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Puesto que vivimos en pleno misterio,
luchando contra fuerzas desconocidas,
tratemos en lo posible de esclarecerlo.
No: nos desaliente la consideracidbn de
la pobreza de nuestro esfuerzo ante los
magnos e innumerables problemas de la
-vida. Concluida la arduia labor, seremos
olvidados, como la semilla en el surco;
pero algo nos. consolarad el considerar
que:nuest:os.descendientes nos deberan
una pequefia parte de su dicha y que
gracias a.nuestras. iniciativas aquella
minuscula parte de la Naturaleza, objeto
de nuéstros afanes, resultari un poco
mas agradable e inteligible.

Santiago Ramdn y Cajal.

INTRODUCCION

Cuando’ por primera vez entramos a un laboratorio de bio-
quimi;a y observamos sobre uno de sus muros uno de esos impresio-
nantes mapas metabdlicos, nos sentimos aplastados: los bioquimi-
cos que nos precedieron, lograron esclarecer .el metabolismo y no
nos queda nada por hacer. Sin embargo, nada mas equivocado que
esta primefa impresidén. Observamos con mayor‘cuidado Yy vemos que
estos mapas nos sefialan los principales caminos metabdlicos y las
enzimas involucradas, pero nada nos dicen acerca de la regulacidn
de las vias, sus flujos relativos y sobre todo no nos explican co-
mo la célula, el tejido o el organismo integro, logran adaptarse

a los cambios en los medios interno y externo, manteniendo un es-

tado de equilibrio aparehte (homeostasis). El panorama ha cam-

' Y]

biado: -nos llenamos de optimiémo y muchas son las dudas y pregun-



tas que nos asaltan. La. investigacién se inicia.

Uno de los capitulos mas apasionanfes del metabolismo,
es el metabolismo de los lipidos. Su estudio se ha visto obsta-
culizado por los-problemas inherentes a la naturaleza hidrofébica
de sus metabolitos. Sin embargo, importantes logros se han reali
zado y la mayoria de las vias han podido ser esclarecidas. La
comprensién de la regulacidén del metabolismo de los lipidos es im
portante no solo por si misma, ciencia bé&sica, sino que tiene
gran proyeccion a problemas biomédicos: dbesidad, diabetes, ceto-
sis, hiperlipidemias, ateroesclerosis, etc.

Sin duda, uno de los tejidos mas importantes en el meta-
bolismo-de los lipidos es el tejido adiposo. E1 tejido adiposo
es un constituyente del tejido conectivo y esta formado por la
reunién de células grasas o adipocitos, en lobulillos. El tejido
adiposo es por lo tanto una variante especializada del tejido
conectivo. ‘Las células del.lobulillo se encuentran rodeadas por
fibras reticulares y se hallan.pr0vistés de abundantes capilares,
que permiten el intercambio metabdlico constante entre eIlas y el
resto de la economia y por ende su participacidén en la homeosta-
sis.

El tejido adiposo se encarga de la sintesis y depodsito
de triacilgliceroles, como ‘fuente potencial de energia y de su
liberacién en forma de acidos grasos y glicerol. El actmulo en

forma de triacilgliceroles, es conveniente por su alto valor ca-



lérico Yy porque por su naturaleza profundamente hidrofébica no
requieren iones y agua de solvatacién como el gluéégeqo, para su
‘depbsito, sino que lo hacen en forma anhidra. Se ha calculado
conservadoramente que $i un individuo de 70 kilogramos, transfor
mara a glucbgeno, la energia depositada como triacilgliceroles
en el tejido adiposo, su.peso facilmente se duplicaria.

Hace. aproximadamente 40 aﬁqs el tejido adiposo,se‘consg
deraba como inerte. Se suponia que los procesos de depdsito y
movilizacién de grasa se realizaban independientémente del adipa
cito. En los dltimos veinte afios, el estuaio,dgl tejido adiposo
ha tenido un desarrollo explosivo. Con el esfuerzo de muchos in
vestigadores, ha sido posible demostrar que el adipocito posee
una maquinaria enzimitica respetable y una gran actividad metabd
lica. Ademéas de estos atributos, este tejido tiene un exquisita
sensibilidad ante cualquier cambio en el medio que lo rodea. Es
ta sensibilidad ha permitido su uso. como modelo experimental y
con él-se han'lograﬁo‘importantés avances en el campo de la regu
lacién metabdlica hormonal. Interesantes revisiones han apareci
QO a este respecto (1-4).

A pesar de este importantisimo avance, persisten una
serie de problemas de regulacidn metabdlica, de trascendencia
fisioldgica. El tejido adiposo posee un deposito de triaciigli—
ceroles que en condiciones normales se encuentra en un equilibrio

din&mico, es decir, gue estd en continua sintesis y degradacidn.



La hidrélisis de los triacilgliceroles proporciona &cidos grasos
y glicerol.} El glicerol no es reutilizado por el tejido adiposo
y es liberado al medio interno, donde es usado principalmente
por el higadp. Los &cidos grasos -por el contrario, pueden'ée;
reutilizados. Durante los estadiOS'pOStprandiales, el tejido
adiposo debe, no solamente reesterificar 1os dcidos grasos libe-
rados por la<lipélisis‘basal, sino estérificar:los_provenientes
de la dieta, liberados por accidén de ‘la lipasa lipoproteicaAy
los sintetizados de novo. Por el contrario, durante los periodos
de ayuno, el adipo¢ito proporciona a la economia‘écing grasos
para la obtencidén de.energia. Ello necesariamente significa que
la célula adiposa debe poseer un sistema que le'pe;mita regular
el proceso de esterificacién, para adaptarse a las condiciones
nutricionales y cumplir con su fin bioldgico.

En los trabajos que adjunto a esta introduccion, presen-
to el uso de la cicloheximida como un arma para conocer la regu-
lacién del proceso de esterificacidén en tejido aqiposo (5-8) .
Resumiré a contipuacién los principales hallazgos y su trascen-
dencia.

La cicloheximida es uno de 16s inhibidores de la biosin
tesis Qe proteinas~mas_empleadoé en investigacidén (9), sin embar
‘go, los efectos a los ‘cuales me feferiré,,no estén relacionados
con esta propiedad del cOmpUeEto (Referencia 5, Fig 4 y Ref. 6,

Fig 2).



La administracién in vivo del compuesto a ratas macho
ayunadas produce un aumento en la incorporacién de glucosa radio
‘activa a lipidos totales de aproximadamente 10 veces' (Ref. 5, Fig.
1). La mayoria de la marca se localiza en la fraccién de glice-
rol de los glicéridos }Ref,,s, Tabla'S) y concomitantemente exis-
te una disminucién en los niveles de &cidos grasos libres en sue-
ro (Ref. 5, Tabla 6). Todos estos datos sugieren que la ciclohe-
ximida est& favoreciendo el proceso de esterificacidén en tejido
adiposo. Ademés, no fue posible detectar un efecto significati-
vo en ratas alimentadas ad libitum (Ref. 5, Tabla 1) en las cua-
les el proceso de esterificacién estd notablemente activo en re-
lacién con las ayunadas (10).

La medicién directa del proceso de esterificacidn, es
imposible en el animal integrb; por lo cual, se tratd de reprodu
cir-el efecto in vitro, incubando paniculos adiposos de ratas
ayunadas, en un medio semisintéticd. Se observo que el aﬁtibié—
tico produce en estas condiciones un éfecpo-cualitativamente
identico al descrito, pero-'de menor magnitud, esto es: la ciclo-
heximida incrementd la incorporacidén de glucosa radioactiva a
lipidos en un 100% y la mayor parte de la marca se localizd en
la fraccién de glicerol de los glicéridos {Ref 6, Fig 1 y Tabla
4). Al medir directamente la esteriﬁicaciénAde los acidos gra-
sos, se logrd demostrar que la cicloheximida estimula este pro-

ceso (Tabla 2).



Estudiando el metabolismo ‘de la glucosa, se- observd que
la cicloheximida incrementa no solo su incorporacidén a lipidos
sino también su oxidacién-pér glucé;isis y ciclo de Krebs (Ref
6, Tablas 3 y 5). Es mas, la captacién de la hexosg por el te-
jido también se encontré aumentada (Ref 6, Tabla 3). Todos es-
tos hechos sugerian la.pos}bilidad de que el efebto_primario de
la dicloheximida fuese sobre la ‘captacién de.la glucosa y que el
aumento ep la oxidacién de la hexosa y en la esterificgcién de
los &cidos grasos fueran secundarios. Es mas, se ha propuesto
que la disponibilidad de ”alfa—glicerofosfatq'es uno de los fag
tores que regulan la esterifiqacién de los &cidos grasos tanto
en higado como~én tejido adiposo (11,12) y la cantidad de este
metabolito se .pudiera ver incrementada al aumentarse el flujo
glucolit}co.

Sin embargo, se.realizargn experimenﬁos in vitro con te
jido adiposo de- animales aliméntados_gg libitum y se observd que

‘ —_
bajo estas condiciones la cicloheximida no incrementa ni la cap-
‘tacién- de glucosa ni su oxidacidn en forma significativa, pero
si su incorporacién a lipidos, encontrandose éstos preferente-
mente marcados en la fraccién de glicerol de los glicéridos
(Ref 7, Tablas I y II). Ello se debe a un incremento en el pro-
ceso de-esterificacién de los acidos grasos (Re£‘7, Tabla III).
Este hecho tiene un significado especial: la cicloheximida es

capaz de modificar en forma primaria el proceso de esterificacidn



Yy probablemente algunas de las acciones observadas con anterio-
ridad sean efectos secundafios.

Para tratar de comprobar este hecho se usd el siguien-
Fe,enquUef;se~usé lactato rgdioactivo y se mididé tanto su incoE

poracidén .a grasa total, como la distribucién de la marca. -Dado

v

que el lactato se incorpora a glicerol de los glicéridos por via
gliceroneogénica, una mayof incorporacién indica .que el proceso
de ésterifiéacién esti utilizando mas alfa-glicerofosfato, sea
por via giicerogénica (glucdlisis) o por via gliceroneogénica
(gluconeogénesis).. La cicloheximida incrementd la'inco;pdraéién
‘de lactato a lipidos y desvid su distribucidén hacia glicerol de
.los-glicéridos. Estos reéultados sefialan la importancia del pro
ceso de esterificacién en tejido adiposo, ya que como’ s€ ‘aprecia
es ‘capaz de desviar los flujos metabdlicos. Este hecho podemos
considerarlo como téleoﬂégicamente adecuado, vya queila_principal
funcién del tejido adiposo es satisfacer las demandas de &cidos
grasos y modular su concentracién en sangre.

Una vez localizado el éfecto de la cicloheximida al pro:
ceso de esterificacidn, seé qegidié estudiar cual era.la enzima
afectada, ya que- esto no solamente nos sefialaria en forma preci-
sa donde actia en antibidtico para producir este efecto, sino
que de acuerdo ‘a las consideraciones hechas anteriormente -en re-
lacidn al efecto seglin las condiciones nutriéionales del animal

experimental, sugeriria cual es la enzima reguladora de este pro



ceso. Se egﬁudiaron los niveles de metabolitos precursores de
los triacilglicéridos y cémo se presenta en la Fig 1 de la refe-
rencia 8, los niveles de glicerol-B-fosfato y acil-CoA bajan,
migntras que los de fosfolipidos (&cido fosfatidico), diacil y
triacilglicéridos se encuenpran'aumentados. De acuerdo a los
postulados del l"'c‘:r'ossove__r theorem" (13,14), la enzima involucra-
da es la glicerol-3-fosfato aciltransferasa. Esta enzima se ha
‘demostrado que juega un papel regulador en higado (15): pero no.
‘ha sido posible demostrar su participacién en la regulacidn en’

!

tejido adiposo (15,16). Sin embargo se ha logrado detectar:una
pequefia estimulacién con. insulina (17), lo cual estd totalmente
de acuerdo con'nuestrOS resultados.

