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RESUMEN

Los célulos tumorcles de rdpido crecimiento adquisren caracteristicas
metabdiicas diferentes a las de los fejidos de fos cudles derivan. Enfre estas
caracteristicas destacan lo acelerada actividad glucolitica aln en presencia de
concentraciones saturantes de oxigeno v la baja dependencia del metabolismo
oxidativo. Estas observaciones han hecho suponer que energéticamente la
célula tumoral depende primordicimente del catabolismo de la glucosa.  Sin
embargo. en la linea tumoeral ascifica AS-30D, derivada de higade, la glucolisis no
es la Unica vio activa; ofras vias metabdlicas relacicnadas con el metabolismo
oxidativo, como la degradacién de cuerpos cefdnicos (acetoacetato, §-
hidroxibutirato) vy el catabolismo de glutamato también se encuentran muy
activas.  En esta tesis, nosotros hemos aportado una serie de evidencias gue
indican que AS-30D, a diferencia de otras lineas fumorales de rdpido crecimiento,
tiene un mefabolismo de fino oxidative y no glucclifico, i.e., mantienen ung
actividad de fosforilacion oxidativa (FQ) similar a la registrada en hepatociios: la
velocidad respiraterio es muy alta (100 ngA O/min/107cels, 95 % sensible a
oligormicina} y en el liquide de ascitis (fraccion libre de células) se regisira una alta
concentracion de sustratos de la FO come giutaming {4 mM) y oxigeno (50 LM)
mienfras que la glucosa se encuentra en baja concentracién {23 uM). Desde el
punto de viska energético, la FO es la via que suministra la mayor cantidad de ATP
{(99%]. indicande que puede mantener la duplicacidn ceiular, la biosintesis de
profeinas y acidos nucleicos. En este contexto, la NADH oxido-reductasa [sitio | de
la codenao respiratoria) y el bloque de enzimos consumidoras de ATP son los
puntos de mayor controfl de la FO.

La adicidén de glucosa (5 mM) o fructosa (10 mM) a céluias AS-30D en
suspensiGn promueve un abatimiento parciat en la respiracion celular acoplada a
la sintesis de ATP (34 y 34%, respeciivamente], fendmeno llamado Efecto
Crabfree  En la liferature existe discrepancia sobre la naturaleza del factor
responsable de esta inhibicidon.  Nuestros estudios con células y mitocondrias
aisladas de AS-30D demostraron que existe mas de un facior responsable, Le., &l

efecto Crabitree es el resultado de un control muttisitio.  Enfre esics factores de




confrol se encuentran la disponibildad de fosfato y ia variacidn en el pH. Después
de la adicidén de glucosa, se promueve una disminucion abrupta en ambos o qus
da como consecuencia lg inhibicidn de algunas enzimas de la FO. La adicién de
un dasacoplante cldsico estimuld la respiracidn celular previamente inhibida por
glucosq, lo gue demuestra que el dsterna fosforlanie de la FO es el gue se
encuentra afectado. Bste efecto es interesante en un tumer exidative ya que es
posible ulilzar a la glucosa como un modulador de o via que aporta
primordiaimenie el ATP tumoral.

Este trabajo demuestra que in situ, la linea tumoral AS-30D depende del
metabolismo milocondidl. Porlo cudl, hemos hipotetizade que el abdlimiento de
o FC (ya sea modificande o fuente de carbono externg & inhibiendo
directamente a o via con inhibidores ¢ farmaces selectivos) disminuird la
profiferacion tumoral. En cullivos primarios de AS-30D. las céiulas mantienen un
crecimientfo diferencial dependiendo de la fuente de carbono axferna: solo son
capaces de proliferar en condiciones donde ! metabolismo oxidativo prevalece
fen presencia de gluiaming o glutamato), mientras que en condiciones
glucoliticas no se promueve su crecimiento, aunque se mantienen viables (80%).
La mayor densidad celular se dlcanza en presencia de ambos sustratos ya que
determinamos gque con giutamina el aporte de ATP es mayor que con glucasa, sin
embarge la glucasa provee de otras intermediarios (fosforibosit pircfosfate) que la
giufaminag es incapaz de suministrar. Los inhibidores vy farmacos que afectan la FO
[cligomicing, retenona, redamina 123 y 6G. nimesulide, nabumetona, clofazimida,
y baicdleing} promovieron un abotimiento total en el crecimiento tumoral
mientras que los inhibidores giucolificos (iedoacetato, gosipol] disminuyeron solo ef
30%. Los farmacos que mostraron mayor indice de toxicidad fuercn los
compuestos de o famiio de las rodominas {123 v 6G); sus valores de ICs
oscifaron en ef intervalo de 1-2 up.

Los resultados de esta tesis sugieren que una estrategia bioquimica para
reducrr la tasa prehferativa de células tumorales oxidativas es la modulacicn de la
FC.




SUMMARY

The fast-growth tumeor cells acquire different metabolic characteristics
from those of the tissuas which originated them. Among those characteristics
the ones that stand out are the accelerated glycolylic activity even in the
presence of saturating oxygen concenfration and the lesser dependence on
the oxidative metabolism. These observations have led to assume fhat,
energeticaly, the tumor celi depends mainly on glucose catabolism. However,
in AS-30D, an ascitic fumor line derived from the liver, the glycolysis is not the
only acfive pathway, other metabolic ways related to the oxidafive
metabolism, such as the ketone bodies degradation [acetoacetcte, B-
hydrexibutyraie) and the glutamate catabolism, are dlso very active, In this
thesis, we show a series of evidences indicating that AS-30D cells, in conirast
with several other fast-growth tumor lines, have an oxidative iype of
metabolism and not a glycolylic one, le., they maintain an oxidative
phosphorylating activity [OP) similar to that registered in hepalocytes: The
respiratory rate is very high [100 ngA O/ min/ 107cells, 95% ofigomycin-sensiiive)
and the ascites liquid (free-cell fraciion] registers o high concentrafion of
oxidative phosphoryiation substrates such as giutamine (4 mM) and oxygen (5C
UM} while glucose is found in @ low concenlration [23 pM). From the energetic
point of view, the OP is the pathway that provides the largest amount of ATP
[99%). to sustain cell duplication, and protein and nucleic acid biosynthesis. In
this context, the NADH oxido-reductase (site | of the respiratory chain) and the
enzyme block for ATP utilization were the peints of larger control of the OP.

The addition of glucose [5 mM] or fructose (10 mM) to an AS-30D
suspension promotes a partial depression in the cellular resprration coupled to
the ATP synthesis (54% and 34%, respectively), a phenomenen named Crabtree
effect. There is a discrepancy in the literature, over the nature of the
responsible factor for this nhibition. Our studies with cells and mitochondria
isolated from AS-20D demonsirated that there is mere than one coniroling
factor, i.e, the Crabtree effect s the result of a multisite contrel.  Phosphote
avalability and pH variation are some of these factors. After glucose addifion,
an abrupt decrease in both factors is promoted causing the inhibition of severdl

enzymes of the CP system, The addition of a classical uncoupler stmulaied the




cellular respiration previously inhibited by giucese, which demonsiratas that the
phosphorylative system is the target of the Crabiree effect. This of parficular
interest in an oxidative tumer since it opens the possivility of using glucose as a
medulator of the pathway that provides most of the ATP in these tumor cells.

This work shows that in sifu, the tumor lne AS-30D depends on
mitochondrial metabolism. Thus, we hipothesized that the depression of the OF
{either by modifying the carbon external source or by the direct inhibition of the
pathway with inhibitors or selective drugs) would diminish tumaoral proliferaticn,
In AS-30D primary culture, the cells grow differenticlly depending on the
external carbon source: they maintain their proliferafion only under conditions
where the oxidative metabolism prevails (in the presence of glutamine or
giutomate] but not under glycolytic conditions, although they remain viable
(80%). The highest cellular density is reached in the presence of both substrates
since we determined that with glutamine the AT? supply is larger than with
glucose; however, glucose provides other intermediary (phosphoribosyl
pyrophosphate) which glutamine is incapable of producing. The inhibitors and
drugs that affect the OP [oligomycin, rotencne, rhodamines 123 and 4G,
nimesvlide, nabumetone, clofazimide, and baicalein} promoted o toial
depression in the tumoral growth while the glycolyfic inhibifors (iodoacetate,
gossipol] diminished the growth by 30%. The drugs that showed greater toxicity
index were the compounds of the rhodamine family {123 and 6G); their ICs
values were in the range of 1-2 uM.

The results of this thesis suggest that o biochemical stategy to reduce

the proliferation of tumoral oxidative cells would be the modulation of the OP.
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CAPITULO 1

ASPECTOS GENERALES DEL METABOLISMO TUMORAL

1.1 Melabolismo infermediario de las células tumorales de rdpido crecimiento

La mayor parte de los tumores experimentales, sean sélidos [fransplaniados
usualmente en la piermna posterior de rata [sarcomas, carcinomas)] o liquidos
{transplantados en la cavidad intrapertoneal de rata o ratdn [ascitices)]. pueden

clasificarse en fres categorias (Tabla 1) [1]:

1)) Tumores de lento crecimiento [altamente diferenciados)
) Tumores de crecimiento intermedio [bien diferenciados)

OI) Tumores de rdpido crecimiento [pobremente diferenciados).

Algunas de las lineas tumorales mostradas en la Tablg 1, presentan una
segunda clasificacion numérica vy dfabética, i.e., de una linea establecida se
originan ofras lineas con caracteristicas fenofipicas diferentes a ta original.

De los fres grupos, los tumores de rapido crecimiento son los que presentan las
diferencias  bioguimicas, histoldgicas, vy cariotipicas mds marcadas  en
comparacion con su fejido de origen [1].

Enfre las diferencias bicquimicas mds relevantes del metabelisme tumoral,
particuiarmente en las lineas de répido crecimiento, destacan la acelerada
glucdlisis atn en presencia de concentfraciones safurantes de Q2 Aungue se ha
propuesto que esta elevada actividad glucolitica sostiene los niveles de ATP
requernidos por la ¢élula para duplicarse, algunos fumores muestran una clara
dependencia del metabolismo oxidaiive. A continuacion se presenta un articulo
de revision donde se exponen las caracteristicas bioguirmicas sobresalientss en s
lineas tumorales de répido crecimienio, particularmente o linea ascitica de AS-
300 utilizada en este estudio, denotando tos cambics relevantes en algunas vias
metabclcas y la importancia de la fosfarilacidon oxidativa en el suministro de ATP

celular




(1} Tumores de lento crecimiento

66,21, 9618A, 47 C, 28 A, 7794B
Hepaioma de

Morris  (r) 20, 16, 96188, 39A, 7787, 6, 9611
Hepatecarinorna HLF {h)

(2] Tumores de mediano crecimienta

Hepafoma de
Morrts {r ) 44, 42A, R3B,R-7, 9121F, R1, 51238

Hepatoma de Reuber H35 (r)

Hepatocarcinoma KiM-1 (h)

{3) Tumores de rapido crecimiento

Hepatoma de { H35, 3683 F, 7288 C
Morris (r}

Tumeres Ehriich, Ehrlich Letreé, Novikoff, AH 130,
Ascihcos {r) AS-30D

Carcinosarcoma de Walker 258 [r)

Hepatocarcinpma (HC-252) {r |, HUH-7 [h)

Sarcoma 180 ], de Rous {r}

Lineas humanas ; ghoblastoma
Cancer cérvico-Utenno: Hela, Hep-2, SiHa, CaSKi, C33
Carcinoma Wik {pulmaén)

Carcinemag MCF-7 (pecho)

Tabia 1 Closificacton temporal de las diterentes lineas tumorales que se desamrollan en
roedores (r) y humanos (h). Los turmores de mediano v lento crecimiento se desarrollar en
meses v angs, respectivamentie, mientras que los de rdpido crecmiento e desarralion en

sernanas (sGldes) o dias (asciticos) Modiicado de Pedersen, 1978
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Abstract

Tumor cells show several modifications in their
metabolism in comparison with normal cells. In
particular, tumor cellsshow an accelerated glycolysis
and a Iow O, dependence, which are metabolic
modifications involved in the resistance of many
tumor cell lines to radiation. Thus, a strategy
to enhance the radiosensitivity could be the
transformation of the glycolytic metabolism of twnor
cells into an oxidative type of metabolism, ie., to

indnce the ATP supply to depend solely on oxidative
phosphorylation. Therefore, this review emphasizes
the refevance of oxidative phosphorylationoh tumor
cells reparding (a) its contribution to ATP supply for
cell duplication during the proliferative phase, and
(b} the possible therapeutic implications of having
oxidative rather than glycolytic tumor cells. (Arch
Med Res 199§; 2%:1)

v

KEY WORDS: Tumer cells; Intermediary metabolism, Glycolysis; Oxidative phospherylation, Metabolic Gontrol

Theary.

Introduction

Tumor cell lines Show differentiation states which
range from less dedifferentiated cells with simular meta-
bolic characteristics to normal cells low glycolysis and
growth rates), for example Morns 66, Morris 47C, and
Moms 7794 A hepatomas (1), to Jargely dedifferen-
tiated cells with a definitive different metabolism from
normal cells (fast growth and glycolysis rates). As an
example of the latter, there exist ascites cellular lines,
such as AS-30D, Ehrlich, hypordiploid chain Ehrlich
Lx:urff. and Walker-256 carcinosarcoma. The main char-
acteristic of fast-growth tumor cells (FGTC) is their high
glycolytic rate, which results in an increase in lactic acid
concentration, even in the presence of saturating O,

Correspondence to,

Sara Rodriguez-Enriquez, Depto Buaquimuea, INC, Juaa Badizno
No 1, Seceién XVI, Tlalpan, México, 14080. D F, Mexico FAX:
573-0926.

"Thiswork was parisally supported by grants 2169-M9303 and 554
from CONACYT. Mexico

concentrations (see Figure 1). In addition, in FGTC the
lactic acid may be formed from glutamine through the
formation of malate (fromn glutamine) in the mitochon-
drial matiix, and the conversien of malate 1o pyruvate
catalyzed by a cytosolic malic enzyme (I,2). A high
aerobic glycolysis 15 also found in other proliferative
nen-temoral cell types. -

It appears that in all tumoral cell types studied, in
addinion o glycolysis, glutaminolysis (Ehrlich, Ehrlich
Lettré}, nucleic acid synthesis, hipid synthesis (Nowvikoff
hepatoma, AS-30D, Ehdich), cholesterot synthesis (Mor-
ns 39244, AS-30D) and ketone bodies usage {AS-30D}
age also sumulated However, the metabolic behavior is
not the same in all tumor types. In Ehrlich and Ehrlich
Lettré, the Krebs cycle enzyme activings are low, as is
pyruvate oxidation. On the contrary, in AS-30D hepatoma
cells, the Krebs cycle enzyme activities and pyruvate
oxidanon are higher than in normal hepatoeytes (3).

Thus, the control of some metabelic pathways 1n
tumor cells vanes fiom hine to line. The principal differ-
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Figure 1 Principal metabolic denvations found in fast growth tumor cells 1, about 80% of pyruvate formed from glucese is
reduced to lactate, and the rest is oxidated by tumoral PDH 2, mitochendnal pyruvate is decarboxylated to aceton; which is
transformed o other products threugh ATP-depending reactions, 3, citrate 1s released from mitochondna to feéd the cholesterol
and trglyceride pathways. 4, glutamine feeds the tumoral Krebs cycle. 5, cylosolic malate 1s oxidized to pyruvate and CQ, by
NAD(P) -depending malic enzyme B, isocitrate and a-ketoglitarate dehydrogenases are stmulated by Ca®*, which produces
an merement 1t the mathx NAD(P) H 1o drive ATP synthesis 7, the cytosolic acetyl CoAus substrate for chotesteral and ipid

biosynthetic pathways.

ences and sirmlarities between tumor cells and normal
cells are presented in Table 1.

In some ascites tumer cells (Ehrhich, Ehrlich Lettré),
but not all (AS-30D), only a low percentage (1.5%) of
the total consumed glucose is transformed into acetyl
CoA by the pyravate dehydrogenase complex, whereas
0.7% 15 used in the pentose phosphate pathway, 2% for
lipid synthesis and the rest (93%) 1s accumulated as
lactate (4.

It seema that the glycolytic high rate 1n FGTC is a
metabolic strategy for living i hypoxic states The
hypotheses proposed to explain this event are the follow-
ing:

A) There axast isoenzymatic pattern changes in two of
the three enzymes that centrol the glycolytic pathway in
normal conditions: hexokinase (HK) and phosphofructo-
Llrase (PFK-1)(2) Tumoral HK is present in greater
concentranon and activity than those observed i narmal
hepatocytes (1 va. 124 nmol/min/mg prot 1n liver and
tumor cclls H-91, respectively) (5) It has been reported
that PFE- | oxerts much of the (ot control of the glyco-
lytic pathwaly 1 both FGTC and normal cells Armilds
and Lépes-Sonano (6) reported that the elevated activ-

ity of PFK- 1 found in Walker-256 carcinosarcoma is due
tothe nse in lactic acid levels that increases the cytosolic
proton concentration (pkH diminishes), which, 1n turn, is
a positive modulator of this enzyme. This pH effect on
PFK-1 may explain the low O, sensitivity of glycolysis
in turnor cells; in other words, a negligible Pasteur effect
should prevail in wmeor cefls (it should not have glyco-
lysis inhbition by oxygen), but this has not been evalu-
ated (6)

Interestingly, overcxpression of PFK-1 in Saccharo-
myces cerevisiae increased glycolytic flux under aero-
bic conditions without medifying glycolysis in anacro-
bic conditions (7). Thus, simiar to tumor cells, the
Pasteur effect was abolished in these cells. The increased
glycolyuc flux was accompanicd by a decrease in the
oxidative phosphorylaten flux. Aninverted pH gradient
across the plasma membrane has been described in some
tumor hines, meluding differcnt hepatoma types (8).
Despite the enhanced production of lactic acid, and in
contrast with the behavior found in Walker-256 carcino-
sarcoma, the intracellular pH 10 most wmor cells 15
always constant {pHe = 7.1) In fact, it has been found
that the intraceflular pH 15 shightly more basic than the
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Tahte 1
[ntermediary Metabolism of Normal Proliferating Cells and
Tumor Cells

Metabolic Normal Tumoral Reference
feature profiferating cells
Lactate formation & 12,57
Pasteur effect 1 L 15
Glutamnolysis T T 19,20
Pyruvate T 2}Ehrhich and 12.13.15
Oxidation Lettré 331
pai
b)AS-30D
Acstoacetale and T ™ 16,17
B-OHbutyrate i 16,17
Oxication
Krebs Cycle T aYehelich and 12,13
enzyme activities Lettrg 3.24
iRk
BIAS-30D
T
Calowm sensiive- nr 2)Ehrlich and 24
dehydrogenases Letiré
enzymes nr.
b} AS-30D
Malic enzyme T T 23
achvity
Lipogenesis T T 2.18
Cholesterogenests V) 7T id

Note: The ditferent fast-growth tamor cell fes and quiescent
cellular lines (1n G, phase) were compared with mature fiormal
cells using the fellowing symbols: T, two-three fold wmerease; TT,
fourfold increase, L, decrease; 0, unchanged: n.r , not reported.

extracellular pH (pHe = 6.8), which implies an active
simultaneous release of lactate and H* to the extracellu-
lar space (8)

B) Boxer and Devlin (9) proposed that glycolysis is
accelerated inneoplastic cells because of lack of activity
in the transference systems of cytosolic reductor equiva-
lents 1o mitechondria (known as aspartate/malate and
glycerol 3-P shuttles). This hypothes:s proposes that
since most of pyruvate is transformed into lacue acid,
with a concomutant cytosolic NADH oxidation, the
transference systems are ymited by the cytosolic low
NADH availabitity. However, Grivell et al (10) demon-
strated that in Ehrlich cells, the rate of transference of
reducing equivalents from the cytesol to the mitochon-
drial matrix 1s silar to that found in normal hepatic
cells, depending enthe substrate used (0.67 pmol NADH
transported/mg prot/min) Therefore, the transference of
reducing eguivalents scems not to be the main event
mvolved in the inducuon of the high rate of glycolysis in
wmor cells

C) Athard hypothests proposes that the complex of the
pyruvate dehydrogenase (PDH). wiuch catalvzes the

oxidation of pyruvate 1nto acetyl CoA, is competitively
inlibited by acetoin, an unusual 4-carbon metabolite
that results from the pyruvate non-oxidative decarboxy-
lanon {{1) [Ki = 4{gM acetoin vs. Km = 16.5 gM
pyruvate] (data reported for AS-30D hepatoma cells). In
addition, cytosolic pyruvate is transformed into lactate
by an LDH isoenzyme that has greater activity in tumor
cells than in normal cells (50% more activity). Acetoin
has been evaluated in Bhrlich and AS-30D hepatoma
cells (11,12).

Formation of Acetoin in Tumor Cells

The formation of acetoin (Figures 1 and 2} in tumor
mitochondria cccurs 1n two steps {12,13):

A)Pyruvate enters into mitochondtia in exchange for
OH (14) and is decarboxylated by tumoral PDH to
form acetyl CoA. Next, an activated acetaldehyde
(hydroxyethyl-thiamine-pyrophosphate-enzyme com-
plex) reacts with acetyl CoA to produce diacetyl, an
acetoin immediate precursor. In this last reaction, coen-
zyme A and thiamine pyrophosphate are released. In
contrast to normal mitochondna, tumor mitochendria
are notable to oxidize the aldehydes, most likely because
the aldehyde dehydrogenase (AIDH) is located only in

CHg CHa
co ;
¢ 2 60
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Figure 2 Schematic representation of acetoin formation from
pyruvate by tumor mitochondna Abbreviattons. PDH, pyru-
vate-dehydrogenase complex; HE-TPP-E, hydroxyathyl-thia-
mine-pyrophosphate-cnzyme complex Modified from (12)
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the cytosol in tumor cells. Tumoral AIDH only oxidizes
aromatic aldehydes, and uses NAD(P*) as cofactor,
while normal AIDH oxidizes aliphatic and aromatic
aldehydes and uses only NAD* as cofactor (I3) The
AIDH reaction does not require ATP, although TTP* and
Mg are essential for activity.

B)Formed diacetylisreduced toacetoin, using NADH.
The acetoin formed in tumor mitochondna 18 rapidly
degraded in an ATP-dependent reaction to citrate and
two non-identified products. Formed cutrate probably
derives from condensation of acetoin and other active
acetaldehyde. Inliver, in pathological conditions such as
alcoholism, acetoin can be reduced 10 2,3-butanediol.

Ancther important characteristic of turnior cells 1s that
the PDH complex is activated by physiological concen-
trations of AMP (from 0.5 to 1 mM), which does not
occur in normal tissues This effect is probably involved
in the formation of acetoin, since AMP activates the
oxidative decarboxylation of pyruvate to acetoin, and
inereases its concentration in the cytosol (15). Insuch a
situation, where tumoral PDH is partially mhibited by
acetoln and stimulated by AMF, mitochondnal pyruvate
may be transformed either into acetyl CoA or into
acetoin: acetoin may return to the Krebs cycle through
the generaticn of acetate and then, acetyl CoA

“Truncated” Krebs Cycle in Tumor
Mitochondria

The citrate formed from acety! CoA and oxaloacetate
in Ehrlich cells (13) does not continue 1ts oxidation
rapidly, because the aconitase and isocitrate dehydroge-
nase have low activines; therefore, eitrate is preferen-
tially released from mitochondria (see Figure 1). The
tnearboxylate carrier 1s faster in tumor mitochondna
(four fold) than in normal mitochondria (4). Since cutrate
is actively released from mutochondria 1 Ehrlich and
Ehelich Lettré cells, the Krebs cycle canrot be fully
achieved; for this reason, it has been called the “trun-
cated Krebs eycle™. In the ¢cytosol, the citrate is used for
sterol synthesis, mainly cholesterol (Figure 1)

Kelleher et al (16) found that, in contrast to normal
hepatocytes, ketone bodies are highly metabolized by
AS-30D hepatoma cells. Tt appears that mitochorndrial
succinyl-CoA-acetyl-transferase, the enzyme that cata-
lyzes the first step m acetoacetate oxidation 10 ac-
ctoacetyl CoA, shows a 40-fold increase in actuvity
tumor cells (8 vs 334 nmol/mm/mg prot in liver and AS-
30D mitochendna, respectively) These authors (16)
suggested that the elevated consumption of acctoacetate
is due ta the high demand of Lipswds required by wmor
cells (Figure 3) Moreover, when acetoacetate at physi-
ologweal concentrations (2 mM) was added to temor
cells, the lipid synthesis and CO, production inereased im
the presence of glucose (5 mM), indicating that acetonc-
ctate is an important fuel metabolite duning glycolysis
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B-hydroxybutyrate is not heavily used by AS-30D
hepatoma cells in comparison to acefoacetate, probably
because these cells have a very low B-hydroxybutyrate
dehydrogenase activity, as previously reported for other
tumor cell lines (17).

Briscoe =t al. {16) have gquestioned the Parlo and
Ccoleman hypothesis {4) of the truncated “Krebs cyvcle”,
at teast for AS-30D cells: The CO, produced from
acetoacetate, acetate and pyruvate (these last two mea-
sured in Kelleher’s laboratory) indicates a substantial
flux of citrate through the Krebs cycle toward malate
{see Figure 3). Bniscoe’s observations support Dietzen’s
data {3) that, in AS-30D hepatomacells, the Krebs cycle
is not truncated, since acetyl group units are sufficient to
provide the carbons necessary for oxidative metabolism
during lipogenesis.

Another outstanding characteristic of tumor cells is
their high sterol synthesis rate, mainly that of choles-
terol. The explanation for the rise in cholesterol concen-
tration is the lack of control of the B-hydroxymethyl
glutaryl-CoAreductase (4). This enzyme that transforms
hydroxymethyl-glutaryl-CeA 20 mevalonate does not
respond o rhe negative feedback mechanism that existg
in normal tissue; i.e., it is not allosterically inhibited by
its product: cholesterot. Parlo and Coleman (4) proposed

CYTQSOL MITOCHONDRIA CYTOSOL
Acetate Acetate
Schec AcAC
| m 1 [sacoa
ACACCOoA ACACCOA Glucose
w n [SeAcotate l
Pyruvate
P
citrato o 1 .\Pyruvcrc
Chlosterol aitrd
Oy
Fotty Acids

Figure 3. Pathway of acetoacetate (AcAC) in AS-30D)
hepatoma cells. Acetoacetate carbons may contnbute to hipid
synthesis viz 1) a mitochondnal route wvelving 3-oxyacd
thivlase (1) and acetoacety!CoA and cytosolic thiolase (IV).
AcetylCoA 1s produced from acetate and pyruvate by a
mitochondria acetate thwckinase and PDH, respectively. A
spacbic carner for acttoacetats has not heen entitied, most
likely this metabolite travels through the membrane in the
protonated (acicic) from
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that this effect resides at the genetic level, where the
cholesterol-sensitive, B-hydroxymethylglutaryt-CoA-re-
ductase focus is expressed in 2 modified, cholesterol-
insensitive form. The cholesterol synthesis in tumor cell
membranes, mcluding the mitochondrial membranes,
induces important physiological changes: one of these
changes i intact mutochondna is the diminution of the
passive inner membrane H* permeability that may be
refated to drastic changes in membrane potential-depen-
dent metaboelism of tumor cells (13).

In Moms 3524-A hepatoma and Ehrlich mitochon-
dria, the pyruvate carbon skeletons are preferentially
used for cholesterol synthesis (Figure I3, rather than
energy production {oxidation to CO,) (18). Parlo and
Coleman (4}, and Dietzen and Davis (18), using Ehrlich
and AS-30D cells, respectively, reported that the mito-
chondrial membrane cholesterol content is four toten
fold more than that observed in normal mitochondida
(from 1.9 cholesterol pg/mg protein in normal cells - §
cholesterol (g/mg protein in hepatoma cells); 87% che-
lesterol is found in the external, and the rest, in the
intemnal mitochondrial membrane. Parlo and Coleman
reasoned that these data support the “truncated Krebs
cycle” hypothesis proposed for Ehrlich cells, where an
increment in mitochondral membrane cholesterol -
duces lanetic alterations of the tricarboxylate carrier
(chelesterol increases the carrier activity, which restricis
the yulizatien of citrate by aconitase, and favors the
release of citrate to the cytosol) Once in the cytosol, the
ATP-citrate lyase transforms citrate into acetyl CoA,
which is the building block for cholesterol synthesis
{18).

