imr which the reactiomis were stopped within 30

sec after the cells had beemi added to the water bat In.

The values for the accumulation of labeled eyelid’

AMP,imneoumitspermnimnute, are the nreans of three
paired experinmeunts without vitanmin K:) (#{149}) with
5 pg/mI of vitanmin K5 (LII), or with 5 pg.mmml of

meumadione (A).
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TABLE 3

In Inibi t ion. of (L(/C7l yl cijclase �i�t i mi ty of ni/n itc fat ((11 ghosts by inten a(lion c

TIre n(k’miyl (‘yclase tt(’t ivit y of white fat dell gimosts (104 pg (If prtteimi ler tribe mi exl)erinimemit. I ammd

70 imi exl)erinneuit I 1 ) �s’as deternmimied imi the absemice timid PreSemi(’e (If miorepimie�)hrimie (0.2 mit).

Experirnemit I Experiment II

�lena(lione’ -�.- -
concentration Without With Without With

nore�)inephrine norel)inel)hrimse norel)inel)hrine norepimnephrine

,Ag . ml nimoics ‘clic .1 .1!? tormed/ ;;zg pr/cm, 20 win.

0 2.4 14.4 0.5 17.2

2 0 0.5 14.2

5 1.9 4.8 0.5 14.2

10 1.6 5.1 0

am

4,)

0

3
0
CD

U)

10

I

I

0

MINUTES
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tine cyclic \.\IP values himid fnnllenm fronm tine

ineak remicined after 5 nmmimn. Inn studies simosvnn
in l’ig. 4 1 mere ssas a inigir zero-time value

for imntrmtcellulntr cyclic A\IP, sinnce timese
ccl Is uvere mils ) inncubmnted uvitir nmOl’cl)iliel)ii -

nine arid tineoplnyllinme.

rint’ nmmtrked Pot ennt nit loIn of cyclic �\.\ 11?

mtccunmuiationm inn intact cells by nmenrmtdionne

mm tine I)n�eseIrct’ of lipolytic agcnmts uvas inn

contrmmst t(�) its effect onn tine adennyl cyclasc
activity of ghosts. \Icnmmidiomme inhibited the

inmcreasc inn adcnnvl cvclase activity due to

sat urat ung conicci it rat ions of nmorepiniephrine,
without affectitig basmil a(icnnyl cyclase ac-

tivity (Table 3).
Since I Inc stinimuilationi of cyclic A\IP ac-

cumulmmt iomn by nmenmmnclione uvas apparently
not. attributable tO anmv direct stimulation

I

FIG. 5. Effect of vitamin K� on 1 TI� and glucose 6-phosphate content of u’hite fat cells

Paranmet.rial adipose tisstie was digested for 45 mimn imn 4� albumin htmffer containiimng 2.8 mis glucose

amid collagemmase timid trypsin, 0.5 nmg/ml each. Approximately 165 nng of cells were incubated for 2.5 hr

in Warbtmrg flasks comntainnimig 4� defatted Pemitex albumimm amid 2.8 mimi glucose. Respiration was measured
over the last. 2 hr. (1ltmcose 6-phosphate amid ATP were det.ermimsed ott perchloric acid filtrates. The values

are the mimeans of three paired experimemits imi the absentee (0) and presensce (�) of 5 pg/ml of vitamin

K5.
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of adennyl cyclase, I turnmcd to studies on

oxidativc metabolisnm of uvimite fat. cells.
Xapimthoquinnoncs camn serve as electron ac-
ceptors for reduced pyridinne nmucleotides

and cant bypass one or more of time sites of
electron tranisport to donate electronms back
into time electron transport. chaimn at. cyto-

clmronmc b or c (2). Time studies in Fig. 5
indicate that, time addition of vitamin K5 to
uvimite fat cells incubated inn Pentex milbumin

markedly increased rcspirationm. Houvcver,

+MENA + VITA ‘�INSULIN
DIONE MIN K-5

FIG. 6. Effect of oligomycin on respiration and

glucose metabolism by whilefat cells incubated in the

presence of inenadione, vitamin K�, or insulin

Whit.e fat cells (145 nmg/flask) isolated by diges-
tiomi with 0.8 mg/mi of collagemiase were imictibated