Es bien conocido el hecho de .que la lipdlisis esta me-
diada por la actividad de,la'lipasawéensible a hormonas, depen-
diente de AMP ciclico. Al estimularse la lipolisis, por una ca-
tecolaming, porAejemplo, se elevan inicialmente muchp los nive-
les de AMP ciclico, disminuyendo a los pocos minutos.a niveles
discretamente superiores a- los basales. Este hecho a sido expli
cado por la acumulacidén de un "regulador fisiolégico de la adeni-
lato ciclasa" (18,19). Recientemente el grupo de Fain, ha demos~-
trado que los &cidos grasos libres son el regulador fisioiégicb
(20,21). La cicloheximida estimula la lipdlisis (5,6) y eleva
los niveles de AMP ciclico (22,23). Sin embargo se ha observado

que la caida én los niveles de AMP ciclico es lenta (23). Esto



sé'corrglaciona.bien con los datos presentados, ya que al aumen-,
tar la esterificacidén y disminuir por lo tanto el nivel de &cidos
grasos. libres, se evita la represién fisioldgica de la adenilato
qiclasa. Un hecho semejante ﬁa sido demostrado con }a insulina
(24).

Por Gltimo, se ha postulado que el mecanismo regulador
de los niveles de -4cidos ‘grasos en sangre, dependiendo de las con
diciones nutricionales es la lipbélisis (25). Sin embargo es po-
sible observar que en condicioﬁes basales la’lipélisié es&similar
en tejidos obtenidos de animales ayﬁnados'o'a}imentados ad
libifum,pero el tejido de un animal ayunado reesterifica sélamen~
te una pedueﬁa fraccidén de los écidos grasos liberados, mientras
que el tejido de ‘un animal comido lo hace con la casi totalidad
(Ref 6, Tabla 2 y Ref 7, Tabla III). Estos datos claramente se-
fialan la importancia del proceso de esterificacidn en la regula-
cién de la liberacidén neta de &cidos grasos por el tejido adiposo
¥ sefialan que elﬂconsiderar a la lipdélisis ‘como Gnico mecanismo
regulador es una simplificacidn excesiva.

En_esta tésis, se presenta el andlisis de. un fendmeno
detectado en el animal integfg y su .diseccidén hasta llegar a-la
explicacidn basica a un nivel molecular. Considero que este es
el camino menos peligroso para explicar los fendmenos a los que
nos enfrentamos. Aunque es largo y riesgoso, nos puede evitar

\

el problema de. luchar contra enemigos. que nosotros mismos crea-.



mos en el tubo de ensayo y hacer extrapolaciones que nada tienen

que ver con la realidad.
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Abstract-- Cyclohcmnldc produced a 10-fold increasc in-the mcorpoml:on of glucose into. lipids of the

ratepididymal fat pad and a 43 per cent deercise in plnsm'l frce fatty acids. These changes were obscrved
2 hr after the intraperitoneal lmcc(mn of | mg/kg of ihe antibiotic (o male rats fasted for 16-20 hr and
wclglnng between 120 and 170 g, Under the same conditions, subcutancous adipose tissue showed a 2fold
increase, while brain, liver'and. brown ¢ldlp0<c tissue, did not give any response. The 10-fold i increase was
absent in fed rats and was lower (4-fold) in male animals welghmz over 250 gsand in. 120 170 g female
rats when the parametrial adipose tissuc was studied. The higher incorpotation of ghicose into lipids pro-
duccd by cycloheximide was also smaller in the epididyma fat pad from orchicctomized (2-fold), adrena-

lectomized (3-fold) and alloxan diabetic (7-fold) rats. Homlon.\l substitutive: treatment with téstosicrone.

in orchiectomized animals and with cortisol, cortlcostcrom or cpinephrine in-adrenalectomized aninjals
- did net clicit the responsc obtained in intact rats. The relative distribution of the lakel from radioactive
glucose into lipid extracts between glycerol and. fatty acids after cycloheximide treatment:resembles that
found in control rats, but differs [rom-that observed after insulin administration. Actinomycin-D, chloram-
phenicol and puromycin did not mimic the action-of cycloheximide on lipid metabolism. Epididymal Tat
pads cbtaincd from fasted malc rats injected | hr earlier with cycloheximide showed. after 60/ hin of incu-
_bation. a 5-fold increase in the incorporation of glucose into lipids. a 37 per centincrease in the relcasc
of -glycerol and a 36 per cent diminutjon in the relcase of freesfatiy acids into the incubation mixture;
when compired 1o the values obtained with the tissues of. the control animals. It is postulated that.in

the rat epididymal fat pad cycloheximide has a marked lipogenic cffect together with an aceelerated fatty

acid re-esterification which is independent of both insulin secretion and inhibition of protein synthesis.

Cycloheximide (Actidione), an .antibiotic isolated by
Whiffen et al.[1] and Leach et al.[2] from Strepto-
myces griseus, is a widely used inhibitor of protein syn-
thesis [3=7]. A- metabolic responsc impaircd by
administration of this dntibiotic is usually interpreted
as dependent on de novo. protein synthesis. Thus, in
lipid metabolism, it has been reported that the induc-
tion of fatty acid biosynthesis in L cells deprived of exo-
genous fatly acids [8] and the lipolysis stimulated by
growth hormone in fat cclls [9] are- blocked by the
presence of Actidione. In addition, it has been observed

that in rat liver cycloheximide, inhibits the activity of”

diglyceride acyl -transferase [10], favors the aceumu-
lation of triglycerides [11] and decreases the conver-
sion of ["*Clacctate into cholesterol. CO; and fatty
acids [12]. All thes¢ cffects have been attributed to the
inhibition of protein.synthesis produced by the anti-
biotic. Paradoxically, it has been observed that cyclo-
heximide produces a stimulation ol amino acid iscor-
poration in liver microsomes [13] and an increase in
thc RNA content of regencrating liver and of the
adrenal glands [14] in rats. '

During study of the action of adenositic on lipid
. metabolism of rat epididymal fat pad [15], cyclohexi-
mide was uscd to explore thé role of de nove protein
synthésis in the effect of the nucleoside. Unexpectedly.
cycloheximide alone produced a'more drastic effect on
lipid metabolism than did adenosinc. The aim of the

891

present paper is to give a preliminary characterization
of this cffect.

MATERIALS- AND VlI*‘TIIOI)g g

"Cycloheximide, chlommphcmcol alloxan mono-
hydrate and corticosterone-21-acetate. wete obtained
from Sigma Chemical Co., puromycin dihydrochlor ide
from Maror Chemical LTD; epinephrine from S¢ rvel

Laboratorics: depot-testosterone from Schering' and

dctinomycin-D . from Calblochc,m Hydrocorlisone
hemisuccinate was a. generous gift from Upjohn de
Meéxico, S. A..[U-"*Clglucose was obtained from lriter-
national Chemical and Nuclear Corp.. and x-glicer 0-
phosphate . dehydrogenase “and  glycerokinase rom
Bochringer und Sochne, Mannheim.

“The experiments were generally performed witli
male Wistar rats wclghmg between 120-and 170 g and
fasted for 16-20 hr. Other animal conditions used are
indicated in the figures and-tables.

Bilatcral -orchiectomy was performed according to

.usual techniques. conserying the cpididymus and the

epididymal fat pad. The animals were used at'feast. 4
days after surgical treatment in ovder to minimize any
testosterone effect [ 16]. Where indicated, an intramus-
cular injcction of 5 mg depot-testosterone in vigetable

oil was uscd as afidrogen xcplacumcnl lhcrapy[lﬂ‘
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and thesc animals werc'used 7 days after both orchiec-
tomy and testostcrone.administration.
Bilatcral adrenalectomy was performed according to

-usual techniques. Adrenalectomized rats were main- -

tained at constarit room temperature (20°) with 0-85%
NaCl instead of drinking water. Animals were-used at.
feast 72 hr after adrenalectomy. Where indicated, hyd-
rocortisotic hemisuccinate, 25 mg/kg [ 18], corticoster-

-one-21-acetate. 10 mg/kg [19]. or epinephrine; | mg/~

kg [207]. was administerced intraperitoneally -120 min
, before sacrifice as substitutive therapy:
Rats fasted for 30 hr were made diabetic by the in-

traperitoncal injection of 120 mg/kg of alloxan mono-.

hydrate [21] dissolved in 0001 N HCI[22]. Alloxan-
treatcd rats were used only when they had blood g glu-
cosc levels between 200 and 460 mg/100 ml under fed
conditions. The animals ‘weré injected intraperi--
-toncally with saline or with 1 mg/kg of cycloheximide
suspended in saline.and were sacrificed by dLCclpll(ltlon

and cxsanguination at diflerent times after the i injee-.

tion. Although the animals were not subject to strict
feeding and lighting schedules, all of: them were kept
. under the same: conditions. The rats were selected ran-
~domly. Five min prior to sacrifice, [U-'“C]-glucose
(sp. act; IR0 mCi/m-molc) was administered intraperi-
loncally ata dose of 20 uCi/kg.
For cpididymal fat pad incubations, groups-of rats

were decapitated 60 min after injection of salinc or cyc--

loheximide. The epididymal fat pads were removed as

fast as possiblc with minimal handling, rinsed in 0-85% _
NaCl, and incubated for 1 hr in a-metabolic shaker at
-37*in 25-ml stoppered flasks containing, in a 3 ml final’

" volume: Krebs- Ringer bicarbonate buffer, pH 7-3; 150
mg bovine serum_albumin (fraction V): ¥ uCi of
labeled glucose and 33-34 umoles of nonradioactive
hexose. The sameexperimentaldesign was used (o inves-
“tigale pdqsiblc changes in glycerol and fatty acids pro-
duction in responsc to administration of cyclohexi-
mide in vico.

Lipids serc extracted according to Folch et al. [23].
The distribution of label in the lipids was studied by
the method of Kornacker and Ball [24], with several
meodifications: nonsaponifiable material was extracted
with petrolcum cther and the glyceride-glycerol esti-
mation was done directly by counting the sample after
fatty acid extraction. Plasina-was prepared from hepar-
inized blood and all' samples showing traces of hemo-

lysis were discarded. Radioactive measuzements were .
made in a Packard Tri:Carb liquid scintillation -

spectrometer in.a toluene solution of 2.5-p-phenylene-
bis(5- phenvlommlc) “glyceride--glycerol” radioacti-
vity was counted in Bray's solution [25]. Blood glu-

cose concenlration was dclurmmcd,accordmg to the --
method of Nelson and Somogyi [26]; free fatty acids
and glycerol werc estimated by the methods of Dole
and Meinertz [27] and Wicland [28] respectively. .’

Total purines and pyrimidines were quantified by -the
mcthod of Mclntirc and Smith [29]. ’

Statistical signjficance ol the differences between
comparable groups was deturmmcd by the. Studcnl t-
test.

RESULTS

Time. doses and tissues
The administration-of cycloheximide at a dosc of 1
mg/kg of body weight produced a significant increasc
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Fig. 1. Efieet of cycloheximide on the incorporation .of
r.\(llo.lchvu glucose into llpl(ls of the epididymal fat pad as
a function-ol time. Spulﬁc activity in-control rats (Q o)
< A): specific acti-

vity in rats injected with cycloheximide (@'~ -@). and rict in-

.. corporation in rats injected with cycloheximide (A -A).

Vertical lincs represent the smndm:d'grforvof the' mean of
at least five animals.