Tocompensate forthe low availability of mattix citrate
in Ehrlich and Ehslich Letiré hepatoma cells, alternative
pathways to complete this “truncated cycle Krebs™ are
used. In this regard, the glutamumolytic pathway is the
most important, apparently due 10 a greater activity of
glutaminase and glutamyltransferase in tumos mito-
chondria (19,20).

Glutamine is the main metaboiute fuel in Ehrlich and
Ehrlich Lettré hepatoma cells, even in the presence of
situraling concentrations of glucose. Mitochondrial
glutammine uptake 1s faster 1 tumor than in normal
cells (52 nmol/min v5.15 nmol/mun, respectively) (20).
In tumor and normal mitochonrdna, glutamine ts deagm-
nated to form glutamate by a phosphate-dependent
glutaminase (21) An increase in the cytosohe-free cal-
crum concentration {{Ca*]c) stimulates the glutaminase
activity in hepatoeytes (22), although it is not known
whether Ca® modulates the tumor enzyme Glutamate
may enter the Krebs cycle by transamination (glutamate/
oralodeetate transaminase} and dehvdrogenation
(glutamate deliydrogenase) to form o-ketoglutarate (Fig-
ure Iy Thus, inthis case, glutamate and slwtamine are the
main sources of mitochondnial malate, whuch in turn is
transtormed imto oxaleacetate by a NAD{(P)-dependent

malate dehydrogenase (Figure 1)(23). Onthe otherhand,
the exogenous malate 1s preferentially rransformed into
pyruvate and CO, by the mutochondrial NAD{P*}-de-
pendent malic enzyme in FGTC. This last enzyme is
prebably bound te the matrix surface of the ioner mem-
brane in association with the malate transport system
(13,23). The pyruvate formed by the malic enzyme: (a}
can be transformed efther into acetoin and acety! CoA;
{b} may be reduced to laciate by lactate dehydrogenase,
ot (¢} may compete with glycolytic pyruvate for binding
{and oxidation} by the AMP-dependent pyruvate dehy-
drogenase. Under this scheme, the prevailing source of
citrate should be exogenous malate (23).

The presence of a “truncated Krebs cycle” in Ehrlich,
Ehlich Lettré and Morris 7777 ascites hepatoma cells
implies that, in these cells, a mitochondrial NADH pool
of sufficient magnitude to drive oxidative phosphoryla-
tion (<5 % NADH (24)) might not be generated. How-
ever, In contrast to these tumor cells (4), the Krebs cycle
in AS-30D hepatoma mitochendria is not truncated
(4,12,13), and therefore, it contains the complete enzy-
matic battery without any apparent abnormality (3).

The activities of the Krebs cycle enzymes in AS-30D
hepatoma mitochondria are fourfold greater than activi-
ties found in nermal mitochondna in the absence (3) or
in the presence of Ca® (25). Therefore, the oxidative
block in the pathway does not appear to be the rate-
limuting step of oxidative phosphorylation in this type of
tumor mitochondria.

Tumor cells require 2 high ATP supply to support the
accelerated formation of new molecules (mainly pro-
teins and nucleic acids) for rapid growth and dedifferen-
tiation. The question that arises is whether this high ATP
demand can be solely supported by the glycolytic path-
way. Muller et al. (26) caleulated that only 13% of
consumed ATP was produced by giycolysis in Ehrlich
cells, cultured in an aminoacid-condinioning medium,
These authors (26) proposcd that the rest of the cell ATP
which was consumed was produced by oxidative phos-
phorylation Therefore, a hypothesis proposed by our
group 1§ that, in fast-growth ascites tumor cells, the ATP
supply is provided by both glycolysis and oxidative
phosphorylation and. consequently, the contnbution of
¢ach pathway has to be evaluazed for the different tumor
cell lines.

In this respect, it has been determuned for Ehrlich
aseites tumor cells thar the transibion 1o a resting state
from a proliferating growth state mduced a reduction in
total ATP generation, which correlated with adiminuion
in oxidative phasphorylauon (approx  50%), whercas
slycelysis remained constant (27). But when tumor cells
were growing, oxidative phosphorylation increased 1n
parailel with some highly ATP-consuming processes
such as protem turnover, RNA synthesis and the activi-
ties of the Na*/K* and Ca» ATPases. The enhancement of
the coll ATP-consunming progesses s very hikely onc of
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the signals (i.e., elevation of cytosclic ADP and Pi) that
activate glycolysis and oxidative phosphorylation {28).

Clinical Implications of Manipulation of
Energy Metabolism in Tumor Cells

Since it is conceivable that energy metabolism {and
cell duplication) in many tumor cells depends on both
pathways, glycolysis and oxidative phosphorylation, it
is not surprising that attempts to use tumor energy
metabolism as a target for antineoplastic therapy have
failed. However, when simuftaneous intubition of both
pathways was assayed, a significant reduction of cell
growth (50%) in Walker-236 carcinosarcoma was ob-
tained (29). Diminution of glycolysis was achieved by
reducing gluconeogenasis 1n the host {rat) with 3-
mercaptopicolinate, a competitive inhibitor of
phosphoenol pyravate carboxykinase. Oxidative phos-
phorylation was specifically blocked with rhodarmne
6G. A separate treatment of tumor cells with 3-
mercaptopicolinate or rhodamine 6G did not alter the
growth rate (29).

A specificntubition of glycolysis of several tumor cell
lines also seemed to be attained by gossypol, a polyphe-
nelic bisnaphthalene aldehyde, through the mhibition of
NAD- and NADP-dependent enzymes (30). In this last
study (30), it was confirmed that the sole inhibition of
oxidative phosphorylation by rhodamine 123 did not
affect the growth rate of tumor cells. However, the
rhodamine-resistant cells were strongly depressed by
gossypol. This observation places gossypol as an attrac-
tive potential antineoplastic drug which should be ex-
penmentally tested in other tumor lines. However, no
new reports pursuing gossypol effect have appeared
since 1990, suggesting a failure to reach positive results

Another promising antineoplastic drug is clofazimme,
commonly used for the prevention of leprosy (31}, This
drug showed a cytotoxic effect on a chemoresistant
hummar ¢arcinoma cell line, reducing the tumor size by
one-third by inducing an increase in the mitochondiial
membrane H* permeability (31), the increase in H*
permeabiiity induces collapse of the H electrochemical
gradientand hence, inhibrtion of oxidative phosphoryla-
tion

Role of Ca® and Mg in Tumor Cell
Intermediary Metabolism

Recently, Wolf et al. (32) demonstrated the existence
of a plasma membranc Mg>MNas anuport in Ehrlich
cells, which was very similar to that found 1n erythro-
cytes. It seems that this camer 1 actvated by ¢cAMP
(approximately 50 M) through a phospherylation pro-
cess

It has been proposed that there s an mcrement in the
mitochondnal matnix free Cu®* concentrauon (ICa ™)
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in tumor cells as aresult of an elevation of cytosolic Ca*,
which occurs in response (0 an external samulus (hor-
mones or growth factors) (33-35). Ca* is taken up in
isolated tumor mitochondria by an elecirophoretic
uniporter similar to that found 1n normal mitochondria.
This uniporter is sensitive to ruthenium red and fantha-
num. On the other hand, mitochondrial Ca™ efflux is
catalyzed by an Na*/Ca® exchange, which is also found
in brain and heart mitochondria (36},

1t has been determined that ATP in micromolar con-
centrations {100 uM) produces an increment in {Ca*]c
through the nteraction with P, purinergic receptors
(34,35). ATP is a powerful agonist of this receptor,
which i associated with the generanon of inositol
trisphosphate {34); [P, stimulates the release of Ca™
from the endoplasmic reticulum (fourfold over the basal).
A lesser release of Ca® is observed after a second
addition of ATP. The authors (34) proposed that such an
effect s due to a refilling of intraceilular Ca® pools
through an ATP-sensitive mechanism.

In AS-30D tumer mitochoadra, the elevation of
[Ca®Im stumulates at teast two of the three enzymes of
the Krebs cycle that are reported to be Ca*-sensitive in
normal mitochondria® the isocitrate dehydrogenase and
the o-ketoglutarate dehydrogenase (Figure 1). The ef-
fect of Ca* on these enzymes in tumer and normal
mitochondna is the same' it decreases the Km for their
corresponding substrates. Stimulation of these dehydro-
genases, and hence flux through the Krebs cycle, may
activate oxidative phosphorylation (25).

Crabtree Effect in Tumeor Cells

Ithas also been found that Ca™ and Mg partieipate m
a charactenistic reaction of tumer cells calted Crabtree
effect or glucose and deoxyglucose respiratory inhibi-
tion, considered as the opposite of the Pasteur effect.

Evtedienko et al. {37) demonstrated that in the pres-
ence of physiological concentrations of glucose, [Ca*]c
increased from a basal of 170 oM up to 300 aM. How-
cver, 2 careful analysis of their results reveals that such
anincrement may not be significant. since the magnitude
of these [Ca*]c fluctuations is commonly found in
normat and tumor cells Notwithstanding, the avthors
proposed several hypotheses: (A) the existence of a
glucose recepter (sinmlar to that found in pancreatic -
cells) that initiates the cascade reactions that lead to the
release of Ca** from the endoplasmic reticulum and then,
to an elevauon of [Ca**]c However, these authors (37)
did not show the calibration curves of fluorescence
obtained from cells loaded with the calewum fluorgscent
prebe, which is important for assessing a good signal
cabibratton. They also used a Kd walue for the Ca®-
indicator complex obtained in solution, but they did not
attempt to obtain the Kd value for the inrraceliularly-
trepped indicator. Expertence from our laboratory indr-
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cates that if such precautions are not taken, a
misinterpretation of experimental fluorescence data is
highly possible (38) (B} A second hypothesis by
Eviodienko et al. {(37) was that glucose alters Ca®*
homeaostasis. When glucose (or deoxyglucose) enters
the glycolytic pathway, it is rapidly phosphorylated by
inizacellular hexokinases. The effect of this phosphory-
lation is the fast acidification of the cytoplasm, which
results from the appearance of an additiona! dissociabie
H- when glucose or deoxyglucose is phosphorylated by
ATP. Glucose induced an ¢levation in [Ca®*]c up to 300
aM, 2 concentration that has been reported (39) to inhibit
mitochondrialsynthesis and hydrolysis of ATPinnormal
cells, and to affect the activity of the ATPFADP carrier
through either of the following mechanisms:

1) Formation of an ATP-Ca™ complex that competes
with ATP-Mg® for specific binding sites (40), or

i) Ca* promotes association of the ATP synthase
inhibitory subunit to the enzyme; since there is more
ATPase inhibitory protein in tumor mitochendria than 1n
aormal mitochondria, anenhanced sensitivity of the ATP
synthase for Ca® should be expected (41).

Mg* isaiso involved in the Crabtree effect, since sthas
been observed that the addition of glucose to Ehrlich
turnor cells induces a massive release of intracellular
Mg™. Iu consequence, there is a diminution in the
internal Mg™ concentration and hence, a respiratory
inhjbition, because Mg?* is a cofactor of several mito-
chondrizl reactions (32).

Effect of Oxygen and pH Gradients in
Tumor Development

Solid tumors are hypoxic, limited 1n nutrients and
exposed to a highly acidic environment (due to elevated
glycolysis) that leads to the generation of microenviron-
mental changes (42). Hypoxiaand acidic pH have been
wentified as factors involved in resistance to radio-
therapy and chemotherapy in many tumor cells (43).
Apparently, high seasitivity to radiation m tumor cells 15
associated with anoxidative type of metabolism. Gorlach
and Acker {(44) have found that 1t is possible to change
from a glycolytic metabolism to an oxidative metabo-
lsm, varying O, and pH gradients which, interesti ngly,
erhances the sensitvity of tumor cells (o radiotherapy.
These authors (44) have used, as an experimental model
of poor tssue vascularization, two colon hunman Lumor
cell hines (HT2% and UIL18MG) These tumor cells are
cultured as tridimensional multiceilular spheroids that,
W contrast with tumor cells cultured in monolayer,
reveal a4 greater sensitivity to radiation and chemo-
therapy Tumor cells organized as spheroids generate
both O, and pH zradents.

These authors (44) found that the two colon tnor cell
hines showed very specific metabolic differences. de-
spite the {act of having onginated from the same type of

wmor cell. HT29 cells generated a radial oxygen gradi-
ent with a partial pressure of 107 mm Hg onthe periphery
and 6 mmHg in the center, while UI18MG cells genar-
ated a smaller O, gradient of47 mmHg inthe centerand
78 mmHg on the surface (see Figure 4).

Regarding the pH gradient, it was found that in HT29
cells, the surface pH was more basic (pH 7.3) than the
center (pH 7.07), while 1n U118MG cells, the center of
the nodule was more acidic (pH 6.93) than the periphery
Moreover, these authors found that in the U118MG hne,
the greater lactate production correlated with a high
factate dehydrogenase activity (800 Ufg wet weight) and
with a lower oxidatron of pyruvate (60 nmol pyruvate/
min x mg protein).

These observations indicated that the twmer line
UT18MG was metabelically more glycolytic, whereas
the HT29 line was more oxidative (see panel A, Figure
4). Interestingly, when both tumor lines were exposed 1o
oxamate, significant metabolic changes were apparent.
Oxamate is a structural analog of pyruvate 2nd competi-
uvely inhibits lactate dehydrogenase, although it may
also inhibit mitochondrial pyruvate transport, In the
presence of oxamate, lactate dehydrogenase activity
decreased drastically in U118MG cells {50%, down to
400 U/g wet weight); although there was rot an evident
change in the oxygen gradient, a drastic change inthe pH
gradient was apparent (see panel B of Figure 4). Thus,
the additien of oxamate induced a change from 2 glyco-
lyticto an oxidative type of metabolisin in this tumor cell
line. To the contrary, in HT29 cells, which are predom-
nantly oxidative, the presence of oxamate jnduced an
inhibition of pyruvate oxidation (pyruvate oxidation
decreased from 100 nmol te 50 nmel of oxidared pyra-
vate/mun x mg protein), which makes these cells more
dependenton glycolysis than en oxidative phosphoryla-
tion.

These findings may kave clinical applications, since
radichiological studies ndicate that O, influences tumor
cell radiosensitvity, In line with the last statement, a
study of panents with cervical cancers showed that
hypoxic mors were sigmficantly larger than normoxic
tumors: patients with hypoxic tumors had worse survival
probabalities and a lower response to radictherapy than
patients with normoxie tumors (45). Conscguently, the
convession of glycolytic cells into oxidative cells may
enhance the deleterious effects of radiation and chemo-
therapy on previously resistant tumor cells.

Thus interesting proposal should be evaluated, taking
into consideration some recent and relevant findings
about tumer energy metabolism For instance. nitric
oxide reversibly inhibits respiratory chan activity, lead-
ing 1o a collapse of the mitochondrial H* gradieat and
ATPD synthesis in hepatoma AHI30 eells and mitochon-
dria (46 this niteie oxade effect lasts longerat low [0, ],
around 25 gM, than at hegh (O] (200 pM) A large
nember of macrophiages can be found in the ascues flwd
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Figure 4. Relationship between O, and pH gradients i HT29 and U118MG mult-spheroids in normal conditions (A} and

exposed to 40 mM oxamate (B}, Modified from (44).

and since macrophages may release fairly large amounts
of nitric oxide, it can be predicted that the iz vivo rate of
oxidative phosphorylation in ascites tumor cells is a
balance between the [nitric oxide], the [O,] and the
supply of oxidizable substrates: at high [O,], tumor cells
are able to achieve a high rate of oxidative phosphoryla-
ticn, whereas the opposite can be expected at low [(,).

Control of Oxidative Phosphorylation in
AS-30D Cells and Isolated Mitochondria

Amalysis of control of oxidative phosphorylation 1n
isolated liver mitochondria and other non-tumoral mito-
chondnal types have revealed that control of this path-
way is distnbuted among several steps (28). The man
contrel points are the ATP/ADP carrier, the cytochrome
oxidase, the dicarboxylate carrier, the ATP synthase and
the b-c, cytochrome complex, which show flux-ceatrel
coefficients (Ct) (28.47) inthe range 0f 0.2-0.3,1.¢ ,each
of these steps controls the flux-pathway 20 - 50%,
depending on the particular conditions of incubation.

Our group found that in mitochondria 1solated from
AS-30D celis, the control of oxidative phosphorylatien
was mamly shared by the ATP/ADP carrier {Ci =0.70)
and the ATP synthase (C1 = 0.25) (48) It was proposed
that the high control cocfficient caleulated for the ATP/
ADP carrier indicated that this step exerted a severe
limitatzon of flux Flux limutation of oxidative phos-
phorylation could be due to camer inhibition by high
levels of endegenous Ca®, which are consistently found
in isolated tumor mitochondna (49)

We have recently found that the control of oxidanive
phosphorylation in AS-30D hepatoma cells (s su2 -
tochondria) was not exerted by the two cnzymes re-
perted lor isolated mitochondiia (48), but by the NADH
dehydrogenase or Site 1 of the respiratory cham

It should be mentioned that the caicuiation of Ci was
carried out using different equations. In our work
by Lépez-Gdmez et al. {48), it was considered that the
inhibitors of oxidative phosphorylation were imevers-
ible, that is, once the enzyme-inhibitor complex was
formed, there were no ways to dissociate them. There-
fore, the Ci value was calculated from the equation
proposed by Wanders et al. (47) for ireversible inhibi-
1ors8°

Ci= _-Imax ; {dF)
Fo {dl} | I=0.

where Imax is the minimal inhibitor concentration
required to reach maximal inhibition, Fo is the pathway
flux 1n the non-inhibited system, and dF/I isthe change
of flux mduced by small inhibitor concentrations when
[1] 1ends to zero. Calculatien of Ci from this eguation is
based only on the initial points of the curve, where it1s
feasible to extrapolate to zero wnhibition (Figure 5). It
should e noted that this analysis depends heavily on
mspection of such initial points to carry out lineal regres-
s1on that permits extrapolation toward the origin In
other words, in this caleulation of C: a strict criterion
does not exist to determine which points of the curve
should be considered.

At present, it1s known that most oxidative phosphory-
lation inhibitors bind 1 a pseudo-irreversible manner to
their respective enzyme (non-competitive, tightly bound
mhibiuon); this meuns that the inhibitor remams sirongly
attached to the enzyme, but is able to disseciate {50}

Accordingly, Gellerch et al. (51) proposed an equa-
tion that wakes o account the Kd {dissociation con-
stant) of the enzyme-intubitor complex for non-com-
petitive, teghtly-bound (nhimtion:
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J= n(Jo-Jiy x_ FEr
“1CixJoxEo" + [(n-C1) X Jo (n x FiJx E

+J1

E*+(Kd+1-Eo)xE-KdxEo=0,

where Jo and Ji are the flux rates 1n the non-inhubited
(E = Eo) and completely inhibited (E = 0} systems,
respectively, Kd is the dissociation constant of the in-
hibttor (I)-enzyme complex, and » is an empiric expo-
nent that establishes the relationship of the substrate
concentration with the reaction catalyzed by E (with n=
1 the reaction is a linear function of the substrate concen-
tration: [S]«<Km).

Analysis of our recent titration curves with isolated
hepatoma mitochondria using the equation for revers-
ible inhibitors showed that the Ci of the ATP synthase
was approximately 0.3, very similar to values previously
reported by our group (48). However, when analysis of
the same experimenial data was made using the equation
for pseudo-irreversible inhubitors, the estimated Ci was
approximately 0.1, 2 value muck closer to that obtained
with intact cells (see Figure 5).

It should also be borne in mind that the determination
of Ci using the equation for irreversible inhibisors re-
quires from the researcher the following: (a) the inspec-
tion of the initial titration points that may be linearly
extrapolated to the no-tuhibition point, and (b) the deci-
sion concerning how many points to include in such a
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Figure 5, Graphic representation of the estmaten of fux
contral coethicients using irreversible inhibitors (dashed knes)
or pseudo-irreversible inhibitors (sokd ine). The solid ine 1s
the best-fiting to the Gellerich et al. (51) equation of the
expenmental points (o estimate Cr using these equation, a
non-lincar regrassion analysis 1s required; this was performad
by using the commergiaily avauable computer progeam
GraphPad Inplotd). The dashad line reprasents the G value
caleulated using the first four (- =+ -) or the first five points
ol the curve (- - )

linear regression analysts. This is better illustrated in
Figure 5, where two slopes with a high correlation
coefficient can be calculated depending on the number
of expenmental points considered. Incontrast, the use of
the equation for pseudo-irreversible inhibiters involves
non-linear regression analysis and, hence, the curve
fiting covers the entire range of experimental points
{solid line in Figure 35). Therefore, this last control
analysis is also more accurate.

We have found that, in AS-30D hepatema cells, inspite
of using saturating concentrations of specific mitochon-
driai inhibitors of the respiratory chain or the ATP
synthase, the rate of cellular respiration cannot be fully
inhibited, reaching a sirlar value of 85 - 90% inhibi-
tion This observation ndicates the existence of non-
mitochondrial oxygen comsumption reactions, which
amountto about £ - 153% total cell O, uptake. Therefore,
oxidative phosphorylation is the main Q,-consuming
reaction in AS-30D hepatoma cells, although this ques-
tion should be further examined in other tumor cell lines,
in which the non-mutochondrial, QO consuming reac-
tions could have a more significant comnbution.

Te elucidate the predominant metabolic pathways
used by hepatoma cells for the generabion of ATE, we
have determined the concentration of relevant metabo-
lites under vanous conditions. Table 2 compares data of
metabolites determined in this laboratory with those
reported for Walker-256 carcinoma (6). As expected for
tumor cells, glucose was rapidly consumed in both cell
lines as well as glutamate and glycogen (data calculated
only for AS-30D cells). Lactate was actively accumu-
lated, whereas ATP, pymivaie and glatamine remained
without change dunng the evaluated penod. We found
that, in opposition to what was reported in (16), B-
hydroxybutyrate and acetoacetate were also consumed
in AS-30D cells. In the first case, this is a surpnsing
observation, because a low activity of tumoral B-
hydroxybutyrate dehydrogenase in AS-30D cells has
been reported {17), acetoacetate utilization may be due
toafast formation of acetyl CoA for lipid and cholesterel
synthesis. Glutamate uulization indicates that 1t 15 a
morc usable metabolite to provide carbon skeletons that
feed the Krebs cycle than, forexample, pyruvate, which
was not adequately consumed. It was also evident that
AS-30D cells have an active glucogenolys:s,

On the othet hand, we have found a relatively high
oxygen conceniration in the free-cell hepatoma liquid,
thas observanon indicates that a lmitation for G, in the
resprratory chain (the apparent Km of ¢ytochrome ¢
oxidase for Oy 15 less than 1 uM (52 is unhikely, That is,
we may constder AS-30D cells 1o be of the oxidatve
type.

Some authors have suggested (53) that oxidative phos-
phorylation o tumoer matochondria 1s affected at the
cytochrome exilase and succinate dehydrogenase lev-
els Studies of the 4, b, ¢ and ¢1 eviochromes revealed
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that their activities were decreased and therefore, that
they worked in a deficient manner compared to normal
fiver mitochondria (49). However, these findings should
not be generalized, since they have only been observed
in Morris hepatoma mitochondria.

Another factor, in addition w0 a lower ¢ytochrome
actvity, that has also been postulated as 2 possible cause
of tumor cell dependence on glycolysis as the energy-
producing pathway, is the small amount of mitochondria
in tumor cells (I,53). However, this situation agam
depends on the type of wmor lines studied; for instance,
in Walker tumor cells, the quantity of mitochondria
oscillates between 20 and 40% of that of normal cells. In
Ehulich and possibly AS-30D, the content is equal to the
normal. Moreover, the activity of some tumor mitochon-
drial dehydrogenases was high (3,24). Therefore, the
assurnption that the low content of mitochondria and/or
deficiency insome enzyme activities 1s the reason for the
low activity of oxidative phosphorylation is, at least,
questionable.

Perspectives

This review emphasizes the importance of oxidative
phosphorylation for ATP supply 1n cells that for many
decades have been conudered exclusively glycolytic

Table 2
Vanation of Metabelites in AS-30D Heparoma and Walker-256
Carcinesarcoma Cells (6)

AS-30D (nmol/10%cell} Walker-256

CArgINOAIrcom.t

40-min
Freshly-  neubation at ol wet
Metabolue Obtamed  37°C in Ringer wergiht
cells medium
Glucose 32 11 9.23-4 67
Glycogen /1 0%¢els  pa/10%ech not reported
2.3 o7
Glutamne g3z 024 632-523
Glutamate 24 15 rot reported
lacrate 13 30 037204
Pyruvate Q2 02 22938
PB-OHbutyrae a3 015 0 1-0095
Acetoscetate 0z 003 0062-0071
ATP tl 1 2020

The datt shown regardmy AS-300 hepatoma celly represent the
witan of five differint propacaions assayved 11 are Do the
authon” Liboratory
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‘We are currently carrying out the first experiments that
will allow, using the metabolic controf theory, to eluci-
date which enzymes control the flux rate of the pathway.
Omnce the enzymes are identified, the pathway could be
manipulated using specific inhibitors. We are assuming
that celluiar duplication depends on ATP supply that
arises from glycolysis as much as from oxidative phos-
phorylation. Therefore, the extent of tumor growth dimi-
nution induced by sole inhibwion of oxidative phospho-
rylation should depend on the degree of participation of
oxidative metabolism.

Since the Pasteur effect is negligible in tumor cells and
PFK-1 is involved in such a response, it would be
interesting to measure the effect of the different, relevant
modulators (citrate, pH, P1, adenine nucleondes) of
PFK-1 in the isolated enzyme. These results may help to
predict enzyme behaviorunder physiological conditions
and to establish the role of PFK-1 in the radiotherapy
resistance of some tumor cell lines.

The Ci values determined for tumor cells are not
entirely of physiological relevance, since the isolation of
cells removes extracellular metabolites which are not
replenished during the experiments Thus, considering
the data of Table 2, the Ci values should alsc be deter-
mined in the presence of, at least, the main oxidizable
substrates of tomorcells, glutarmne and ghutarnate, which
are present in lugh concentration in the cell-free ascites
Jiqud and which are actively consumed by AS-30D cells
{see Tabie 2}.

Assuming that Ca® plays a central role in the mecha-
msm of the Crabtree effect, it appears that the determi-
nation of [Ca*Jeand [Ca™]m are required, as well as the
measurement of the total contents of the cell and muto-
chondnal Ca®, under the different addinons that trigger
the Crabtree effect. Along the same lines, our data
showed that the concentration of ghucose in the cell-free
ascites liquid was lower than 50 uM, while the serum
glucose was above 2 - 4 mM, Therefore, the Crabtree
effectin AS-30D cells 1s very bikely of a small magnstude
(<10% inhibition of cell respiration).

Studies using tumor cell cultures should allow to
readily manrpulate the glycolync metabolism inducing
transformations toward different degrees of oxidative
metabelism Thus, according to the Gorlach and Acker
hypothesis (44), this experimental approach could en-
hance the seasitvity of tumar cells o radiotherapy,
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Una cenclusion importante que emerge de a revisién anterior son Ias
modificaciones en el metabolismo intermediario que incluye cambios en la
actividad de ciertas vias catabdlicas, todas ellas relacionadas con el suminisiro de
ATP. Sin embargo, &l ATP no es ef Unico metabolifo esencial en la proliferacidn
tumaoral: obviamente se requieren ofros infermediarios {sustratos y/o sefiqles)
involucrados en {a progresion del ciclo celular, A confinuacion se mencionan
cudles son los intermediarios esencidles y su relacién con las etapas de
profiferacion tumoral,

1.2 Cambios metabdlicos durante la profiferacién tumoral.

Tanto fa glucdlisis como {a glutamindlisis son esenciales para los proceseos
profiferctivos [2.3]. Al parecer, la presencia de ambas vias en los tumores de
rapido crecimiento es una estrategia metabdlica para sobrevivir v crecer en
condiciones limitantes de oxigeno, nutrientes o de pobre vascularizacién 13.4].
Bsta habilidad no es necesaric en las células profiferantes no-tumorigénicas,
debido a que crecen en fejidos organizados y ricamente vascularizados [3.5].

