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HAYNES, I{OBERT C., ,Ji�., GARRISON, .JAMES C., ANt) \A\IAZAKI, 1{USSELL K.: (‘otu-

parison of effeCts (If gluo’agoln atl(I Vahiti(If1VC1I1 0111 rat liver flhito)(’holtidl’ia (111(1 coIls.

,1!ol. Pharinacol. 10, :�si-:�ss (1974).

It has 1)een shown provioiisly that treatment ‘If rats with glucagon, epiuiophritie. or o)Irtisol

alters the mitochondria of the liver so that the isolated olrganellos utilize pyrii�’ato at an

accelerated rate as measured by disappearance, docarl)o lxvlat iO I�, or oarl I’ )xvlat io)tl of pv-

ruvate. It is reported here that valinomycin added at approximately 10 ti�u to isolated

mito Ichondria I)artiahly mimicked these ho Irmolno treatmotits b�’ stinmlatitig earl)’ Ixylat i In

and decarhoxylation of pyruvate. Valinolmycin added in collcetltratio)ns several times greator

thati those required folr stimulation inhibited carboxylatu In, apparent 1y by (loplot ing mit I-

chotidrial AT P, but these same high levels (0 Intinued to) st inmlat o decarboxylat io 10. Thie

stimulations by this antibiotic were not duplicated by (lnutroph(’nol, suggestitig that the�’

depend on the ability of valinolmycin to) act as an ionolphoro’ rather than as an uticoupler.

Although similar, the mitocholndrial stimulat io ns resulting tn an t roat ment wit Ii glueag �n

and addition (If valinomycin were additive, suggestitig no Inident ity olf their moohanisms.

In another actiolt) that resembled that (If glucagon, vahinom\’cit (10 muM) stimulated glu-

(‘(ISO synthesis from lactate in isolated liver cells. This effect (If valinomycin was sholwli luolt

to) be mediated through the agency (If adenosine cyclic 3’ , �I’-mo)nopho)sphate.

I NTROI)UCTION

In the course (If studies (10 the control of

gluconeogenesis, we found that the addition

o�f valino Imycin ii) al)propriate 00 Ili(O’flt ratio 11)5

to is(Ilated rat liver mitolchondria accelerated

the decarhoxylation (If pyruvate and the

fixation (If 14C0, by the mitolchondria. The

similarity of these effects to those seen iti

mit Ichondria prepared fr( In) rats treated

This work was supported by (ramuts AM-14347

amid AM 50425 from the Uuuited States Public

Health Service. A prelimimuary report was given at

the 1973 meeting of the Federation, (If Americauu

Societies for Experimental Biology (23).
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with glucag Ill, oJ)itiephrine, (II’ (‘0 lIt 1�0)1 (1)

prompted us to examine some of the charac-

teristics (If these actio ns of valinomvoiti and

contrast thom with tholse produced h)y glu-

(‘agoll). Ihese experinients form the basis of

this report.

MATERIALS ANt) METHOI)S

Male rats of the Wistar strain, weighiiig

100-300 g, were used. Liver cells were iso-

lated by the technique (If Berry and Friend,

modified as previously described (2). Rats

treated with glucag n were anest In t izo ‘d with

pentol)arl)ital (111(1 given 20 �g o�t glucagon
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Via the tail \T0’iII in 0. 1 tnl o�f 0. 1 M sodium

j)holsj)hate i)uffer, 1)H 7.4, 0 nun before livers

were ren�oved and chilled in 10 � sucrose;

(OI)t ro II rat s re(eived buffo r 0 n lv. \ litochon-

dna \vore prepared I)’�’ hotnogenizing livers

( 10 � , �v -i’) in a buffered su(’rose solution of

the folllowing oollnpolsitioln : o.:� � sticr�so, 5

in:�i .V-t ris (hydro Ixvmet hyl) met hvl-2-ainino-

ethanesulfolnic acid, and 1 m�sI EI)TA, pH

7.4. The homogenate was centrifuged at

650 X y for 10 mlii, atiti the precipitated

material was discarded. The supernatant

fluid was then centrifuged at �X�00 X g for

10 mi and the mitochondrial pellet was re-

suspended in the buffered sucro se solution.