*in the incorporation of- ['*C]-ghucose into the lipids of

the epididymal fat pad. The results arc presented in
Fig. Fand. whether cxpressed as specific activity or as._
net mcorporallon a parallel responsc can be obsu ved.
The maximumm effect was found {20 min after cvdolu.x-
imide administration; however, the difference from-the

-control was statistically significant even at 30 min after

administration of the antibictic (30 min. P < 00160
and 120 min, P <'0:001; and 180 min. P < 0-003). In
a different set of experiments, [ C-glucose was in-
jected: simultancously with the anfibiotic 2 hr helore,
the sacrifice of the animals, Under thes experimental’
conditions. |m.01p0m(lon of radioactive gliicose into
lipids of the epididymal fat. pad was 4:30 4 -84 cpmy/
mg of lipids in four. control -animals and, in_ six rals
injected with the antibiotic. 1645 + 719 cpm/mg of
lipids (Values are means + S. E.) Therefore. the “pulse
type” of experiment was plcfcrrud to study. this action
of the.antibiotic, Differcint doses werc lested at 120 min -

" and the best action was detected with the dosc initialty

used (I mg/kg) {Fig..2). which is within the range

_usually employed to obtain inhibition el protcin syn-
‘thesis in pivo [10. 117].-This inhibition of the synthesis

of protcins-is obsetved .10 min- after administration of.

the antibiotic [30]:and is still present 3 hr later [10].
A study of the action of cycloheximide on the trans-

I'01 mation of radioaciive glucose into lipids in tissucs

* with-an active lipid melabohsm is presented in Fig. 3.

In the epididymal fat pad. a 10-fold .incrcasc was’
detected; the subcutancous adipose tissue responded

with a 2-fold incrcase. Under the ¢onditions described

in this cxperiment. no cffect was detected in brain.
brown adiposc tissuc or liver. IL has been shown that

the cpididymal fat pad has a morc active metabolism

than does the subcutancous adiposc, tissue [317: there-

fore. the higher-response ‘obtained in (his tissuc is not

surpnsmg

Other inhibitors of protein synthesis

A possible effect of other inhibitors of protejin syn:-
thesis on lipid metabolism of the cpididymal fat pad



Lipogenic sction of cycloheximide

SPECIFIC AGTIVITY (cpm7/mgof lipids)

DOSES (mg/Kg)

FFig. 2. Dose ‘response curve of cyeloheximide on' the trans-
formation of | VL-"*C-n] glucose into lipids of the epididy-
mal fat pad. The value at | mg/kg of body weight is the sameé
as thatat 120 min-in Fig. |. Other qpcuﬁcauons as in Fig. 1.

a8 also, cxplou.d Since puromycin®has a rapid and
transicnt.inhibitory effect on protein synthesis [32], its
action -was studicd | hr alter adinistration. For
~actinomyein-I and chloramphenicol. - the -eflect :was

C\plorcd 2 hr alter injection. Under the conditions.de-

scribed in Fig. 4 none of the tested compounds sharcd

with cycloheximide -the capacity for increasing the.

transformation of labeled glucose into lipids.

Age and feeding conditions

Two- factors that influence the lipogenic action of -

Actidione on the rat epididymal fat pad are the weight
and feeding. conditions of the prcrlmcntal animals
(Fable 1). A total of 15 rats was used in cach. of the
saline and L)CIOhL\ImIdC-tl‘Cd(Cd groups, These. rats
were'used in several experiments performed. on differ-

e
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rl[. 2 Effect of cycloheximide on dificrent tissues with .

active lipid metabolism. The «ll'lll'l'hlh were sacrificcd 2 hr

after injection of the .lnlnlnohc The vales for the epididy-.

mal fat pad are the same as in Fig2 1. E. F. P. = ¢pididymal
fatpad:S.A. T. = xubcut.mmusddlpmc tissuc: B. A. T. =
hrown ddlpos&. tissue. Other indications as in Fig.. 1.
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Fig. 4. € omparative cffect of dllkunl llllllhll()l\ u[’prnlun :

synthesis on the conversion of labeled glm.osc into lipids of

the epididymiil ft pad. Al the inhibitors were mu.uul in-
traperitoncally:  actinomyein-13, 1 mg/kg of ‘hody
weight [33]: puromycin, S0 mg/kg of bady weight [34]: and.
chloramphenicol.” 750 mg‘kg of body - \\cng'u[llj “The
values for C}.(h)ht‘ﬂmldc and its saline control were taken
from Fig. 1. CYC = cyclohesimide; ACT = aclinomjcin-
D: PUR = puromycin; CHL = (.hlm,lmp]mmol Oty
mdu..umns asin Fig. 1.

“ent days: thercfore this response wis not an isolatet
‘phenomenon. As shown in Table 1. rats ucalcd wilh

cycloheximide and wcnzhmg. more than 250 g present
only a 4-fold increase in.incorporation of '#C from glu-
cosc into. lipids. The antibiotic tieatment in fed rats
produced a very slight effect without statistical signifi-.

:cance. In addition. the conversion of [U- He J-;:llu.ust‘

into hpuh was. ;,rculgr in saline-freated- fed aninwils
than in fasted rafs. in agreement with -the resultg of
Boxer and Stetten [34].

Rolé of hormones
Sexual hormom's The effect of cyclohu\mudu wis'

tested in the parametrial adnpmc tissuc of fasted female
rats. The response elicited: was lower than that

.observed in the epididymal fat pad of-male rats (Table’

2). Due to the different magnitude of response lu,md-v
ing to sex:the cflect of the antibiotic was explored in
orchlcclommd and in orchmlommd lestosteronc
reated-rats (Table 2). The 10-fold i increasce in the incor- -
pomuon of labeled glucose into lipids was lowered to
a 2-fold increase by orchicclomy. susequent lesloster-
one treatment of the mchlccloml/nd rats. as described
undei Methods, was unable (o reverse this diminufion.
Adrenal hormones: Sitice some- of the effects of Acti- .
dione ‘have been attributed to - adrenal  secre-
tions [*13, 14} the action of this drug on epididymal fal
pad was cxplored in adrenaléctomized rits. Adrenalee-

_tomy deercascd the magnitude of the cyclohesinide

cifect, with only a 3-fold incrcase in, the incerporition
of radioactive glucose into lipids (Table 2). Substitutive
treatment wnh cortisol. corticosterone or cpmu.plu ine
in adrenalectomized rats failed-to restore the cyclohes-
imide cffect to the 10-fold level observed in intact ani-
loweted -the- re-
sponse (o a 2-fold incredse (Table 3).-The increase in
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Table 1. Role of physwloglcal conditions, weight and feeding on the response to cyclohex:mnde m the epididymgil -

fat pad*
Fced_ing Weighl . 'Subst‘zl.rics’; Spccuﬁ'é activity ‘ e P
conditions _ (g) ) 'inj"t;c(éq__;;_,qv (cpm/mg of hplds)" _ Ralioj‘» vall}e .

Fasted  120-170 ‘Sa'line_' 762 £ 105 1010 < 0001
‘C_ycléhexilmide A 77:43( :_LS )9«67

250 Salinc 6471 066 40 <002
Cycloheximide ' 2733 (-i) 718

Fed 120-170 Saline 5286 (;) 1044 119 <06
Cycloheximide 63-!0% 11:33

* The | conversion of radioactive glucose into-lipids i in “the epididymal fa pad was studied in rats red ad lib. and in
" rats fasted for 16-20 hr. The results arc expressed as the'mean + S. E. with the number of, observations i in parentheses.

The data for fasted animals, 120170 g, were taken from Fig.'l.
t Cycloheximidé/saline.

-the incorporation -of {'*C]-glucose into lipids pro-
duced by cpincphrine alone is in agrecement with the
findings of Leboeuf et al. [35].

Insulin. Insulin is one of the hormones with con-
siderable influence on lipid metabolism in adiposc-tis-
sue. To determine whether the action of cycloheximide
was insulin-dependent, the effect of the’ antibiotic was
assayed.in alloxan-diabetic rats. Cycloheximide pro-
duced the cxpected effect in fasted diabetic animals,
but failed to elicit a response in fed rats (Table 4).

A characteristic of the hpogemc action of insulin
when ['*C]-glucose is used is unequal distribution of
the. label between fatty acids and glyceride -glycerol,

“favoring the former moiety [36]. Cycloheximide
behaved differently from insulin in that the antibiotic-
increased the label equally in both parts of the trigly-

Table 2. Role of scxual hormones on the response to

ceride molecule without producing ch.mgcs in its dis-
tribution (Table 5).

Changes in circulaling fuids

Blood glucose and glycerol, free fatty acids and total

purines and pyrimidines of the plasma were studied in
anattempt to correlate lhcsc pararicters with the effect
of tycloheximide. It has been shown that cyclohexi-
-:mide produces. depletion of liver glycogen and no
change'in blood glucose levels in fed rats injected with
the antibiotic' from 2- 10 hr previously [17] -In agree-
ment with these results, no differences in blood sugar
levels were detected in fasted animals treated for 2 hr.
with cycloheximide (Table 6).

It has been reported that Actidione produccs an ac-
‘cmnu.latlon of RNA in yeast [38, 39], in regenerating,

'éyclohg:ximidc in ','lhc conversion of gl(lcos{: into - lipids*

'Séx of

Experimental Substance Specific activity . P
‘tie rats conditions injected (cpm/mg of lipids) Ratio} value
- Males Normal Saline 762 _-t 1-05 10-10 < 0-00!
‘ A (15)
‘Cycloheximide 7748 + 9-67
' . (19) -
Orchicctomy Salirig 902 + 108 231 < (+005
. (6)
Cycloheximide 20-84 + 317
' ]
Orchicctomy Saline 1195 + 2:01 227 < 010
" plus - (6)
testosterone
Cycloheximide 2722 + 8§21
. (6)
Females. Normal Saline 821 + 203 462 < 0:001
9
Cycloheximidc 3794 { 550

(12) R

* The data of the, normal malc rats-are from Flg 1. Olhcr specnﬁcatlons as in Table I..

t Cycloheximide/saline.
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‘
1ablc 3. Effect of cyclohcxlmldc on'the cpldldymal fat pad of-adrenalectomized rats and adrcnalt.ctomwcd rats with substi-.
tutive ormonal lrc.l(mcm*

_ _ . Substance’ - Spqcihc activity - P
Treatment ihjected, (cpm/mg of lipids)- Ratio} value
Adrenalcctomy “Saline 971 + 187 338 <00l ‘
. . e .
Cycloheximide 32:84 1+ 669 -
' ‘ U] .
Adrenalectomy Salinc 504 '1-78. 332 <01
plus : 3) )
cortisol ) Lo
’ - Cycloheximide 1676 + 4-12°
L )
Adrenalectomy Salinc. 882 + 321 235 <.0-0$
plus (3
* corticoslerone . _
Cycloheximide 20:76 £ 209
- ' ' NE) .
Adrenalectomy Saline 21-64 + 668 =010 <09
plus ()] '
epinephrine
Cycloheximide 2383 + 402
RI]

* Specifications ag'in Table 1.
t Cycloheximide/saline.

rat liver and in rat adrenal glands[l4] On the other

hand, an intraperitoncal injection of RNA, AMP or”

adenosinc increases the synthesis of lipids in adiposc

tissuc [5]. ‘Although RNA liberation into the blood--

strcam has not been reportcd in animals treated with

cycloheximide, a: poqsiblé incréasc of RNA or its hy-.

drolysis products in the circulating fluids of animals
treated with this agent was, explored. The decreasc in
the tatal amount of purines and pyrimidines in plasma,
which has been considered by Mclntire . and
Smith [297 to be cquivalent to the content of nuclei
“acids, observed after cycloheximide admiinistration
(Tablc 0)is zigainst the i,dea,that the effect of actidione

on lipid metabolism. is .mediated through (his

mechanism:

Plasma glycerol and frec. faity acids were quantified
as ‘an index of lipolysis in vivo. Cycloheximide. pro-

<duces a-slight decrease in plasma glycerol (Tablc -6)
“and, in agreement with the findings of other ath-

ors [10, 401, a significant fall in plasma free fatty acuh
(Table 6).