La glucdlisis, desde hace varias décadas, ha sido considerada la via a
partir de la cudl la mayor parte de las células sumorales obtienen el ATP celulor.
3in embargo. se ha documeniado ampliamente que precisamente las lineas
tumorales que muestran defectos en su capacidad oxidativa son menos
tumorigénicas que las que mantienen una fosforlacion oxidativa activa, Lo
anterior sugiere una estrecha relacion entre la fosforilacién oxidativa y el grado de
malignidad tumoral [6,7). En el caso de la via giutaminolitica, su principal funcidn
es ia obtencidn de erergia y la preduccién de glutamato, citrato vy aspariato [8].
Bl citrato es necesario para la formacidn de acetll CoA, de dcidos grasos e
isoprencides; el aspartato es Ul para lo sintesis de piimidings. Existen dos
caracterisficas que permiten una glutamindlisis actva en tumores: (A) la alta
disponibikded de glutaming en tos tejdos y tumares sdlidos (cerca de 2 mM)
prebablemente debida a una activa degradacion proteica durante el proceso
post-inflamatorio; v (B) ser una via acliva que permite o (as céluias fumorales

crecer ¥ proliferar en condciones hnwtanies de glucosa salo s al oxigens estd
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dispenible [4]. Unido o ko antenor, existen numerosos reportes gue proponen gue
la glutamindlisis y la fosforilacion oxidativa son requeridas para el desarrollo del
fenctipo tumoral [4,6].

A pesar de que las enzimos gluccliticas se scbreexpresan manteniendo
exacerbada a la via durcnte la duplicacion celular, la relaciéon produccion de
lactato/ consumo de giucosa frecuentemente es menar @ 2, o que indica que
una fraccion de la glucesa es utiizada para fines sintéticos produciendo
precurseres {ribosa-5-fosfato} para la sintesis de &cidos nucieicos [4.4] y en digunos
casos, para fines oxidatives [9]. Cuonde las céiulas tumorales se siembran en
condiciones limitantes de glucosa, la energia es abastecida por la degradacién
aerdbica de piruvato o por la conversidn de giutaming a lactato [10]. La adicion
de glucosa promueve un incremento en los niveles de fosfometabolitos y de
algunos de sus derivados sintéticos. Se ha propuesto que estos compuestos
actban como sefiales reguladoras de la profiferacion tumoral, va sea induciendo
la progresidn de la fase Go a la fase G, y de ésta a la fase S del ciclo celular o
bien actuando como represores o inhibidores de ciertas enzimas replicativas. A
confinuacion se describen los principales aminodcides vy fosfornetabalitos
involucrados en los procesos replicativos de las células tumorales de rapido
crecimienfo {4,11-13].

Intermediarios esenciales para la proliteracion fumoral

A) AMINOACIDOS

1) Aspartato. Uno de los metabalifos que se generan en mayor proporcion a
través de la via glutamineiitica durante la proliferacion tumerdl es el aspartato;
sin embargo, una fraccién de glutoming puede también convertirse en Jactato
y cifrafo [2). Durante la duplicacidn celular, la concentracién infracelular de
aspartato  disminuye drasticamente, sugiiende gue el cafobolsmo de
aspartato hacia pinmidings v purings es mayor que su biosintesis a pariir de
cxalogcetato.  Esta reduccidn chosdlica de aspartato fiene una ventaic
metabdlica: disminuye la actvidad de |a lanzadera aspartato/maiato, y come
consecuencia, la relacion NADH/NAD' del citosol aumenta, la cual es una de
las senales gue inducen la progresion de la fase Go a la fase G del ciclo

ceklar 1]




2} Serina. La serina se forma a partir de 3-fosfoglicerate (un intermediario de Ia
glucdlisis. Su catabelismo provee de {a).glicing utiizoda en ia biosiniesis de
purinas y pirimidinas; v (b) de grupos metilos para la formacidn de adsnosil
homocisteina y metionina, el primero requerido para la proiiferacion celular
[12]. De hecho. se ha propuesto gue la inhibicién de la endma que tfransfiere
los grupos metilos al tetrahidrofolato para formar serina o partic de glicing
{serina hidroximetilfransferasa), con andlogos de serina  (hidroxilaminas),
detiene la profiferacién celular en fase G1 [13]. La serina fambién as precursora
de algunos lipidos como etanolaming, coling, y esfingomietina [14]. Durante ka
profiferacion celular. {a glucdiisis ajusta la produccion de serina, dependiendo

de la demanda requerida por la célula durante el ciclo celuiar.

(B) FOSFOMETABCLITOS

1) Fosforibosa pirofosfato (PRPP). Esie metabolito se sintetiza a partir de ribosa 5-
fosfato en una reaccién dependiente de ATP, catalizada por la P-ibosa-PP
sintetasa, B nivel intracelular de PRPP en las células tumorales frecuentemente
es mayor (1-3 mM)que el reportado en células no fumorigénicas (0.04-0.5 mM)}
(1.14] debido a que es un precursor directo de bases plricas y pirmidicas.
Dependiendo de la disponibilidad de carbehidratos, la ribosa 5-fosfato puede
sintetizarse de dos maneras: (1) en condiciones fimitantes de glucosa, toda fa
ribosa 5fosfato se forma oxidativamente a través de la via de las pentosas a
parlir de glucosa éfosfato [15]. En combio, cuando existe un exceso de
carbohidratos, la ribosa 5fosfato se obfiene preferenciaimente de fa ruta no-
oxidativa, es decir, o parlir de fructosa é-fosfate + gliceradldehide 3-P, por
reacciones de hanscetelacién vy fransaldolacién. Lo P-ibosa-PP ne sélo es
precursora de Ia sintesis de novo de purinas y piimidinas; también es
precursora de nucledtidos de punna vy pirimiding  De hecho, existe evidencia
de que elincremento en P-ibosa-PP asi como puinas, pirimidinas y la suma de
NADH + NAD inducen una dsminucién en el fiujo de 3-fosfogleerato a
pruvate, o que se inferpreta como una estrategic para mantener siempre

elevadoes los precursores de daidos nuclewcos [14)




| Fructosg-1,6-bifosfalo. Aungue nc as un precursor directo para vias sintéticas,
se ha descrite que a concentracionss milimolares estimuia la sintesis de
proteina a través de la acfivacién de fa vig de ias pentosas, e inhibe ia
fostorilacion de la piruvate cinasa tumeral manieniéndola en estado activo
{17,18]. Duronte la profiferccion tumoral 1o concentraciéon de fructosa-1,6-
bifosfato se incrementa de 30-70 yM a 2.8 mM (18] en comparacién con el
estado quiecente. A estas concentraciones, la  giucosa-é-fosfato
deshidrogenasa se inhibe competifivamente jo cual aceiera el flujo glucoiifico.
Se ha sugerido que el aumente en fructosa-1,é-bifosfato es una sefial para gue
la célula progrese en el ciclo celular de fafase Go, Gi ala fase § in.

3] AMP. Este metabolite, dervado dei metabolismo de PRPP v de lo activacion
de dacidos grasos, fiene un efecto inhibitorio sobre ia PRPP sintetasa, lo que
provoca una disminucion en los niveles de NAD, NADH y en fa sintesic de DNA
14, 19].  En células sumorcles humanas glicoliticas [MCF-7}, a diferencia de los
tejidos diferenciados no fumorigénicos y de ios tumores oxidativos [MDA-MB-
453}, la adicién de AMP (3 mM) inhibe la glucdlisis. Al parecer el efecto
inhibitorio  se debe a que MCF7 carece de la glicerol3d fosfato
deshidrogenasa y por tante g eficiencia de ia lanzadera de glicerol-3fosfato
disminuye. Al carecer de este sistema de transferencia, ia masg de NADH
generada por la giiceraldehido-3 fosfafo deshidrogenasa se drena hacia la
produccién de lactato.  En presencia de AMP, fo relacion NADH/NAD*
disminuye 85% [de 63x10+ a 9x10¢) por lo gue la actividad de la lactato
deshidrogenasa se atenda. Por tanto, no hay suficiente NADH en el cifosol v la
gliceraldehido-3 fosfato deshidrogena se inhibe {3,4].

4) NADH Y NADPH. Recientemente se ha enconfrade que un incremento en los
niveles de equivalentes reductores promueve la proliferacion fumoral [4, 20].
Lo anterior puede explicarse porgue el NADPH se requiere para la sinfesis de
lipidos, colesterol e isoprencides [21]. Se ha determinado que el AMP es un
potente inhividor de la P-ribosa-PP sintetasa {v por ende los niveles de
eauivalentes reductores disminuyen). por 1o que en su presencia varnas vias

que utilizan coma sustrato los equivalenies reductores (sinfess de colesterol Y
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triglicéridos) disminuyen su aclividad. Ademds de los equivalentes reductores,
los niveles de ofros compuestos como el CTP y la UDP-N-acetilglucasamina
disminuyen en presencia de AMP, abatiendo la proliferacién celular [20,211.
Mazurek también ha propuesic que los equivaientes reductores vy algunos
fosfometaboelitos pueden activar proteinas cinasas o inhibir proteinas fosfatasas

e interferr en la cascada de cinasas gue regula ta proliferacién cetular {4].

1.3 Planteamiento del problema

En la mayer parte de las lineas tumorales de rapide crecimiento estudiadas
(Ehrlich, Enrich Letiré, hepatoma de Novikoff, carcinoma de Walker-256} se ha
propueste gue siendo la glucdlisis una via active [varios drdenses de maognitud
mayor a la reporfada en hepafociios), ésta es capaz de suministrar el ATP
reqguerndo para sus funciones celulares [1,2,4].

En algunas fineas tumorales esta aseveracidn es correcta ya que presentan
un metabolismo oxidativo deficiente. Sin embargo, no exsfe evidencia
concluyente de que todos los tumores dependan exclusivamente de la glucdlisis.
En el caso de las céluias del hepatoma AS-30D, la linea fumorat de estudio, dos
caracteristicas bioquimicas la pueden ubicar como un tumor con mavyor
dependencia del metabolismo oxidativo que del glucclitico: la elevada oxidacion
de piruvafo {22,23] v la existencia de un ciclo de Krebs completo y funcional
capaz de suministrar el NADH necesaric para la sintesis de ATP [23], Si esta
hipdtesis es comecta vy las células tumorales de AS-300 fienen mayor dependencia
a ta FO, ia modulacién de esta via [ya sea manipulando ia fuente de carbono
externa y/o ulilizande inhibidores o farmacos selectivos) promoverd una
disminucidn en su duplicacion cefular,

La giucosa a concenfraciones fisioldgicas inhibe parciamente la
respiraciéon celular [efecto Crabiree) de diferentes lineas tumerales. En AS-30D no
se ha explorado si la glucosa también modula la capacidad oxidativa de (a

célula. Ademds no existe una explicacicn bioguinmica satisfactona para tal efecto.
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CAPITULO 2

QBJETIVO E HIPOTESIS DEL PROYECTO
OBJETIVOS

Objetivo General

Determinar la dependencia de la proliferacion celular del aporte de ATP que

proviene de o fosforlacion oxidativa, en la célula fumoral de rdpide crecimiento
AS-30D.

Ohjetivos Parficulares

N

q)

b)

cl

dj

)

Dilucidar el metabolismo energéfico de las célvias fumorales AS-30D en
suspension, para determinar la confribucién parcial de cada via (fosforilacion
oxidativa, glucdlisis) al aporte total de ATP.

Determinar la conceniracion de metabolitfos glucoliticos y oxidativos en el
liquido de ascilis (fraccion libre de céiulas).

Determinar el consumo endbgenc vy exdgenc de los sustratos glucoliticos
(glucosa) vy oxidatives [glutamina y glutamato).

Estimar jas velocidades celulares de sintesis de ATP provenientes tanic de
glucdlisis como de fosforilacidn oxidativa.

Determinar la distribucion de control gue ejercen los enzimas de la via que
aporta la mayor canfidad de ATP.

Identificar los mecanismos invelucrades en la inhibicidn de la fosferilacién

oxidativa por adicion de glucosa exégena (efecto Crabiree).
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2) Establecer la infemrelacién del mefabolismo energético con la proiiferacién
celular en cultivos primarios.

a} Determinar la densidad vy o velocidad de duglicacién celular de AS-30D en
funcién de jo octividad de FO

b} Determinar los cambios en los fiujos giucoliticos y oxidativos.

c) Determinar la variacidn en la concentracién intracelular de  glucosa,
glucdgeno, glutamato. glutaming, ATP.

HIPOTESIS DEL PROYECTO

En la finea fumoral AS-30D, la eficiente oxidacién de piruvato mitocondrial
[22]. el alte suministro de equivalentes reduciores a partir del ciclo de Krebs [231y
la degradecién activa de sustratos mitocondriales como glutamina [24] y
acefoacetato [25], son evidencias que sugieren fuertemente que dependen
metabolismo mitocondrial, por tonto se predice que el abatimiento de Ia

fosforllacion exidativa puede disminuir su duplicacion celular.



CAPITULO 3

RESULTADOS

3.1 SUBSTRATE OXIDATION AND ATP SUPPLY IN AS-30D

HEPATOMA CELLS*

*Este arficulo se puthcd on o revista Archives of Biochomisiny and Biophysics
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Oxidacion de sustratos y suministko de ATP en las células de hepatoma AS-
30D.

En este manuscrito demostramos que al igual que en ofras lineas tumorales
de rapido crecimiento, las células AS-30D son altamente glicoliticas atn en
presencia de concentraciones safurantes de oxigeno. Sin embarge, ofras vias
involucradas en la degradacion de sustratos que alimentan la FO se encuentran
activas come sen (1) ef catabelismo de cuerpeos ceténicos [acetoacetato v B-
hidroxibufirato), (2) la oxidacién de glutamate. {3) v la tosforlacion oxidativa. De
heche, esta via es fa que aporta el 99% de! ATP celular requerido por la célula
para mantener sus funciones celulares. Otra evidencia que indica que en AS-30D
prevalece un mefabolismoe mifocondrial mds que glucolitico es que en et liguido
de ascilis {fraccion liguida del cual se nufre la célulal se registra una alta
concenfracion de glutaming y oxigeno mientras que la giucosa se mantiene en
baja concentracian, BEn paralele determinamos, utilizando la teoria modema de
confrol metabdlico [27,28], que ia FO se encuentra regulada en mayer proporcién
por la NADH-oxidoreductasa [sitio | de lo cadena respiratoria) v por el blogue de
enzimas consumidoras de ATP. Una observacion importante que surgié en este
frabajo fue que la adicidn de glucosa externa inhibid parcialmente la respiracién
celular de AS-30D, sensible a oligomicina, lo cual demuestra la incidencia de
efecto Crabtree en tumores dependientes del metabolismo oxidativo.  Esfa
observacion indicé que la glucosa podria ser un frene fisioldgico en los fumores

dependientes del metabolismo mitoconadriai
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The oxidation of several metabolites in AS-30D tu-
rmor cells was determined. Glucose and glycogen con-
sumption and lactic acid production showed high
rates, indicating a high glycolytic activity. The utiliza-
tion of ketone bodies, oxidation of endogenous ghuta-
mate, and oxidative phosphorylation were also very
active: tumor cells showed a high respiration rate (100
ng atoms oxygen (min x 107 cells) ™), which was 90%
oligomycin-sensitive. AS-30D tumor cells underwent
significant intracellular volume changes, which pre-
served high concentrations of several metabolites. A
high 0. concentration, but a low glucose concentra-
tion were found in the cell-free ascites liquid. Glu-
tamine was the oxidizable substrate found at the high-
est concentration in the ascites liguid. We estimated
that cellutar ATP was mainly provided by oxidative
pbosphorylation, These data indicated that AS-30D
hepatoma cells had a predominantly oxidative and not
a glycolytic type of metabolism. The NADH-ubiguinol
oxido reductase and the enzyme biock for ATP utiliza-
tion were the sites that exerted most of the control of
oxidative phosphorylation {ffux control cocfficient =
0.3-0.42}.  © 2000 Academic Press '

Key Words: glycolysis; oxidative phosphorylation;
AS-30D cells; metabolism; control analysis.

The metabolism of fast-growth and largely dediffer-
entiated tumoral cells, such as Ehrlich, Ehrlich Lettré,
and Walker-256 carmnosarcoma, differs markedly
from that of thewr tissue of oripin (-3} The fast oni-
dation of glucose, even under aerabie condrtions, and
the active production of lactic acid are some of the main
characteristics of these cells. It has been proposed that
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in fast-growth tumor cells there is a correlation be-
tween the degree of differentiation and the growth
rate, with the rate of glucose catabolism (1) However,
glucose consumption is not the only catabohic pathway
with a high rate in fast-growth tumor cells 11, 4-11%
For example, some amino acids such as glutanune, in
Ehrlich and Ehrlich Letreé cells (5, 6), and ketone
bodies, in AS-30D cells, also appear to be rapidly oxi-
dized (8, 9). Tn addition, fatty acids and cholesterol
synthesis, in Morris 3924A and AS-30D cells (8, 12,
are anabolic active pathways in fast-growth tumor
cells

In AS-30D hepatoma cells, a fast-growth ascites tu-
mor cell line, only few oxidizable substrates such as
ketone bodies (8, 9} and cholesterol (8, 12) have been
quantified, and in fzet, the consumption of glutarmne
and glutamate (mitochendnal substrates) has not been
docurmented as yet. The rate of pyruvate oxidation by
the pyruvate dehydrogenase compiex 15 faster in AS-
30D (11) than in Ehrlich and Ehrlich Lettré cells (5).
Ehrlich and Ehriich Lettré cells have an incomplete
Krebs cycle, resulting in a low oxidation of mitochon-
dral substrates (13} In contrast, the Krebs cycle m
AS-30D cells is complete and funcuional (11), providing
sufficient reducing equivalents [>5% mtochondrial
NADH in the steady-state (14)] to drive ATP synthesis.
However, the concentrations of oxidizable substrates
have not been determined in the cell-free asaites ligud
This seems relevant since there is no evident reason to
assume that the metabolte concentrations in the as-
cites liquid are simular to those found in the blood of
tumor-beaning ammals,

The tumor cell ATP levels, which de not change
during the resting phase, diminish during cellular du-
plicatzon (13} It has been proposed that in spite of
maintaining an aceelerated glycolynia, the ATP re-
quired for supperting the mest important cellular re-
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actions in fast-growth fumor eells, i.e., protem synthe-
sis and active ion transport (Na*/K°, Ca™) in tumor
cells, proceeds from oxidative phosphorylation, with
glycalysis playing only a minor role (15, 16} Hexoki-
nase is located close to the mitochondrial exiernal
membrane in AS-30D and other tumor cell types, and
is functionally associzted to the ATP/ADP carrier,
which suggests that the ATP used for the first glyco-
Iytic reaction derives from axidative phosphorylation
(17).

Specific blockade of oxddative phosphorylation by -
pophylic cationic drugs such as rhodamipes 123 (18,
19), 6G (20), and MKT-077 {21) brings ahout a signifi-
cant diminution of cell growth in several tumoral lines.
Simuitaneous inhibition of glyeolysis and oxidative
phosphorylation induces 2 more drastic reduction in
tumor cell growth and size {18-20),

Therefore, it would appear that oxidative phosphor-
ylation is the principal source of ATP for cell growth in
a variety of tumoral tines. In order to wdentify the type
of metabolism {oxidative or glycolytic) prevalent in
fast-growth AS-30D cells, we determined the sub-
strates that are preferentially consumed as well as the
intraceifular and ascites bquid concentrations. There.
after, we estimated the contribution of glycolysis and
oxidative phosphoryiation to the celt supply of ATP,
and the degree of control exerted by various steps of
oxidative phosphorylation,

MATERIALS AND METHODS

Preparation of tumor cells  The AS-30D asaites lumor was prop-
agated i female Wistar rats (200-250 £ body weaght) by wtrapers-
toneal transplantation (22). Tumor cells were obtmned by penitgueal
puneture 5-7 days after noculation. The cells were washed four
times by diution and centrifugation for 2 min at 3500z at 4°Cin 2
modified Krebs—Fanger mediom that contmped the following (in
mM) 125 NaCl, 5 KCi. 25 Hepes, ¢ MgCly, 1 KH.PO,, 1 4 CaCly, pH
74 A final washing was earned oust with the same medium, supple-
mented with 25 (wiv) albunun, which removed remasning erythro-
cyles and dead cells (22) The vaabality of AS-20D cells, estimated by
05% trypan blue exclusion, was 98.-99%, with fower than 0 1%
erythrocytes,

Celtular respiretion The rate of oxygen consumaptien in cell sus-
pensions ancubated 1o the modifed Krebs-Ringer medium deseribed
ubove was measured polarographically by means of a Clark-type
anygen electrode 3t 37°C The oxygen solubnlily at 2240 m alutude
and 87°C was determined to be 380 ng atoms oxygensml (196 uM 0,)

Deternunation of metaboliees, Glucese, pyruvate, lactate, ghuta-
mate, glutamine, B-hydrosybutyrate, acctoacetate, and ATD wore
determined in ahquots of the neutrahzed perchloric aeid cell entract
by stendard enzymatic methods (23)

Deternunation of O, concentratzon e ascites figuid  This was
done ag desevbed clsewhere (24), Ahguots of asctes hgud were
taken from the intragenitonenl fluid usig an insulin syninge previs
ously filled with 100 pl of 30% (wv) perchlone acid and transferred to
the oxymeter chamber, which contained medrum with a low corteen-
teation of dussolved O, ndyusted, by btration, wath sedivm dithiomte

Deternunation of wtraceliulor Lot An shquot of cells (50~
I50 % 10" cellg) was ineubated m 05 ! of mothfied Kxebs-Runger

medium containing *H,0 (sp act 18,300 cpm/m) at §7°C Aliquots of
the sarne celt preparation were incubated 1n parallel for 45 s, apd
then 4.3 mgfnl of *Hnuhne isp act §60-T20 cpmup) was added
and further incubated for 15 5 Thereafler, the call SALEPENSIONS WETE
carefully layered into rarerocentrifuge tubes sontammng, from bottom
to top, 30% (v/v) perchloric zeid (0.3 ml), 1-bromedodecane (0 3 ml)
(25), and fresh Krebs—Ringer medium (0.3 m}). The radicactivity of
the top and battom layers was measured and the wmtracellular vol-
ume was estimated following the formulations described by Rotten-
berg (26).

Deternunatoon of the flux control coefficient  Cell respration (1 X
10° celle/ml) was inhibited by either rotenone (1 5-500 pmol/10°
cells), antmyem A (1-100 pmol/i07 cells), myxothiazol (1 5-250
pmol/107 celis), KON (0 2-20 mM), sodsum ande (160 mdM), chgo-
myemn (5-500 prmol107 cells), venturieidm (10-700 pmol10” cells),
carboxyatractyloside (0 6-2 nmeif107 eells), or 3-bydroxy-cyanocin-
namate (0-500 1M). The estimation of the flux control coefficients
(Co} was made by usmg the equation for noncompetitzve tightly
bound mhilitors propesed by Gellerich et of (27,

w(d, ~ JIT % Ee
J"[CoxJan:A—[{n— C,,)xJn—nXJ,ij“] +d,

XE*+(B;+ - E)XE - Ky X E,=0,

where o, and J, are the fluxes i the non-intubited {E = £.) and
tompletely inbited system (E = 0}, K, is the dissotiatien constant
of the enzyme-1mhibiter complex, and x 15 an emp1ric component that
establishes the relation bhetween substrate concentration and the
catalyzed reaction by enzyme £ (when n = 1, the reaction 15 a hnear
function of the substrate concentration)

RESULTS
Oxidation of Endogenaus Substrates

AS-30D hepatoma cells incubated at 37°C oxidized
endogenous glucose, plutamate, acetoacetate, B-hy-
droxybutyrate, and glycogen at significant rates {Table
D), Under these conditions, the rate of lactate formation
(Table II) matched the rates of glucose plus glycogen
consumption lactate formation was 0 48 nonol {min >
107 cellsi™ in the first 25 min of 1neubation versus 0 06
nmo! {min X 10° celle)™' of glucose consumption plus
.28 nmo!l (min % 107 cells)™ in glucose residues umis
of glycogen disappesrance, which should produce a
maximum of 0,68 nmol lactate (min X 107 cells) ™).

Estimation of the intracellular volume yielded the
following values. 2,28 = 0.39 1] internal water/107 cells
(mean = standard deviation, n = 4) for cells kept on
ice (£,) and 1.41 = 0.38 wl10% cells (r = 5: ¢.,) and
1.43 £ 0.28 ul/107 ceils (r = 4; t,,) for cells incubated
al 37°C, in the absence of external oxidizable sub-
strates, during 25 and 40 min, respectively The signif-
1cant diminutior in intracellular volume, after 25 (P <
0.01) and 40 min of 1ncubation (P < ¢ 025), was very
hkely due to the loss of oxidizable substrates, which
resulted in a net diminution 1n the intracellular con-
centration of glucose, acetoacetate, glutamate, and gly-
cogen {(Table I). In contrast, the concentrations of B-hy-
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Substrates Oxidized by AS-30D Hepatoma Cells and their Concentrations in the Cell-Free Ascites Liquid

nmol/197 cells

Cell-free asertes

Metaholites Basal (,) tas L hguid (D)
Glucose 32212 16 = 0.6*% 1.1 x 0.6™ 26*4
[14 0.5 mM] [11 =042 mM} [0.76 £ 0 4 mM] 4]
[y} 6) 6
Acetoacetate 021 4 0.07 008 = 0 04*» 003 = 0014+ 00 = 600
192 £ 30 b1 63 = 28 uM] (20 = 7 uM]*+ 4
5) 4) 1)
B-Hydroxybutyrate 0.3 * 0.09 02=003 0.15 = 0 0p*** 40+ 10
{132 * 40 M) [142 = 21 uM] 1104 = 41 pM] 3
5) @} &)
Glutamate 243 17+ 4% 115 + 3%+ 150 + 85
(105 = 13 mM] (12 = 28w B =21 mh) t4)
4 {4 4)
1g/107 cells
Glycogen 232073 13 0.4(3) 0.7 = 0.3% (3

Note. Tumor cells (3 x 10° cells/ml) were meubated 1n a plastic fiask in 1 ml of modified Krebs
rpm/mmn) at 37°C At the indicated incubation times, the reaction was stopped by adding 3
metabolites was determuned in the neutralized extracts as deseribed under Materials and Met

~Ringer medium under orbital shakmg (100
% (v/v) cold perchloric aeid The content of
hods The freshly extracted aseites hguid was

centrfiged at 510g for § mm at 4°C and the supernatant was immediately mxed witk 3% perchloric 2e:d, the neutralized asertes hqwd

extract was used for determination of metabolites. The values represent mean
parentheses The data shown in square brackets represent the sstimation of
wtracellular water volumes After 40 mim of incubation, the wiability diminished

0.005) Student ! test for noupaired samples.
* P < 0.01 versus ¢,
** P < 0005 versus £,
#*e P < 0.025 versus {,.
TP < 005 versus £,

TABIE 1

+ 8D wath the number of ¢ell preparations assaved n
the metabolite concentrations using the values of the
only 6%, from 98 = 001% (¢,) to 92 + 0.03% (2,) (P <

Substrates Not Oxidized by AS-30D Hepatomz Cells and their Concentrations in the Cell-Free Asaites Laguid

nmol107 cells

Metabohtes Basal (247 2y Lo Cell-free aseites ligud (mb)
Lactate 13=2 25 = 10* 30 = §** 33=08
57 09 mM] [17 7 2 T mM]** {20 = 6 mM]** 3)
(5) (o) (5)
Glutamine 037 0.2 03201 024 *0.17 4=13
162 = 43 M) (227 2 71 uM) (170 = 30 uM] 4}
(5) (5} 3
Pyruvate 022008 02=>005 2901 016 004
[87 = 26 M) {142 = 35 uM] [138 = 70 uM) &3]
Y] (5) (5)
ATP 1904 21=05 2102 3.5 uM
[083 = 02 mhT) [15 = 03mMI* {145 2 QI3 mM]*" 93]
9 4) 3)
0] 502 1. 6 uM

)

Nt See note to Table 1 for expernmental details

Y P 000 versue g,
P 20005 versus £y, ¢
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TABLE 111

Cytosolic and Mitochondrial NADH/NAD® Ratios in AS-
30D Cells Incubated in the Absence of Oxidizable

Substrates
NADE/NAD® Basal {¢;) 2o t
Cytosohic 00071 = 0003 0014 =0002* 0.016 * 0009
( (4) 4
Mitochondrial 0071 =006 0108 = 0.038 0245 0.2

4} (4} (4}

Note. The values represent the mean (2SD) abtained with four
different preparations. The cytoselic NADH/NAD" ratio was calcu-
lated from the lactate dehydrogenase reaction, where K., = 111 X
167, and the mitochondnal NADH/NAD' rato from the D-B-hy-
droxybutyrate dehydrogenase reaction, where K, = 0.049 (31)

* P < 001 as compared with contrel (£,).

droxybutyrate (Table I} and glutamine remamed con-
stant (Table II), despite the net loss of these
metabolites through oxidation. The result with glu-
tamine was somewhat surprising since it has been
suggested that some fast-growth tumor cells are pre-
dominantly glutaminolytic (3, 7). During the incuba-
tion period examined, the total content and intracellu-
lar concentration of pyruvate did not change and the
ATP concentration increased (Table I,

The concentrations of acetoacetate, glutamate, lac-
tate, and pyruvate in the cell-free ascites liquid (Tables
I and II) were in agreement with reported values for

rat blood (6, 28, 29). However, the concentrations of
glucose and B-hydroxybutyrate were lower, and the
concentration of glitamine in ascites liquid was higher
than those values reported for arterial rat blood (6, 28,
28). To our knowledge, there are no available data on
the concentrations of metabolites in the cell-free as-
ates liquid which can be used for comparative pur-
poses. The concentration of O, dissolved 1 the ascites
liquid was relatively high, with values comparable to
those found in rat arterial blood (30).