The mitocholndria were used without further

purificato n, as their ability to) fix CO2 de-
(lilies with washing. All operations wore per-

formed at 4#{176}.When the efJects (If hormone

treatment were studied, mitolcholndria were

pooled from two rats servitig as controls

an(1 (0 Impared with a similar preparation

from t’sV(I rats treated with glucagon.

Studies oif mitochoiudrial swelling were

carried out in two ways. Aliquots were re-

11)0 Ived at hit ervals fro 11)1 t ho mito Ichondrial

incubatioln mixture, and the absorbance at

520 mn was determined immediately, using

a Gilford 300-N speotro )J)hotometer, (Ir

mitocho )ndrial incubatiolns were made in

(uvettes fllaintain(’d at 37#{176}in a ( lilford 2400

spectr Iphotometer, and readnigs (If absorb-

ance (520 11111) wore made at intervals.

Stock solutiolns of’ antibiotics, 1 mg ml in

100 � ethanoll, were diluted each day in 1 #{182}�

(vv) ethanol (isolated cells) or 50 � (v v)

(1 haiiol (mitooholndrial itleubatiolns) before

additiolli to) the incul)atiOn 1l)edia. Incubation

flasks without valino Imvcin rooeiyod appro-

priate volumes (If dilute ethanol.
The carboxvlatioln of p�’ruvat’ in niito-

(holndria was determined by measuring the

rate at which 11(1) was fixed into acid-stable

((Impounds in the pr(sti(’e (If pyruvate.

1 �reyiouslv we f lund that t he radioactive

pro Iducts formed in sitmlar incul )at lins were

nlalate, funiarate, and citrate (3). The rate

(If the pyruvate dehydrogenase reaotion in

iiuito )cl)O )li(lria \Va5 0stil)lated by follli Iwing the

do’car1�IxvlatioIn of [1 -‘4(1jpvruyate. In earlier

experin)en t 5 t he oiuant itat ive relat i Inships

betweell utilization (If pyruvate by the mito-

chondria, fixatioln (If C( )3, aIld decarholxyla-

tiolt) of pyruvate wore described (1).

All nlitocho)ndrial in(’uI)atio)ns were tnade

at 37#{176}itt a nlediuni oolntaining 203 m� sit-

crolse, 5 1iIM sodium pyruvate, 12 in�

KHCO3, 12.5 Il1M i’sIgC12, 2.5 mu K25()1, S

mM potassium phosphate, :3.4 filM \‘-tris(h�-

droxymethyl)nlet hyl-2-amitloethanesulfonic

acid, and 0.7 mM EDTA at pH 7.4; the os-

inolalitv was 310 m()SM, and the concentra-

tioln of K� was 33 nut. Mitolchondrial protein

ranged from 0.6 to) 0.9 mg ml.

In assays o�f CO2 fixatioln, the reaotioln

��-as terminated by the addition of trichloro-

acetic acid, the precipitated protein was re-

moved by centrifugation, and the acid-stable

14C was determined in an aliquot of the

supernatant fluid by sointillation (0 lunt ing

after residual 14(109 had been removed by
bubbling with C()3 for 2 n�in.

Decarbolxylation was measured by trap-

ping ‘4C02 in phenethylamine after the incu-
bation reaction had been stopped by the

addition (If 1 M H2S( )4 contairnng 4 inti

2 ,4-dinitrophenylhydrazine. Unless (It 11cr-

wise n(Ited, pyruvato carboxylatiotl assays

were run for 5 mill aild pvruvate decar-

boxylation assays were run folr 10 mm.
Oxygen utilizatioln was measured with a

Clark electrode (Yellow Springs No. 5331),

atld K+ disappearance, with Beckmatl K+�
specific electrode 39047.

Proltein was determined by the method of

Lowry el al. (4). ATP, malate, and citrate

were assayed fluo Iromet rioally (5-7). Gluc �se

was determined by the alkaline ferricyanide

method on a Technicon AutoAnalyzer. This

technique was validated 1)v occasional

cheoks using a glucose olxidase method

(Glucolstat, \\orthingt ti), and values oh-

tamed with the two methods agreed to)

within 5

Cyclic adenvlate (adenosine cyclic 3’ , 5’-
monophosphate) was assayed by the protein

binding method of Gilman (5).