Epididymal fat pad incubations

Epididymal fat pads [rom animals treated for. T hr

with saline or-cycloheximide were incubated in itre o

Table 4. Effect of cyclolicximide on-the transformation .of [U-"CJ-ghicose into hplds of the. emdldymal f'u pad from
“alloxan-diabetic rals*

' Fecding

Substance .- Spcc:ﬁc activily A S .P’
conditions injected (cpmymg,of lipids)’ Ratjot: ~value’
Fasted Saline 791 £.088 691 <005
‘ R ) A
Cycloheximide 5470 + 1507
: 4
Fed ‘Saline 1613 + 504 0-44 <020
"3 '
Cycloheximide . 717 £ 210
: 4

* Specifications as in Table 1.
t Cycloheximide/saline.

Table 5. Relative distribution of radiosctive casbon from uniformly labeled [**€}-glucose in different lipid I'rac}iqns*’

Substance ., Non-sapenifiable Fatty acids

Glyceride glycerol

injected (%) °3) o Qiyccridq ~glyeerol/fatty acids -
Saline 1364046 0 ETI6 BRI+ 77T S 9
) LB 3) ,
Cyclohéximide: 091+ 033 9-07 + 4-86 9001 + 4-67 10:0

® 0

3

*+Specifications as in Table 1.
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Table 6. ElTecl of cyclolu.xlmldc on blood ghicose and on, plasma total purines 'md pyrimidings. "l\urnl and free fatly

J. AL GARCIA-SAINZ ¢ral.

acids®

Tlmc al!u

“injection P
(mm) Saline Cyclohevimide value
Glucose' 60 T 66T +.230 0972 4 181 = 04
"~ (mg/100'ml) (3) (3)
120 S7T-757:+ 350 613 a4 200 0%
($ R .
TPP1‘ 60 319-227 4 25410 21088+ 750 vl
(equivalent to g DNA/ml of plasma) . ) 8y
Glycerol (umoles/1.) ’ 126 27521 + 2970 S 15T < 0l
(n ' (L
Free fatty acids (uequiv./1.) 120 39998 4 2017 202004 1262 0-001
N (N ’

* Spccnﬁcalnons as in Table 1.
T Tolal of purines and pyr umdmcs

described undér Materials and Methods. The cpididy-
mal fat pads [rom rats mjcclcd with cyclohcxmndc pre-
sented a S-fold increasc in the incorporation of [U-
14CJ:glucose into lipids.an enhancement in the release
ofg[)ccrol and a diminution in the releasc of {ree fatty
acids into the medium'(Table 7).

PISCUSSION

"A stimulation ‘in fatty acid re-esterification in the
epididymal fat pad is one of the metabolic cvents cli-
cited by cycloheximide. The following responses (o the

antibiotic support this point of view: (a) the enhanced
release of glycerol from epididymal fat pad (Tablc 7);-
(b) the diminished release of free fatty.acids in the same:
tissue (Table 7); (c) the decreasc ‘in plasma free fatty.

acids in vivo (Table 6); (d)-the absence of. response in
fed rats (Table 1) where 97 per cent of free fatty acids

“are re-esterified [20], mading undeteetable any further

sllmulallon ‘in- this process; and (e) the limited 4- fold
incrcase of radioactive carbon into lipids when [”(] :
glucose was injected. 2-hr earlier' compared to the in-
‘crease obtained..in the: “pulse-type” experiment - (sce
Results). )
Accordmg to the data of Tablc . either in control
or in cycloheximide-treated rats, ~9() per cent of the

label from '*C-glucose was localized. in the-glycerol

moiety and x [0 per cent in the fattyacids of the trigly-
cerides, Since cycloheximide increascs [0-fold the in-
corporation of glucose into hplds (xcporled both as

spcc1ﬁc aclivity and as net incorporation in “pulsc- -

type” experiments; Fig. 1), it means that the antibiotic,
in addition to stimulating re-esterification; is very’

Table 7. Incubation of cpididymal faf pads from saline.aid cycloheximide-teated animals*

aclive in d(,t.\.l(.lclllll!_, the utilization of Lluu)sc to form
-glyu.rophosph.llc and fatty acids. Sumniaizing, cyc-
lohcxumdu behaves like o lipogenic mmpound in-
rcasing the ﬁ\mhuls ol lng.lu.crldu in 'Mul rats.
(hus mlmlckm;: what happens -in the fed ones. This
lipogenic. action of cycloheximide appears to hc inde-
“pendent of an inhibition of protein synthesis since the
other inhibitors tested fuled (o produce the sfieet des
scribed -here. Howeyer, mediation of some metabolic
disturbances resulting from inhibition ol protein syn-
thesis pmduud by eyeloheximide cannot-be ruled out:
The g glng.nol\,m action of evelohesimide T3] does
notseem o be IL\p(\I)\IML for the effect deseribed here,

since i is not present in fed aninils with Tiigh liver gly-.

cogen levels and it was observed in fasted animals with
low levels of Tiver glycogen. In addition, puromycin,
which is also a LI)C()EL‘llolylu.c.nmpnund|.‘l'l. docs’
not exhibit- the same action as cycloheximide on Jipid-
metabolism.

The increase in glucose incorporation intd ]I]"Id\ duc
to cycloheximide is probably m(lqkndcnl .md distinet
I’lom the-lipogenic action of insulin. since it is prescnt
in alloxan-diabetic rats (Table 4) and the distribution
of radioactive.carbon from [ |-glucose between- gly-
-cerol and fatty-acids after antibiotic treatment (Table-
) is different from that produced by insulin [ 36 It
also scems o be independent ol the action of epine-
phrine,since this hormoric enhances the release of frey,
fatty acids while cycloheximide decreases™it (Table 7).

The cflect of c.vdohunmdc on lipid metaholism: is

probably related to some other hormonal require-
ments not yetelearly established. The smaller-lipogenic.

‘response to cycloheximide in femalc -rats -and in -

'4C from glucosv. uu.orporah.d into lipids
‘(cpm/mg of lipids)

Glycerol released -
(nmoles/g wet weight)-

Free fatty acids relcascd
(;thuiv /g wet wcight)

Treatment
Salinc, “Cayclohevimigde P
8147 + &8 39550 & 3200, (0]
(6) () .
¥59 + 018 394 - (43¢ 0005
(8) 81
S04 046 RERRNIBL) (il

(8) ().

* Aliquots ol'lhc medium bcrorc and after mt.ulmlmn were taken for thc dclumm.\lmn of lree I.nl\ .lU(l\ dnd uhwx ul

Other spccﬂicatlons asin T;lbl(, l.

et e

v,
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orchicctomized or adrenalectomized males, together

with -the" inability of various hormones to restore a

complelc response to the antibiotic, did not allow any
definite coriclusion..

Fiially, the findings described in this paper indicate
that great care must be taken in the use of cyclohexi-
mide-as an inhibitor of protein synthésis in studics ol
lipid metabolism. On the other hand. its use as a tool
in. the investigation of the rcgulation of lipid biosyp-
thesis must be considered.
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Stimulatory action of cycloheximide
on glucose metabolism in the rat

epididymal fat pad

J. Adolfo. Garcia-Sainz, Enrique Piiia, and Victoria Chagoya de Sanchez

“-Departmento de Blologm I:xpenmenml Instituto de Blolog-:a Universidad Na(mn.nl

Auténoma. de Mcx1c0 México 20, D.F.

Abstract
of glucose and ‘lipid- metabolism was studied -in vitro in

epididymal fat pads from fasted rats. Incubation of fat pads-

“with cydohcxlmldc (1 y.g/ml) for 2 hours resulted in a two-,

fold incieasc .in glucose uptake, glucose oxidation, in-.

corporation of glucose into. lipids, and reesterification’ of
free -fatty acid. The. increasé¢ in glucose- oxidation was
evident n éxperiments in which [U-"C], [1- HC),or
[6-'Clglucose was added to the media, but it was absent

when the media were: supplcmenled with pyruvate. JIn-

corporation of glucose into glycogen and. accumulation of

lactate in the medium were not seriously modified by the-

‘presence . of cycloheximide. - The  stimulatory” effect of
cycloheximide on incorporation of glucose into lipids was
absent when insulin or cortisol 'was added to the medium.
A cycloheximide-mediated increase in glucose uplake scems
to be responsible for the subsequent changes in glucose
metabolism, and would seem to be independent of an
mlnbmnn in protein synthesis: puromycin and actinomyein-

D did not mimic tllc‘cydolmwmde action on glucose-

incorporation into lipids.

Supplementary key words. adipose tissuc metabolism
uptake’ * glucose incorporation into lipids * free latty acid
esterification

Cycloheximide (CHM) is an antibiotic widely used
as an inhibitor of protein synthesis- in vivo (1) and
in_vitro (2). In a previous paper (3) we reported that
2 hr after an intraperitoneal injcctioﬁ of CHM ‘into
fasted male rats, thére was a 10-fold increase in the
incorporation of G from "C-labeled glucose into
epididymal fat pad lipids. Othei inhibitors of protun
synthesis did not produce this effect on lipid
metabolism. ,

The-aim of thé present paper is to characterize the
in vitro effects of CHM on adipose tissue metabolism

. in order to gain further- msnght on the -mechanism
of action of the antibiotic in a system that is less
complex than the whole animal.

The .1ct|on of cycloheximide on some parameters

- glucose.

MATERIALS AND METHODS.

Cycloheximide,. _puromycin, bovine serum albumin
(fraction V) and -glycerokinase were obtained from
Slgma "Chemical Company’ (St. Louis; MO), Ac tino-.
mycin-D was purchased {rom Nutritional Blochvnnml"
Corporation (Cleveland, OH). p-[U-*CG]Glucosc (20()
mCi/mmole), p-[1-"C]glucose @ mC;/mmolc)

6- ”C]glucme (51.2"mCi/mmole) and L-[U ue ]leu-

cine (180 mCl/mmolc) were obtained from Interna-
tional Chemical and Nuclear Cor poration (Cleveland,

“OH). Hexokinase, glucose 6-phosphate " dehydro-

genasc, and a-glycerophosphate dehydrogenase were,
obtained from Behringer und Sochne (Mamiheim,
Germany). ' ‘
Experiments w ere performed w ith male Wistaw rats
weighing between 120 dnd 170 g and fasted for
16-20 Iir. Rats were killed by (lccaplldu(m and
exsanguinated. The - epldldymal fat pads werc re-
moved as fast as possible with minimal handlmg,
rinsed in 0.85% NaCl, and incubated in-a Dubnolf
metabolic shaker at 37°C in stoppered 25- ml Frleji-
meyer flasks. Usually one of the two tissues obtained
from each animal served as control; the mulmm it
which the contralateral tissue was n]cubdt.e(l con-
tained CHM. The amount.of tissue per flask ratged
between -120 and 150 mg (133.06 = 5.4 mg coiitrol;
138.77 + 1.96 mg experimental;.an averagé of 30
samples = SEM in each case). In addition to the tissue.
each flask contained 3 ml of Krebs-Ringer bicarbonate
buffei, pH 7.3, which contained: 115.38 mM NaCl,

.4.74 mM KCl, 2.54 mM CaCly, 1.18 mM KILPO,,
1.18 mM Mgﬁ()., 2.4.88 mM NiHC 20y, 150 mg of

bovine serum albumin (fraction V, filtered Athrough
a millipore filter ﬁcc(n(llng to Dole (1) and uml.nnmg

Abbreviations: CHM, cveloheximide; FA; Faty acidss FEA, ree
fatty acids: cyclic AMP, cyclic 8.5 adenosine monophospiate.
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Fig. 1.