inn Warburg flasks conitainning 3 ml of buffer pltns

4% Armour albuminn arid 2.8 mM uniformly labeled
glucose-tm4C. All vaities are the meamis of two

paired experimemmts amid were obtaimned during a
2.5-hr incubatiomi period except for oxygen coin-
sumption, which was measured over the last. 2 hr

of the immcubatiomm period. Menmadione (5 pg/mi),

vitamimm K5 (5 pg/mi), imnsulimn (0.17 milliuunit/ml),

and oligomycin (0.5 pg/’ml) were added at. the start

of the imrcubation period. Valties obtained in the
presemice of oligomycin are shown by stippled bars,
anmd those itt its absence by unshaded bars.

BASAL +MENA +VITA +INSULIN
DIONE MIN K.5

FIG. 7. Effect of theophylline on lipoly.sis and

glycerol release in while fat cells

The values are takemn from the stone experi-

memmts described inn Fig. 6. The data were obtained

inn time absence (unshaded bars) or preseuice

(stippled bars) of 1 nmM theophylline.

there usas no decrease in the ATP content
of white fat. cells, evenn after 2.3 lmr of incu-
batiomn uvith 5 j.ng/ml of vitamin K: , arid
the glucose 6-phosphate content was ac-

tually incrca,sed (Fig. 5).
Both vitamin K5 anid meniadionie doubled

respiration inn uvhite fat. celLs during a 2.5-Inn

incubation in Armour albumin (Fig. 6).
Glucose oxidation to carbon dioxide arid
conversion to fatty acids and lactate accu-

mulat.ion uvere also incneased. The effects of
menadione arid vitamin K� could be distini-
guisined from that of insulin, since insulin

had a greater effect. on fatty acid formation,
did not alter respiration, and markedly en-
hanced lactate accumulation in the prcsennce
of oligomycin. In the presence of oligomycin
basal respiration was only slightly inminibited
whereas the increase due to menmadionie was

abolished and the effect of vitamin K� uvas
potentiated. Oligomycin also affected the
increase in glucose oxidation and lactmite

accumulation in a manner similar to vita-
mm K, and menadione. Although oligomy-

cm completely abolished time stimulatory
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FnG. 8. Effect of cyanide on action of menadione and vitamin K:)

White fat cells (140 nmg flask) isolated by digestion with 0.8 nmg,/ml of collagenase were imictmbated inn

Warbtmrg flasks contaimiitig 3 ml of buffer plus 41T� Armour albumnimi amid 2.8 nut glticose-1-m4C. The valumes
are the means (If two 1)aired experiments except for glucose conversiomi to carbomi dioxide amid fatty acid,

wimiclm are taketi from a single experinmemit. Memmadione (5 pg/nm!), vitamimi K3 (5 pg/mI), and sodium
cvnimii(le were ridded at the start of the imicuhation period. The values mire for a 2.5-hr imncubatiomi period

except for respiratiomi, which was measured over the last 2 hr. 0, control values; 0, nmenadiomne; *, cells
imictlbate(l with vitammmimi K:).

effect of innsulini onn fat tv acid svnntimesis and
glucose oxidation, it. enhanced time effect of
insulin on lactate formation.

Iii the same experiments as simosvn in

li’ig. 6, 1 hue effect. of theophyllinie oni respira-

tioni amrd lipolysis us’as examined inn the ab-
scnice arid presennce of menadione, vitamin

K5 , and insulin. Time activation of respina-

tionn by both memiadionne aimd vitamin K5
especially time latter, uvas even greater in the
presence of timeophyllimme, despite time finding
that nicitimen agennt inhibited tine lipolyt.ic
action of tineopimylline inn these experiments
(Fig. 7). Inmsuhinn imad rio effect except to in-

imibit. tii#{128}’hil)Ol\’tic a.ctionn of timeoplnylhmie.
Possibly time inmcreased respiration pro-

duced by nmenadionne amid vitamin 1� could
be attributed to interaction uvith enzymes
sucim as time imepatic microsomal NADPH