Materials. Valinomycitl, oarb Itivi cvamde

in -chlolr Iphenvlhvdrazone, ttlld DL-palmi-

toIylcarnitine were pur(haso’(I fronl Calhio-

chenl; granlicidin D, granucidin ,J (S), and

glucag(Itl, frolnl Signia; (0 Illagenase, frolm

\Vorthingtotl; lactate, from Schwarz Mann;

and 2 , 4-dinitrophenvl hl�ilrazit1e, fronl East-

111(111. Sodiuni [‘4Cjbicarbonate was purchased
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from Amersham Searle, (111(1 [1 -‘4Cjpyruvic

acid, from New’ F4tigland Nuclear. Nigericin

was generously donat o d by I )r. floti ry Lardy,

and A-204 and molnazomycin, by I)r. David

\Vong.

RESULTS

Li/eel of ralinoin �(‘!fl on carbox/Jlalu}n an (1

o/eearbo.rylalurn of p�jrw’ale. The upper p �r-

tion of Fig. 1 shows that the addition of 2-10

nM valinomycin stimulated fixation of C( )2

both in mmtochondrma frolm rats serving as

controls and in mitolchondria from glucagolti-

treated animals. Th( same preparations (If

nutochondria were used to follow the activity

of the pyruvat e dehydrogenase oomplex, and

Fig. 1 (bottom) shows that the additioln (If

valinomycin in increasing concentrat li�ns

stimulated the decarhoxvlation of pyruvat e,

again both in control mitochondrma and in

mitocho Indria from glucagon -treated animals.

Although carhoxylation (If pyruvate was in-

hibited by high levels of valinomycin, de-

carhoxylation of pyruvate was accelerated

as the c(Incetltratiotl of valinomvcin was iti-

creased. In other experimel)ts this stimula-

60
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--9- __�%

Glucogon treot.d

�

50r

40 � Glucogon tr.ot.d

10 L
0 I --

2.25 4.5 9 18 36 72

Valinomycin (nM)

FIG. 1. Effect of valim#ommiyeiii on carboxylation

a 001 (ICCa rboxylat iou, of pyro rate

Each point represemuts the meamu of duplicate

incubatiouus.

FIG. 2. Tinue coo rae of lalinomni/cin (‘ffo’ct oii

fixation of (102 (111(1 mnitochondrial swelling

Mitocho)uudria were imucubated with valiuuomvciuu

(4 lilt!) or mu et hauuol emit rol solut 10111 added imii -

mediately after the initial reading. Ahiquots were

removed at 1-nliui intervals and al)sorl)ance at 520
mum was mea�sured. The menu initial absorilamuce

was 2.243. \‘alues are the means auud stauudard

errors (If four repl i(at ions.

tioln was oIl)served t() porsist at the h)ighest

level (If vahinomycin tested, 72 iui.

The effeots (If vahinomycin on the time

(0 lurse of (‘02 fixatioln and on the ahsorbatice

of the suspension at 520 11111 (an estunate (If

mitoch(Indrial volume) are sholwn iii 1’ig. 2.

It (all be seen that swelling, as luolted by thio

decline ill ab)solrl)ance, olccurre(1 pr#{176}Imptly

following the addition (If vahinolmyciti and

j)ersisted througho nit the porlo Id of it icub )a -

tRIll.

Adam and Havnes (1) found that most (It

the additional CO2 fixed by nutochotidria

isolated frolm holrmone-treated rats was ac-

counted folr by the malate and citrate that

accumulated during the incubation. Analo I-

gously, the data in Table 1 show that the

increased oarhoxylatioun (If Pyruvato (aus((1

liv the addition (It valinomvcin also ro’sllltool

in a greater formation (If malate and (it rate.
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T.�nmF; 1

EfTect (If m’alimuoniycin on fixation of (‘02 and

accui,muiilatio,, of nialate amid citrate

Imucubat iomis were comudnucted as olescribed imi

MATE11.�Ls ANtI METHODS. The relict iomis were

terminateol by additiomi of perchloIric acid, the de-

proteimuized extracts were mueutrutlized wit 11

KHC( )3, and aliquolts of the supermuatamut fluiol

were taken for fluoromet nc analyses. Each value

is the meamu of (louplicat e i muo’lul)at mis.