Effect of cycloheximide on the incorporation of ¢ from [“( ]qlu(mc nto I||mls in. clmlul) mal L paads,
_A) Dosé-response, B) time-course and C) medium glucose: concentration ([MC ngumsc spu,lh( activity-was

_maintained .constant). Panels B and C, ‘control (O

O):; CHM (® - - - ®). Vertical lincs |cptcsent the

st.md:n(l error of at least five mdcpcndenll) mcub.llcd pads.

0.9 peq of FFA assay ed by the-method of Dole and
Meinertz (5)), and I1.1 mM (2 mg/ml) glucose. In
~some experiments- 1 uCi of “C-labeled glucose was
in tl)c.m(.ubatmn medium.
was heated to 37°C and gassed with 5% CO,~95%
0, before the donor animals. were Kllled, and ‘the

flasks were Aushed with the same gas mmture afier-

the tissue was added. '
Lipids were extracted according to the.method of

Folch, Leés, and Sloane Stanley (6)..In some experi-
ments the lipid extracts were saponified and the-

distribution ‘of radioictive carbon from glucose
‘between glyceride-glycerol and fatty acids was studied
by the-method of Kornacker -and Ball (7) adapted
as previously described (3).

When Tipolysis and esterification were studied; one

pad from each rat was used to determine the initial

concentration of glycerol and FFA, and the other
one -was incubated. The epldxdymal fat pads were
homogenized in .3 ml of cold glass-distilled water.
One ml each- was taken-from both medium and
homogenates; FFA was determined by. the method
of Dole and Mcinertz (5) and glycerol- by the pro-
cedure of Wieland (8). The rate of FEA estcnﬁmuon
was calculated accor ding to Vaughan (9). (:lucose

uptake was measured as disappearance of hexose

from the medium and was determined by the method
of Slem (10):

Glycogen. was qu.mllhcd by the anthrone (11)
method. The [**C]glucose incorporated into glycogen
was measured according to Hassid and Abrahain (11).
Lactic acid was measured by the method of Hohorst
(12). Oxidation of radioactive glucose was measured
by its conversion to “CO,, which was '1bsorbecl in
0.2 mlof I M Hyamine dissolved in ' methanol accord-
ing to the method of Del Boca and Flatt (13). Protein
synthesis was studiced by measuring the incorporation
of [MClleucine (0.2 /.LCi- per flask) into protein.
1977 .-

9 Journal of Lipid liesearch Volume 18,

The incubation medium’

-Pr otems were 1s0]¢1lcd accor (lmg to F (‘lﬂ;(‘h()n l ¢ w;d
son, and Fancher (l 4), and. squcu(led in formic.acid
for measurement ol\hulm.l(lnn) The "C radio-
activity was measured in a Packard Tri- -Carb I'qm(l
scintillation spectrometer’ (Packaid. Instrument Co.,
Downers Grove, IL) as ‘previously described. (3).
Special conditions used. in some particular experi-
ments are given'in the ﬁgmes tables. or in the text:

The results are presemed as per gram ol fipid or
wet welghl of tissue. Both measurements arc -com-
parable since it was found that under our experi-
mental conditions 70.69 + 2.23% of the wet weight of -
the pads was’ llpld (incan +-SEM ol 1T deterniiha-
tions). Statistical comparisons- between groups of data
‘were perfor ined by the Student’s 7 test..

RESULTS

Fig. 1 shows the results of plchmm.n\ siudies-
.that defined exputmenml mndllu)ns used in subise-
quent incubations. CHM inc¢ reased incorporation of
["C]qlumsc nto llpl(ls at doses between 0.1 /J.g/mI’
and. T0 ug/ml (P <. 001) (panel A, Fig. 1) a- dose
of 1 pg/ml was selected for all sul)scqucnt stuclics”
including those ofp"mcls Band €. The incorporation
of [HC ]glucose mto llplds ‘did not follow a lmo.nw
pattern either in control or in CHM-treated tissues
(panel B, Fig: 1). Thére was alag period in the stimu=
htory action of CHM and the highest CHM/conirol
ratio-was obtained after 2 hr of incubation; this was
the incubation time used for all- the experimeits
including those represented ‘in pancls A and G/
The. maximum response (o CIHM in vivo was alse
found 2 hr after its administration (3).

The effc(l of.increasing glucose concentration on
the conversion of ["Clglucose to lipids followed a



simple saturation kinctics (panel G, Fig. 1). The dif-
ference between control and GHM-treated tissues was
statistically sngmhcant in- all cases. ‘A saturating
glucose concentration (2 mg/ml) was’ used for d” the
experiments.

Modifications of the incubation medium

The .concentrations of several components of 'the
incubation mixture were modified in an effort to-mag-
nify the action of the antibiotic and to- obtain the
optimal conditions to study-its action,

It has been rcpm ted that glucose uptake by epi-
(lldymal fat pads is related o the concentration of
FFA in the medium (15) and: that the mobilization
of FFA is related to the calcium concéentration ini-the

extracellular fluids (16). In our system, the'ingubation.

mixture contained 50 mg,/ml of albumin and 0. 3 peg/
ml of FFA. In some experiments the concentration
of both substances was changed indepcndently:
albumin concentrations of . 12.5-75 mg/ml,.and FFA
concentrations of 0-0.6 umeq/ml were used. The
calcium concentration usually (2. 54 mM) was also
‘modified in a serics ofe'(pcrlmcms from.0 to 5.8. mM:
Changes in the conceiitrations of these components

in the mcub‘mon mixture did not modify the CHM-

mediated. stimulation of lipid metabohsm (data not
shown).

Additions to the incubation medium

‘Some actions of ‘CHM have been- correlated to
hormones (3, 17, 18). Thus the cffect of CHM on
lipid metabolism reported .in vivo was substantially
decreased by orchiectomy or adtcnalectomy @)

TABLF 1. lnllucncc of (vclnhcxnmde on thé incor poration. of
radioactive glicose into lipids in «epididymal-fat padsincubated
with serum from control or cytlohc'\umde—ln]ccttd rats

. ) CHM/ )
Addition Control ~ CHM Control . v
;urlo{nt/;,;r .qf lipids
None 0.98 = (i.()G" 1.91 £0.16 1.95 <0.001
8) (6)
Serum® from 0.74 £0.08 "1.20+0.12 162 <0.05
salinc-treated 3) (3)
animals
Serum® from L7700 265007 150 <0.005
"CHM-treated 3) (%)

animals

" The results are expressed as the mean + S[ M with the number
of ohscr\ ations in. parentheses.

* Serum was obtained from-a blood sampleé coflected 2 hralter
the administration, of saline or cycloheximide dissolved in saline
at a dose of 1 mg/kg of body weight. Fach. flask containing the
incubation mixture. described in Materials and Methocds was sup-
plemented with 0.15 ml of serum.

TABLE 2. Effects of cyclohcximidé on prol)fsis and -
free fasty acied reesterification
Rate of Lipolysis,. - .
(Glycerol Net Chinge Rate of
l’l‘()(lu('!i«)n)_ in FI'A Estevification
nolelg wet ;l'i'iglti peglg wet wigll'I ﬁ(r] Fldlg
' wret weight
. Control 4.94 = 0.20" 11.66 =-0.98 316
) @)
Cycloheximide  '6.65 = - 0.75 1366 £ 171 6,94
‘ (7 M
P <0.05 l’<0‘¥

@ Mcan * SEM with thc number ol 4)hsc1v,llums iny parenthescs.
Because of this, several hormones were tested! Tor
their.ability t6 magnily the CHM effect.

lpmcphrmc (10 /.L;,/ml) mlll(mlcmnc-?] d(ddi("

(0.1=1 mg/mly and testosterone (0.01-0.1. mg/nl)

added to the incubation medium did not affect the,
response.to CHM. However, in the presence of cortisol
(I mg/ml) or insulin (r mU/ml) the_ effect of (,HM
was not observed (results not shown), .

In the presence of serum. from saline- nc,ltcd‘
ammdle -the conversion ol ["(,]glucmc into hpl(ls
was decreased in the (‘pldulym.nl fat pads-inciibated-
either with or v without GHM. Opposite results. were
observed wlhien serum from rats treated ‘with, CHM
was used (Table 1). Of interést is the response ob-
tained in experiments in which the ‘medium was-
supplemented with CHM and with serum from C HM-
treated rats. The ‘higher m(orpomtlon obtained in

-thesc pads cannot be attributed to’an extra dose of

CHM, since an’ optmml dose-wasused (pkmeIA Fig. D.
Additional volumes, of serum- pro(luccd results. quile
similar to. those rcpm ted in Table 1. (results no:
shown)

Lipolysis and reesterification-
The action of CHM on IIp()ly“.l\ and reester llualmn

‘was investigated to deterniine the'metabolic pa hwirg

TABLE 3. Elfects o “cycloheximide ori glucose metabolism

cHM/
. Con-
. Control CHM trol r

panolesly wet weight

Glucose 3,03 £031" 678 =041 221 <0.00]
uptake. (1) (12)

Glucosein-  0.067 = 0.014  0.102 £ 0.026  1'52. <3
corpori- (6) ’ 6)

tion inte

glycogen .

COpfor-  LO4 =011 182 2024 L7500k
mation ™ (6)

7 Mean * SEM. The number of observations is.in [mi'cnflivscs.
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TABLE 4. Relative distribution of radioactive carbon from
glucose in dilferent {ractions of lipid
extracts of epidydimal fat pads

\Jons:lptmlﬁahlc '
Additions Lipids Fatty Acids Glyceride-Glycerol
%
None (4)" 4.35 = 1.30° 5.60 = 1:05 88.97 = 2.14-
CHM (5) 2.86 + 1.63 9.18 = 3.32 89.66 + 3.36

“ Number of experiments,
. Mcan + SEM.,

that was preferentially stimulated by the antibiotic.
CHM enhanced the net production of glycel ol by
34.6% and that of FFA by 17.1% (Table 2). The
rate of reesterification was calculated from the data
of the table: Twice as much’ FF. FA was esterified in
pads incubated with CHM. Smnla: results had been
previously obtamed in vivo (3).

Effect of CHM on ‘glucose metabollsm
A gencral study of the influence of CHM on

glucose metabolism in the epididymai fat pads was

carried out. CHM mainly stimulated both glucose
uptake and glucose okidation (Table 3). The rhagni-
tude .of stimulation was parallel to the increase in
the conversion -of [“C]glucose .into ]l])lds (T ig. 1).
A shgm but statistically insignificant increase in glu-
cose incorporation into glycogen was also noted.
“Since the differential response in glurosc metabo-
lism shown in Table 8 could have been due to utiliza-
tion of endogenous’ glycogen or-to -the release. of
lactate into thé incubation mlxtunc, both of these
parameters were examined. After 2 hr of incubation,
the glycogen content decrcased from 2.11 = 0_.?‘2
pmoles of glucose/lg wet- weight to 0.66 =.0.06 in
control pads and to 1.00+ .11 when the antibiotic
was added to the medium (mean + SEM of 4.6, and

TABLE 5. "Effect of cycloheximide on CO,
formation from glucose

CHM/ -

"e- Pyru-
Labeled | vate Con-
Glucose 5 mM Control _ CHM tro} r
pnoleslg wet wweight o
[1-C] - = 073 £0.08 1412016 193  <0.005
(©). ®)
+ 0.80 £ 0,07  0.96 = 0.06 .20 <01
- {6) (6) ' ’
[6-1C] - 0522006 081010 1.62. <005
(6) () '
+ 020003 025x003 119 <03
®) ©)

“ Mean % SEM. The number of observations is in parentheses.
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6 deter minations lespccuvdy) Lactate accumuliitioi
in the medium’ was equivalent in the .absence or
presence of CHM: (control 4.73% + 0.62 p,mnlcclg dAnd
CHM-treated +4.40 = 0.54 ;unoles/g. mean * SEM ul"
6 determinations in cach case).