Cytosolic and Mitochondrial NADHINAD™ Ratios in
AS-30D Hepatorna Cells

Without added substrates, the NADH/NAD® ratios
increased during incubation at 37°C (Table II1). It is
possible that this was due to an increase in the mito-
chondrial and cytosolic dehydrogenase activities, Val-
ues of the NADH/NAD" ratios of a similar magnitude
have been found in hepatocytes {31) and other tumor
cell lines (32).

Oxidation of Exogenous Substrates

In the presence of added glucose, the intracellular
steady-state concentration of glucose diminished more
than 1n its absence (P < 0.005), in 40 min of incuba-
tion at 37°C (Table IV) A similar diminution in intra-
cellular glucose was observed in the presence of exter-
nal glutamine or glutamate. Tt should be noted that the

TABLE IV
Oxidation of Exogenous Metabolites m AS-30D Hepatoma Cells

Exogencus substrates

£ without
Metabolites substrate added +5 mM Glucose +4 mM Glutamine +10 mM Glutamate
Glucose 112201 13205 1052003 1.15 = 0.02
1800 = T0 pM] [530 = 210 M) [630 = 10 pM]* 1660 = 10 uM}*
(%) {4 4) (5)
Glutammne 028 z001 056=003"" 037T+0609 c3zx003
1210 = 7 M) 1240 = 10 LA [220 = 50 wM) [180 = 10 pM]"
{4y @ (4) (4}
Glutamate 133=2 132:=4 126 =45 129§
[$5 = 1 mM} [56 = 2 mM* [76 = 3 mM] [745 = 5 mM]
¥4 (e {7) {7)
Glycogen 07903 122 = 001" 078+02 08¢t =03
6) (6} (G} (63

Note The values are i nmol/107 cells, except for plycogen, which 15 m u/107 colls AS-80D eolls were mneubated for 40 min 1 1 ml of
modified Krebs-Rumger mediem wath the mdicated subslrate concontration under orhtal shaking (100 rpm/min) at 37°C n a plastic
container The intracellular water volumes were 235 + 03 1) L66 2 016 pl (4)and 173 = 0 2 Wl {5) for cells ineubated for 40 mun with
cither 5 mM glucose, 4 mM glutamine, or 10 mM glutamate, respectively The values represent the mean = SD. 21 15 shown parentheses
The dota shown inuide brackets represent the estimation of the metabohite concentrations using the abeve desenbed intraceliular water

rolumes
TP 0005 versus ne added ~ubutrate
** P~ 005 verus no added substrite
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TABLE V
Contribution of Glyeolysis and Oxidative Phosphorylation to Cellular ATP Production
Incubation Without +8 mM +4 mM +10 mM
condition substrate Glucose Glutamine Glutamate
Rate of external subsirate A 0.85 > 0.08(4) 058 =016(5 CT5=03 5
¢onsumptien (nmolfman/ B 112} 0.55 (2} Q.46 (2)
107 cells)
Eate of lactate preduction AB 3 46 = 0.07 (41 1.85 + 0.28¥ (T) 047 > 0.02(7 51 £ 0017
{nmol/mn/10’ cells)
% ATP produced 4. B 0.19-021 18-2 Q14-321 0.15-0.24
Rate of ohgomycin-sensitive A 85(2) 26 (2y* 86 (2) 825{2)
respiration (ng atoms B 9B xT7E 28.7 £ §* (3) 134 = 12+ (5} 1232 £ 194 {5)
oxygen/mnn/10° cells)
% ATP produced AB 998 a8 934 o098

Note (A) The rate of consumption of external substrates was determsned in <ell suspensions (3 X 10° eells) incubated at 37°C for 40 min
under gentle stirnng with the mdicated concentrations of oxidizable substrates. The reaction was stopped by layering the celi suspensicn intop
microcentnfuge tubes which contawned, from bottom to top, 30% perchlone sad (0.3 mi), ©3 mi Tbromododecane, and 0.3 ml medifed
Krebs-Ringer medium The tubes were centrifuged at 16,000g for 4 mm. The top layer was used for determination of external substrates.
{B) Ta reduce the contribution of endogeneus substrates to the rate of O, uptake, the cells were also incubated for 60 min at 37°C, m the
absence of added substrates. Then, the cells were further meubated 1n the presence of the indicated substrate concentrations for 10-15 ;mm
at 37°C end the rates of O, uptake and substrate comsumption measured as deserbed m A The rate of ATP produced by giycolysis and
oxidative phosphorylation was determined as descrbed by Nakashima e¢ al, (48). ATP production by glycalysis was calculated assuming that
1 ol of ATP 15 generated per mol of lactate formed The rate of lactate Formation was essentrally the sarne under experimental condition
A or B. ATP producticn. from oxidative phosphorylation was ealculated from the rate of oxygen consumpiion by AS-30D cells, which was
corrected by subtracting the chgomyem.-resistant respiration: the fraction of dligomyain-resistant respiration was constant (12 * §%) under
the different experimental conditions A P/O ratio of 2 5 was used; this value 1s m the range of the measured value tn purfied tumor

mitechondria (48)
* P < 0.005 versus wathout substrate

intraceilular giucose content hecame stable at similar
levels under the conditions detailed in Table IV, but
the intracellular water volume was much higher in the
presence of external glucese than in its absence, i.e.,
the intracellular volume remained rather constant for
40 min incubation 1 the presence of external ghacose,
whereas it decreased in its absence. A larger intracel-
lular volume was also attained by the addition of glu-
tamate or glutamine (see legend to Takle IV for val-
ues) The intracellular concentrations of glutamine
were not modified by addition of external substrates
(Table IV), Regardless of the significant elevation m
the internal glutamine level in the presence of external
glucose, the larger intracellular volume resnlted in
identical intraceliular concentration of glutamine.
Similarly to internal glucose, the intracellular concen-
trations of glutamate were also lowered by addition of
external substrates. This observation suggests that ex-
ternal substraies increased the rates of glucose and
glutamate consumption to a greater extent than the
rates of glucose and glatamate uptake, As expected,
the glycogen content was higher m the presence of
exiernal glucose, after 40 min mcubation Thus, the
analysis of both metabalite content and intracellular
volumes provides a more accurate description of the
vanations in the steady-state metabolie concentra-

tions brought about by changes in metabolc fluxes in
tumor cells. This has not been systematically deter-
mined by other groups,

The rate of glycolysis was significantly stimulated by
the addition of external glucose (P < (.005), but it was
not affected by glutamine or glutamate (Table V). The
enhanced glycolytic rate correlated well with the rate
of external glucose consumption. 2 lactate production/
glucose consumption ratio of 159 was obtained. Tn
contrast, the rate of oxidative phosphorylation was
markedly suppressed (68%) by external glucose. How-
ever, analysis of the total production of cell ATP re-
vealed that even in the presence of external glucose,
oxadative phosphorylation was the predominant path-
way for ATP supply, while the contribution of glycoly-
sis was negligible (Table V). Although the glycolytic
ATP may be underestimated, because some of the con-
sumed glucose (+ glycogen) generated pyruvate in-
stead of lactate, the contribution of glycolysis to ATP
supply would still be small (2 5%), even i glyeolytic
ATP were directly estimated from total ghucose (+ gly-
cogen} consumption, Oxidative phosphorylation stimu-
lated by external glutamine (from 95 to 134 ng atoms
oxygen (min x 107 cells)™) was inhibited by glucose
anly 31% (n = 2}, in conirast to the 84% mhibiton
without added glutamime. These observations clearly




26

indicate that m AS-30D cells an oxidative type of me-
tabolism predominates.

Control of Oxidative Phosphorylation

The analysis of metabolic control establishes that the
variation in the activity or effective concentration af an
enzyme [E] can change the metabolic flux [J], [dJ/J =
dE/E] {33). The flux control coefficient |C3 is 2 quan-
titative variable that defines the degree of control that
a given enzyme in the pathway exerts on the flux (33);

Cf = (Bo/d){a/dE).

The flux control analysis of oxidative phosphoryla-
tion, in liver and other non-tumoral mitechondria, has
shown that the control of this pathway is distributed
among several steps (34). The ATP/ADP translocator,
the cytochrome oxidase, the dicarboxylate carrier, the
ATP synthase, and the be, complex are the main con-
trol steps and their control coefficients are in the range
of 0.2-0.5 (34, The control analysis has alsc been
applied to AS-30D isclated mitochondna (22) Lépez-
Gémez ef ol (22) found that the mair pornts of control
in these mitochondnia incubated at 30°C were the ATP
synthase (C} = 0.8) and the AT®/ADP translocator (O
= 0.6), when using saturating concentrations of erther
glutamate-malaie, pyruvate—malate, or succinate—ro-
tenone. Therefore, it was rudged relevant to determine
the flux control exerted by the enzymes involved m the
pathway in in sitn motochondna, e, in intact cells
that oxidize physiological concentrations of substrates

Control distribution of oxadative phosphorylation was
initially analyzed in AS-30D hepatorna celis incubated at
37°C, in the absence of added substrates The rate of
respiration was 80-100 ng atoms oxygen (run x 107
cellsy . These respiratory rates were similar to those
reported for perfused lver (35) 2.25 nmol Q/mg wet
weight in liver versus 3 nmol Q./mg wet weight in AS-
30D cells, assurmng that 1 % 107 AS-30D celis have a wet
werght 0f 17.5 * 6 mg {n = 4). Thig mdicates that AS-30D
tumor cells consume oxygen at high rates.

The flux control coefficients were determaned by the
nhibition titrat:on method, using specific mitochondrial
inhitators (36} and measuring the resulting respiratory
rates afler appropriate incubation times (Fig 1) Obgo-
ryon was the slowest infulntor; for this reason, this
inbbitor was allowed to equilibrate for several nunutes
(2—4 min at 27°C), until a new, infubited steady state was
reached.

It should be noted that, even at saturatmg whibitor
concentrations, there was a residual respiration (10—~
20%), that indicated the existence of O, uptake reac-
tions not linked to oxidative phosphoryiation The per-
centage of whibitor-resistant respiration found in the
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presence of several respiratory chain inhibitors was
sumilar to that found with ATP synthase mnhibitors
Hence, it was evident that 80-90% of cellular respira-
tion in AS-30D (Table VI was mitochondrial and used
for ATP synthesis. The lesser inhibition of cell respira-
tion induced by carboxyatractyleside and 3-hydroxy-
cyanocinnamate was very likely due to a Iimited per-
meahility of these hydrophilic inhibitors.

In contrast to other cell types, site I of the respira-
tory chain exerted the main control of oxadative phos-
phorylation, while the iranslocater of ATP/ADP
showed a Cf value lower than 0.1 Estimation of C}
values for sites II and ITIT and ATF synthase with two
different specific inhilntors showed similar results (Ta-
ble VI), indicating that the estimation of Cj was inde-
pendent of the type of inhibiter used. The enzyme
contents estimated for site T, ATP synthase, and
ATP/ADP translocator were similar to those reported
for isolated AS-30D and brain mitochendna {22, 37),
whale the values of £, for sites I and 11 were lower. The
values of the dissomation constant (K, found for in
situ AS-30D mitochondria were very similar to those
reported 1 other types of isolated mitochondria (37)
These observations wndicated that the enzyme-—inhibi-
tor interaction was not altered by the presence of the
addtioral permeability barners found in the cell The
sum of C% values for the evaluated steps was lower
than 1.0 {£C{ = 0.43), indicating that ssgmficant con-
tro! flux Is exerted at other sites

With added glutamine (4 mM) or glutamate {10 mM),
the Cg of site T did not change (the .., ; value was 0.33
(n = 2) or 0.30 (n = 2) for glutamine or glutamate,
respectively); however, m the presence of 5 mM glu-
cose, the O, ; increased to 047 2 0.1 (n = 5; P <
0.025), suggesting an inhibition of site 1 activity, in-
duced by external glucose catabohsm.

To determine whether the ATP utihzation represents a
block of enzymes that exerts significant contrel on oxida-
tive phospharylation, the elastimty-based control anaty-
s1 was applied to estimate its flux control coefficient.
Thus approach consists of the experimental determina-
tion of the elasticony coefficents of the two segments of
the pathway that produce and consume ATP (33, 38) By
applying the theorems of control analysis, the flux control
coefficients of the two enzyme blocks are caleulated The
elasticity coefficients of the ATP producers and ATF con-
simers were attamed from titrations of the steady-state
rate of oligomycin-sensitive cell respiration, and of the
ATP levels, with streptomyem (0.1-0,6 mg/107 cells) or
oligomyein (50-200 pmol/10° cclls) The values of the
elastieaty coefficients were —0 24 + 005 (3) and 0.58 «
025 (5) (mean * SE), whereas the flux control coeffi-
cients were 0.7 201 (3 and 03 £ 0 I (3 fur producers
and consumers, respettively
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FIG. 1. Inhitation of respiration iy AS-30D cells Cells (1 x 107 cells/ml} were incubated, without substrate added, at 37°C in 1.9 m! of
ar-satutated Krebs-Ranger medram The mdicated inhemtor concentrations were added and the new steady-state -ate of respiration was
measured. The rate of respwration was normalized by subtracting the rate of respiration resistant to 2ach wmhabuter, ta calculate the fAux
centrol coeflicient by a non-linear regression apalysis (373, according to the formulations proposed by Gellernch ez al {27) The sold curves

Tepresent the best fivtiag hnes, denved from The non-imear regression analvsis of the whole set of titrations made with each mhibitor for

three to four independent preparations The absnlute rate of resprration an the absence of wmhubitors was 82 = 15 ng atomns oxvpen (man X
107 cell}™ {n = 24). To achieve a sigmaficant :nhibitron of cell resprration with carboxyatracty loside (CAT) or a-cvano-4-hydroxyeinnamate,
3 % 10% cells/m! were rncubated with the mdicated concentrations of these inhibrtors for 1 k under orbrtal shakmg (100 rpm) at 30°C Then,
an ahguot was transfarred to the oxyioeter thamber to measure the Tate of respiration at 37°C This procedure did not alter cell vialaty
The rate of respiration measured at 37°C, o cells meubated in the absence of mhabitors for 1 b at 30°C, was 57 = 7 5 ng atoms exygen faun X

107 cells) ' ln = §)

DISCUSSION
Intermediary Metabolism in AS-30D Tiumor Cells

The high rate of glycolysis of AS-30D (fast oxrdation of
glucose and accumulation of lactic acid) 1s m agreement
with data reported in other tumoral celi Ines, i e., Mortis
and Novikefl hepatomas (1), Ehrheh and Enrlich Letred
(2), and Walker carcinosarcoma (39) In addibon to glu-
cose, other metabolites were oxidized by AS-30D tumoral
celis (Table I), indicating active ketone bodies and gluta-
mate consumption and glycogenolysis

Drespite the diminution 1 the content of metabohtes
through oxidation, in cells meubated m the absence of
external oxicdhzable substrates, the mntracellular coneen-
trations of glucose, glutamate, glutamine, pyruvate, and
ATP were mantained at lugh values by adjustments n
the intracellular water volume, This mechanism of ho-
meostasis probably preserves the ablity of these tumor
cells to duplicate rapidly, when exposed to less stnngent

conditions. Modulation of the intracellular volume as a
mechanism of control of proliferation has been proposed
for neuroblastoma cells {40)

In contrast to hepatocytes, AS-30D hepaioma cells con-
sumed ketone bodies The liver cannot cxadize ketone
badies due to low levels of suceiny! CoA--acetoacetyl CoA
transterase (8). The utilization of acetoacetate in AS-30D
cells wag documented by Briscoe et a! (8) and our values
agreed with their data, but g-hydroxybutyrate consump-
tion found m AS-301) was not chserved in other tumoral
lines such as Walker carainosarcoma (39) or Morms hep-
atoma (41). B-Hydroxybutvrate and acetoacctate con-
sumption 1n AS-300) cells may he associated to the fast
generation of acetyl-CoA required for hpogenes:s and
cholestero! synthesis (10, 12),

AS-30D tumar cells alse consumed mitochondrial sub-
strates such as glutamate, which ~ould supply the carbon
skeletons that feed the Krebs evcle as & compensatory
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TABLE VI
Flux Control Coefficents of Several Steps of Oxidative Phosphorylation in AS-30D Cells
E, pmal/ 10’ % Resistant
Complex < K, pmaVi0”® cells cells respiration Inlebitor

Site 1INADH

dehydrogenase) 030 x 0104 91 43254 B=4id Kotenone
Sute IT (bec,

cxtachrome

complex) 0023 = 0008 (4} Q007 = 0004 (4) 21x3(8) 15 = 4¢3 Antimycin

0.01 = 0007 (D) G 08 = 0,05(8) 662 005(3) 9= 2(3) Myxothiazol

Sate 111

(cytochrome

£ oxidase) 0008 = 6,004 {3} 0947 x 0.01 mM (3} 0.7+ 0.1 mM (3) 18+6(3) Aznde

004 > .01 (4) 0.025 = 0 018 M (4) 0.6 = 0.05 mM (4) 834 Cyamde
ATP synthase 002 = C006¢3) 03=z01¢3) 76 x 11(3) 13 = §{3) Oligomycin
0.023 = 0 01 (3) Q90043 115 + 26 (3 20 =93 Venturicidine

ATF/ADP

Translogase 4088 =001 (3 JT=01(® 980 * 130 () 41> 13(3) Carboxyatractyloside
Pyruvate carrer 0026 = 0.01(3) 042 %005 uM(3) 61 x 17 uM (3) 55 = 13 (13} 3-Hydroxvannamate

Naote. The values represent mean + 8D, n 1 shown in parentheses

mechanism for a low pyruvate exidation (11); this is prob-
ably related to the high transaminase and Yow glutamate
dehydrogenase activities in tumors (42),

In the absence or in the presence of exogencus sub-
strates, glycogen was another metabolite rapidly o:adized
by AS-30D cells (Tehles I, IV}, This can be attributed to
a high glycogenolytic activity, although the phosphory-
Iase 2 activity has not yet been determined in AS-30D
cells. The active glycogen consumption in AS-30D cells
indicates the presence of 2 eonstant supply of ghacose for
glycolysts and pentose phosphate pathway.

It is remarkable that the glucose concentration
found :n AS-30D hepatoma ascites liquid (26 M) was
much lower than the value measured in biood from rats
with developed hepatoma (4 + 0.25 mM, rn = 3}, which
suggests the following possibilities- {a) the presence of
an extracellular glucose oxidase that transforms gha-
cose to gluconate, consequently lowering glucose in the
ascites liguid; (b} an intimate relationship between
blood capiliaries and tumor cells, which would not al-
Iow the equilibration of glucose with the ascites liquid,
or (c) a faster transport of glucose from asciteg liquid to
the cells than from blood capillaries to aseites liguid.

The first possibility may be drecarded since intrinsic
or added glucose degradation was not observed in the
cell-free ascites hquid (data not shown) The second
and third alternatives have not been tested m AS-30D,
However, Bading ef al (43) reported that coll ghucose
uptake, through a Na‘-dependent glucose transporter,
is Ingher in tumor cells than in normal tissues,

The oxygen coneentration in the ascites higuid was
high (50 aM) (Table II), impiying that the respiratary
chain was not limited by Q. concentration, since the
apparent K, of cytochiome ¢ oxrdase for 0,15 1-2 pM,

in pormal mitochondria and cells (44), and ascites tu-
tnor cells (45). Hence, AS-30D cells may drive oxidative
phosphorylation and other oxygen-dependent meta-
bolic processes at high rates Mareover, OXYEen concen-
tration was very similar to that of hepatic artery blood
(30%. Apparently, there might be a diminished Pasteur
effect 1n AS-30D cells, becaunse an achive glycolysis was
found even under a saturating oxygen concentratan.
However, there is no report in which the Pasteur effect
has been drrectly assessed in fast-growth tumor cells.

The increase in the cytosolic and mitochendral
NADH/NAD® ratic induced by incubating at 37°C,
without added substrates, suggested activation of both
cytoselic  a-giycerophosphate and glyceraldehyde
3-phosphate dehydrogenases, the cytosolic and mita-
chondrial NADP -dependent malic enzymes, and the
Krebs eycle dehydrogenases.

The evaluation of the pyridine nuclectide redox state
in AS-30D tumor cells has not been previously re-
ported. The cytosolic and mitochondrial NADH/NAD"
ratios were slightly higher 1n AS-30D cells than in
hepatocytes (31) and breast cancer cells {32). It has
been proposed that the elevated eytosolic NADH/NAD "
ratio in tumor cells is the signal that triggers the
progression from G, te G, in the cellular cyce (46)
Other authors have proposed (47) that an incroase in
the NADH pool 1n hepatocytes, due to erther hormonal
stimulation or alerations in the oxidizable substrates,
could premote the duplication process.

Cell ATP Supply

With 5 mM plucose, 1 x 10° colls/mi consumed 33
amol glucose/ml in 40 min, during this time, lactate
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formation was 43 nmel/107 cells, Thus, 21.5 nmel/107
cells of external glucose were transformed into lactate
in 40 min, The remaining of external glucose (11.5
nmol/107 cells) could have fed oxidative phosphoryla-
tion and pentose phosphate pathway. With 4 mM glu-
tamine or 10 mM glutamate, 1 X 107 cells/ml consumed
23.6 nmol glutamine/m] or 30.3 nmol glutamate/ml,
respectively, in 40 min. The production of lactate was
notincreased by external glutarmine or glhutamate, sug-
gesting that these mitochondrial substrates could be
preferentially used for exidative phosphorylation.

Analysis of the rates of glycolysis and oligomycin-sen-
sitive respiration indicated that oxidative phosphoryla-
tion was the prevadent pathway in the cell supply of AT
under several near-physiological ineubation eonditions,
In consequence, ATP whilzation also depended on. the
rate of ATP supplied by cxidative phosphorylation. For
instance, ATP wutilization was 335.5 nmolimin/i07 cells
{134 x 2.5 + 047 % 1 in Table V) with glotamine,
whereas glucose disminished ATP utihzation dows: to 73
nmolimin/10” cells (287 X 25 + 1.35 X 1), because of 1ts
inhibitory effect on oxidative phosphorylation Na-
kashima ef o (48) also estimated that AS-30D cells pro-
duced ATP almost entirely through. oxidative phosphos-
ylation (95%) in the absence of added substrate How-
ever, they also reported that the participation of oxadative
phosphorylation diminished drastically in the presence of
glycolytic or mitochondrial substrates (48}, for instance,
in the presence of 6 mM glucese, the contribution of
exidative phosphorylation declined to 67%, aithough it
alse diminished to 85% of control in the presence of 0,75
mM glutamine

These authors {48) proposed that the diminution 1n
the proportion of ATP supplied by oxidative phosphor-
ylation was due to a hugh glycolytic activity in the
presence of added glucose 25 nmot lactate/min/mg pro-
tein. This 15 in contrast with the values of glycelysis
found in the present study (1,35 = 0.28 nmolmin/10"
cells ar 1 nmol/min/mg prosein, because 1 % 10° cells
carrespond to 1.34 £ 0.3 mg profen, n = 3, Table V)
under similar, but not identical, conditions. In add:-
tion, the resprratory activity reported by Nakashima et
al {48) was three to four times lower than the value
reported m the present study Nakashima ef of. exper-
ments were done at 30°C using & medium that con-
tained 6 2 mM KCI, 154 mM NaCl, and 12 mM sodiam
phosphate, pH 7.4, but which lacked Ca® and Mg~

The measurement of the respiratory activity 1n AS-30D
cells incubated in the Nakashima ef &l medium vielded
I¢ ver values (26.4 and 38,8 ng atoms oxygen/min/mg
protem at 30 and 37°C, respectively) than those we have
found in the modified Krebs-Ringer medium (36 2 and
517 ng atoms oxygen/min/mg protein at 30 and 37°C,
respectively, see Table V) The production of lactate at-
tained at 37°C in the Nakashima ef o/, medim wag 11

amal (min % 107 cells)™ or 0.82 mmol (min ¥ mg pro-
tein) ™. Apparently, the values we obiained for glycolysis
and respiration at 37°C could be considered mare Pphysi-
clogical since the mediumn we used resembles more
closely the composition of the extracellular milien. It is
worth noting that the viahility of the cells in the afore-
mentioned medium was lower (87%) than in the modified
Krebs-Ringer medium (98%) and that erythrocyte con-
tamination was hugher too (1.6% vs 0.1%, respectively).

Control of Oxidative Phosphorylation

Site I of the respiratory chain was a major controlling
step of oxidative phosphorylation (Table V), probably be-
cause of the lower enzyme content in reference to that of
normal hepatocytes, Likewise, site I exerted a negligible
eontro] of fux in AS-30D isclated mitachondria incubated
at 30°C (22). The difference found between the Cf values
in cells ard mitochondnra is not surprising, sinee the G2
values depend on the experimental conditions, Le., the
extraceliular and extramitochondrial concentrations of
substrates and the NADH avaitahility. Moreover, Ldpez-
Gémez et al. {22) assumed that rotenone was an irrevers-
tble inhibitor instead of 2 noncempetitive tightly bound
mhibator. Analysis of titration curves of ADP-stimulated
respiration with rotenone, mn isvlated AS-30D mutoshon-
driz incubated with 10 mM 2-oxoglutarate at 37°C, using
the Gellerich et al. (27) equation for tightly bound inhib-
itors, showed Cy values for ste Tof 0.12 * 0.06 (n = 3)

The elastieity-based control analysis gave a flux con-
trol coefficrent for the ATP producers of 0 70, whereas
the sum of coefficients from the inhibutor titration re-
sulted in a value of 0 43 (cf. Table VI). Therefore, the
difference between these two values (ie, 0.27) indi-
cates the control exerted by the nenevaluated steps in
the ATP-producing segment- the passive H* perme-
ability of the mitochondrial inner membrane, the
Krebs eycle enzymes, and the P, and substrate carriers,

The finding that site I of the respiratory chain exerts
significant control of oxidatrve phosphorylation, partie-
ularly in the presence of glucose, suggests that ths
enzyme may be a potential therapeutic target for de-
velopment of antitumorigenic drugs. Along this line, 1t
was recently described that relatively low doses of ro-
tenone promoted z strong growth inhubition and
apoptosis m HL-60 leukemua cells (49).