Time \‘atino- \tatate Citrate \Ialate + CO� fixed
mycin citrate
4..S nsmi

,ntps ,zp,zoles ,n #{231}tuna/es m� np,zales ito, ninoles i,i�

proteus pro! cia proteus protein

5 0 66 23 SI) 140

5 + 167 61) 236 303

10 (1 128 71 199 260
10 + 243 226 461) 570

As anticipated, valino �myoni reojuired the

pr(’s(n(’ (If poltassium iO �n in t ho itucuhation
medium for stimulation of tho oarb(Ixvlatioln

(If pyrtlvate, ali(1 increased oxvgeti ((Insump-

tRIll and uptake (If poltassiutn ion oc(urred

wheti valitl( Imycln aoted 011 tmtolcholndria

iticubated in the modium used In these

studios (data not showtl).

Other ionophores. ()ther liInopho �n’s were

tested for t hoir ability to) stimulate fixation

(If C( )2 and (leearbolxvlatioun (If pyruvate. We

found grami(idin J (5) itlactive at all dose

levels studied. Granlicidin 1) and monazolmy-

(ill showed sigtiificatit but small (20-25

st imulat iO Ill.

The mo 1110 )(arhoxylic antibiotios nigericin

and A-204 increase tile Permeability (If mom-

hranes to motuolvalent cations and generally

itihihit the effects (If iolnoph(Iros such as

vahinomyci tu. They can cause ((Ill tract io I� (If

mitOlchollidl’ia and inhibit olxidat �O 111 (If pvru-

vate (9, 10). Experiments were perfolrl))od to

determitie whother the valinolmvcin-induced

a(celeratioln (If pyruvate metabolism would

he antagolnized by these agents (Fig. 3).

Both (0 )fl)j)( lutidS 1110 loked basal rates (If

fixatiotu (If (‘02 1111(1 dooarl)olxylation (If

pyruvat( in preparations of mitocholndria
from glucago un-treated as well as from un-

treated rats. Contraction (If the mitolcholn-

dna, as indicated by increased ahsorhance at

520 nm, took place at co)licentratiolns (If these

- I -� ��54nM

�O5j�/�’ �

osj�.

MINUTES

NIGERICIN (nM)

FiG - 3. Effects if iii ye ci ciii on light scatteru n g

(1,1(1 (‘(‘)� ,/ixati ‘‘ “!/ in iloc/uondria imicuibated with

a,i(/ withoot i-a/inoon ic! ii

A. The ahsorbamuc’e muueasurememuts (520 mum) of

mitochomudrial stmspemusiomus are plot ted to) show the

effeo’ts of addit iomus of muigericimu amid valimuolmycimu.

At Et - 10 � of � ot hanoI! were added; at N

muigericimu was added to give comicemutratiouus as
muoted. At \‘al. valimuomuu�-cin was added to give a
fimual comucemitrat 1(llu (If I) muM - Amutibiotic-indiuced

chamuges imu absom’bamucc with mitoohomudria from

glucagomu-treated rats were muot siguuificamutly dif-

ferent froIm those of o’omut ro! mit (Ichondria shown

here.

B. The fixat iomu of (‘0 ), by c”’mu t rol amid gluoagon -

st i muuula ted 111 it ochomudm’ia us sb �s’mu as a funct 1011 (If

the comucemitratiolmu of muigericimu. The dashed limues

indicate incub�ut iomus imu the presemuce (If 9 uultI

valinomycin. \alues are the meamus and stamudard

errors of four replicatil)mus.

antibiotics that mnhuibitod basal rates (If

ITietah(Ilisfll. At o’oiticent ratmolns lO-fo lId

greater than those imuhibititug basal rates, the

m(Inolcarhoxvhc antibio )ti(s reversed the ac-



m’nimuations.