Table 4 shows data on the elfect ol CHM o -con-
version of ["Clglucose to lipid in the epididymal
fat pads. Twice as much radioactivity was present in

lipid extracts from tissues treatéd with CHM, butthe

relative distribution was not affected. .

I order to deterine if. the stimulation of qlumsc
oxidation by CHM (Table 3) increased. Krebs (wlc
'ICI.IVIty or pentose -phosphate cycle activity, experi-
ments with [1- ”L]glucose and with [6-"Clglucosc
were performed: In both cases the stimulatory action’
of CHM on hexose oxidation. was present’ (Table 5)
The addition of pyruvaté masked the action-of the
antibiotic, su;,qcstmg that the stimulation of oxidation
occmed via the Krebs ()LI(‘ :

Inhib‘ition of protein synthesis

An attempt was made 'to correlate the inhibition
of plotun synthcsns duc to CHM .with its eflect v
lipid metabolism in. epididymal fat pads. Other in-
hibitors of plolcm synthesis, such as actinomycin-D
and puromycm did not-sharé with CHM the ¢1I)1luy
to increase the conversion of gluwse into hplds of the

fat pads (Flg 2). Furthermore, puromycin decreised
this process in agreement with the report of Fain (19).

DISCUSSION

Our present results resemble the'in vivo effect of.
CHM on epididymal fat pads (3). The quahlalm

(pmblés/i; of lipids)

e epm in p(ot‘ein's/g wet weight) .

GLUCOSE INCORPORATION INTO LIPIDS -.

CONTROL ACTINOMYCIN-O
PUROMYCIN . CYCLOHEXIMIDE

Fig. 2. Effect of several inhibitors of protein synthesis.on the
mcolporallon of ["Clglucose into lipids (open bars) and ["Cllcucine

“into pmlcms (cross hatched bars). Doses: puromycin 1074 M

actinomycin-D 1077 M, and cyclohekimide 3.55 X 1075 M (1 ighil).
Vertical lines represent the standard ervor of at least five dincle-

“pendently incubated pads.



nature of the response to CHM was similar in vivo and
in vitro in the. follmung aspects: @) most of the label

from glucose'was in the glyceride- glycerol moiety of

the lipid extracts (Table 4): b) the actions on hpolycls
and reesterification (Table 2); ¢) thc time require ed to
show a maximum effect (Fig. 1, Panel.B)A, and'd) l.hc
absence of correlation with an inhibition in protein
synthesis (Fig 2). Nevertheless, the 'quahtitative
stimulation "in conversion of glucosc into lipids
produced by thé aritibiotic was incr eased 10-fold
in vivo (8) and only 2-fold in vitro (Fig. 1).

Some humoral factor’ appears-to be mvolvad in

the effect of CHM on llpld metabolism in .1cl|pos(‘
tissue. A further increase in the incorporation of
glucose. into lipids. was detected when serum ‘from
CHM-treated animals was added to the incubation
mixture containing the optimal dose of the antibiotic
(Table 1). In addition, some actions of CHM have
_been shown to he hor mone-mediated (17, 18). Thus
the 10-fold increase in the incorporation of glucose
into lipids of the epididymal fat- pads from male
rats fasted for 16-20 hr was lower in orchiectomized
animals (2-fold); adrenalectomized amnmls (3-fold),
and in the parametrial adipose tissue from, female
rats (4.6-fold) (3). Therefore the differences between
our results and those of othm authors who have
studied the effect of CHM on adipose tissue under
differ cnt expenmcntal conditions are not surprising.

Fain (2) and' Caldwell and Fain. (20), in studies
with isolated . fat cells [mm sl.nycd female |.1ts, and
Goodman' (21), in studics with ¢pididymal fat pads
from hypophysectomized, fed wmale rats, reported no
(.hange in the basal rates of glycerol and-FFA produc-
tion due to CHM.

The CHMe:inhibition of lipid metabolism in.rat”

adipose tissue reported by Jomain-Baum and Hanson
(22) is not related to the present finding since
these authors used the antibiotic at a dose 1000
times higher than’ that cmployed in the plesenl
study.

The increase in glucose uptake produced by the
in vitro addition of CHM to q)ndlclymal fat pads
might explain most of the ‘other effects on glucose
and’ lipid metabolism-in the pads. The stimulation

in glucase 1|pl.lkc was mainly reflected in qlucosc-

oxidation (Table 3) and EF A reesterification (Table 2).
Glycogen “synthesis,. the hexose monophosphate
shunt, and Lictate accumulation in the medium were
affected to a lesser extent. '

The results in Table-5 suggest that there was an

increased oxidation of the entire hexose mole(.ulc,
pr esumably via the Krebs tricarboxylic acid cycle.

Furthermore, the addition. of pyruvate, in or derto.

dilute glucose metabolites entering the tricarboxylic

acid cycle (15), masked the stimulatory mtl.ion‘ ol the
antibiotic “(Table 5). The stimulation. in "~ glucose
oxidation by CHM is consistent ‘with’ thc ol)qm\cd
increase in fatty acid recsterification, since the latter

process “depends on an energy source (2‘%) and

enhances.oxygen corisumption (24).

The estcrification of FFA depends on- glicose
concentration in the médium (9) and  eonsidering
that the CHM action. was observed at all the con--
centrations “of glucose tested (Fig.. 1 paml ),
mighit be assumed that the incréase in reestu lhcdtmn
produced by the antibiotic was a consequence of tlie
enhanced glucose uptakg. The pattern of distribution
of label between fatty acids and glyceride-glycerol -
was not. modified by CHM (l.ll)lc'i) and is furiher
evidence in h\m of an’ increase -in F A
recsterification. The' basal” rate of hpol\ sis - was,
ehghlly stimulated l)y C HM ('] ‘able 2): This increase

“probably is related to the accumulation of cyclic

AMP: reported ‘in isolated fat cells treated wuh the
antibiotic (25).. Experiments are.in  progress . Lo
elucidate the mechanism’ of these cffects of (H’\f
in adipose tissuc.ff -

Manuscript vecived 21 ﬂﬁty 1976 and aceepted 14 ..'S'i'/,)lmnimril‘)Zf).
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'IMPORTANCI’ OF THE FS’I"FRIF]CATION PR

20CESS IN

ADIPOSE TISSUE. MLTABOI ISM'AS EVIDENCED BY'
CYCLOIII XIMIDE

J. ADOLFO GARCIA-SAINZ, ENRIQUE P1iiA and VICTORIA CHAGOYA DF SANCHEZ

Departamento de Biologia Experimental, Instituto de Bmlogm. Departamentode Biognimica, Facultad
de-Mcdicina, Umvcmd*ld Nacijonal Autonoma de México, Méxica "0 D F.

'(Rc'c"ci\fqd lO-Angri.gl 1977; arccplcd 12 October l977)

Abstract—The addition in vitro of cycloheximide (1 pg/ml) produces an increase in-the i |ncorpo: afion

.of isotopic glucose or factate

into total lipids of cpldldymnl fat pads obtained from fed rats. This

enhancement in the incorporation of glucose proceeds via the glyceride-glycerol moicty. The. -synthesis
of fatty acidsis slightly decreased by the.antibiotic which affects ncither. the uptake of glucose ror
its oxidation. The régulation.of the esterification process in adipose tissue is discussed.

Aside from the inhibitory éffect of ‘cycloheximide

(CHM) on protein synthesis. intraperitoncal admin-
lSll‘dllOl‘l to fasted rats producéd a 10-fold increase

in the incorporation of [MClglucose into the lipids’
of epididymal Tat pads. mainly through an increase

in csterification of free fatty-acids (FFA)[I] By

- contrast, a. small increase, without statistical signi-

ficance, in the incorporation of glucose into lipids.
was found when the antibiotic was injected into fed”

rats[1). 1t was rationalized that, in the pads from

fasted animals, CHM niight increase a metabolic

process normally stimulated by food intake. The
‘physiological conscquences of foud intake play an
important: role in the metabolism of adipose tissue
as .cvidenced by lower rates of glucose uptake{2]
and FFA estcrification [3] observed in fasting rats

‘compared to-fed ones. Recently, we reported that

CHM, added in vitro to epididymal fat pads from
fasted rats, increascs 2-fold the uptlake, oxidation
and incorporation- of glucose into lipids, concomi-
tently with an jncrease in esterification of *FA [4].
Since these parameters are increased by feeding, we
have studied whether the antibiotic,-added in vitro
to epididymal fat-pads from fed rats, elicits further
stimulation, .in an effort to clucidate the prlmc
pathway aff ected by CHM. :

MA’TERI.-\LS .-\.'\'D METHODS

Cycloheximide, bovine scrum albumin (f; raction

V), and glycerckinase ‘were obtained from Sigma .

Cheuical Co. (St. Louis. MO}. -bjU-"Cjglucose
(200 1nCi/m-mole) and L{U-"CJiactic acid as the:
sodjum .salt (60 mCi/m-mole) were purchasé¢d
from International Chemical and Nuclear Corp.
(Clevcland, OM). Hexokinase, ‘glucose 6-phos-
phate dehydrogenase, and alpha-glycerophosphate
dehydrogenase were obtained from Bochringer &

‘Sochne (Mannheim).

The expériments were performed using male:

“Wistar rats weighing hetween 120°and. 170 g. The

animiils were fed.ad lib. with Purina rat chow: lhcy
were Killed by decapitation and then cxmn;,um.\tcd
The epididymal fat pads were removed. rinsed in

0.85% NaCl and incubated ii; a Dubnoff imctabolic
shakerat 37°for2 hrina25-m! Erlenmeyer §t0ppcmd
flask. In addition to the tissuc. each flask ‘conlaincd
3 mlof. Krcbs—ngcr bicarbonale buffer adjusted to
pH 7.3 and suppleincnted- with 150 mg of l‘ovme
scrum albumin and 11.1 mM glecose.-Some vati-
ability in the results: was observed when diffcrent
batches. of albumin, were used. To 1vond this prob- .

‘Icrn. -albumin was systematically purified agccord:

ing to the procedure of Chen[S]. When tadionctivé

glucose was used. it was 24ded to a final conceritra- )

tion of 1. xCi/l1. l,umolcs Where indicated, glicose
was substitated for Jactate at a concenuation of
1 mM, and 0.4 xCi [MC)lactaie was added to cach
flask. The incubation medium was heated 10 37° and
gassed- with 5% C0,-95%: O, beforé the donor’

animals were killed; the flasks were flished with .

thelsame gas mixture before sedling. ‘Usually one of
the two pads-obtaincd from -each animal served 4
the: control while the other pad was in medium

.which contained CHM at a dose of | pg/ml.