In conclusion, AS-30D tumor cells are able to mam-
tain a very active glycolysis and oxidative phosphory-
lation, However, (i} the high concenirations of O and
glutamine and the low concentration of ghacose deter-
mined mn the cell-free ascites liquid; (i) the hagh oligo-
myein-sensitive respiratory rotes, even in the presence
of saturating concentrat:ons of glucose; and (i) the
estimated ATP provided by oxidative phaspherylation
indiwcate a predominantly eidative type of metahalism
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in these cells. In consequence, cellular processes with
high energy demand such as growth, protein and nu-
cleic acid biogynthesis, and formation snd mainte-
nance of ion gradients zcross the plasmaz membrane
should be extremely sensitive to exidative phosphory-
lation inhtbitors m AS-30D hepatoma cells.
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m: Get in on the discussion -
Messenger Service Glveitaty,

From: Joe.McCord@UCHSC.edu Save Address Block Sender

To: saren86@hotmail.com
Subject: RE: ABB manuscript
Date: Fri, 27 Aug 19981 12 -0800

Dear Dr. RedriguerZ-Dnriquez:

The comments of the reviewer should have besen mailed to you on July 27.
Perhaps you have not yet receaved this mail, 1f you were respondang only o
ny e-mail message. Here are the reviewer's comments:

Conments:

This paper describes a thorough analysis of energy metabolism in AS-30D
hepatoma cells under different substrate conditions. Strengths of the paper
include the use of a variety of substrate conditiens, the analysis ef
metabolite concentrations cerrected for cellular volume changes, estimation
of the ATP supplied by glveolysis and oxidative phosphorylation, and an
estimate of the contrcl dastrabution for oxagative phospherylation by
iphibitor titrations. The authors make the point that a2 knowledge of the
control of energy metabolism of fast-growainy tumor cells may help devise
more targeted drug treatment protocols. Be this as 1t may, this type of
analysis has gone out of fashion several years ago and it 1s rare and
refreshing nowadays to come across a paper that goes into fo much detarl to
analyze the metabelic performance of a specific cell type, :

Despite this generally favorable assessment, there are a few issues that
raise some concerns, which the authors need to address.

1. There is a question of how comparable the conditions are under which
02 consumption rates and metabolite levels were measured from which
metabolic activities were calculated in Table V. From the description in the
legend to Table V, it appears that substrate consumption was measured over
40 minutes without preincukation, but that 02 uptake was determined over
10-15 minutes afteyr a-60 minute preincubation to deplete endogenous
substrates. How linear are metabolic actavaties under these conditions? The
rates of glucose, utilization and the NADH/NAD+ ratios appeared to be
changing undexr the

i1ncubation conditbions used in Table I, but it 15 not ¢leax how much of this
would glgo apply to the conditions with cxogenous substrates used.

This is a matter of concern particularly with regarxd to the estimates of ATF
production. As the calculations come out now, it would appear that glucese
suyppresses not only the rate of respiratinn, but also markedly decreases the
total ATP utilization of the cells, from an estimated 238 pmol/min/10°7
cells with endogenous substrate {83 ® 2.9% + 9.42 ® 1} to 73 nmel/min in the
presence of glucose {29 x 2.5 + 1.35 » 1}. whereas glutamine and glutamate
increase the apparent rate of ATP utilization by about 30%. This effect of
glucese 15 unlikely to be correct only about 2/3 of glucese uvtilization is
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enly a fraction ¢f the remainder 15 oxidized through the Krebs cycle. If a
substantial proporticon of glucose i1s used for synthetic purposes as
suggested by the authors, the rate of ATP utilization would be edpected Lo
go up, not down. Alternatavely, it may suggest that there is some
discrepancy 1n the rates that are being compared hers, These considerations
may alse be important to explain the apparent discrepancies with the
findings of Nakashima et al discussed om p. 16.

2, The estimates of control coefficients by inhibitor titratiens place
an unexpected emphasis on site I as a dominant site of control. However,
the fact that considerably less than 50% of control can pe accounted fox
raises the questieon where the major portion of fluy control is located in
these cells, The authors suggest (p. 12) preton permeability, Krebs cyele
activity and metabolite transporters, but these suggestions are not
cbvicusly compatible with the data. ©ne i1ssue raised by the data is the
high residual respiration cbtained with CAT titrations, which may affect the
estimates of ANT wentrel contributions. Did the authors try to correst.
their estimates for the apparently lncomplete ANT i1nhakition? Anether,
possibly more likely site of the major part of f£lux contrel might be the ATP
utilization by the cell. If this were correct the mitechendria in the
intact cells may be operating away from State 3 copditions. The authors
might consider some form of top~down control analysis, to assess to what
extent the major control of respiration s located at the downstream rather
than upstream sites. Alternatively, the effect of unceouplers or actavation }
of energy demanding reactions may provide some insight.

Mrnor Comments

1. 7There are some defects of presentation in tables and figure, e.g,
concentration units are cmitted for glutamate in celumns 3 and 4 1n Table
IV: or numpers are provided with excessive precision, e€.g9., 02 uptake in the
presence of glucose inm Table V; cyanide 15 misspelied in Fig. 1.

2. The paper needs some aditerial and NAnOr grammatlcal ¢orrections.
Several suggestions are noted in the margins of the manuscript, which is
sent by regular mail for that reason. The authors imsist on referring to
Rinser-Krebs buffer, presumably of the some compositicn ¢f what is usuzlly
referred to as Krebs-Ringer buffer (i.e., Ringer's solution as medified by
Krebs). Other suggestions for miher corrections are suggested in the
mANWSCrapt.

I am sorxy for the delay, and for the fact that you have comments from only
one reviewer. However, 1f you can accommodate these remarks into your
manuscript, 1t will become acceptable.

Sincerely,

Joe M. McCord

Jo¢ M. McCord, Ph.D,

webb-Waring Institute for antioxadant Rescarch

Unaversity ¢f Colorade Health Scuiences Centex

4200 E. Nanth Avenue

Hox €-321 or Room 1W20

enver, CO 80262

E-mail: joc.mecordfuchsec.edu - Voice 303 3315-6257 - Fax 303 315-8541

————— Griginal Messnge- ---—
Fram: wara rodiiguer (marlto.sarend@@hotmari.com]

Sent: Friday, August 27, 1995 12:43 PM
To: Jog.mec
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Webb-Waring Institute for Antioxidant Research

University Of Colorado Health Sciences Center
Denver, CO

Dear Dr McCord.

Thank you for your E-mail of August 27, 1999 concerning the manuscrigt ( Ne Ref
ABB 88-0266-Mc 026) enttled “Substrate oxidation and ATP supply m AS-30D
hepatoma cells”. We were informed that the paper may become accepiable, if we could
accomodate the referee’s remarks into the manuscript We have tried to comply with
these observations as follows.

1 We agree with the referee that the consumption used for the determination of the
rates of respiration and substrate consumption in Table V were somewhat different
In the present version show new data in Table V, obtained under the same
expenmental conditions, however, not maodify the original conclusion drawn from
the Tabie' oxidative phosphorylation 15 the major provider of cellular ATE i this
tumor line Hence, the legend to Table V was slightiy changed

The referee points out correctly that @xogenous giucose decreases both oligomycn-
sensitive respiration and cellutar ATP utilization, but she (he) concludes that thus
glucose effect 1s unlike to be correct We argue, on the contrary, that this s precisely
the expected effect nduced v giucose in this tumar call line, Since inhibition of
oxidative phosphorylation by glucose (Crabiree effect) brings about a dirimution n ATE
utihization, the glucose shauld affect cell processes, such as growth, that strongly
depend on ATP supply In expenments with AS-30D celi cultures, growth 1s about 50%
lower with glucose that with glutamine as carbon source Becayuse these data on cell
cultures will be part of ancther work, we decided not to include this information in the
present manuscnpt A paragraph tiscussing this referee’s observation was included on
p 18, Imes 3-7 Our suggestion that 2 fraction of glucese could be used for trnglycende

Juan BAIRYRANRGS wa It
T MEX,Cg‘ ihesis was erased as requested by the referes

TEL 5.573-29-1%
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2. Estimation of flux controf coefficients from the inhibitor titrations was actuaily
macle from curves from which the inhibitor resistant activity was substracted
This was stated on lines 4-5 of the figure legend,

We have estimated the flux control coefficient of the ATP utilization segment, following
ihe referee’s suggestion. Accordingly, to describe these results, paragraphs were
added on p. 12 (3") and 18 (1% and the text was slightly modified in the Abstract (9.2,
lines 12-13) and on p. 12, lines 3-4. We would like to thank the referee for this
particuiar observation. We think that the paper has been strengthened by the
incorporation of this new information.

Minor Comments
1. The defects of presentation in tables and figure have been carrected.
2. We have tried to amend the grammatical errors throughout the text.
We agree to refer {o the buffer used as "Krebs-Ringer”.
Except for the changes specified in this letter, the rest of the manuscript has not

been altered. We hope that in its present form, the manuscript will be found acceptable
for publication in Archives of Biochemistry and Biophysics

Sincerely yours,
e
IS

Sara Redrigle:
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3.2 MULTISITE CONTROL OF THE CRABTREE EFFECT IN ASCITES

HEPATOMA CELLS*

*Este articulo se encuentra en prensa en la revista European Journal of

Biochermsiry
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Control multisitio del efecto Crabtree en células de hepatoma AS-30D.

El efecto Crabtree o inhibicién de la fosforilacién oxidativa por glucosa o
fructosa exégenas es un fendmeno frecuentemente enconifrado en los fumores
glucoliticos.  Sin embargo, a pesar de que ha side estudiado en varias lineas
tumorales no existe explicacién satisfactoria acerca de cudl es la naturaleza del
facior o factores responsables. En AS-30D, Ia giucasa o fructosa promovieron una
inhibicién parcial de lo respiracidn celular acoplada @ la sintesis de ATP
[respiracion resistente a oligomicina) que oscild alrededor del 50%. la cud fue
restaurada por la adicidon de un desacoplante cldsico. Esta cbservacidén indica
que el sistema fosforitante es el que se encuentra afectado. La adicién de
glucosa o fructosa provocé una disminucién en la concentracion intracelular de
fosfato (40%). y de ATP (53%) asi como un cambio en el pH citosdiico de 7.2 q 4.8.
Determinamos que en esta condicién, parte del fosfato fue incorporado a
glucosa é-fosfato, fructosa &-fosfato v fructosa 1.6-bifosfate debido a que su
confenido infracelular aumenié considerablemente {1513 y 50 veces,
respectivamente. A diferencia de ofras lineas tumorales de rdpido crecimiento
como Ehrfich, la concentracién intracelular de cdicio ne cambid en presencia de
glucesa o fructosa, sugiiendo que en AS-30D la variacion en este factor no esta
relacionado con el efecto Crabiree. Para gilucidar si la disminucion en el fostato
Yy PH citosdlicos eran los Unicos factores que promovian un abatimiento de la FO,
utilizamos  mitocondrias aisladas de AS-30D las cuales fueron expuestas a un
medio con baja concentracion de fosfato (0.6 mM) y pH 6.8. Solo en la condicidn
en la que se disminuyd simultdneamente el fosfate y el pH. la fosforilacion
oxidativa disminuys 40% su actividad. Lo anterior puede explicarse ya que ef pH y
el fosfato son potentes reguladores de varias enzimas de la via. Los resultados
anteriores  sugieren que el efecto Crabtree es el resuttado de cambios
metabdlicos a diferentes niveles, que dan como consecuencia una inhibicidn
parcial de la respiracién ufilizada para la sintesis de ATP,
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Multisite contrel of the Crabtree effect in ascites hepatoma cells

Sara Rodriguez-Enriquez, Ostar Judrez, José . Rodriguez-Zavala and Rafael Marena-Sdnchez

Departamente dec Bogaimica, instiute Nactonal de Cardiologra, Mexico

AS-30D hepatoma cells, z hughly oxadauve and fast-
grovang umer e, showed glucase-induced and fruc-
ose-induced inmbuon of oxidanve phosphorytation (the
Craburee affect) of 54% and 34%. respectively. To advance
the understanding of the underlying mechamsm of this
process, the effect of 5 mu glucose or 10 mu fructose on
the wtraceliutar concentration of several metzboltes was
determined. The addition of glucase or fructose loweted
intraceliular B, {40%), and ATP (53%) cencentranons, and
Qecreased cytosolic pH (from 72 w 6 8). Glocose and frac-
tose mereased the content of AMP (30%), glucese §-phos-
phate, fructose 6-phosphate and fructose 1.6-bisphosphate

(15. 13 and 50 nmes. respectively) The cytosolic
concentrattans of Ca’” and Mg®™ were not modified The
addinon of zalactose or plycero!l ded not modify the
concenwauons of the mesabolites. Mitochondna isolated
fram AS-30D cells, mcubated m media with low P,
(06 mm) at pH 6.8, exhubited 2 40% mhibition of oxwdatrve
phosphorylation The data suggest that the Crabuee effect 1s
the result of several small metabolic changes promoted by
addivon of sxapenous glucoss ar frctose

Keywords: Crabuzee effect; fast-prowth tumer cells;
muitistte control, oxidative phosphorylation.

Fast-grewing tumor cells are charactenzed by a hgh
glycolyne actvity, cven m the presence of saturatng
oxygen. [0 these cells it a5 also kmown that ceifuizr
ordative phasphorylauon 1s strongly intubied by exo-
genaus glucase (1] A dumimshed or absent Pasteur effect
wonld explan the former phecomenon Hawever, far the
glucoseinduced whibiton of oxidatve phosphorylation,
known as the Craburze effect 12), thent 15 no sausfzctory
explanazon. The Crabiree effect 15 not resincied 10 mahig-
nant cells as 1t 15 aiso observed in pormal prohifcrabive ceily
{31 1In fact, in several nontumoral tssues {pig platelcts.
bamster embryos. protiferaung thymocytes. retina, nfes-
unal mucosa) [4—7] and in bactena and ycast [8.9], it has
been reported that guidanve phosphorylation s mhibued by
exogenous hexoses,

Eigenbrodt er al proposed that tus process could be a
selectve advantage for tumor cells, as the consequence of 2
glucose-dependeat accurnulation of essential metabehic
intermedianes, such as senne. phospioabosyl-pyrophosphate,
fractose 1.6-bisphosphate, and glyeecol 3-phosphate, which
can tngge the mitogenc events {18]. Several mechanisms
have been seggested to explam the Crabues 2ffect 1 tumor
cells (2) 2 ghucosc-induced snerease in cytosohe free Ca?*
(€27 L) would wiubn oxidauve phosphorylation through
the mcreased assocranon of the whibitory subumt to the
ATP svathase 111-13], (b} cornpeution between onidanve

Correspondence io 5 Rodriguez Ennguez, Deparumento de
Broquumica, Invtituto Nacwonal de Carchologia, Juan Budiane No |,
Col Seccion 16, Tlalpan Méxica DF 14080, Méuco

Fax + 525 573 09 26, Tel + 525 573 29 10 exin 1298
E-mul saesf6@hotmal com

Abbrectarions BCECF, 2°,7 -bistcarboxyethvl) 5(6)
carboxylinereseem, CCCR carbonyl cywude m-chlorophenyl-
hydrazene [Ca® "], cytosshic free Cﬁ';{cf']... muochondrial
matnix free G277 (Me® Tl cytosoie free Mg s (Me™ " La
Auecbondnal manx free Mg S PIK:| chosphafruc toksnsc- |
rRecewved 235 Tanuary 2601 aceepicd & Murch 2001)

phosphorylanon and glycolysis for ADP and P, [14], {cr 2
decrease 1n the cytosolic pH, as a consequence of lactic acid
forrmaton, that dimmshes the activity of oxidative enzymes
{151; and {d) damage of the mutochondnal membranes by
& fice radicais, produced as & consequence of glucose
cataboltsm [16]

In tus work, we have evaluated some of these hypo-
theses, umng the oxdaave zscules weor AS-30D cell hioe
as the expenmentsl model We [Dw showg that several
factors are wvolved wn the anset of the Crabiree effzct

MATERIALS AND METHQDS

Cell preparation

AS-30D ascaes tumor cells were propagated by meculation
of 2 x 107 cells into the perntoneal cavaty of female Wistar
s of 200-250 g waight The cells were harvested, and
washed & descnbed previously [{7) They were stored 1n
e at a deaswy of 2-3 x 10%ells al.”’ untd yse

tsolation of mitochandria

AS-30D muochendna were 1solated by the digitonm
permcabiizanon procedure descnbed by Moseadhiy and
Fiskum [18), with somec munor medificatons The final
concentraton of degrtomin (Sigma Chemscais) used for
plasma membrane  solubdization was 40 = 10 ng mg
cellular protein™' The muochondnal peller was meubazed
wuth @ 5% (w/V) fatty acid free-albumen and 1 my ADP for
10-15 mun at 4 °C hefore the final centrifuganon

Determination of metabolites

Cell suspensions were meubated i Krebs -Runger medwm
under gentle sumng (10 rpm) at 37°C, in plsue
centnfuge tubes  After 1 muin, 5 mm glucose, 16 mM
frucione, 10 mss galictose or {0 mat glysera! was added

ALDEN
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hquots ware withdrawn 5 min later and quenched with
e-cold HCIO, (3%, viv, final conceniration) For the
sterpunation, of intracellular P, aliquats of the cell
1spension were centrifuged through 2 1-bromodedecane
wer ote M6 {w/v) HCIO4 solution at 16 000 g for 4 min
he HCI0, extracts were nentralized with 10 0 KOHALY M
‘ns and the precipitated KCIO, was removed by centri
agation. The neutralized samples were used for deter-
mnaton of ATP. ADP. AMP P, glucose 1-phosphate,
jlucose 6-phosphate, fractose &-phosphate, fructose 1,6-
nsphosphate and [actate by standard enzymatic assays
19.20)

Determination of 0, consumption

The rate of respiranon of imact cells (1-2 x 107 cells mL ™)
was determuned with 2 Clark-type oxygen electrode ar
37°C, in 19 mL of ar-saturated Krebs—Ranger medium
Respiraton of ssolated mutochondria (-3 mg protern mi.™!)
was etermined at 30 °C, in 1 9 mL of a medium comaimng

nh  16/3/1 [ ALDEN
& FEBS 2001
equations {21,22]:
2 Kz B~ R 5
201 — Mol il
== S o
Ky B~ Roun
(Mgt = e 2 (o)

R =R 5

where Ky .. and Kq .. are the dissociation comstants for
the cation—dye complex For the former case. the Ky used
was 179 oM at pH 7.2 and 37 °C {24). The Kg for the
Mg-dye complex determined expenmentally at 37 °C was
27 = 0.4 mu {m=3) 5 and § are the dye fluorescence
ntensities at 485 nm Cor 500 nm) m the absence o with an
excess of Ca* {or Mg®*), respectively.

A plot of pH values (measured with 2 pH glass electrode)
versns the flucrescence ratio signal was used 10 cahibrate
the BCECF flucrescence signal The fluorescence was
meastred 1 BCECF-ioaded cells (25 x 10 celismL™")

120 mm KCI, 20 my Mops, 1 o EGTA (KME medium),ghs meubated 1n Krebs-Ringer medium, at the desired pH, and

1 mm MgCl, 005% (wiv) albunun, at different pH
values (7.2 or 6 8), and phosphate concentrattons (15 ot

06 mid. 4o acetorymtthyt (AM) forms of

Detarmination of [Mg? ™)., [{2""), and cytosalic pH

3 pM Indo-1/AM, 3 pM Mag-Indo- 1AM or § pi 243~
brsepisboryalint-aes: Byl ;'BCECF{ by
mgubatmg 1 % 10° cells mE™" 0 3 mL of Krebs-Ringer
mediumn, which alse contaned 13 mM EGTA and 2%
athumin, pH 7.4 Dye-loaded cefls were washed orce by
centrifugation, resuspended 1n Krebs~Ronger medum wath
1 m¥ EGTA and hept on ice unti] use, This loading
protocol did not affect cedl waabyhity Alguors of Indo-J.
Mag-Indo-1 or BCECF-loaded cells were added to 2 5 mlL
Krebs-Ranger medwm e give a density of 25 % 10f
cellsmL™" The basal fiuorescence was recorded 1 a dual-
wavelength spectroflugrometer equipped for continuous
gassing with 100% O, and magnene stmng at 37 °C
After 1-2 min, 5 mu glucosc or another hexose was added
To determune Ca®* 10 Indo-l-loaded cells {211, the
excrtaton wavelesgth was 350 mm and emission was
s;m}}!tancomly recorded at 355 and 485 nm To determune
Mg"™" in Mag-Indo-1-loaded cefls [22], the cxcuation
wavelength was 336 pm and emussion was recorded at
400 and 500 nm To determine pH in BCECF-loaded cells
{23], the cxcutatron waveiengths were 4350 and SO0 om,
fluorescence was measured at 550 nm

{Ca¥"), and eytesshofroo-hiel’ I[Mga'];! were deter-
muined from the fluorescence ato signal (R, 3570395 am or
336/400 nm, respectively, of Indo-1- and Mag-Indo-1-
loaded cells) Maximum (R0 and  mmmimum (Renn)
signals were obtamed at the end of cach expenmen For
both cations, R, was gencrated by sdiition of 160 prol
digitomn 107 cells™ EGTA Tns (2 mu) or EDTA/ Ty
{2 ron), pH B 0 was included, to chelate all Ca** or Mp™™
wn present n the incubation mediom, Toten X-100
(0027, wis) was added to ensure complete 1on equdibra-
tion across the cellular membruanes Ko, was obtaned afier
sddition of CaCly (10 ma) or MgClz (30 mw) Caleulation
of [Ca™*), and IMp*'), was made vwng ihe following

weated with 10 ua casbemyi-ryanTdr—nrehivtoptreyd-
hydrasone fCCCPY, 160 pmol digtonin 107 celis  ang
002% (v/v) Triton X-100 to equibtbrate ail on gradients
The plot yielded a straight line between pH 6 § 2nd 8.0, in
agreement with a previcus report [25)

Determination of free Ca®™ and Mg?” in the
mitochondrial matsix

Hepatoma AS-30D> mitochondna were Joaded with Fluo-3
or Mag-Fura-2 by incubating 40 mg of mitpchandnal
protem with either 5 pu Fluo-3/AM or Mag-Fura-2/AM
at 23 °C for 20 mun The loading medium (2 mL) contdimed
250 mm sucrose, 10 mm Hepes, 1 mm EGTA (SHE
mcdlum)?h o MgCla, 1 mm ADP, 02% fatty acid-free
bovine seruni alburmn, pH 74 Mitochondria, washed once
by dilution and centrifuganion n wce-cold SHE medwm,
were kept on 1e¢ unol use The respiratory control values of
dy ?{Jadcd mtochondna were shghily lower than those of
noftbaded mitochondna, usiog 0.5 mm pyruvate (+0.3 mm
malate) a5 substrate

Free Mg®™ m the mutochondnal matrx ([Mp® )y} was
determined as previausly descnbed [25] To determune free
Ca?" 11 the muochondnal matnx ([Ca® " Iy). Ftuo-3-loaded
mutochondria (0.5 mg protem mL ™"y were mcubated ol
30 *C. wm KME medwm plus 10 mm succinate, and 5 p
ratenane, at different pH (72 or 68), and phosphae
concentrations (15 or 0.6 mm). To avord mterference by
matnx NADPH fluorescence, pyravate was not used as an
oxidzable substrate for determminations of 1Ca®"), The
excutation wavelength for Fluo-3-loaded mitochondria was
506 nm and emission was measured at 326 nm #F ., and
Fionn Were ohtnined at the end of each expenment Fopyy, was
generated by addmion of 800 pmol A23187 mg protesn”
and safficient EGTA/Trs, pH 8 O, w0 chelate all the cat
preseat i the sncubation medium, 0QL% (viv) Tnton
%100 was added 1o epsure complete Ca”* equilibration
agrons the membrane  Foo, was obtaned afier further
2ddition of 10 my CaCly Calcolation of (€' 1y was
made uang a £, of 16 iy at pif 70 and 22 °C for the
Ca® —dye complex [24]
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Fiz 1 Tnhibition of ohizomynn-sensitive Tespizanon by glucose.
{A) AS-30D cells (1 ¥ x 107 cells mL ™) were incubated at 37 °C,m
aw-saturated  Krebs—Ringer medium  Once 2 steady-state mic of
endogenous resprralion was exlablished. 5 mar glucose was added and
the hew steady-state respiration tate was measured Other addirons
were ohgomyem (1 nmol 107 cells™ ") or CCCP {10 pa) (B) AS-30D
mitachondna {2 5 myg protewt mi."Y) were mcubated @ 30°C mw
au-saturated KME medim with 05 mnm pyruvate plos O 3 mm malate
as spbstrates, and IS mM P, pH?72 (mace 1} or 06 mu P, pH 68
(race 1) StatethrfT respudation was stated by additen of 500 amol
ADP CCCP (3 M) was 2dded ot the end of cach expenmem The
numbers on the waces mdicale he raes of (ciprauen  ng atoms
oxygen (romn x 107 cails or mg protemn) ™" CEL. xxxxx, gluc glicose,

MN=M waxx CEL, cells ; M, mitochondnd.

RESULTS

Oxygen uptake in AS-3CD cells in presence of exogenous
glucose and other carbohydrates

The rate of resprration of freshly ssolated AS-30D celly was
90-95% oligomycin-sensitive, thus. most of the cellular O
uptake was assotated with mitochondrial ATP synthesis
‘The addition of 5 myt glucose (Fig 1A} or 10 mnt {fructose
{Table 1) :nduced 2 sigmficant wmhubition of cclvlar

Table I. Effect of o-plucase and ather carbohydrates on the
ohigomycin-sensitive respiratory rate in AS-10D ascites tumor
cells. The rate of respiration wis normahzed by sublracung the rale
of respiration restant to vhgamyem (0 5=1 nmol 10° cells™*) The
values represent mean = SO with the numbet of different preparations
assayed between parenthases AQ atoms oxygen

Respieanion rate

Conditson ing ADmn~t 107 cells ™) = Inhbinon
No added ~ubstrate 134 = 153 (19)

Glucne § mut 475 = 1G5 54

fructone 10 mne 69 = 12({5" ko)
Chlactose 18 my an + 26 (5 13

Glyceral 10 mum 839 161N b

T r 2 00T ver s no added sibatone

nh o 16/3/1 el

Table 2 {Ca?"], and [Mg™" k10 AS-30D culls. Indo 1-(Ca™") or
Mag-Indo 1-(Mgl™} loaded celly (1 x 107 mL."") were scubeted in
2 mL Riager Krebs medwm at 37 °C The Ruorescence rano signal
was measated and calibrated oy described 1n Matenals and piethods
The data shown represent the mean = $D with the number of dafTereat
preparationy assaycd between parentheses

1€a™ Mgk
Condition (nm) (mM)
No added substrate 825 +38(5 09=02(
Glucose 5 mm 94 x 7{5) 122944

espuation  The hexosc-induced wwhitation of oxidative
phosphorylation reached a steady stawe after §5-3 min,
which was stable for at least 15 min. The reversal of the
glucose-nduced respiratory wnhibition by the H™ ronophore
CCCP (Fig. [A), which stmulates the activity of the
sespiratory chain, suggested a specific effect on the phos-
phorylating systern, te the ATP syathase, the ATPZADP
exchanger, and/or the P, carrier. Adduion of galactose or
glycerol did not promote sntubiion of celtular respiration
{dma not shown), suggesung a low activity of the enzymes
invelved in the metabolism of these compounds.