Conditions CO2 fixed Decarboxylation

nsnoles,/snin/mg

protein

20. 1

0.1

0.2
0.5

3(’I.9

0.3

0.3

1.2

nmol es/asia/mg

protein

11.5

11.3

9. 1

24.2

19.8

18.3
15.1

45.0

IONOPHORES ANt) tIITOCHONI)RIA 385

T.uuI�F: 2

A TP comutent of nu itochomudria relate(l to (lose of

valimiomycin amid Jixatiomu of CO2

Incubations were conducted for 5 mini as de-
scribed under MATERIALS AND METIIODS for the

determination of CO2 fixation. Parallel incuba-

tions were carried out and terminated by the

addition of perchloric acid, amid ATP was deter-

mined in the deproteinized, neutralized extracts.
ATP levels before imuculations were 7 ± 1.5 nmoles/

mg of protein. Values are the means and standard

errors of four determinations.

Vahinomycin CO2 fixed ATP

nui nmoles/min/mng
protein

ii in n/es/mg
protein

0 35 ±6 9±1

0.9 51 ±6 10±1

9 54 ±5 9±1
90 4 ±4 2±0.2

900 0.1±0.02 2±0.4

celerated metabolism of pyruvate and the

swelling induced hy valinomvcin, as (It hers

have reported (10). In experiments not

shown, essentially identical results were oh-

tamed using A-204.

(‘ncouplers as polenlial sliinulalors. Since

ATP is a substrate in the pyruvate car-

l)oxvlase reaction and valinomvcmn can un-

(ouple oxidative pholsphorylat ion (11, 12),

the inhibition (If fixation of C()2 at high levels

of valinomycin is pr(Ibahly due tol depletioln

(If AT1� within the mitocholndnia. Table 2

shows values of ATP found at the end (If

5-mm incubations o�f mitochondnia with

various concentrations of valinomycin. It is

evident that higher dolses (If valinomycin did

produce a decline in the level of ATP.
Because monopholres lead to uncoupling (If

oxidat ive phosphorylation as they accelerat o

energy-requiring 10)11 transport, we tested two)

classical uncouplers, 2 ,4-dinitrophenol and

carho Inyl cyanide in -chlorophenylhvdrazone,

to see whether they would mimic the effects

of valinomvcin on fixation (If CO2 and decar-

boxylatio n of pyruvate. At no colncent ratio In

of these compounds was stitnulation of fixa-

tioln of CO2 olhserved in either oolntrol (In

glucagon-stimulated mitochondnia. Table 3

shows that unco lupling concent rati II)S (If

cit her comp lund completely inhibited t he

fixation of C02, presumably because ATP

was depleted in the mitochondnia. However,

T,�mil.u: 3

EJJect of umicouplers on jixatioti of (‘0� amid

(lecarhoxyla I ion of p�jro vale

Imucubations were comudut’ted as described in

MATERIALS AND METHODS, with additiomis as iuudi-

cated. Values are the meamus of duplicate deter-

(‘ontro! mitochonudria

+100 �M 1)NP

+1 �zM Cl-CCP

+72 nM valinonlycimu
Mitochomudria froIlu glu-

cagon-treated rats

+100MM 1)NP
+1 �iM C1-CCP

+72 ruM valimuomMycimu

#{176}l)NP, 2,4-dimiitrophemuoll ; (‘l-CCP, carbomuyl

cy�tmuide in -chlolrophemuylhydrazomie.

the rate (If the decarhoxylation reactioti was

only slightly affected, in contrast tol the

stimulation folund with uncolupling doses (If

vabn(Imvcin.

SI in? ulalion (If fi.iat ion of (11)2 a’ il/i /)/Jrulale

c/eli ydrogenase inh ib i/ed. II) olrder to) invest i -

gate the role (If the pyruvate dehydrogenase

reactions, mitocholndria were incubated in

the preset�ce of sodium arseliite tol block

these reactions, together with DL-palmitovl-

carnitine as a source of acetvl-CoA. As

shown in Table 4, these additions i)locked

decanl)olxvlat 100 of pvruvato. \almn(Imy(ili

effectively stimulated fixation (If C( )2 in this

system, denionstratitig that this effect (If

valinomycin was not secondary to) its effect

(Ill oxidation (If pyruvate via the pyruvate

dehydrogenase rea(’t ioi 1.