oxidase. Mcnmadionmc earn be reduced by
NADPH inn the pnescnnce of this enzyme,

uvitim nnoncnnzymat.ic oxidationm of tire semi-

(luinonne back to time quinnone accompanied
by liberation of imydrogenn peroxide (16). If
this occurs in fat cells, tine actionm of mena-

diotne numight be cyannidc-innsensit.ive. How-
even, t Inc st.imulationm of glucose oxidation,
fatty acid biosynthesis, ammd respiration by
eitincr nmcnadionmc or vitanmimn I� was cya-
nide-sensitive (l�ig. 5) . Lous concenntrat.ions

of cyanide mad mi greater effect omm the in-
crease due to vitanmin K� thminn onn memmadionne
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action (Fig. 5). Cyamiidc mad little inhibitory
action on basal oxygen consumption, and
enhanced both basal glucose-1-’4C oxidation
and lactate accumulation.

If napimtimoquinnonmes dommate elect.ronns into

the respiratory chain at time level of cyto-
chrome c, the increased respiration due to

timese compounds simould be relatively in-
sensitive to amntimvcin A, uvimicim inimibits

electron tnanmsport inn the cytocimrome b to c

region (17). Antimycin A (3 j.ng/nml) blocked

basal respiration by about 50 % amid prefer-

cnitiallv inhibited time increased oxygen con-

sumption due to mennadione. Antimycini A

reduced by 75 #{182}�the increase inn glucosc-1-’4C

oxidation us’itinout affecting basal or vitamin

K5-stinmulatcd glucose oxidation. Fatty acid
svnntimesis us-as completely inimibited by anti-

mycini A (Table 4).
Because of time finding that tire addition

of menadionme in vitro depletes eryt.imrocyte
glutatimionne, the effect of adding exogenous
reduced glutathionc to fat cells at concern-

trationms similar to those present inn plasma
was cxaminied. The results (Table 5) mdi-
cate that glutatimionuc, like other t.iniols (15),

TABLE 4

Preferential inhibition of menadione action by anliinycin A

White fat cells (200 nmg/flask) isolated by digestion with 0.8 mg/mi of collagenase imi buffer comitaimn-

imig 4% Armour albtinmimn amid 2.8 mrs glucose were incubated for 2.5 hr imn the same buffer comnt.ainnimig

� glucose-1-’4C. All agents were added at the start of the experimemnt, amid respiration was nmeasured over
� the last. 2 hr.

Measurement Antimvcin A
02

consumption

Glucose�1�m4C
conversion to

�

Glucose�1�m4C
conversion to

fatty acid

pg,”ml pl/g”2/ir prnoles/g prnoleg

Basal 0

3

128

62

0.35

0.44

0.03

<0.001

Chamnge dime to vitamins K5 (5 0 +277 +1.84 +0.15

pg/mi) 3 +166 +1 .96 0

Change due to nnenadione (5 0 +208 +1.62 +0.18

pg/mI) 3 +49 +0.43 0

TABLE 5

Effect of reduced glutalhione on action of vitamin K5 and nienadione

White fat cells (130 mg/flask) isolated by digestion with 0.8 mg/mI

in Warburg flasks containing 3 ml of buffer pius 4% Armour albumin amid

of collagenase were incubated

2.8 mM glucose-1-’4C.

Glucose Glucose
Glucose conver-

Addition Measurement oxidation sion to
to CO2 fatty

acid

conver- Lactate
sion to accumu-

glyceride- lation
glycerol

o c n-
� �

pmoles..’g p,nole/g pmoles .. � p,,zoles/g p/ i’g

Nomie Basal 0.11 0.03 0.40 0.30 197

Chammge due to vitamin K5
(Spg/ml) +2.56 +0.34 +0.45 +4.12 +331

Chamrge due to memmadione

(5 pg/mi) +2. 19 +0.20 +0.06 +2.22 +230

Glutathionme (0.3mg/mi) Basal 0.69 0.30 1.35 2.21 212

Change due to vitamimn K5

(5 pg/mi) + 1 .45 0 -0 . 11 +2 . 69 + 182

Chamrge due to memiadione

(5 pg/ml) + 1 . 20 0 -0 . 87 +2 .99 +204



TABLE 6

Effect of inenadione and vitamin K3 on pyruvate metabolism

White fat cells (50 ring/flask) were isolated by digestion with 0.5 mg/ml of collagenase and then in-

cubated for 1 hr imi 1.5 ml of buffer contaimiimrg 4% albumin plus 2 mit pyruvate, 2.8 m�s glucose, or both.