In tum, the rte of factate formauon was
77 * 16 nmol min~ g wet weight™' or 1 x 0.3 amol
min~' mg protemn™' i cells incubated at 37 °C wath
5 mst glucose, whereas the actvity of the phospho-
fasetokinase-1 (PFK-1) was 180 £ 16 nmol fructose 1.6-
bisphosphate fun "' mg proten”™' (n =7) These raws of
glycolysis and PFK-T actvaty are withun the range of values
reported for AS-30D [26,27] and other tumor cells [14]

Effect of exagenous glucose on [Ca®” ] and Mg*).

1t has been reported that changes 11 [Ca®"],, promoted by
added glucose, induce a strong duminvuon of oxidatve
phosphorylation 1 Ehrlich and Ehrlich Leure cells
{}1-13} However, we observed that i AS-30D cells, the
addion of exogenous glucose did not modify the
intracellular concentration of Ca 2*, which remained at a
constant level for at jeast 3¢ min (Table 2} The (Mgz*]'c
was also not modified by glucose. These resuhs indicate
that these cations arc not 1ovolved in the mechamstn of the
Crabtree offect, as has been supgested for Ehrlich and
Ehrlich Lettré cells {11-13)

Changes in the content of adenine nucleotides. F, and
phosphorylation patential

The ATP conent dimenished sigmficantly afier the addwmon
of glucose, this dininution was stll observed after an
ncubaton of kS min The ADP coment remained constant,
but the AMP content increased slightly afier 5 min from the
addition of glucese or fruclose (Fable 37 After 15 min of
ncubation with glucose, a significant decrease 1 the ADP
content (04 = 0.2, n = 8) was obuerved The mtracellzlar
P, cancentration remuned constanr after 15 mmn of incu-
batron 1 the absence of added substrates (data not shown)
P, concentranon dimimshed more than 50% 1n the presence
of placose after 5 oun of incubanon (Tubie 3), but islosly
returmed Lo 5% of control walues after !5 oun In
comsequence, the addiion of yluease or fructose induced

ALDEN
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Table 3. Effect of o-glucose and other carbohydrates on adening nueleondes and Py contents AS-30D cells {1 x 10° eeils mL ") were

= incubated for § mun as described 1n Matenals and pfethods The indicated substraies were added to 1mibale the seaction The values represents the
mean * SD, with the number of different preparations assayed between parentheses The data shown inside square brackets represent the eshmalion
of the i usig the water volume of 23 pL, 107 cells™ ! obtaned m presence of glucose ([7]

TATPIADP:
((mol 107 cells ™"} B,

{Ademne nucleobde] (nmol 107 celis™)

= Condrwon ATP ADP AMP Total

No added substraie 17202 1403 13 =06 44 206 321 382061
[15 o)

Glugose 5 mm 0o xQI"(n 10x04(7 17201%{6 3gx06 09 15=03'(®)
[0 & mm]*

Fructose 10 mM Gg=02" (6 09 = G4 (6} 1§ = 4G3(5 17 =i 10 14203

Galactose 10 mM 1902 14 015 15026 48202 135 322034

Glycerol 1 mM 1§ =-01(& 1S>»02(% 1320145 46 %01 12 28 202" (4)

* P < 0005 versus no added substrate ® P« 0 01 versus no added sobstrate

Table 4, Content of monophosphate and hisphosphate hexoses in AS-30D ascites tumor cells The valucs represents the mean 5D, wrth the
number of different preparanons agsayed between parentheses

Eemtent{nmot 107 ¢

nter — 3

Glucose L-phosphute

[ s
- Condition Glucose §-phosphate Fructose 6-phosphate Fruetese L5 bisphosphate (pmol 107 cells™"y

No added substrate 0.04 = 001 (6) 003 +002(% 03 x005() §x144)
Glucose 5 mu 05+02"(N 04 02" (8) 1521678 71
Fructose 10 ms 07+ 034 (%) 0420148 13 3% 9= 1(4)
Galactose 10 mm D04 > DOUS (4) 002 = 001 (5 09 %044 § 228
Glycerol 10 my D5 x02(H 003 > DO () D501y T3

* P < Q005 versus no subsirale added

a dimmution in the ATP/ADP ratto and an merease m the
phosphorylation potential (ATP [ADP x P,j”'} from 032
to 0.6-0 7 (Table 3) The content of adenine nuclectides
was unchanged by addion of galactose or glycerol,
however, the P, content was shighitly dimonshed by glyeeral,

Effect of glucose and fructose on levels of
monophosphate and bisphosphate hexeses

The addution of glucose or fruciess led 1 an increase i the
cytosolic levels of glucose 6-phosphate, fructase 6-phos-
phate and fructose 1.6-bisphosphate, and no change n
glucose 1-phosphate coptent (Table 4) Thes indicates that a
sigmficant fraction of P, was used in the synthesis of the

Table 5. Cytosohe pH n AS-30D hepatoma cells m presence of
glucose and other carbohydrates The values n:prcf-cnlf the
mecan = 8D, with the number of diffurent preparations anayct
Detween paredtheses

Cyigich: pH
Comdilior (S-min o)
o wdded substrate 7210057
Glucose $ mm 682 02°(7
Fructose 1€ mm Th 20
Galaclose 10 fam T1L201(N0
Glycero) 10 mm T0 L 026

P2 Q005 venas o whstrate added

monophosphate and bisphosphate hexoses, albeit P, meor-
poraten o other phosphorylated compounds, such as
fructose 2,6-bisphosphate  or  phosphoribosyl-pyrophos-
phate, could also have taken place The merease in the
concentrations of glucose §-phosphate. fructase §-phos-
phate and fructose 1,6-bisphosphate imduced by glucose
reached a steady state. that 15, no chanpe wes observed
between S rmn (Table 4) and 15 min of incubation (data
not shown) Indeed, plucose additton also mncreasts the
level of these metabolites i Sarcoma 180 and other tumor
cell limes [10,14]

Changes m cytosolic pH in the presence of glucose and
other carbohydrates

Dunng glucese catabolism, cytosolic pH decreases as a
consequence of a lugh Tactate and H* production (15] In
the absence of added substraic, cytosolic pH  was
72 2005 (n =7} and remaned constant for 5-10 mn
or longer (Table 5) The addimon of glucose or fructose
induced sn immediate deercase of G4 in the cytosolic pH
Thus was slowly restored to the eytosolic pH of the controt
after approxtmately 15 mum {data not shown)

Effect of the dimmution of P, concentration and
pH on exidatve phasphorylation of solated A5-300
mitechondria

In a simtitation of the facrors wvaived 1 the glucose-
induced mhubinon of oxidauve phosphorylation, molated
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Table 6. Effcet af lowenng the sx(ramutochondrial Py and pif on the rate of ATP synthesis m isofated AS-300F aucochondna Tumor
mitochondna {1 mg mL "'y were 15olaed and incubated as deseribed 1 Materials and methods with 05 mu pyninats 03 mw malate, and the
f wdicated P, concentrations and pif values, at 30 °C The rate of state ‘{a{r sesprraten was measured before the addion of ADP After -2 min, state

?t corencal ATP synthems values were calculaed from state L

1?!& fe5pITalion was started by addwen of 500 nmot ADP The valucs répresent mean = SEM of the four diffcrent preparanons assayed The
@ x ADPAO AQ, atoms oxygen

ng AQ mm™‘ mg prowein”"

- Condiion State fautlf Y, Siale M 3 ADPIO ATP synthesis % Tnmbston
P l5mm+pHT2 17=3 68 x4 24202 6375 -
BOsmM +pH72 W =3 47+ 4" 2202 106 £6* 30-35
P 15mm+pHES 1T£ES 57Tx5 242006 1375 15
P,CHmm + pHES 17212 413" 2403 95t 40
* P < 005 versus condilion {1).
mitochondna from AS-30D cells were incubated at pH

. DISCUSSION

values and F, concentrations simelar to those of intact cefls
(Tables 3 and 5) At pH 7 2, the steady-stalc rate of state
Ipren respiration, wath 05 ms pyruvate (4 malate) and
0.6 my P, was 30-35% lower than that obtained with
¥ 3 mM P, (Table 6), When AS-30D mitochondna were
cxposcd to 1 5 mm P, at pH 6 8, there was a small decrease
3/ i state € respiration (10-15%) The simultaneous
dimunution in pH and P, concentration provoked an addive
5/ dumnution of state thet® respimtion (and ATF synthess)
of 40% (P < 005, Fig 1B} The constant ADP/Q rauo
'4.[ {22-2.4) and slate fpef (basal) respiranon, together with
the full respiratory activation by CCCP ndicated that
oxudative phosphorylation was inhibated, but not uncoupled,
by the condmons described above
3/ The same dumnution 1 state 'c TeSpLanon was
oblamed with 1 my glutanune {+ malate) or 05 ms
e-ketoglutarate (+ malate) as substrates {data not shown),
idicating that independent of the oxidizable substrarte, the
decrease 10 extramatochondnal P, concentrauon and pH
hibits oxidauve phosphoryfatien, Lewenng the extemal
ADP concenuation from | w 02 mM, which was the
cstimated ¢\ tosolic concentration of ADP n cells incubated
with glucose for 15 min, did not affect the rase of state tbnﬁ:
respiranon This indicated that such low ADP concentra-
tions are saturaung for oudative phosphorylation In these
cxpenments low concentrauons of malate (0.3 mM) were
used n order to reduce the contnbution of the mute-
chondrial NADP*-male enzyme. A smlar decrcase of
state e resprration by lowenng P, and pH was achieved
at 37°C However, at this temperature, AS-30D muto-
chondpa showed unsable respsalory sates, Jow ADP/IO
ratios, and high rates of state fouf” respiration (data not
shown)

In an attemnpt o fully reconstitute the 54% intubition of
oxidative phospharylation induced by glucese i utact
cells, several compounds were added to 1solated mito
chondna, However. 1 mam  glucose 6-phosphate, [ mu
fructose G-phosphate, 1 mM  fructose 1,6-bisphosphate,
i mnt phosphoenofpyruvate, of § mM acetoan did not affect
axwaure phosphordaion [Ca® |, and [Mg®* ], were not
modified by vananons n the P, or pH, suggesung that
the concentrations of these callons were constant, and that
they were not mwolved s the dumnution of omdatine
phosphorylaton by exogenous glucose or fnictose,

¥

Y

Y
4

The rate of glycolysis 1 AS-30D cells 15 about 50 trnes
higher than that found i normal hepatocytes [28), and
sumnlar to that of other tumor cells [14,30] Interesiingly, the
tumor cel! lines With Ingh glycolytie rates also extubit the
Crabtree effect 12-4,10] Moreover, thymocytes in the
resting state do not have the Crabtree effect, whereas
thymocytes in the prohiferative state show a sigmficantly
higher rate of giycolysis and a strong glucose-mduged
inkibinon of celiular resparation [35)

The mbition of the oligomycin-sensitive respiration by
2dded glucose or fractoss 1n AS-30D fumor cells was ao the
same range (40-60%) of the values reported for Ehrlich
Lewréd [10], and other porumorgeme cells. such as
cultared  hamster cight-cell embryos (4], proliferaung
thymocytes [5], neural tssue of rat embryos (1], renal
proximal tubule cells {29], and different stramns of
Eschenciia codi (8], It has been sugpested chat the Crabryee
cffect 15 apparent only 1n tumors with comparable glyco-
Iytic and respiratary capacities for ATP syathesis (Sarcoma
180, Ehrhich or hyperdiplosd Ehrlich Letted) [14,30] A
decreased mitochondrial function i tumor cells may be duc
to a deficiency of theur respiratery chain or oxidative phos-
pharylation enzymes {1,311 Howcver, the present study
shows that, tn the ascites tumer cell line AS-30D, 1 which
oxidative phosphorylation 15 the main source of ATP supply
137], thes effiect 15 also obsened, Sm&aﬂ@ySomc human
tumor celi lines such as XB3-1 cervical carcinoma, FEMX
melanomaz, and A2780 ovarian carcinoma also show an
oxwdative type of metabolism and fast growth rates [32]

In contrast 1o Sarcoma J80 [14), 10 AS-30D cells (this
work), and Ehrlich asaites cells [33], oxidative phos-
phorylaton was also inhibied by fructose Very probably,
the fructose concentrayon (4 mm) that was added 1o
Sarcomaz 188 {14} was Jaw; mdecd, @ our cxperiments
4 mm fructose did not affect cellular respiration (data not
shown]. This may imply tat cuthor celis ive low activaises
of fructokinase-1 and fructose 1-phosphate aldelase, and o
henokinase wath fow affimity for fructose In fact, depending,
on ther differennation state, some types of Moms hepa-
tontas show  moensyme  allerations of some of their
glycolytie eneymes For example, plucohinase and aldolase
ype B are feplaced by hexokipase and aldalase type A,
respectively, and 3t has bren documented that this emergimg

ain OK
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-
- hexokinase has a lower affinuty for fructose uxar;‘r*zlucose
{33.34}

In agreement with data reported for Sarcoma 180 [14],
other carbohydrates such as galactose and glycerol did not
affect oxidative phosphorylation :mn AS-30D cells. More-
over, it has becn described that she activity of glycero!
1-kinase 15 negligible tn some tumor lmes [35]. However,
the acuvity of this enzyme has not yet been evaluated 1n
AS-30D cells

In Ehrlich asertes cells [11,12], 1t has been observed ihat
[Ca™ "1, levels increase™rom 2 basal level of 170 nm 10
300 ny in tesponse to added plucose The authers proposed
that mutochondnal ATP syothesis and hydrolysis and the
activity of the ATP/ADP camer were inhibited due to the
Ca®*-induced associaon of the inhibitory subumit to
the ATP synthasc and 10 the formanon of Ca?* ~ATP or
Ca™* -ADP complexes, respectively. However, the maghi-
tude of similar [Ca2*1, fluctuations induced by glucose i
commenly found 1m nommal and tomor cells [36,37]
Furthermore, the activities of the Ca®*-senstuve mutochon-
drial dehydrogenases were stimulated by the same range of
Ca®* concentrations in isolated AS-30D mitochondria [38]

AS-30D cells express the multidrug resistance phenotype
through the producton of P-glycoprotemn 170, an ATP-
driver, plasma membrane pamp that can extrude a large
varicty of lipophihc compounds [39] It is conceivable that
the fluorescent dyes used i this study may be expelled by
P-glycoprotein 170 and, 10 consequence, interfere with the
meassrements of Ca®”, Mg™™, and pH Howsver. the
amount of dye ntracellularly trapped after 5 or 40 mun
ingubaton at 37 °C was essentially dentical (not shown),
indicatmg that at lcast dunng the course of a typical
expenment, extrusion of dyes was neghgible

It should be noted that the ATP/ADP ratio and the
phosphorylaton potentral represents the metabolic hnk
between glycolysis and oxidanve phosphorylauen There-
fore, the changes observed :n these parameters induced by
glucese suggest that these factors may be related to the
Cradtree cffect. Aldough the giucose cffect on the ceil
content of adenine nucleotdes depends on the cell ine used
[13.4G], 1n AS-3007 <elis the presence of glucose promaoted
& dumaution 1 the ATP content and the ATP/ADP rauo
This was presumably due to the activation of a fraction of
hexokinase, which 15 beund 10 the external mstochondral
membrane [27), In wm, the dinunuton @ the ATH/ADP
Tauo, together with a high concentration of fructose 1,6-
bisphosphate should bring about PFK-1 activation, further-
more, fractose 1 S-busphesphate prevents the inhsbition of
thes enzyme by ATP, znd also activates pyruvate kmase
These changes should lead 1o a very acuve glycolysis [10]
Although PFK-1 may be whibited by acidic pH o some
sohd tumors {41], PFK-1 from other tumor ells 15 Jess
seasiive to pH [42) This seggests that the Jow pH could
affect erzymes involved 1 exidative phospherylation more
drasncally than those in glycolysis

The gvents nvolved n the Crabiree effcet may be
inggered by 2 glucose-duced actvauon of hexchinase
PFK-1 and pyruvate kinase should be subscquenty
activated by the elevation 1 frucsose ),6-bisphosphate,
followed by sumulanon of the glycoivuc flux, which leads
10 a dimnution wn the P, content and accumulation of
monophosphale and busphosphate hevoses 1t 15 noted that
the increase in phosphorylated hexoses induced by the

nh 16/301 w1
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additfion of glucose was not matched by the decrease in
the contents of ATP and P, The source of phogphate for the
over-production of hexose phosphate s unknown; incu-
bation of AS-30D cells with high external concentrations of
P, (20 mm} did not prevent the drop in the contents of
miraceilular ATP and P, (data not shown) A sumlar
overproduction of phosphorylated hexoses was reported for
some yeast miltants when they were exposed to hgh
glucose [43], apparently, the supply of P, for the hyper-
accumulation of phosphorylated hexoses came from the
polyphasphate paol [44]

The lowerng 1n the P, concentration and the more acidic
cytosolic pH induced by glucose may affect oxidatve
phosphorylation at several levels. These changes in P, and
pH could inhubnt enzymes that use P, as a cofactor or
substrate, such as o-ketoglutarate dehydrogenase, ATP
syntkase and Pi-dependent glutaminase [25,45], or that are
highly pH-dependent such as eytochrome be; [46,47].

In sumenary, the results of this stody segaest that there 1s
more than a single factor that responds to the addion of
glucose or fructose n AS-30D cells. Thus, 1t would seem
that the Crabree effect is the result of several smali changes
induced by glucose or fructose that affect several of the
enzymes related to oxidative phosphorylation.

One question that anses from the present resuls 1s
whether the Crabtree effect has any physiological relevance
for tumor cefls Glycolysis 15 a metabelic pathway with
turbo design [48), wn which ATP 15 imtrally expended to
obtan, from the downsyeam reacuons, a profit This
surplus of ATP, m rumn, dnves further the oxudation of
glucose In such metabolic design, the existence of the
starung enzyme with nsensttivity 1o product nhibinon
(hexokinase 15 not infubied by glucose 6-phosphate or
fructose §-phosphate) brings about the possibibty of ATP
and P, depletion when the cells are exposed to high
concentrauons of glucose Under such condmsons, cells may
accumulate wwisble amounts of phesphorylzted hexoses
(48.45] In AS-30D cells [27] and 2lso 1n other tumor cells
{53], hexolunase cxiubits lower sensitivity te product
mhiitian I yeast mutants, this 15 accompamed by the
generation of mgher steady levels of glucose G-phosphate,
fructose G-phosphate, and fructose 1.6-bisphosphate when
the celly are exposed to high givcose (43.46,42,51,52,] {soe
alse Tabie 4) However, tumor cells exposed to high
glucose do not underge ATP or P, deglevon and they
reach stable steady-state rates of glycolysis

How do tumor cells deal with the danger of the wrbo
design of glycolysts when hexokinase 15 weakly modulated
by sts product® The answer to this question seems to be the
inhibition of oxidauve phesphorylation by extracellular
glucose Thus, the avadability of ATP to hexokenase, the
only mechamsm of tegulation left m tumor cells for
hexolanase, s himted by the Crabtree cffect Similarly, the
farlure of Succharomyces cerevisine mutant cells to grow
on gluicose or fructose was rebeved by inhibibon of
oxidative phosphorylation with antmycin [53) Another
complementary way o dea) with the glyeolysis twrho
design is 1o use prefercanally nomsaturating concentranons
of glucose, as observed for asetes AS-30D tumor celis [17)
Therefore, o better understanding of the biochemical
mechanzsm of the Craburee effect 1n wmor cells may
open new ways of approaching the diminution of ther
aceclerated rate of duplication
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The authors have studied the Crabtree effect in AS-30D hepatoma cells where they state that
oxidative phasphorylation is the main source of ATP supply; they show that this effect is present in
these cells and they comrelate it with an infraceflular decrease of Pi, ATP, and pH, an mtracellular
increase of G6P, FEP, F1,6BP, and a partial inhibition of the mitochondrial oxidative phosphorylation
{40%), in an effort to propose an explanation to this apparent controversial effect in these cells.

AS-30D cells derive from a cell ling described in 1970 as a highly giycolytic cancer cell line.
Severa authors invariably described important abnormalites at the level of their energetic and central
metabalism. The present study brings some more details fo further characterize this parbcular cell line.
Howewver, even though the discussion section is rather wel documented, in the absence of a certain
number of necessary controls, this study sounds rather poor and with liftle interest in the field of
cancer research except for researchers who work more particularly with AS-30D cells. Moreover, a
number of caveats nead 1o be addressed.

GENERAL COMMENTS,

1- Because of ifs "old age®, AS-30D cefls may have derived from their original form in many points.
More particulary, it would be necessary to evaluate the actual glycolytic level of these fast growth
caffs. In the same manner, what is the activity of phosphofructokinase and of cther key enzymes of
glycolysis in these celis?

2- The features the athors destribe and especially the tentative explanation of the Crabiree effect
may only be relevart te AS-300 cells. How would these features be ptaced in a scale of eancer cells
spanning a normmal rate to a high rate glycolysis (i.e. the Monis hepatoma cell fines) as compared to
normal hepatocytes?

3- AS-30D cells derive from hepatecytes, which naturally produce the P-Glycoprotein (Pgpi70), an
ATP-driven membrane pump known to extrude a large variety of lipophilic compounds {and to be
therefore the main cause of the multidrug resistance (MDR} phenatype of cancers). This cell line has
recently been described ta express the MDR phenotype through the production of Pgpl70. The
authors sit of most of their results on the use of lipophilic dyes such as BCEFCF, Indo-1, Mag-Indo-1,
Fluo-3, Mag-Fura-2, which are substrates of the Pgp170 and susceptible to be incompletely loaded
into their respective targets and create bias in the measurement. It would be of a prime necessity to
address this question.

4- Explain ALL abbreviations (i.e. Mg™Jm, page 3, line 16, and following)
SPECIFIC COMMENTS,
4~ Oxygen uptake of intact cells is presented in figure 1. It would be interesting o appose a curve of

O, uptake of mitochondda isolated from AS-30D celis, and incubated in the presence of substrates
such as malate+pyruvate and succinate.

2- Figure 1 does not clearly show that oligomycin induces an 85-90% inhibiticn, as stated in page 6,
first fine of the Resuits section.

3- Legend of table 1, line 2. correct "substracting”
4- Page 7, line4 and following: the correct orthography is "Ehrtich Lettré™.

5- Provide a jegend for table 2

@ Page 7, line 18 and Table 3 1 am not able to figure out how the authors calculated the

phospharylation potental. Usually. this potential represents the energetic state of a cell and 1s defined

as the ratio AT?] i . According to that formula | found values ranging from 033 to 042 wth a
[aDPTe (2]

shight increase from 0 33 to 0.36-0.39 m the presence of glugase or fructose, and not from 0.35 to 0 6-

0.7 as mentoned by the authors Under the authors’ conditions, the phosphorylation potental

1/2



increases even mere when cells are incubated with compounds such as galactose and glycerel. How
can they explain such a behavior?

The expected value under normal conditions for a nonmal cell reaches 0.85. in every case
studied by the authors, the phosphorylation potential is far below 0.85 meaning that the ATP-
generating sequences are highly accelerated, probably as a response to adenylate-depending
regulatory enzymes. This is obviously ancther reason for which it is necessary to evaluate the kinetic
constants and the metabolic state of key enzymes, the regulation of which depends on the
concentration of ATP, ADP, and AMP.

7- Provide dimensions for the values in the column entitled "% adencsine nucleatides™.

8- As mentioned above, a curve representing the respiration of AS-30D mitochondria would illustrate
the results presented in page 8, tine 11, and visually show their coupling state,



lebsnd 7).

Report on manuscript No. (0-1136 by Rodriguez-Enriguez et al. entitled
"Multisite control of the Crabtree effect ..."

Despite seven decades that passed since the inhibitory effect of glucose on the
respiration of malignant tissues was first observed, the mechanism of the Crabtree effect is
not fully understood. The paper by Rodriguez-Enriquez et al. is a further attempt to elucidate
the problem. In brief, the positive findings of these authors are: (1) decrease of cytosolic pH,
(2) decrease of intracellular content of ATP and ADP and of the total pool of adenine
nucleotides, (3) decrease of cytosolic inarganic phosphate concentration, and (4) increase of
hexose phosphates in AS-30D hepatoma cells supplemented with glucose or fructose. Events
(1) and (3) have been found to decrease coupled respiration of isolated mitochondria from
the cell line under study, whereas events (2) and (4) were without effect.

Although these results provide some new information, in my opinion they do not
allow for far-reaching speculations that are confined in the second part of the Discussion.

I suggest to supplement the experimental part with the following information:

I, Is the inhibition of cell respiration by glucose reversed by uncouplers?

2. Is the inhibition of mitochondsial respiration by low pH and low [P abolished by
uncouplers as well?

3. The authors say (p. 6) that "the hexose-induced inhibition of oxidative
phosphorylation reached a steady-state afer approximately 5 min®. This is not
depicted by the corresponding inhibition of the rate of respiration (Fig. 1) which is
practically instantaneous. I propose to show a real experimental trace instead of an
*idealized’ one.

4, Table 1. Inhibition by 10 mM fructose is not 50%.

In contrast to Wojtczak et al. (Refs. 11 and 12), the authors of the present paper
observed no change of cytosolic calcium concentration after addition of glucose or fructose
to the medium. This may be due to a difference in the cell line used. However, Wojtczak et
al. have recently found an increase of [Ca?*], in Zajdela hepatoma as well {Eur. J. Biochem.
263, 495-501 (1999)]. By the way, the inhibition of coupled respiration by increased [Ca"],
and [Ca**], is interpreted by these authors as being the result of an increased association of
the natural protein inhibitor with the FF, complex and not as complexing by Ca?* of ADP
and ATP, as stated in the present manuscript (pp. 3 and 10).

Similarly, the finding of Cittadini et al. (Ref. 13) on Mg?* efflux is misinterpreted
(pp- 3and 10) in the present mapuscript. The Italian authors observed potentiation by glucose

of Mg™* efflux only in respiration-inhibited cells. In fully active cells, glucose had a slight
inhibitory effect, if any.

The authors of the present manuscript should also note that glucose may have differeat
effects on intracellular ATP and ADP, depending on the cell line. For example, Hess &
Chance [J.B.C. 236, 239-246 (1961)] fourd a short, transieat, change of ADP and ATP
concentrations and Wojtczak et al. (1999, reference cited above) observed no change at alf
after supplementation with glucose of Ehrlich ascites tumour cell.

Full name of CCCP {p. 2) is incomplete.



12 January 2001

Br. Richard Perham

Chairman of the Editorial Board
Eurepean Journai of Biochemistry
98 Regent Street

Cambridge CBZ 1DP

United Kingdom

Fax: +44 1223 369090
Dear Dr. Perham:

Thank you for your letter of November 14, 2000 concerning our manuscript
{No. 00-11236) entitled "Multisite control of the Crabtree effect in ascites hepatoma
cells”. We were informed that a new version of the manuscript, which takes into
account the objections raised by the raferees, would be considered for evaluation. We
have amended the manuscript following the referees’ obsarvations. The changes
made are described below. '

Referee No. 1

The reviewer made the general comment that “in the absence of a certain
number of necessary controls” our study was of “little interest in the field of cancer
research except for researchers who work with AS-30D celis”. We think, on the
contrary, that the present work may be of great interest in the canger research field
since AS-30D cells represent a model of tumor cells with an oxidative type of
metabolism, a high rate of growth, and with expression of the P-glycoprotein, as the
same referee pointed out. Moreover, there is a number of human tumor lines that
show similar characteristics to AS-30D. We have emphasized this matter on p. 2, line
1; p. 3, 1% paragraph; p. 9, 3" and 4" paragraph; p.10, 4™ paragraph. We hope that
the referee agrees with our point of view on this matter.

General comments
1. Data on the rates of glycolysis and PFK-1 activity are now included on p. 7, 1%
paragraph.
2. We are thankful to the referee for calling our attention to the correlation between
the rate of glycolysis and the presence of the Crabtree effect. This 1s now
stated an p. 9, 3™ paragraph.