Lipids were extracted-according to Folch ef al.
[6]. In some expcriments the lipids from the ex-
tracts were saponificd and the distribution hetween
glyceride—glycerol and fatty acids of - r'\(..o.\cnve

“carbon from glucose or lactate was studied ¢ by the
with minor. -
1mod1ﬁcal|ons[l] When. hpolyms and’ ésterification
were studied, onc pad from cach rat was used to

method of Korriacker and Ball[7]

determine the initial concentration of gl cerol and
FFA. The net changcs in _glyceiol and FFA are
presented. Free fatty acids.wcre dctermined ac-
carding 1o Dole and Mcinertz [8] and glycerol wids:
determined according to Wieland [9]. Glucose
uptake was measured by the disappearance of the
hexose from.the medium according to the mclhod
of Slein[10). -Oxidation -of. [”CILlucosc was
mecasured by. its conversion.to '"€O,, using the
method of Del Boca and Flatt[11]. Other cexperi-
mental details have been reported elsewhcre|1, 4].
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“Table 1. Effects of cycloheximide on ghicose. metabolism®

~ Control Cyclohcximide .
(ymoles/g) (nmolesfg) P
: Uptake 9.42+1.07 CILGNE 1S <0.2
I (pmolcs/g wet wt) ) (6)
! Incorporation into lipids 1.55 £0:18° 232+0.18 . <0.02:
(yrmoles/g lipids) - 7 S m
Oxidation 3.21+0.39- 3.09+0.36 <09
(uioles/g lipids)- 5) (6)

parentheses.

RES{ LTS AND DISCUSSION

The.incorporation of [%'Clglucose into. li;ﬁdsiof
cpididymal fat pads from fed rats was found to be
increased 50 pcr cent by cycloheximide. The drugj
also produced a statistically insignificant.increase in
the uptake of glucose without promoting its oxida-

.tion (Table 1). To explore the metabolic pathway
modified by CHM, the lipid extracts were fraction-’
“ated and it was found that the antibjotic produced
a marked shift in-the distribution of. the label from
the fatly acid moiely to the glyceride-glyeerol
moiety (Table 2), showing a pattern of distribution
similar to that found in fasted-animals [4]. By com-
bining the data from Tables 1 and 2 it is possible to
calculate the amount of glucose incorporated into
fatty acids or g'yccndc-glyccrol In control pads
x0.85 gmole was incorporated inio fatty acids and
% 0.64 gmple was channcled toward the sy nthesis of
glycerophosphate. In’ pads’incubated with CHM,
x0.59 and = 1.66 gmioles glucose/g of lipids were
incorporated into f: a(ty- acids and glyccridc—g'lycerol

‘Thc rcsults are cxprcssed as the mecan +S E. M

with the number of observations in

respectively. Theréfore, the aniibiotic slmmlalto
the ‘incorporation: of .ghicose into lipids by 20,77
pmole/g of Tlipids through ‘the synthesis of lhe

glyceride-glycerol moicty of {he ncutral fats (! 02
Jimoles/g of hplds) and decréased its mcoupnmuoh

into the fatty acids. (0.26 gmole/g of lipids). The
action of CHM on the esterification of IFA re-.
ported in Table 3, is a conquucncc of .the prC\ icus
findings. The antibiotic stimulated-this pathway 47
per cent: thisis qu.mtltnnvdy identical tothe CH M-
mediated  stimulation in the “incorporation of
l"C]glucosc into.lipids (Table 1). The’ dcucmc in
the incorporation of gluco&e into fatty acids is 1
agreenient with the paper by Mc Namara ¢i,al. [121
who reported that CHM causes a dramatic dccucaﬂc
in the conversion of isotopic acetate {o fatty acids
in rat liver homogenaies.

The ingreasc in glicose uptake produccd by the
addition i vitroof CHM locpn(hdvnml fat pads from

fasted rats (4] seemed to explain: most of its ac'lons

on glucose and lipid metabolism. In p.nds oblalned

from fed rats, the sllght snmulatlon of thé uplake

Table 2. Relative dlslrlbuhon of radioactive carbon from glucose in differenit fl’dCllUnS of hpuf
| - extracts. of cpldldynml fat pads'

Cycloho‘ |mldc

Control .
! Fraction (%)- (%) P
. Non-saponifiable lipids '3.53 % C.55 3042043 <ofop
| ) ) T~
. Fatty dcids 55.13£3,70 75,532 1.12 <0.001-
. ' ) 4)
. Glyceride-glycerol © 41.08 +3.77 7143 1.73 <0.001
' @ W

* Specifications -are as in Table 1. Per-cent values arc given on the basis of the results presentsd

in Table 1, i.e. 1.55 pmoles glucosc/z incorporated into lipids for the contrals, and 2.32 pmoles/g

for the experiments with cycloheximide. -

“Table 3. Effects of cyclohcximide.on Iipdlysis and free fatty acid esterification®

Net change Control Cycloheximide P
' Glycerol (pmoles/g) 4.16+0.63. 5.49 + 0.61 <0.2
i () (5) )
i FFA (#Eqlg) 0.58+0.16 ~1.00 % 0.26 <0.001
! o) 5

Rate of esterification 11.90 17.47 -

! (#Eqlg)



lflstcfiﬁcalidn process :'and cycliohcxjm}iﬁdc =z

Tublc 4. Lffect of cyclohc\mnde on isotopic lncl.ne mcorpor.mon into lipids and. relalive:

' . dnlrlbuuon of lhc label*

i Co,ntrol Cyclohcmmde ’ P
! o : ’ (cpmlmg of lipids) B
! Incorporation info fipids" 45.27+3,26 65.77 = 7.05 <0.05
‘ : ’ @ @
|- Distribution } (percent)
' Non- 9.1p0nlﬁdblc lipids 313+1.38 2.35x0.6] <04 .
(4) . @
Fatty acids 40.10 + 3.54 25.79 + 2.06 <0.02
: ) “ -
Glycceride-glycerol 56.18:% 4.59 71.86+1.93 <0.05
@ .

* Spccnﬁcatlons are as in Table 1. Per cent values are given on the b.ms of lhc incor por.llmn
of lactate into lipids presented:in the first lire of the table.

of glucoqc appears to be more a consequcnce of
sallsfymg the demands of metabolites. to increase
the production of glyccrophosphatc than a direct
action of the antibiotic on the uptake of the hexose.
CHM enhanced the uptake of glucose 23 per cent
(Table 1) and although  this increase is more than

enough to account for the 50 per: cent ellmulnuon g

of the incorporation of glucose lmohplds (T.xhlc 1)
this must take place specifically via glyccrophos-
phate (Table 2) to subsequently raise the esterifica-
tion of FFA (Table 3).. )
The results of Table 4 give #upporl to.this point.
The antibiotic increased the incorporation of lactale
" into lipids, and the distribution of the label showed
a shift 1o the glyceride-glycerol moncly Further-

more, the magnltudc of the stimulation (45 per cent)’

was quite similar o that observed with glncose
(Table 1). The cnhancement produced by CHM in
the incorporation of glucose or lactate into lipids is

-of special significance ‘since these metabolites are-

mcorporatcd into lipids “cither - through glycero-
genesis (Tablcs I and 2) or glyceroneogenesis

(Table 4) in ordcr to s*ausfy ‘the démands of the.
esterification process. These results indicate that

the prime action of CHM should be localized on the
esterification pathway.

The CHM-mediated increase in glucose uptake
-and oxidation obscrved in tissues from fasted
animals [4] might be a consequence of the stimula-
tion of the esterification process by the antibiotic.

The lack of effect on these paramerersin tissue from -

fed rats (Table 1) may be due to the fact that they
are alrcady sllmulalcd by the food intake. and prob-
‘ably by the same mechanism that is a resitlt of the
antibiotic action in tissues from fasted animals, $o

that no additive action is obseived: The réSuf_ls of
this paper focus on the importance of the esterifica-- -

.tion process -as a point of regul.ilnon of adiposé
tissue metabolism.

e
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INTRODUCTION

The importance of adipose tissue'ih the metabélism.and
homeostasis of mammalsiis'well establiéhed: it is second;oniy‘
to the liver in the maintenance of fuel levels in the blood.
The most important function of the adipocyte is to serve as &
metabolically active depot of lipids which is'ﬁndergoing a.
continuous turnover. ‘In fat ce}ls'theAhYdro;ysis of
tri;cylgiycerols is hormonally controlled by the cyclic AMP=
dependent activation of Hormone sensitivé lipase (1) : The
free fatty acids (FFA) producéd;fhrough‘1ipqusis may be
released non-covalently bound to plasma.albumin or re-esterified
within the adipécyte,with,aiph3—gly¢erol—34phoséhate (aGP) and
then r§3ynthesize triacylglycerols. Therefore, ﬁhe'net release
of free fatty acids from adipose tissue is the -result of-a
balanée‘between lipolysisAand're—esterifiCation. CQnsiderablei
information about the regulation of lipolysis in- this tisspgiié
available (2,3). On the contrary,.knowledgetqf:tﬁe regulatidg
of the esterification process remains fragmentary and incomplete
(4-6).

Cycloheximide (CHM), aside from and unrelated to its well
‘known property of inhibiting p;otein synthesis,.prgduces a
marked increase in the esterification of free fatty acids both
in vivo (7) and in yitro (8,9) . Furthermore, this effect of

the antibiotic is strongly influenced by .the nutritional



condition of the animals,,being.much.more clearly observable in
fasted rats (7-9). This point suggestsithat'CHM may affect the
esterification-process in a way similar to that produced
physiologically.

Once the main action of CHM was localized‘in‘the~esterificéfibn
process (9), our intere§t~focuséd on ‘studying the metabolic step(s)
affected by the antibjotic. ‘The dim of the present paper is to
present the localization of the aétion of CHM at the ethme.léyél
which may give some insight into the regulation of this important

pathway .in adipose'tissue.metabolism.

MATERIAL AND METHODS
Cycloheximide;'bovine~serum albumin (Eraction V) lactic
dehydrogenase, glycerophosphate dehydrogenase and lipid standards
were obtained from the Sigma Chemical Company (St. Louis, Mo.).
p- u-14c glucose (200 mCi/mmoie) was purchased from the
Internationai Chemical and Nuclear Corporation;(clevelénd; 0.).
Coenzymes were obtained from Béehringer un@ Soehne (Mannheim):
All the other chemicals used were of the best quality available.
The'experimentS'were'performed-using male Wistar rats weighing
between 120 and l%O‘g. which had fasted for 16-20 hours. The -animals
were killed by”décapitation'aqd exsanguinated. The epididymal fat
pads were removed..riﬁsedvinfO.BS% Nacl and incubated in 25-ml
stoppered~Erlénmeyerlflésks in a Dubnofﬁ metabolid shaker at 376q

for 2 hours.. In addition to the tissue, each flask contained 3 ml



of Krebs-Ringer bicarbonate bUffer.aajusted'tp pH 7.3 and
suplemented with 150 mg of bovine serum albumin purified
according to Chen»(lO).and 11.1 ﬁM,g;ucgée;‘.When radioactive
glucose was used it was adjdsted'to’a final. specific activity
of 1 pCi/11.1 ymoles. Theiincubation medium was heated to 37°C
and gassed with 5% Co, - 95% 0, before the donor animaLS'weré
killed and the flasks were fLuShed‘with the same gas.mixture
before sealing. ‘Usually one of the two paéS~obt§ined’from eécﬁ
animal served as control, while the contralateral tissue was
incubated in a medium which contained CHM at a concentration of
]uyg/ml.