The basal values are the meauns of four paired experiments, amid the changes dime to menadione or vita-
mimi K5 are the meamis ± standard errors of the paired differemices.

Measurement

Basal

Chamige dume to

rnenadione
(5 pg/ml)

Change dime to

vitamimm K:

(5 pg/nil)

Labeled
substrate

(11 twose -U _m4Ca

( 1lucose-U-’4C
Pyruvate-1 _14C

Pyrtivate-1-’4C
(iltmcose-U-tm4C +

pyrumvate-1 �

(l ucose-U-’4C

( llucose-U-’4C

Pyruvat.e-1 _14C
Pvrmvate-1 �
( lucose-U-’4C +

l)Yrtlvat e-1 _14C

( iltmcose-U-”C
( 1lueose-U-’4C

Pyruvate - 1 �‘�C

Pvruvate-1-m4C
(ilucose�U_m4C +

l)Yr(mvate-1 _14C

Glucose
conversion

to CO2

pmoles /g

0.37
0.06

+0.77 ± 0.20

+0.38 ± 0.12

+1.22 ± 0.40

+0.73 ± 0.30

Unlabeled
substrate

Nomie

Pyrtmvate

Nomne
(lilucose
None

None

Pyruvate

Nomie

Glucose
Nouie

Nouie

Pyruvate
None

( 1lucose
Nomie

Pyruvate-1 -“C
Lactate

Conversion accumulation
to CO2

pmoles,.”g pmoles/g

0.25

7.62 1.97
9.60

1.94

+0.89 ± 0.20

+0.2 ± 1.0 -0.68 ± 0.20

+1.22 ± 0.50

+0.07 ± 0.30

+1.26 ± 0.35

+0.4 ± 0.70 -1.14 ± 0.40

+1.57 ± 0.80
+0.01 ± 0.10

I

I

I

I

a (;lticose�U�miC denotes the tmmmiformly labeled compoumnd.
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is able to mimic time action of insulin omn fat

cells incubated inn tine presence of buffer con-
tainimng albumin. Houvever, glutathione did
not modify time stimulatory effect of vitamin
K5 or mennadione onn respiratiorn, glucose

oxidation, or lactate formation.
The effects of mennadione and vitamin K5

oni lactate accumulationi and oxidative me-
tabolism by fat cells in the presence of
pyruvate us’ere examined (Table 6). Neither

menadione mnor vitamin K� affected the
decarboxylation of pyruvate-1-’4C as meas-
ured by carbon dioxide formation. Botin

agents decreased lactate formation in the
presence of 2 mM pyruvate a.s the sole sub-
strate, arid increased lactate formation in
time presence of 2.8 miii glucose (Table 6).
Inn time presence of botim substrates mena-

dionne and vitamin K5 had little effect on
lactate formation, arid the amounit. of uni-

formly labeled glucose converted to carbon

dioxide uvas decreased, uvimicim probably rep-

resenmts dilution of time acetyl-CoA pool by
unlabeled acetyl-CoA derived from pyruvate
decarboxylation. The reduction in lactate
formation by menadionne and vitamin K� in

the presence of pyruvate may reflect. de-
creased levels of reduced pyridine nucleo-

tides in the cytoplasm.

DISCUSSION

The present results confirm the findings

that vitamin I�5 uvas a potent stimulator of

the accumulation of both labeled (5) and
total (19) cyclic AMP in wimite fat cells in
time presence of catecinolamines and theo-
pinylhine. They indicate that it is riot
vitamin K5 but products of its oxidation,
such as menadionc, svimich are responsible

for time accumulation of cyclic Ai\IP. Be-
cause of time ea.se uvitim us’hich vitamin K�
undergoes autoxidationm in air, it is unlikely
that this uvould have beenn noted except for

tine finding timat Armour albumin contains
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I Umiptiblished observmitions.

ann amnt.ioxidant . Kuo (5) did observe st.imu-
lation of cyclic AI\’IP accumulation due to

vitamin K5 inn buffer containing Armour
albumin, but ime dialyzed the albumin cx-
tensively prior to use. The hypothesis that
ann antioxidant was removed during dialysis
was confirmed by studies in uvhich it uvas

found that oxidation of vitamin K3 readily

occurred in buffer conntainning dialyzed Ar-
mour albumin.’