3. We have addressed the question of the potential effect of the P-glycoprotein on
the measurements of Ca®*, Mg?*, and pH using fluorescent dyes on p. 10, 4"
paragraph.
It should be noted, however, that most of our results are rather based on the
determination of the rates of Oz uptake (Fig. 1, Table 1) and the concentration
of several relevant metabolites (Tables 3 and 4).
4. All abbreviations have been fully described.

Specific comments
1.2, and 8.- A new figure 1 is now shown with measurements in cells and
mitochondria, as suggested by the referee.

3.- OK
4.- OK
5.- OK

6.- The referee found Jower values for the phospherylation potential because he (she)
used, in the calculations, the AMP instead the ADP content shown in Table 3.
7.- OK

Referee No. 2

1, 2.- Figure 1 now shows the CCCP effect on cellular and mitechondrial respiration.
Accordingly, the text on p. 6, lines 3-8 from bottom, and p. 8, lines 7-8 from
bottom has been maodified to incarporate these new experiments.

3.-  Figure 1A shows a ‘real’ experimental trace with cells.

4.-  The degree of inkibition by fructose has been corrected in Table 1.

The paper by Wojtczak et al {1999) has also been cited on p-3and 7. The
interpretation by these authors that the inhibitor protein association to the ATPase is
increased by Ca®* has been included on p. 3, and p.10.

The comments based on the paper by Cittadini et al {1994} regarding Mg?*
efflux bave been deleted from the prasent version.

A comment on the different effect of glucose on the ATP and ADP contents
was added on p. 11, 17 paragraph.

Except for the changes specified in this letter, the rest of the manuscript has
not been aftered. We hope that in its present form the manuscript may be found
acceptable for publication in the European Journal of Biochemistry.

Yours sincefely,

Sara RodrigG riguez
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3.3 CONIROL OF THE RATE OF CELLULAR DUPLICATION BY MODULATION OF

OXIDATIVE PHOSPHORYLATION IN OXIDATIVE TUMOR CELL LINES *

*Este articulo se encuentra en preparacidn y se pretende enviarlo a Cancer

Research o Cancer Leltars. Se incluirdn resultados con lineas fumorales humanas.
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Dismninucidn de la duplicacién turnoral en fumores oxidafives por inhibicién

de la fosforilacién oxidativa.

Los estudios anteriores indicaren que el metabolismo mitocendrial es el que
prevalece en el hepatoma AS-30D. Por tanto, una estrategia para disminuir la
proliferacion tumoral podria ser la supresion del metabolismo oxidativo ya sed
manipulando la fuente de carbono externa o bien utilizando inhibidores selectivos
o farmacos cuye blanco es el metabolismo mitocondrial. Para demostrar o
hipdtesis utilizamos como herramienta los cultivos primarios de AS-30

AS-30D mantiens un crecimiento diferencial asociodo o la fuente de
carbono externa. E crecimiento Sptimo se alcanzd en presencia de sushatos
glucaliticos (glucosa 25 mM) vy mitocondriales {glutamina 4 mM). $Sin embarge, el
destino de ambos sustrates fue diferente: la glutaming se ufilizd parg provesr el
ATP requeride para los procesos dependientes de ATP durante o proliferacion
fumoral mientras que la glucosa fue necesaria para proveer otros metabolites
esencicles en la proliferacion [NADH, NAD, PRPP}. En presencia de sélo giutaming
o giufamate, las células alcanzaron una densidad menor (20%). aunque o
concenfracién de ATP fue el doble que en lg condicién glucosa+glutaming, lo
cudl indica gue el susfrato mitante podria ser ofros metabolitos utilizados para la
progresion del cicte celular (PRPP, NADH, bases plricas y pirimidicas). Con sélo
glucosa las células fueron incapaces de proliferar por la baja disponibilidad de
ATP registrada en esta condicion.

En presencia de inhibidores de la fosforilacion oxidativa [oligomicing, rodaming
123, 6G. clofazimina). la proliferacion tumoral cesé drdsticamente mientras que en
presencia de farmacos que afectan s6lo ol metabolismo glucolitico Igosipal,
icdoacetato}, la proliferacion disminuyd ligeramente, Lo antenor indica g alta
dependencia de este tipo tumoral al ATP mitocondral. De los farmacos
ensayados propenemos gue los compuestos de {a familia de las rodaminas son los
mas polentes para ser ulilizadaos en tumores oxidafivos debide a su alto indice de

loxicidad o concentraciones menores,
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DISMINUCION DE LA DUPLICACION TUMORAL EN TUMORES
OXIDATIVOS POR INHIBICION DE LA FOSFORILACION OXIDATIVA.

INTRODUCCION

Las células tumorales de rapido crecimiento (CTRC) desarrolladas
experimentalmente en roedores (Ehrlich, Ehrlich-Letiré, carcinoma de Walker-256) v las
lineas tumorales humanas como HeLa, SiHa o Hep-2, son metabélicamente diferentes al
compararlas con su tejido de origen [1-3]. Entre sus caracteristicas bioquimicas mds
relevantes se encuentran: (1) la elevada actividad glicolitica em presencia de
concentraciones saturantes de oxigeno (efecto Pasteur disminuido) [4); (2) }a deficiencia en
el metabolismo oxidativo (baja oxidacién de piruvato [5] y la presencia de un ciclo de
Krebs incomplete, incapaz de suministrar suficientes equivalentes reductores para impulsar
la sintesis de ATP [6]); y (3) la inhibicién parcial de la fosforilacion oxidativa (FO) por
glucosa y otras hexosas exdgenas (efecto Crabtree) [7]. Por tanto, se propuse que el ATP
utilizado para la biosintesis de proteinas, 4cidos nucleicos, activacion de ATPasas {ATPasa
de Na'/K") y fendmenos de transporte (Ca®*) provenia exclusivamente del metabolismo
glicolitico [8-11]. Ademés, en la mayor parte de los tumares soélidos ds bajo crecimiento la
glucdlisis es Ia dnica via productora de energia, ya que Ja FO se encuentra limitada por la
baja disponibilidad de oxigeno en el microambiente del tumor [12].

Nosotros hemos demostrado que ¢l hepatoma de répido crecimiento AS-30D,
ademés de mantener una gluclisis muy elevada, mantiene otras vias catabélicas muy
activas como la glucogendlisis, Ja degradacion de sustratos mitocondriales como glutamato
y cuerpos cetonicos (B-hidroxibutirato y acetoacetato) y la fosforilacién oxidativa [13].

La alta velocidad respiratoria registrada en AS-30D (100 ngAO/min/107cels), es 90-
95% sensible a oligomicina (un inhibidor especifico de la ATP sintetasa), [o que indica que
la mayor parte del consumo de oxigeno celular est4 asociado a la sintesis de ATP. En lineas
tumorales humanas (cincer de colon HT29, carcinoma de pulmoén de Lewis [14,15]), v en
la cadena hiperdiploide Ebrlich Letreé [£6] también se han registrado actividades
respiratorias elevadas; sin embargo, no se reporta en ninguna de cllas la sensibilidad a

oligomicina o a ottos inhibidores mitocondriales. Un consume de oxigeno resistentc a
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oligomicina, pero sensible a inhibidores respiratorios como rotenona, antimicina o cianuro,
serfa indicativo de desacoplamienio de la fosforilacion oxidativa.

Durante el estado proliferativo de las células de Ehrlich, Ehrlich-Lettré v de algunos
carcinomas (Walker-256 v MCF-7) existe una activacién tanto de la glicolisis como de la
FO, lo cual sugicre que durante esta fase ambas vias son importantes para el desarrollo del
tumor [17-20]. En consecuencia, una estrategia bioquimica para disminuir la proliferacién
tumoral ha sido la manipulacion simulténea de las dos vias productoras de ATP [19-211.
Por ejempio, en el carcinoma de Walker-236 se utilizd 3-mercaptopicolinato (inhibidor de
la fosfoenclpiruvato carboxicinasa) para bloguear la gluconeogénesis en el hospedero; de
esta manera se disminuyd la concentracidén de glucosa circulante y en consecuencia la
glucdlisis tumoral, para bloquear especificamente a la FOQ, se utilizaron colorantes
catiénicos como la rodamina 6G, que inhibe la sintesis de ATP mediante el colapso del
gradiente electroquimico de H'. Cuando se inhibié simultineamente a la FO v a la
glucolisis, el crecimiento celular se redujo en un 50% [19]. El tratamiento por separado
con rodamina 6G o 3-mercaptopicolinato no alterd la velocidad de crecimiento, indicando
que cualquiera de las dos vias puede sostener {a proliferacién celular.

Otro compuesto que se ha utilizado para inhibir la glucolisis en la linea MCF-7
(carcinoma de peche humano) es el gosipol, un aldehide bisnaftalenc polifendlico, que
inhibe especificamente a las enzimas citosélicas dependientes de NAD' como la
gliceraldehido 3-fosfato deshidrogenasa [20, 20a]. La inhibicién simmultinea de la glucolisis
{por gosipol) y de la FO (por rodamina 123), disminuy9 la proliferacién celular en un 60%
[20]. Tambi¢n se han realizado estudios i vivo € in vitro con agentes antilepréticos como la
clofazimina. Este compuesto provoca una reduccidn del 40% en el tamafio de [a linea
tumoral WIL, un carcinosarcoma bronquial humano resistente a la quimioterapia, debido a
su accién como desacoplante [21]. En células y mitocondrias aisladas de AS-30D se han
empleado algunos antiinflamatorios ne esteroideos como el nimesulide, el diclofenac, el
meloxicam y la nabumetona, para colapsar el gradiente de H' y por tanto la sintesis de
ATP {22] Lo anterior sugicre que ¢f uso de esios farmacos en cultivos de células
tumorales, podria disminwr selectivamente <l aperte de ATP mitocondrial,

El uso de colorantes catiénicos (fanulia de fas rodaminas) o de firmacos como los

antimflamatorios no csteroideos, puede resultar ventajoso con respecio @ los inhibidores
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selectivos mitocondriales como oligomicina y rotenona, debido a que se ha reportado que a
las concentraciones utilizadas de algunos de ellos (rodamina 6G y rodamina 123) solo
afectan al tumor sin perturbar el metabolismo del hospedero {19,20]. Lo anterior se puede
explicar porque la membrana tanto plasmatica como mitocondrial de las células tumorales
mantiene ur potencial transmembranal més negativo que el de las células no-tumorigénicas,
lo que favorece el acarreo ¥ retencién de estas moléculas catiénicas [20,23, 24].

Los compuestos anteriormente descritos no son los inicos que se han encontrado
como inhibidores de la glucdlisis y la fosforilacién oxidativa en células tumorales. Al
parecer, la ceramida [25] (un segundo mensajero que modula al factor alfa de necrosis
tumoral, y a ciertos reguladores del crecimiento celular y la diferenciacién) inhibe al sitio
HI de la cadena respiratoria en mitocondrias tumorales, Otros firmacos como las N-
tiadiazolil anilinas, citotoxinas mitocondriales, son capaces de inhibir el crecimiento
tumoral en concentraciones micromolares, inhibiende la sintesis de ATP y actuando como
desacoplantes clasicos [26]; 6 como la suramina que presenta actividad antitumoral por su
efecto desacoplante mitocondrial [27]. Otros compuestos de la familia de Ia norcantarina
son blogueadores del transporte de glucosa y por lo tanto inhibidores de la glucélisis [28].

En la linea ascitica AS-30D {3,131, la FO es 1a via que suministra el ATP durants la
fase proliferativa pero no la glucolisis. Por tanto es de suponerse que los procesos celulares
con mayor gasto de energia, como la biosintesis de proteinas vy de acidos nucléicos, el
mantenimiento de gradientes iénicos (ATPasa de Na™/K', y de Ca®™) y la duplicacidn
celular, dependen de la velocidad a la cual se sintetiza el ATP mitocondrial.

El desarrollo de cultivos primarios de células tumorales AS-30D es fundamental
para manipular ia velocidad de duplicacion celular, utilizando dos estrategias: a) el control
externo de la fuente de carbono y la disponibilidad de factores esenciales para la célula y
b) el uso de inhibidores selectivos.

El andlisis del metabolismo energético en AS-30D, una linea tumoral desarrollada
en roedores, provee informacion acerca de fos cambios metabélicos que pudieran levarse a
cabo cn otros tumores oxidativos, particularmente en los humanos. Sin cmbargo, ¢s mads
conveniente que este andlisis se eatienda cn lineas tumorales humanas de rapido
crecimiento: Hel.a, Silla {ambos carcinomas de ¢érvix) y Hep-2 (un tumor de laringe), en

las cuales el andlisis metabolice v la manipulacion energdtica no se han descrito,
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MATERIAL Y METODOS

Modelos de estudio. El modelo utitizado para este estudio es 1a linea tumoral ascitica AS-
30D. Leos cultivos primarios de AS-30D se realizaron a partir de una alicuota de hepatoma,
el cual se propaga intraperitonealmente en ratas Wistar hembras de 250-300 g; el tiempo de
desarrollo del tumor es de 5-7 dias [29]. El hepatoma se siembra en tubos de centrifuga
comicos con medio Dulbecco-MEM modificado sin sustratos (GIBCO), suplementado con
10% (v/v) de suero bovino fetal , estreptomicina/penicilina (10,000 U/ml) y fungizona
(anfotericina B) para evitar el desarrollo de pirégenos. Todo el procedimiento se realiza en
una campana de flujo laminar. Las células se incuban a 37°C, en una atmdsfera de § % CO,
¥ 95% O3 con agitacién constante (20 oscifaciones/minuto) para permitir el intercambio de

gases. Las células se cosecharon durante [ fase estacionaria de crecimiento.

Determinacion de la proliferacion celular y del indice de toxicidad (ICsq). Las células AS-
30D (1x10%els/ml) se expusieron (i) a diferentes sustratos oxidables glucoliticos y
mitocondriales: glucosa 25 mM, glutamato 5 mM, glutamina 4 mM ¢ la combinacion de
glucosa + glutamina ([GluctGln); (if) a blogueadores metabdlicos oxidativos coma
rotenona (5 uM) y oligomicina (3 uM) o glucoliticos como iodoacetato (100 pM) v iii)
diferentes drogas como rodamina 123 (10 pM), redamina 6G (10 M), clefamizimina (100
uM); nimesulide (0.4 pM), gosipol (100 pM); se ha documentado que algunos de estos
farmacos, a las concentraciones utilizadas, pueden disminuir al tumor sin afectar la
integridad de otros tipo celulares no-tumorigénicos {19, 201.

En cada condicién se determind a) densidad celular con un hematocitémetro y b) viabilidad
utilizande el método de exclusion del azul tripano.

Para la determinacién del [Csy (concentracién del inhibidor o farmaco al cual se obticne ¢!
50% de muerte celular), las células AS-30D fucron expuestas a concentraciones variables
de cada droga En todos los casos, ¢l indice de toxicidad se determing a las 48 hrs de

cultivo, tiempao al cual se aleanra la fase estacionaria de erecimiento.
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Determinacion de los flujos oxidativo Y glucolitico y contenido de ATP celular. Las céhulas
tumorales se cosecharon en fase estacionaria, vy se lavaron con medio Krebs-Ringer frio
(NaCl 125 mM, KCI 5 mM, MgCl, 1 mM, CaCl; 1.4 mM, HyPO4 1 mM, HEPES 25 mM,
pH 7.4). Para determinar el flujo oxidativo, se determing el consumo de oxigeno sensible a
oligomicina con un electrodo tipo Clark. La velocidad de glucolisis se determiné por
andlisis enzimético, determinando la velocidad de aparicién de piruvato y lactato [30]. El
ATP celular se determing enzimaticamente utilizando el sistema acoplade del par

hexocinasa/glucosa —6fosfato deshidro genasa [317.
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oxidativa por el sustrato mitocondrigl. Con glucosa, el contenido de ATP disminuyd un

63% vs GIn + Gluc, indicando una baja produccion de ATP por la glucdlisis.

Proliferacion cefular, fosforilacion oxidativa y glucdlisis en cultivo primario de AS-30D.

Las células cultivadas con Gln + Glue se expusieron a diferentes inhibidores
respiratorios {(cligomicina o rotenona) ¢ inhibidores glucoliticos (iodoacetato) v a drogas
que s0}o afectan Ia fosforilacion oxidativa 6 ta glucdlisis tumora] (Tabla 2). El crecimiento
celular, la actividad de fosforilacion oxidativa y glucdlisis fueron drasticamente abatidos en
presencia de oligomicina (Tabla 1), rotenona, rodamina 123, rodamina 6G, clofazimina,
baicaleina; registrandose muerte celular a partir de las 22 hirs; sin embargo, en presencia de
iodoacetato o gosipol, el crecimiento tumoral solo disminuyé un 30% manteniendo alta
viabilidad (Tabla 2). La fosforilacion oxidativa de las células expuestas a iodoacetato
(AIA) no se modificd, mientras que la glucdlisis disminuyd un 25%. En cambio, el gosipol
abatié drasticamente la glucélisis y no causdé una disminucidén abrupta en la densidad
celular. Lo anterior sugiere que la glucdlisis no sostiene la duplicacién celular en AS-30D.
El nimesulide disminuyo ligeramente la proliferacion celular manteniendo la viabiliad alta,
indicando que este compuesto es ineficaz para abatir la FO, a pesar de que se ha
demostrado que es un potente desacoplante mitocondrial [22].

En la Tabla 3 se indican los indices de toxicidad de diferentes drogas oxidativas y
glucoliticas en AS-30D. Los compuestos de la familia de las rodaminas (123, 6G), fueron
los que exhibieron mayor toxicidad en comparacion con las demas drogas analizadas. Los
valores de ICsg calculados con rodamina 123 se encuentran entre los reportados para otras

lineas tumorales humanas oxidativas como la linea A 2780 [331.
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DISCUSION

Cambios metabdlicos inducidos por la exposicion a diferentes fuentes de carbono.

Las células AS-30D mantienen un crecimiento diferencial asociado al metabolismo
de uno u otro sustrato, y solo crecen dptimamente en un medio enriquecido con Gln+Gluc
en comparacion con cualquiera de los sustratos solos. En este caso, la oxidacién de
glutamina provee (2) de un alto suministro de ATP (Tabla 1) v (b) de sustratos para la
biosintesis de purinas v pirimidinas, asi como una fuente de nitrégene constante wtilizada
para Ja biosintesis de dcidos nucleicos, La oxidacion de glucosa no es utilizada en forma de
piruvato o poder reductor por la mitocondria, debido a que en presencia de solo Glue, la
actividad respiratoria asociada a la sintesis de ATP es nula (Tabla 1). Al parecer, el
catabolismo de glucosa estd destinado al abastecimiento de metabolitos intermediarios de la
biosintesis de acidos nucleicos, como puede ser el fosforibosil pirofosfata (PRPP), bases
puricas y pirimidicas, asf como equivalentes reductores.

En presencia de un sustrato oxidativo como la glutamina, la fosforilacién oxidativa
se incrementa un 50% en comparacion con la condicién GIn+Gle, lo cual indica una
activacion de los procesos oxidatives, v una mayor disponibilidad de ATP. Sin embargo,
bajo estas condiciones no se alcanza el crecimiento Opiimo encontrado en presencia de
ambos sustratos (hubo una disminucion del 20% en el crecimiento). Lo anterior se puede
deber a que en ausencia de glucosa exdgena, la concentracién enddgena de PRPP vy de
NAD(PIH citosolico (probablemente derivado del glucdgeno enddgeno) no son suficientes
para alcanzar un crecimiento optimo. La actividad respiratoria registrada con Gln + Gluc es
menor que con solo Gin debido al efecto Crabiree (inhibicion parcial de la fosforilaciom
oxidativa por glucosa) que presenta AS-30D [32).

Con Gluc como Gnica fuente de carbono las células no proliferan pero se mantienen
viables; su fosforilacién oxidativa sc cncuentra suprimida y el contenido de ATP es
insuficiente para impulsar ¢l crecimiento y la blosintesis de metabolitos de caracter
proliferativo (Fig. 1, Tabla 1). Es posible que un cultive sin plutamina limite a la célula de
una fuente de nitrdgeno para la brosintesis nucletca, sin embargo, la adicion de ehgomicina

a células cultivadas con los dos sustratos {(GintGle) dismunuye  drdgsticamente el
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crecimiento tumoral (Tabla 1), sugiriendo que no es la limitacion de nitrogeno el factor que
aminora ¢l crecimiento de las células con Glue, sino la disponibilidad de ATP mitocondrial.

Debe notarse que las células en cultivos se cosecharon durante la fase estacionaria,
es decir enando las velocidades de duplicacién y muerte celular son iguales. Para establecer
una correlacion més rigurosa entre la proliferacién celular y la FO serd conveniente
extender los estudios de este trabajo a células cosechadas en la fase logaritmica (28 hrs de

cultivo).

Inhibicidn del crecimiento tumoral por la supresién del metabolismo oxidativo.

Los resultados anteriores indican que fas células AS-30D son esencialmente
oxidativas y que una estrategia para disminuir fa proliferacion de este tipo tumoral es ef uso
de compuestos que afecten el metaholismo oxidativo.

La adicién de inhibidores clasicos de la fosforilacion oxidativa, como oligomicina y
rofenona, abati6 drasticamente la proliferacién tumoral, Aunque cualquiera de los dos
disminuyé la profiferacién en su totalidad, la adicién de rotenona indujo la mortalidad de
todas las células después de 48 hrs (dato no mostrade) Este comportamiento no se observd
con oligomicina, ya que su adicidn al cultive celular en las primeras horas sélo disminuyd
un 50% la viabilidad. Nosotros hemos reportado en el ascitis de AS-30D que una de las
e€nzimas que cjercen mayor control sobre el flujo de fosforilacion oxidativa es el complejo 1
mitocondrial; por tanto, la inhibicién de esta enzima en los cultivos de AS-30D con
rotenona ocasiona que la via aminore drasticamente su actividad. Este resuitado apoya la
propuesta de que la supresion del metabolismo oxidativo puede ser una estrategia
experimental para la disminucién del crecimiento tumoral. De hecho, la adicion de
iodoacetato (un inhibidor glucolitico) no perturba grandemente ¢l erecimiento tumoral, ni la
FO (el crecimiento disminuye 30% vy la viabilidad se mantiene alta} {Tabla 2). lo que
sugiecre que ¢l metabolismo glucolitico no ¢s esencial para que fa célula continde
proliferando, mientras que el metabolismo oxidativo permanczea activo. Se ha reportado
que la concentracion que hemos ensayado de iodoacetato {100 uM) es suficienic para

inhibir la gluedlisis, sin eabargo. podria estar hibiendo inespecificamente otras vias.
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Los inhibidores'especiﬁcos mitocondriales y gtucoliticos que hemos empleado en
este estudio afectan también a cualquier célula no-tumorigénica. Por lo anterior ensayamos
compuestos o farmacos que se ha reportado que afectan sélo al tumor sin perturbar al
metabolismo del hospedero [20,23]. Nuevamente, la adicién de compuestos como rodamina
123, rodamina 6G, clofazimina (todos ellos desacoplantes de la fosforilacion oxidativa)
abatieron drdsticamente el crecimiento tumoral. En algunos reportes se ha determinado que
a las concentraciones ensayadas, ninguno de estos firmacos afectan otras vias metabdlicas
en células tumorales [19-21]. En el caso del gosipol, que inhibe la glucdlisis actuande como
un inhibidor especifico de las deshidrogenasas celultares, no hubo wna disminucién tan
dréstica de! crecimiento tumoral, aungue la glucdlisis fue severamente disminuida,

Nosotros hemos reportado que dos de los sustratos que se encuentran en mayor
concentracion en el liquido de ascitis (fraccitn liquida que nutre fisiclégicamente a las
células tumorales en el abdomen de 1a rata) son la glutamina (4 mM) y el oxigeno (50 M),
mientras que la glucosa se encuentra 2 bajas concentraciones (26 uM). Lo anterior sugiere
que el mejor modelo de comparacién entre las células asciticas vy los cultivos primarios es
la condicién con Gln, donde el metabolismo oxidativo prevalece. Por tanto, los resultados
obtenidos en cultivos primarios pueden ser extrapolados a las células asciticas que se
desarrollan intraperitonealmente en el roedor.

De los farmacos ensayados, los compuestos de la familia de las rodaminas son los
mas potentes y los que exhibieron mayor toxicidad a bajas dosis. Las ICsg calculadas en
presencia de estos farmacos se encueniran en los intervalos reportados para otras lineas
humanas tumorales, al parecer de cardcter oxidativo. Estas concentraciones de droga no
afectan afgunos tejidos normaies profiferativos (lineas mioepiteliales de pecho) y no-
prolifcrativas (lineas renales), por lo que pueden ser considerados como agentes
anticancerigenos para disminuir ¢ crecimiento de tumores oxidativos [29]. En estudios in
vivo utilizando ratas portadoras con carcinoma de Walker-2586, 1a rodamina 123 a bajas
dosis {0.8mg/kg peso) no afecta al hospedero. Sin embarge, para reducir considerablemente
¢l tamafio del tumor se adminisird simulidncamente un mhibidor de la glucdlisis tumoral,
debido a gue este tumor, particularmente, depende d¢ ambas fuentes de encrgia [19]. Tin
1oedores que porten tumores oxidativos, 1a cstrategla consistird en administrar ta 10damina

& dichas dowss pars garantizar Ly muerte tumeral sinpener en riesso al hospedera,
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La conclusién que emerge del presente estudio es que las células tumorales AS-30D
en cultivo primario son esencialmente oxidativas: a) tienen un mejor crecimiento en
presencia de sustratos mitocondriales que glucoliticos, b) la fosforilacion oxdativa se
mantiene con alta actividad, tal como hemos documentadoe en el ascitis de AS-30D [13], ¥

¢) la adicion de farmacos o inhibidores del metabolismo oxidativo abaten el crecimiento

tumoral.
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Figura 1. Crecimienfo de las células AS-30D cullivadas en presencia de diferentes
fuentes de carbono exfernas. Las células tumorales {1 x10¢ cels/ml) se sembraron
en el medio Culbecco-MEM enriguectdo con giucosa 25 mM + glutaming 5 mm
{Gluc + Gin); glutaming 4 mM (Gln), glutamato 5 mM (Glut} o glucosa 25 mi
(Gluc). Cada valor representa el promedic de 3 experimentos diferentes + D E. La
viabiidad en cada punto experimental fue de 98 = 1%, a excepcién de la
condicién Gluc que fue de 83 + 3%.
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Tabla 1. Cambios en la densidad celular, fosforllacién oxidaliva v confenido de
AP en cultivos primarics de AS-30D en presencia de diferentes fuentes de
carbono externas.

Condicion Densidad Respiraciéon celular ATP
celular
[ x 105¢cels/ml) ngAQ/min/107cels) {nmol/107cels)
A B
Gin+Gluc 265202 91+£5 12106 1.2+0.8
(6] (4) {4) {4)
Cin+Glctolige 09+ 0.1* ND ND ND
(4}
Gln 2.1+0.2* 138 £20* 213 28+
(3} (4] (4] {4]
Glc 1.2+0.0* G 21 7% 04501
(3] 4] {3]

Las células se cosecharon a las 48 nrs [fase estacionaria) v se lavaron con medio Krebs-
Ringer frio. A} respiracion sensible a oligomicina. B) insensible a oligomicina.
Abreviaciones: 5 mM glutamina + 25 mM giucose [GIn+Gluc): glutamina 5 mM {GIn);
glucosa 25 mM [Gluc); oligo, 10 uM oligomicina. La viabilidad de tas células cuttivadas
con oligomicina fue del 8%. La respiracion resistente a oligomicing fue menoral 15 % en
todos los casos, excepio con glucosa donde no hubo sensibilidad al inhibidor. Las
determinaciones se redlizaron en ausencia de sustrato oxidable. Los valores
representan la media = D.E. El nimero de experimenios se presenta entre paréntesis.
*0<0.05 vs. condicion Gln+Gluc, ND. No determinados.