Lipids from the tissue were.extracted‘accordihg‘tQ‘Fpich.
Lees and Sldané.stapley (il). The separation of'triaCYIleCerdlsv
diacylglycerols, and phospholipids»Was.achived~by‘thinelayer
.chromatography using silica gel -G plates with a solvent system,
containing petroleum ether (b.p. 30-60°C) -diethyl ether~g1ac{&1
acetic acid (80:20:1, v/v/v). _Thé fractions were visualized by
iodine vapours and were . identified according to reference
standards. The separated lipid classés were scraped into COunting
vials and 10 ml of a toluene solution of 2,5-p-phenylene-bis-(5
phenyloxazole) weré'added to each vial. The radioactivity was
qunted‘Withja Packard liguid scintillation spectrometer. Free
fatty acids were quantified by the method of Dole and Meinertz

(12); lactate, pyruvate, aGP and dihydroxyacetone phosphate (DHAP)



were determined enzymatically acéording to the methods of~Wie1aha
(13), Bucher et al. (14), Hohorst (15) and Bucher and Hohorst
(lé), respecti@ely. Acyl-CoA was gquantified by the method of
Garland (17). Enzyme activities were assayed in a defatted:
homogenate prepared as follows:. Aftérlincubation, the epidydinmal
fat pads were_rinsed'id;O.BS% NaCl and homogenized in a medium.
containing 0.24 M sucrose, 1 mM EDTA and 10 mM Tris/HCl, pH 7.4.
The -homogenate was centrifugea-at 700 x g for io min at 0-4°C,
the fat ‘cake was discardedand the internatant sttaw—colored
agueous liqgid was used as the enzyme source. Lactic dehyd;bgenase
was assayed according to the method Qf.Kornberg'CIB),
'glycerophbsphate,dehydrogenase.follOWing Beisehherz,gg_gi. (19)}
acyl-CoA synthetase using that of Pande and Mgad.§20)~énd aGP-
acyltransferase according to Schlossman and'BéLl (21). Ppoﬁeih
was determined according to the method of.Lowry,gE gl. using.
quine serum albumin as the standard (22). Cytoplasmic NAD+/NADH
ratios were calcul;fed~as in Saggerson and Greenbaum, (23)
assuming the apparent_équilibrium constants for lactate.
dehydrogenase and aGP dehydfogenése rgpdrted‘by Williamson et al.
(24) and Hohorst et al. (25). -Statistical comparisons of groups

of data were performed by the Student's t test,

RESULTS AND DISCUSSION
Cycloheximide increased by Z—fpld.the incorporation of

radioactive glucose into lipids (Table I) as:previously reportcd



(8). ‘However, the distribution of the labél,percentagewiéé;
among phospholipids, diacylglycerols and"triacylglycérois
(Table.I) was not modified by the aﬁtibioﬁic. 31n~othef words,
the amount of radioactivity ﬁresent in phosphoiipids and
acylglycerols was also increased by 2-fold.

Glycqrol-B—phosphéte and long~chain'fatty.acyl~COA are the
‘recognized precursors of acylglycerois and the sqggestion has
been made by several authors ﬁhat_thezconcentration of either
or both of these substrates may be'critical in determining'the
rate of triacylglycerol synthesis (26). 1In addition;, it has
also been suggested that. the activity of Acyl-CoA. synthetasé
serves to promote the capturéuof fatty acids as CoA derivatives
and thereby promotes the éyptheéis of triacylglycerols (27).
Therefore, the concentrations of Acyl-CoA and aGP and,their
precursors FFA and,DHAP were determined.

Cycloheximide produced a significaﬂt decrease in aGP and.

a slight-increase in DHAP. The decrease in aGP:may,reflect”an

enhanceg utilization széhis.metabolite by the esterification
process which was st:ongly evidenf in the.cytbplasmic redox
state (Table II)-.

Another cytoplasmic.rédox cbuple was studieé: lactate and
pyruvate.. The antibiotic decreaséd the content of lactafe and

insignificantly increased pyruvate (Table II). Therefore, the

modification of the redox state was confirmed with this redox



)

couple (Table II). .Neither the amount of free fattY‘écids
within the cell nor the net content of acyl-CoA were.
significantly affectgd by the antibiotic. (Table‘iII).

The use of change in flux and steady-state iévels of
intermediates to idéntify positions of regulation or inhibition
was first discussed in detail by Chance et al. (28). From then
on the concept of the crossover theorem has Beén~appliéd in“tﬁe
identification of ;égulatory steps (29) . Using the data of
Tables I, II and III, a crbssoyét plot was conétructediaﬁd is
presented in-Fig. 1. 1In.this figure, it may be observed that
the amount of~phospholipids (phosphétidic aqid.and derivatives)
and acylglycerols are nearly 2-fold increased whereas the amount
of aGP is decreased. It has been suggested*théf the affected
step or regulatory step may be found at the level where. the
subst}atefof the:reaction changes . in.direction opposite té tﬁatt
of ‘the flux (29). Thus, the‘aétivity of-leCgrpl-3-phbsphaﬁe
acyltransferase in defatted homogenates of t@éfcontrbl and treated.
tissues was aSsayed. No'modifidation~of-itS’activity was detected
(Table IV) even by the direct addition pf CHM,Eqwthé‘assay medium
(data not shown). The activity of tiokinase was also unaffected
by the antibiotic (Table IV). In an effort to explain the effect
on éhe redox state, the activity of lactic dehydrogenase and aGP
dehydrbgenase were also assayed but no significant modificdtion

of .their activities was detected (data not.shown).



Within the 1imitati9né discussed in regard to.the. crossover
theorem (29) :and in spite of the labk,OfAstimulétion of aGé
'acyltransferaSé'activity~(Table'IV), our results strongiy shggééf
that this is the step‘affected (Fig..l). The failure to detect
any activation may be related to the dilution of some ligand

inestability of the enzyme or even to the conditions of the asséy.

Bremer et al. (30)'ﬁqve'shown that these enzymes regulate the
esterification process in the iivér and that ;heif,activitiés vary
depending’ on the nutritiOnal conditions Of'the-animals; yﬁese
authors. and others (30,31). have not been able to detect this
regulatory property of-this enzyme»in adipose tissue.’ Howevéf, a:
slight stimulation by insulin of fat cell aCyltransferasé‘éétiviiy
has ‘been répbrted'(32).

Oﬁr results are in agreement with the work of Denton aﬁé
.Halperin (33) and Saggerson and Greenbaum (23) ih.concludiﬁg'théf
the rate of triacylélycerolfsynthesis can not be correlated Wi££
the concenération of‘éitﬁé; aGP or fattY‘acyl—CéA: Furthermoreé;
the decreases in -aGP and Acyl-CoA suggest that they arg'being acti
used for esterification and that their net concentrations do ribt
play a regulafory role (rables II, and III and Fig. 1).

The results herein are also in agreément with the.suggestion
that a near equilibrium.beéween lactate dehydrdgenase”and aGPp-
dehydrogenase exists in the cytoplasm of the adipocyte (23) a&nd

that therefore. the cbncentration*of aGP appears to depend_on~£he



cytoplasmic NAD/NADH ratio in adipose tissue (23) as it is~Weli
stablished in the liver cell (34).

Since the:antibidticudid not increaséithe.activity~of~Ehe
‘aGP acyltransferases when added to‘the'assayimedium;gthe
poésibility'Of a direct ‘action of CHM on it may be diSéarded.
fheTresults also éuggegt.that the response may be sgcondary ko
another action prquted"by the "antibiotic. Thi;}ggiht is fd;ﬁher
supported by the slow onset of tﬁe effect of CHM bo£h.in'vivd
(7) an@-in vitro. (8).

It has been previously shown that cycloheXimide increésé&

ﬁhe releasé of pyruvate,in.Neurospora, (35). 1In addition, a
report that CHM inhibits‘alcohél dehydrogenase and lactic
dehydrogenase has been published (36). However; we were unable
to detect any inhibition in homogenates; ih agreementhith_o%hér"
authors (37). ‘Neve:theiess the possibility of an inhibition of
NAD-dependent’ dehydrogenases can not be compléetely ruled out..

In Suﬁmary, CHM increases the ‘incorporation of glucose irto .
pHOSphOlipidSAand acy}glycerols §nd decreases the amount of aGP,
suggesting tha; it affects the‘glycerophbsphate,acyiation_procesé.
(Table I, Table II and Eig.-lf.. Since this effect of the-
antibiotic varies depending upon the feeding conditions of the
animals (7-9), Ehe results also indicate that-fhis“may be. the
regulatory step 'in the biosynthesis ofAtriacylglycerols.in

.adipose tissue.



Summary

The in vitrq addition of cycloheximide (i‘pg/ml),produced'
a 2-fold increase in the incorpo;ation of isotopic giucose into
phospholipids ‘and acylglycerols of epidydiﬁal‘fat:pads;obtaiﬁéd‘
from' fasted rats. 1In addition, while the anﬁibiotib~diminis£ed
the cohcentrationjof”glycerophoéphate modifying“the cytoplasmic
redox state, it affgcted neither the level of. free fatty‘aéidé
nor of fatty acyl-CoA Qithin the adipocytes. Thé:resulfs.su§gésﬁ
that the acylation of glycerophosphate is the metabolic:step
affected by cycloheximide. ‘The implications‘of“this'fihdihé in
“the physioiogical regulation of the esterification process iﬁ

adipose tissue are discussed.



TABLE I
EFFECT OF CYCLOHEXIMIDE ON THE INCORPORATION OF 14C-GLUCOSE. INTO

-DIFFERENT LIPID FRACTIONS

Control, CHM p
Specific Activity 175.73- + 20.05 378.40 + 15.02° £0.001
(cpm/mg lipids) - (8) (6)
+ % Distribution of
radioactivity:
Phospholipids 21.71 + 4.24 20.64 + 5.32 0.8
(6) ~(6)
Diacylglycerols 23.10‘1. 5.81 ,22.94 + 4.48 (0.9
(6) (6)
Triacylglycerols 52.88 + 9.44 53.02 + 10.57 <0.9

(6)- | (6):

The results are expressed as the mean + the standard error of the
mean with the number of Qbservations'ih'parenfhesis.



‘'TABLE II

EFFECT OF CYCLOHEXIMIDE ON THE CYTOPLASMIC REDOX STATE.

Control CHM p
acP 175.30 + 19.66 114.04 + 8.13  ¢0.01"
(nmol/g) (11) (9) '

DHAP 24.39 + 2.35- 32.80 + 5.20 (0.2
(nmol/g) (11) (11)

aGP/DHAP 7.19° 3.48

NAD* /NADH 1562.72 3228.72

lactate 3.24 + 0.21 2.25 + 0.18  (0.001
(pmol/g) (12) (12) '
pyruvate 0.37 + 0.04 0.51 + 0.07  €0.10
(pmol/g) (12) (12)
lactate/pyruvate 8.76 4.41

NAD' /NADH 1028.43 +2042.86

Indications as in Table I



'TABLE III

EFFECT OF CYCLOHEXIMIDE ON THE AMOUNT OF FREE FATTY ACIDS AND:

LONG CHAIN ACYL-COA WITHIN THE FAT PADS,

Control CHM
FFA 4.94 + 0.50. 4.58°+ 0.69 (0.7
(nEQ/9) (7) (7)
Acyl-CoA 6.61 + 1.05 4.30 + 0.63 {0.1
(nmol/g) (5) (5)

Indications as in Table I



TABLE IV
EFFECT OF CYCLOHEXIMIDE ON: THE ACTIVITY OF ACYL-CoA SYNTHETASE;AND

GLYCEROL-3-PHOSPHATE ACYL-TRANSFERASE"

control . CHM p
n mol /min /mg protein =

Acyl-CoA synthetase. 9.41 + 0.97 10.43 + 0.70 0.5
(6) (6)

Glycerol-3-phosphate _
Acyl-transferase 0.94 + 0.11 0.97 + 0.09 0.9
' (6) (6)

Indications as in Table I



Fig. 1

Crossover plot of the effécthof‘cyquheXiﬁidevon,tﬁe
esterification process. Values: are taken'fromgTableS'I, II
-and*III and the'rééﬁlts-aré~expressed as per cent of the
control value. Vertical bars represent the standard error of
the mean. DHAP,.dihydroxyacetone phosphatgr aGP, alpha;
glycerophosphate; PL; phosphblipids;-DG, diacylglycerols; TG,
triécylglycerols;AFFA, free fatty’aCids; ACoA, long chain

acyl-CoA.
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