The ability of memiadiorne to imncrease
cyclic A\’IP accumulation is apparently riot
due to a direct stimulation of adennyl cyclase
activity. In contrast, fluoride stimulates the

adenyl cyclase activity of fat cell ghosts
( 12) but inhibits the accumulation of cyclic

AMP by intact fat cells (Table 1). Only in
one series of experiments (20) has a stimu-
latory effect of fluoride on cyclic AMP accu-

mulat.ion been seen in uvinite fat cells, arid

timat uvas in cells uvimich mad been incubated
for 3 Inn and were apparently damaged. Sub-
sequennt. experiments’ have failed to yield
ann�’ effect. of fluoride in intact fat. cells
(Table 1). Mennadionc timus affects cyclic

AMP accumulation inn initact. cells uvhile

fluoride affects timat of damaged cells on

“ghosts.”

Napht.huoquinnonmes imave been simouvni to be
unncouplers of oxidative pinospimorylationn inn

isolated rat. liver mitochonndnia (21). The

quest.ionn arises whether other unmcouplers of

oxidat ive phospimorylationn, such as valinno-

mvcin and carbommyl cyanide nn -cinlonopimennyl-

imydrazomie, migimt mimic time actionn of menna-
dionne on cyclic AMP. Houvever, we imave
been unable to detect ann’ stimulatiomm of
cyclic AMP accumulatiomm due to carbonmvl
cyanide in oyy’ ssrinile

valinmomycinm has beeni shosvnn to inhibit
cyclic AMP accumulation in uvhite fat cells
(22, 23).

Meniadione nmav preferentially compete

svitim flavopnoteinns for time electrons from

NADH or NADPH arid timenn donate the

electronms to cytocimrome b or c or be oxidized

by molecular oxygen back to time quirnonne,

uvitim liberationi of imydnogenn peroxide (16,

17). The sensitivity of menmadionme actionm to

anmtimycinm A annd cyanide suggests that it

donates electrons at the level of cyt.ochrome
b.

The major differennce bet sveen the effects

of menadione and vitamin K� on oxidative
metabolism uvas the ability of oligomycini to

block the stimulation of respiration due to
menadione uvhile potentiatinrg that produced
by vitamin K� . If oligomycimn acts oni white
fat cells primarily by blocking the forma-

tion of ATP from the conserved energy of
electroni transport, it is possible that mena-
dione-stimulated respiration involves tramis-
fer of electrons into energy-conserving sites
in time cytochrome pathuvays ss’imereas vita-
mini K5-induced respiration is completely
uncoupled from oxidative pimosphorylation.
These conclusionns are supported by time
preferential inhibition by antimycimn A of

mennadionne action.

Memmadione stimulates respiration via
processes sensitive to oligomycin and anti-

mycinm A uvhile increasing time maximal rate
of cyclic AMP accumulation inn time presence
of catecholamines and timcopimyllinme. Inn conm-
trast, vitamin K5 decreases cyclic AMP
accumulation, arid its effects omn respinatiomn
are largely insensitive to oligomycin and

antimycin A. Houvever, the two compounds
share the ability to stimulate glucose oxi-
dationn. Wimether time delayed anitilipolytic
action of vitamin K5 is secondary to stimu-

lation of glucose metabolism is mmot knous’mn,
but it is apparently unrelated to effects onn
cyclic AMP accumulation.

Mennadione at conmcentratiomns comparable
to those used inn time presenmt experiments

(30 �M) svas originally shosvnm to increase time
oxidation of glucose by time penntose cycle
and decrease aerobic glycolysis of brain
slices (24, 25). Kuo arid associates (4, 5)
found timat. deoxyfrenolicinn, a novel 1 ,4-
naphthoquinone derivative uvitin an epoxide
structure, stimulated glucose oxidation and

cyclic AMP accumulation. The effects of
menadionc reported here are similar to t.imosc
of deoxyfnenolicin, wimich is not surprising
since both are 1 ,4-nrapimthoquinmonnc deriva-

tives.