I Va/in oinycin. as sI mi a lalor �f c/I iWO/i cohen e-

sis. If the rate (If �)yruvate carboxylatioln is

limiting fo r the entire seo luenco (If glucolle I-

genesis, its stimulatiolti should result in ati
acceleration of glucose synthesis. The finding

that valinomycin enhanced the rate (If C( )2

fixation in mitocholtldnia suggested that it

might increase the rate of glucose svtthesis

in a more intact system. [(I test this possi-

bilitv, we incubated liver o’ells isolated from

fasted rats in K robs-Ringer-bicarbonate

sollutmoln containing 20 m�i L-lactate. Under
these colnditions the cells synthesize glucose

at rates comparable to) Perfused rat liver and
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respond t I L-epil)ephnil)e, glucagon, cyclic

adenylic acid, or dibutynvl cyclic adenylic

acid with inoreased rates (If glucose synthesis

(2). Figure 4 presents the effects of vaniolus

concentrations of valinomvciti (l� the rate (If

gluconeogenesis in liver oells iso Ilated from

fasted rats. Notice that 30 t)M valinomycin

stimulated synthesis (If glucose about 35

(p < 0.002) and that increasing the valino-

mycin ooInc(nt ration to) �00-30O n�i inhibited

glucose pro Iduct lOIn. Furthermore, concen-

trations (If valinolmvcin that stimulated and

TAMLE 4

Effect of valimiommuijcin and inhibition of pyruvate

dehydrogena..s-e omi Jixatioin of CO5

Imicubations were comuditcted as described imi

MATERIALS ANt) METHODS. Minlchondrial protein

concemutration raluge(l froni 0.68 to 0.72 mg/m!.

Values are the means aiud stamiolard errolrs of three

determ Ii tot i Ohs.

NaAsOs \alino- COs fixed Pyruvate
(0.2 mat) + mycin decaiboxylated
palmitoyt- (ii.9 nM)

carnitine
30 0it)

nsnoles sum mg protesn usmoles/nuin/mg

protein

0 0 28.7±1.5k ,. 7.3 ±0.1
0 +

+ 0 30.7±3 - 6� <0 05 0.03±0.1

+ + 50.7±1.lf - o.o:�±o.1

inhibited gluconeogenesis were similar to

those that stimulated and inhibited fixation

(If CO2 in isolated mitochIndnia. In order to

determine whether tile inhibitors’ effects of

high levels (100-300 n�ui) (If valinomycin

were due to the uncoupling (If olxidative

Jholsphonylatmoln, the respiratory rates (If cell
suspensions were measured in the presence

of various ((Incentrations of valinom�’cin and

2 , 4-dinitrophenol. Cellular respmrationi was

stimulated about 45 liv 300 IIM valinomycin

and about 47 � by 50 �i 2 ,4-dinitrophenol.

In contrast, concentrations of valin Imycin

which st imulat od product io Ifl (If glucose,

10-30 n�i, had no measurable effect on res-

piration.

Since cyclic adenylate is thought to medi-

ate some ho Irmolnal stimulation (If gluconeo-

genesis in liver (13), the effect (If valinolmycin

on the level (If this nucleotide in liver cells

was measured. Valinomvcin had no detect-

able effect on the concentratioln of cyclic

adenviate in the fells after 7 or 30 mm (If

incubation, whereas glucagoln increased the

level of the nucleotide 15-fold (frolm 1.6 to)

25 pmoles/ mg of protein). It) addition, in

experiments not presented, valinomycin at

10-30 n� had no effect on glycogenolysis, a

process that has been shown to) ho quite

sensitive to) intracellular levels olf the cyclic

nucleotide (14).
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Fl o�. 4. Effect of nai’iniis coiicent ia/inns of ralimiommuycin omi glucose .s-mjmithesis from L -lactate iii isolated

liner cells

Cells were isolated from rats fasted for 24 hr amid imucuhated w-ith 20 mM L-lactate together with the

imudicated valimiomycimu colhucemit rat iomus for 1 hr. Each poihut is the meamu of folur or five determimiat iO)hiS.
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I)ISCUSSION