Kuo, Dill, and Holmlund (4) founnd that

while napimtimoquinonmcs sucim as vitamin K�

and dcoxvfrenolicirn mimicked time action of

insulin on glucose oxidation, tineir mecima-
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I

nnisms of actiomn uvere differennt fnonm timmit of
inmsuhinn. iNapimtimoquiniomnes had a less stinmu-

1tntor�’ effect on fatty acid svntimesis I ham

did insulini, amn(1 stimulated glycogenolysis
uvhile insulin uvmns inhibitory (4). The results
inn Tables 2 minntl 5 anmd Fig. 6 confirm time
fimndinmg tinat nna�)1ntinoquinmonies timid a smaller
effect on fmtttv acid synthesis than did
insulin. I’untimernmore, under conditions inn
uvimicin inmsulinn minnd nnapimtinoquinonmes inmid

similar’ effects onn glucose oxidationm, innsuhinn
was able to stinmulate leucinne incorporation

into fat cell protein by over 100 #{182}� uvhilc

memnadionre actually innimibited protein synm-

timesis.’ These findings mill support time imy-

potiiesis thmtt the mechanmisms by us’hicin
mnapimt Imoquinnonnes affect t inc met abolism of
fat cells Irave little sinmilanity to those in-

volved inn innsinhnm actionn.
Tine increased rate of glucose oxidmit iorn

arid glycolysis suggests tinat. time rate of glu-
cose transport svas increased, since it is time

nat c-limiting factor inn glucose metabolism
inn time basal state. Perimaps time inmcrcascd

ut.ilizmntioni of cytoplasmic reducing equiva-
lennts by fat cell mitociromidria results in ann
alteration inn time rates of glucose transport
anrd cyclic A.\IP accumulation.

Time present results suggest. a regulatory
role for oxidationn-neductionn carriers in time
intracellular regulation of glucose metabo-
hism, cyclic AMP accumulation, arid hipoly-
siS inn fat cells. Possibly natural oxidation-
reduction carriers sucim as quinonics or flavin
derivatives play a more important. role in
membramme transport. arid mitocimonndnial-cy-
toplasmic irmteract.ionns than has been real-
ized. In intact fat cells tine availability of
energy for ademmyl cyclase and glucose tranns-

port may be very important, and mena-
dione could disturb time emnergy balance of
time cell by affectimng reduced pyridinme nmucleo-

tide utilization by nmitocimonmdnia. Time addi-
tion of mennadiomne miglmt result inn ann inn-

creased tranmsport of reducing equivalents
between mitocimonndnia and the plasma mem-

bramne timnougim time cytoplasm by substituting
for the natural oxidation-reductiorn carriers.

Kuo (5) suggested that time effects of
deoxyfremnolicinm and vitamin K5 could be

due to interference uvith oxidative pluos-

phnorylat.ionm. Sinnce nione of the effects of
napint.inoquinnonnes uvcre accompannied by a

depletion of total ATP, it is clear tlmat tine
situation is ratimer connplex. One could inn-
yoke compantmentation of ATP to explairm

time findirmgs. Houvever, it appears nuone
likely, as suggested by Sclmmidt and Katz

(26), that for initact adipose tissue the

transport of imydrogcmn or reducing equiva-
lemnts bet.uveen compartments is ann important.
factor inn the control of glucose transport.,
hipolysis, arid cyclic A\IP accumulation iii

fat cells. Tins nmav be a nmore important.

control site in uvimite fat cells than inn other

cells because of time reported absence of
sinuttics to tramnsfer irydrogeni equivalents
into mitochondnia from time cytoplasm (26).
The available data are compatible usritlm the

Imypotimesis timat tine effects of nmaphthoqui-

nones may be time result of tireir ability to
act as shuttles for transfer’ of reducimig
equivalents bctuveenn time cytoplasnn amid the
other compartments usithinn fat cells.
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