The data presented in this paper show that

valinomycin (at (entail) dose levels) and

t neat merit wit h glucago In produced similar

resj)oInses 111 PrePanatiolls (If rat. liver. That

is, both increased the rates (If carboxylatioti

and decarbolxvlatioln of pyruvate in isolated

mitolchondnia, and both stimulated the syn-

thesis (If glucose in isolated liver (ells. The

maximal effects of the hormone and 1(11101-

phone o)n mitolcholndnia were additive, sug-
gesting that they do not act in an identical

fashion. in stimulating glucose synthesis in

isolated cells, the agents were partially addi-

tive (data not sh(Iwn). Nevertheless, the

similarities (If these nespolnses do suggest the

impolrtance (If considering what is known o�f

valinomycin actions in ati attempt to under-

stand the (ff((tS (If the iolnolpholre in this

system and alsoI to I generate concept ual

models that might help to) elucidate the

action (If glucag(In.

Valinomycin has the following known tic-

tions (I� mitolcholndnia: (a) it accelerates the

utilizat 1011 (If energy by mito Ichondnia, as

evidenced by its stimulation (If hydrolysis (If

ATP and increased oxygen consumption;

(b) it stimulates the uptake (If K� by mitol-

chondria and, after a steady state is reached

��‘here �0) tiet transfer (If K� occurs, coltitinues

to) produce an increased rate (If flux (If the ion

(15); (c) it facilitates the passage (If aniolns,

including phosphate and substrates, into I the

mitochondnia; and (d) it causes swelling (If

mitocholndnia, \�‘hi(h il/IS been sholwn to) be

tin eXpansioni (If the matrix (16).

Which (If these actions (If valinonlyciti, if

any, is responsible for the increased rates (If

fixatioln (If CO2, decarboxvlat 10)!) (If pyruvate,

atid synt hesis (If glucose? Could glucago Ill

conceivably act in an analolgolus manner?

Stimulatio In of olxidativo processes by valino

mycin could, in theory, accelerate the fixa-

tioii (If C()2 in tw’o) \V/IVS. VI in

aj)j)ropniat e co Incent rat ions can o nhanco

(Ixidativo phosphorylation (12). This (0 Iuld

lead to a higher level (If ATP within the

mitolchondnia, in turn stimulating the pyru-

vate carboxylase reactioln as more sldbstrato

(ATP) became available. This mechanism

can be rejected by the finding (Table 2) that

valinomvcin in stmnlulatolry doses did not

in(roase the level (If A1’P. �\. so�(o)I1d I)OteIItial

mechanisnl is that in(neased (Ixidatiolti of

pvruvate elovates the levolS (If acetyl-CoA

ill the nlitolei)olndnia, resulting 11) the aotiva-

tion (If l�’nuvate carbolxylase. This mccii-

allism can be ruled olut, since blockade (If the

�)yruvat e dehydro �genase gro It.ij) ( If reactli 1115

with arsetlit(, t(IgOtil.er �vitii the addition (If

j)almitoyleartiitine to generate acetyl-(.10IA,

Permitted valinolntycin to I st inlulat e CO2
fixation (Table 4). Tile 1)olssibilitv reniains

that valinomyciri stinnihited (Ixidatloln (If

palmitolylcannitine, producing additional ace-
tvl-CoA, which in turn activated pyruvato

carboxvlase. The determinatio )� (If mito -

chondnial levels (If acetyl-CoA will be no-

o�iiired for a definitive test (If this hypothesis.

The second action olf valinolmycin listed,

tile increased tnanspolnt o�f K� into the mito-

cholndnia, could load tol activation (If pyru-

vate carbo Ixvlase, which re 1ui res mono Ivalent

catlolns (17). ()pposing this explanation is

the observat � Ifl that, as valinonlycin facili-

tates the passage of K� into) mit(Icholndria,

there is ati accompanying influx (If water �OI

that tile coticentratioltl o�f K� �vithiti the

mitochondnia (100’s not iticrease aj)prociabl\

(18). In regard to) the colncept (If ((Intro!

related tol ion fluxes, l’riedmann (19) (1dm In-

strated that o\’(lic adonvlate proldu(eS rapid

but brief fluxes of Ca2�, Na�, and K� in the

perfused rat liver. It is tiot olear at present

whet hen those ionic no (list nibut iO )�5 aro no -

lated to I the nlitoch( Indnial changes produoed

by glucagon /111(1 other h(Irmolnes that stitilu-

late sytithesis (If gluc(Iso.

The valitiomvcin-induced flux (If K+ facili-

tates the etitry of Piiosl)hate and organic

anio 1115 ilitol t lie Illit( )Oii( Indria, as demo 10-

strated by the olbservat ion (20) that valino-

mycin stimulated oxygen (0 Insumpt i In in

mitolchondnia utico lupled by classic unco 10-

plers; it iticreased state 3 respiration when
substrate concentratiolns were 3 fllM but I)Ot

wheti they were 10 11111, titicl it stimulated tile

uptake of phosphate and (Ixidative j)iiols-

pho In lint ion. It is t henefo Ire po )ssible that

valinonlycin etihatl(es the rate of j)yruvate

entry itit(I the mitolcholtidria, permitting both

the pyruvato (arbolxylaso and pynuvate (10..-

hydro getiase reactio Ins to proceed more

rapidly by pro Ividmg an increased availability

of substrate w’ithiti t ho’ organel les.
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i’inally, the expansion (It the tilitoohon-

dnial matrix that oloours a� a ro’sp(Inse to

valin( Imy(mn may allow pyruvato’ greater

aeco’ss tu� t ho’ tw( I enzymes wlii(h metabolize

it. This oolrrclato’s ��o’ll with tho’ o)hso’rvatioln

that substrate (IXi(latio Ills (except those (If

su(citiato tilidi /3-hy(Iro xvbut vrato) tilidI car-

boxvlat iO In and (lecarbolxvlat 1(111 (If �yruvate

are accelerated in hvpoltonio media, which,

like valitu(Imycit), PFO IdIlf0’ Dli (‘Xpansioln (If

the rnito)oholndrial matrix (I , 21, 22). The

reverse sit uatn III -1.0., itihibit iO at (If metabo I-

lism - has been si)(I\VIi t(I aO(olmpaIiv mitol-

cle In(Irial cont motion induced by tiigo’nicin

(11).

in summary: the stimulation of olxidatio In

ali(l incro’ase(I colnoo’nt rations of K� withill

the mitolcholndnia aro’ Ju(lged to ho’ unlikely

as t ho’ mo’chanisms tlir nigh which valinomy-

(ill stimulates fixation (If C( )�. However, tile

o’vi(lo’nco’ availablo’ (toes not o’ntiro’ly exclude

these twol 1)ossibilitio’s. The two) alto’mnatives

that appeal mono’ probable are the facilita-

tioln (If /1111011 entry so’condary tol K4 flux

and an increased access of pyruvate to) its

o’nzytiio’s (If metabolism as a result (If sl)atial

changes secondary to) o’xllansio)n of the

matrix. Theso’ twol mo’chatusms, itt tho’ ab-

sence (If o’olntradictolrv evido’nco’, are both

situations in whioh control is o’xo’rted by

availability of substrato’. They tiio’refore re-

so’mble the hypotho’sis for the (‘fleet of glu-

(agon (III pyruvate flletttb(Ilisfli (I), which

proposes that control of fixatioln (If CO2
occurs via tho’ rate (If transfer (If pyruvate

into the mitolchondnia.

The degre’ (If ro’lo’vanco’ o�f valinomycin as

a model for the actioln of glucagon is, (If

course, uncertain. Th(’se experiments me-

ported ill this paper aro’ oonsidered by us to
be heuristic in regard to the stu(ly oIl the

hormonal control of gluc Ineogeno’sis, sug-

go’sting as they do the possibility that mito-

cholndnial ion fluxes or configuratlolnal

changes in the matrix (If tile mitolcholndnia

are pOiltential mecllanisms thn Iugh �vhich

glucagon afl(1 other hormones stimulating

gluconeogenesis might act.
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