Tabla 2. Cambios en la densidad celular, fosforilacién oxidativa y glucdlisis en AS-30D inducidos por diferentes
farmacos def metabolismo energético.

drogas
Gin+Gluc AlA gosipol rodaming rodamina  nimesulide  clofazimina
123 865G
Densidad celulor 265+072 1.82+0.1" 1.9+ 0.5* 0.8%01* 0.5x01% 1.6 .
{x10scels/ml) (é) {3) (3} (3} {3) (2 (2)
% viabiidad Q7.5+ 2 86 + 4 3+8 2 0.5 100 30
Fosfonlacion ?1+5 101 222 70 0 0 ND ND
oxidativa (4) (3 (2) {3) {1
{ngAo/min/
107cels)
Glucdlisis 1.6+04 12405 0.16 0.1 0 ND ND
{nmol laciato/ (3] (3) (2) (1) {1)
___minf/107¢els) _ R B

Los células tumorales {1x10%cels/mi] se cultivaron en presencia de Gin + Glue + las diferentes droges. La densidad
celular fue determnada a las 48 hrs de niciade el culiive celular {fase estacionaria). Inhibidores oxidativos: rodamina
123 10 pM, rodaming 4G 10 M, clofaziming 10 gM. nimesulide 0.4 uM (8! nmol/ 107 |. inhibidores glucoliticos: gosipo!
10 UM, AlA 100 pv Los vatores representan la media & D.E. £l nimere de expermentos se muestra entre paréntesis

"< 05 vs condicien Gin + Gluc

i
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Tabla 3. indice de toxicidad [ICs | para algunos fdrmacos que afectan el

metabalismo energético de AS-30D.

Farmacos ICs0 (UML)
Gosipol 198 £ 60 {3)
AlA 98.7 £ 21{3)
Rodamina 2£11(3)
123
Rodarmina 0.9 +£0.7 (3
&G
Nimesulide 785+ 25(3)

[nmol/107cels)

Clofaziming 10 (1)

Las celuias AS-30D se cosecharon en fase estacionaria (48 hr). Bl ndmero de

experimenios se rmuesira enire paréniesis.
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CAPITULO 4

DISCUSION GENERAL

Esta tesis enfatiza la imporiancia de la FO en el suminisiro de ATP en ia finea
tumoral ascitica de rdpido crecimiento AS-30D. Las células tumordles de
rdpido crecimiento se han considerado esencialmanie glucolificas debido a
fallas en sus sistemas oxidativos:

B contener un nimere reducide de mitocondrias [11,

it) la baja actividad en algunos complejos mitecondriales [1,2].

jii) la existencia de un ciclo tricarboxiico iregular [28].

Sin embarge a excepcién del primer punto, que no se ha evaluado en esia
lineq, AS-30D presenta un cicle de Xrebs activo y completo [23], v al parecer sus
complejos respiratcrios son funcionales lo que dan come resutado una elevada
tasa respiratoria, tan alta como la reportada en higado perfundide {2.25 vs 3 nmol
02/mg peso seco. respectivamente] [29] y exclusivamente utilizada para lo
sintesis de ATP {Capitulo 3.1). Por ofro lado, se ha descrito en mitocondrias de
hepatoma de Zadjela un aumento en la expresién de genes {de 4-6 veces) que
codifican para enzimas de lg FO como son la franslocasa de adenin nucledtidos,
las subunidades CO¥; y COXy de ia citocromo oxidasa y la subunidad IT de lo
NAD oxide-reductasa [30.31]. Sin embargs no se reportan las velocidades de
respiracion y de sintesis de ATP de este tipo tumoral, por lo que nc es posible
correlacionar el aumento en los transcritos de estos complejos con la actividad de
fosforilacion oxidativa.

La actividad glucoliica en AS-30D es muy alta como sucede en numerosas
lineas tumerales {ascitis de Endich [2], carcinoma de Lewis [32]); sin embarge a
diferencia de las antenores, en AS-30D la fosforiiacidon oxidativa se encuentra
activa y suministra practicamenie todo el ATP celular. De hecho, ia degradacion
activa de glutameto v de cuerpos cetdnicos [acetoacetato y B-hidroxibutiratoe),
asi come la alta concentracion de oxigens y glutaming, v la bajo concentracidn

de glucose en el ligudo de ascifis e AS-30D respaldan fuertemenie esio
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aseveracion (Tablas | y If dei Capiivlo 3.1). Lo onferior sugiere que es ol
mnetabolismo oxidativo el que sustenta sl desarrollo del tumor.

En este confexto fue de nuesiro interés dilucidar cuales son las enzimas
“controladoras” del flujo de fosforifacion oxidativa en este hepatoma. A la fecha
no se habfa reportadoe en ningtﬁn fipo fumoral cudl es o son la{s} enzimals) clavels)
en las vias energéficas tumorales. Lo anterior toma relevancia ya que conociendo
las enzimas regulatorias se pueden considerar como sitios de accién terapéutica
para el desarrolio de farmacos anticancerigencs.  Usando la ecuacidn de
Gellerich et al. [27] determinamos que el sitio | de la cadena respiratoric [NADH
ubiguinona oxido-reductasa) y ! bloque de enzimas consumidoras de ATP son los
sitios que ejercen mds control [~30%) en el flujo oxidativo de AS-30D. Debido a
que la sintesis de proteinas, la activacion de ATPasas {Na*/K*), Ia sintesis de dcidos
nucleicos y el fransporte de Ca?* son aliomente demandantes de energia [33], es
rroboble que estos proceses formen parte del bloque de enzimas consumidoras
de ATP. La refenona (inhibidor det sitio 1) @ concentraciones bajas (0.1-0.5 UM
disminuye el crecimiento tumoral de algunas lineas de osteosarcoma humano
promoviendo apoptosis [34]. Esfos estudios apoyan la idea de que el sitic | es un
punte de regulacion dentro de la vig, fal come lo demaostramoes en ld linea AS-
30D. Por tanto, es logico pensar que los procesos celulares con alio gasto
energetico, como la duplicacion tumoral, ia sintesis de proteinas y acidos
nucléicos, y el mantenimiento de gradientes iénicos a través de la membrana
plasmatica y mitocondrial, sean sensibles a inhibidores o farmacos de la
fosforilacién oxidativa, primordialmente inhibidores del sifio |.

Una cbservacion interesante en el estudio del metabolismo infermediario
de AS-30D en ascitis se describe en el Capitulo 3.2: la inhibicién parcial de la
fosfortacion oxidativa par glucosa ¢ fructosa a concentraciones fisioldgicas
(efectc Crabiree]. Los modelos tumorcies ufitzados para estudiar e efecto
Crabtree son bdsicamenfe glucoliticas. Por tanfe, diucidar cudl o cudles son los
infermediarios (productos de la catéliss de 1a glucosal gue promueven g
irhubicion parcial en la resprracion celular v Ia sintesis de ATP s smplemente una

caracterizacion macanistica del efecto: e, sendo la fosforlacién oxidativa una
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via poco eficiente en los tumores glicolificos no tendria relevancia alguna de que
ésta operara o no en presencia de glucosa. Sin embargo, en tumores oxidativos
este fipo de estudios no s6lo son mecanisiicos, sino que pueden tener relevancia
clinica; es decir, la adicion de glucosa puede ser ufiizada pare disminuir la
duplicacién tumoral en fineas oxidafivas experimentales {AS-30D] o humanas
[carcinoma cervical KB3-1, melanoma FEMX y carcinoma ovdrico A 2780). Esta
manipulacidn  nutricional para reducir & crecimiente tumoral sdlo se ha
demostrado en tumores glucoliticos, perc no en oxidativos [35,36]. Por ejermplo,
en modeios in vivo {ratas portadoras de carcinoma de Walker-256) se dermoshd
gue a aclividad glucolifica se reduce drésficamente s las ratas portadoras del
tumor se someten a una dieta deficiente en carbohidratos [38]; sin embargo, la
consecuencia es dafina para el hospedero puesic que puede desarroliar
hipoglicemia [35]. En modelos in vifro fales como cultivos tumordles, la glucdliss
puede ser abatida con 2-desoxiglucosa un andloge no metabolizable de la
glucosa [36].

Desde el punio mecanistico, diferimos de la idea de que el efecto Crabtree se
deba a un solo factor, como se ha reportade para otras fineas fumaorales [37-39].
Nuestros resultados sugieren un control multisitioc donde diferentes factares a
niveles diferentes en conjunto abaten la fosforilacion oxidativa.  Un punic de
discusion en este estudio es si el efecto Crabtree tiene relevancia fisioldgica en las
céluias tumordles {ver seccién de discusion del capitulo 3.2). Es probable que
fisiologicamente el efecte Crabiree no se manifieste en AS-300 debide a lg baja
concentracion de glucose en el liquide ascitico, aungue intracelularmente la
concentracion de glucesa sea 2 mM (Tabla L. capitulo 3.1).

Los capitulos 3.1 y 3.2 de esta tesis amojaron luz sobre la importancia del
metabolismmo cxidativo v el fuerte control que el catabolismo de la glucosa ejerce
sobre éste. Sin embargo, para demostrar conciuyentemente 1o hipétesis fue
necesario recurir o los cultivos primarios de AS-30D.  Con este modelo
demostramos que las células AS-30D son incapaces de crecer en presencia de
giucosa como Jnica fuente de carbonoe exdgena. Esta observacion concuerda
con la aseveracion de Masurek [3} de gque no existe una relacidn estricta entre I

velocidad glucolitica v la prolfoiacion celulor come se ho descrfo para 1os
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lumores dependientes del metabolismo glicolitico [2.3]. En éstos, la adicién de
hexasas promueve una acumulacion de fosfometabolifos como glucosa 6-P, la
cual es candlizada hacia la via de ias pentosas para generar precursores de
acidos nucleices, nucledtidos y equivalentes reductores. En ausencia 0 presencic
de concentraciones muy bajas de glucosa {C.1 mM), el ATP se praduce por la
exidacion de piruvato o por ka carversion de giutamina a (acfato [2. 40]. En el
Caso de AS-30D, aungue la glucosa promueve acumulacion de fosfometabolitos
para los precursores de dcidas nucléicos, el factor limitante podria ser g
disponibiidad de ATP {Tabla 1. capitulo 3.3). Con gtamina la céluia tiene mayor
ventaja para proliferar: la axidacion de giutamina provee de ATP, sustroto para lg
sintesis de purinas y pirimidinas, y equivalentes reduciores citosdlicos.

Desde hace varics décades se ha intentado utiizar el metabolismo
energetico como un sifio para Ia terapia cnfinecpléstica y qunque es concebible
pensar que ciertos tumores dependen de ambas vias gnergéficas, en la mayor
parte de fos fineas fumorales el metabolismo glucolitico prevalece scbhre el
oxidativo. En este contexto es sorprendente encentrar una serie de estudios
donde los tumeres glucoliticos son sensibies o compuestos que afectan solo al
metabolisme oxidative. Por ejemplo en algunas fineas glucolificas experimentales
(carcinoma de Walker 256 (411} v humanas {carcinoma de pdncreas CRL1420,
carcinoma de pecho MCF-7, tumor de cénvix CRLIS50 [42.43)), el empleo de
compuestos de la familia de las rodaminas frodaming 123, 4G, MKT-077} abaten
drésticamente el crecimiento tumoral, A bajas concentraciones estas cationes
lipofilicos se concentran en las mitocondrias tumorales debide a su alto potencial
fransmembranal disipando el gradiente electrequimico de protones utilizado para
la sintesis de ATP [44]. Por ofro lodo, la odicién de dosis no téxicas de oligomicina
[< 1 nM) a tumores glucoitticos ha revelado que ias céluias se defienen en la fase
Gy defl ciclo celular. En estas células se registra una abrupta disminucion en el
contenido de ATP (20-30%), lo cual indica que el ATP mitocondral es necasario
para la progresion de la fase Gy a lo fase S del cicle celular (45]. Estas dos
observaciones son similares en cuante a su efecto: alteran el funcionamiento
mitocondrial.

Aunque los estudios que hemos realizado se han desarrollado en una linea
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experimental derivada de higado de raja, esfe rmodslo puede ser Ufil en el
esclarecimiento de los procesos bioguimicos asociades a la pérdida de conirel
del crecimiento celular en los tumores humanos oxidativos, debido que
metabdlicamente no son diferentes. Sin embargo, un punto a censideracién es la
utilizacion de ciertos farmacos donde la sensibiidad de un fipo tumoral podria
cambiar con respecto a otro,

Desde el punfo de vista experimentdal, cualquier tipe de estudio bicguimico
requiere de una cantidad considerable de material biclégico. El uso de roedores
para desamoflar ineas experimeniales tumorales {AS-30D) proporciona fa gran
canfidad del material bioldgico requerido. Lo antferior se visualiza como una
ventgja técnica que no es proporcionada por [a utilizacién de cultivos celulares,
donde la disponibilidad de material es limitada.,
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CAPITULO &

CONCLUSIONES

. La lnea turmoral AS-30D mantfiene una actividad glucolifica etevada, sin
embargo ofras vias catabdlicas acfivas son; i) la degradacion de glucdgeno,
la cual mantiene un suministro constante de giucosa; #) la degradacion de
metabolitos mitocandriates: glutamato, cuerpos cetdnicos {acetoacetato vy B-

hidroxibutirato] v il] ta fosforilacion oxidafiva.

La fosforilacion oxidativa de AS-300 provee el 99% del ATP celular requerido

para realizar funciones de alta demanda energética.

Las aftas concenfraciones de glutamina {4 mM), glutamato {10 mM), cuerpos
cetonicos, y oxigeno [50 uM). v la baja concentracidn de glucosa {26 uM) en
el liquido de ascitis indican que esta linea tumoral se nutre de metabolitos

mitocondriales y no de metabolitos glucoliticos.

. Hisitio | de la cadena respiratoria y el bloque de enzimas consumidoras de ATP
{como son fa duplicacién celular, ia sintesis de proteinas y de deidos nucleicos)
sen las enzimas que controlan el fivjo de la fosforilacion oxidative. Ambos sitios
ejercen un 30% de control cada uno, por lo aue el 40% restante se encuentra
distibuido enfre los compiejos restantes de la cadena respiratoria, la ATP
sinfetasa, los acameadores de adenin nucledtidos y de piruvato, el acarreador
de fosfato, las deshidrogenasas mitccondricles y la difusion pasiva de los
protones. A este respecte se propone al sitio | como un sitio de sensibilidad
terapéutica.

La glucosa y la fructosa exdégenas promovieron un abatimients en ja actividad
de FO (54 y 34%. respectivamente). Esta inhibicion parcial fue revertida por I
adicidn de desacoplantes, lo que indica que el sisterma fosforilante (ATP
sinfetasa, acareador ATP/ADP, acarreador de fosfoto) es el sifio del efecto
Craobires.
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6. Los factores responsables del efecto Crabtree en la linea AS-30D son ia
disminucién en el pH citosélico y la disminucién en la conceniracion
infracelular de fosfato. En mitocondrias aisladas de AS-30D, sdlo la disminucién
simultdneda en ambos factores (fosfaio de 1.5 a 0.6 mM Y pH de 7.2 a 4.8)
promovid un abatimiento significativo en fa fosforiiacién oxidativa, lo que
indica que e efecto Crabtree es multifactorial.

7. La duplicacion celular de AS-30D en cultivos primarios  exhibid mayor
dependencia energética o intermediarios oxidativos {glutamina) que a
glucoliticos {glucosaj. En presencia de ambos sustratos el crecimiento es
optimo ya que el destino de cada sustrato es diferente: Ia glucosa es utilizada
para un fin sintético mientras que la giufamina es utilizada para un fin
energéfico.

8. La duplicacién de AS-30D fue drasticamente abolida por inhibidores o
fé&rmacos que disminuyen la actividad de la fosforilacidn oxidativa, mientras

gue los inhibidores glucoliticos no tuvieran un efecto significativo,

9. De los farmacos oxidafivos evaluados, los compuestos de la familia de Ias
redaminas {123 y 6G) fueron los que presentaron valores de ICs0 menores, en el

intervalo de 1-2 pM, lo que indica que este tipo tumoeral es altamente sensible

a estos compuestos.
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CAPITULO 6

PERSPECTIVAS

A pesar de que hemos dilucidado paorte del mefabolismo intermediario de
un modelo tumoral oxidativa como AS-30D, aun falta por explorar ofros
fendmenocs involucrados en el desarrolic de su metabolismo afipico.

Concluimos puntualmente que la NADH oxido-reductasa es una de las
enzimas regulatorias de la fosforilacion oxidativa. La causa aparente es la baja
cantidad de enzima cuantificada en ias céluias aisladas, lo que implica que es un
sitic de confrol. Sin embargo. ne se han realizade experimentos donde se haya
aislado y coracterizado cinéfica y molecularmente a este complejo respiratorio
en células de AS-30D, el cual promete ser un sitio blanco para agentes
antitumorales. De hecho, el complejo | se encuentra afeciado en verias
enfermedades de origen mitocondrial no seria sorprendente que en e! desarrolle
del cancer también lo est [32]. No se han explorado aln los cambios a nivel
molecular de la enzima, desde la positle supresion en la expresion de estos genes
hasta la activacion de los procesos de degradacion enzimética, Tampoco se han
redlizado estudios cinéticos en esta enzima, por lo que se desconoce s presenta
mayor afinidad por NADH gue la enzima de tefidos no tumorigénicos, de ser asf,
las células fumorales serian mds sensibles @ agentes que alteren el potencial redox
mitocondrial.

Por ofre lade hemos avanzado en el estudio del metabolismo energético
en cultivos primarios de AS-30D un tumor experimentdl, v aungue es concebible
pensar que metabdlicamente pueden ser similares, seria interesante ampliar estos
estudios ulilizande diferentes lineas de tumores, los tumares oxidativos serdn mdas
susceptibles a frmacos cuyo blanco es la mitocondria. Es importante entonces
caracferizar energéficamente o las lineas humanas seleccionadas provenientas
de tefidos diferentes. De hecho. a pesar de gue se ha descrite que algunos
tumares humanos (Hela y Hep-2) son glucoliticos, no existe evidencia sobre la

dependencia de fos tumores humanes al metabolismo oxidative. Gérach v Acker,
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vtilizando dos fumores de colon humane en multiesferoides, uno oxidativo vy el otro
glucolifico, encontraron que el tumor glucolitico es menos sensible a g radiacidn v
al empleo de ciertos farmacas anticancerigenas, i.e, el metabolismo glucclitico
{bcjo pH e hipoxic) se asocia con la resistencia tumoral {44]. Estos autores
sugirieron una estrategia biocquimica para cambiar el metabolismo de ios fumores
glucoliticos {mds resistentes) a oxidativos [menos resistentes), la cual consistié en ¢
empieo de oxamato. un andloge estructural del piruvato gue dependiendo de la
concentracion puede inhibir competifivamente a la tactato deshidrogenasa o al
fransportador de piruvate [46]. Lo anterior puede ser empleado en ofros modelos
tumerales para cambiar su metabolismo energético.

De hecho, es posible pensar que en tumores glicoliticos, la manipulacian
metabdlica puede realizarse de otras maneras: i) el uso de cuclquier inhibidor del
catabolismo de la glucosa {a concentraciones que no ofecten el metabolisma
oxidative) podrd estimular el flujo de Ia fosforilacidn oxidativa para compensar ta
perdida energética que proviene de la via citesdlica; o bien i) el emplec de
sustratos esenciclmente mitocondriales como glutamina ¢ glufamate, forzard ia
activacion del metabelismo oxidativo. De esta manera, también se puede hacer

evidente el combio en la dependencia de un metabolismao a otro.

Una conclusién importante en nuestro estudio fue que AS-3CD mantiene un
crecimiento casi éplimo en presencia de metabolites mitocondriales como
giutamina [Figura 1, capitulo 3.3). Sin embarge, AS-30D en suspension oxida
preferencialmente ofros metabolitos mitacondrales gue la glutaming como ios
cuerpos cetdnicos (acetoacetato v B-hidroxibutirato).  Briscoe et al. [25] han
reportado que la actividad de ia acetoacetil CoA transferasa de AS-30D, enzima
involucrada en la formacién de acetoacett CoA o partir de acetoacetate mas
succinil CoA, es 40 veces mds alfa que la de higado. Esto concuerda con
nuestros resultados de que la degradacidn de acetoccetato es activa en este
tipo fumeoral; con respecto al B-hidroxibutirato los mismes autores argumentan que
su oxidacion es menor que el acetoacetaio, perc no cuanfifican la activided de
la p-hidroxibutirato deshidrogenasa. En AS-300 observamos una degradacion

significativa de -hidroxibutirato, lo gue significa que la enzaima es mas activa que
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la reportada en algunos tipos de hepatoma [47,48]. Con este antecedente se
pretende redlizar cultives primarios de AS-30D en presencia de estos metabolitos
para dilucidar la participacion de la celdisis en el suministro de intermediarios

oxidatives como acetil CoA para la sintesis de ATP.

Por ofro lado, una gran mayeria de tumores humanes malignes {como el
carcinoma de pulmén [WIL]} son resistentes al fratamiento con quimioterépia y
radiacién.  Debido a lo anterior, el desarrollo de diternativas que permitan
combatir el crecimiento y propagacién del fumor toma relevancia. El enfoque
metabdtico que se maneja en esta fesis es una de las alternativas fuertes para
combatir este {ipo de tumores, donde los tratamientos convencionales no son
efectivos. Aunado a lo anterior, el estudio de la bicenergética del tumor es
fundamental para proponer ka estrategia o seguir: ef fratemiento dependerd de

la via energética que prevalezca en el fumor.

Aunque se ha estudicde amplicmente el metabalismo tumoral, no existe
fteratura [mds que la presentada en esta tesis) acerca del grado de contral que
gjercen las enzimas sobre un flujo importante en el suministro de ATP en tumores
oxidatives como AS-30D. Exponemos, con el andlisis de las elasticidades, que las
vias consumidoras de ATP también ejercen un control evidente. Sin embargo,
este andlisis puede ser Util para determinar la sensibilidad de estas vias {sintesis de
proteinas, dcidos nucléiceos) a oiros intermediarios de la proliferacion ceiular. Para
lo anterior se pueden vfilizar células cultivadas en presencia de diferentes
sustratos, v a concentraciones variables de cada uno de ellos. Por ejemple, 1os
celulas culfivadas con glutamina + glucosa exhibirdn una mayor produccidn de
NAD(PJH que aquellas culfivadas con sélo uno de fos dos sustratos. Estos cambios
en la concentracién del intermediario se reflejard en una respussta diferente en el
proceso duplicativo.

Otfro punto inferesante que emerge de este estudio es la alta sensbilidad

de AS-30D a los diferentes farmacos oxidativos  Sin embargo, el andlisis debe

extenderse al estudio del efecto de estos mismos compuestos, @ las mismas

o
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concentraciones que afectan al tumor, pero sobre lineas celulares normales
profiferafivas y no-proliferativas. Esta comperacién podria arojar luz en la
consideracién de estos compuestos como posibles “estrategias clinicas” en un

tipo especifico de fumaer.
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Abstract

TFhe effect of anumycin, myxothiazel. 2-heptyl-d-hydroxyquinoline-N-oxide, stigmatellin and cyamde on respration. ATP
synthesis, ¢ylochrome ¢ reductase, and membrane potential in mitochondna isolated from dark-grown Euglena cells was
determined  With v-lactate as substrate. ATP synthesis was partially inhubited by antmyain, but the other four snhibitors
completely abelished the process Cyamide also mhibited the antmycin-resistant ATP synthesis Membrane potestial was
collapsed (< 60 mVY) by cyanide and stigmatellin. Howeser, 1 the presence of anumycin, 3 H™ gradient (= 60 mV) that
sufficed to drne ATP synthesis remamed Cytochrome ¢ reductase, with t-lactate as donor. was dimmished by antimyem and
myxothiazol Cytochrome bey complex actvity was fully intabied by anumycm, but 1t was resistant 1o myxothiazol
Stigmateilin mhibited both v-izctate-dependent eytochrome « reductasc and cytochrome ey complex actvities Respiration
was parualiy inhbried by the five mhibitors. The eyamde-resistant respiration was strengly inhubuted by diphenylamine »-
propyl-gallate. salicythy drovamic acid and disulfiram, Based on these results, a model of the resprratory chamn of Euglena
mitochondna s propesed. m which 2 quinol-cytochrome ¢ cudoreductase resistant to antimycn, and 2 quinol oxidase
resistant 10 antimyais and cyamde are included € 2000 Elsevier Science BV All nights reserved

Kevnords  ATP syntieas Antimycn, Cyanrde-ressstant resprration., Lughong

1. Introduction membrane potential [4.5]. that supports the energy-
dependent uptake of Ca®™ [6] This pathway 1s par-
Mitochondna solsted from dark-grown Euwglena ually inhibited by sahcylhydroxamic acid (SHAM)

gracils have recpiratory components that are resist- [4,7), & potent mlubitor of ahiernative respiratory
ant to antimycin and cyamde [1 3] The cyanide-1e- pathways m plant mitochondria [8]. Cell growth
sistant respiratery pathway s inhibited by diphenyl- the presence of antymyein [1,2,9], cyamde [10] or
amine (DPA) {2.4], preferentially oxidizes 1 -lactate ethanol [10] as carbon source. induces an ncrease
(4.14]. and bulds up a smail. uncoupler-sensitive i the content of a b-lype cytochrome, that reacts

with catbon monossde This last observation has
R been terpreted in wims of an adaplable enhance-

* Contespondiag author [uy +52-5.873-0920. ment of an alteinstive ondase, wheh 5 resistant o
Lomal siorerasanchese hotal com the stress concitions of the culture {1,3,10] However.
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PROBLEMA BIOQUIMICO

TEMA: Control Metabélico

Las vias metabélicas pueden simplificarse para su
andlisis de control, en bloques de enzimas gue tra-
bajan en un estado estacionario, donde E, E, res-
pectivamente, representan al conjunto de enzimas

E, E

SH,

Para determinar cuél de los bloques de enzimas,
el sistema consumider o el productor de ATP, ejer-
¢e un mayor control sobre el flujo de 1a via, se pue-
de utilizar el andlisis de control de las elasticida-
des. Esta aproximacién consiste en determinar los
coeficientes de elasticidad [e] de fos 2 segmentos
de la viz que producen y consumen ATP. Una ma-
nera sencilla de determinar experimentalmente los

que producen y consumen a un intermediario. Por
ejemplo, la regulacidn de 12 concentracién de ATP
es funcién de la actividad de las vias productoras de
ATP (glictlisis, fosforilacién oxidativa) y también de
las vias consumidoras de ATP (sfatesis de protef-
nas, dcidos nucleicos, lipidos, polisacéridos, etc).

ATP— > Trabajo Celular { Procesos anabélicos

Fen6menos de Transporte

€ consiste en modificar el flujo de Ia via que catali-
zaE, y E,, y medir el intermediario (ATP):

En células tumorales de AS-30D, el flujo de Ey
E, (medido como respiracién celutar) fue titulado con
inhibidores de los dos segmentos de la via: oligomi-
cina (100-500 pmol/107°cels) 6 estreptomicina (0.1-
0.5 mg/107cels) respectivamente, En cada condicién
experimental se cuantifics la cantidad de ATP.

Condicién Respiracion celular ATP
ngAO/min/10%cels nmol/1(07cels
*% *%
Control 60 100 1.88 100
Oligomicina
100 54.6 91 1.43 76.0
200 50.7 845 1.29 68.5
300 49.4 823 1.12 59.5
400 47.6 79.4 1.01 53.7
500 47.0 78.3 1.00 53.1
Estreptomicina
0.1 58.8 98 2.20 113
0.2 57.6 96 2.25 120
03 55.8 93 244 130
L_ 05 54.6 91 2.63 140

*% con respecto al control

Determinar los coeficientes de elashicidad v los coeficientes de control de flo de cada hlogne de enzimas
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PROBLEMA BIOQUIMICO

RESPUESTA:

Los coeficientes de elasticidad (grado de respues-
a) de los 2 bloques de enzimas al variar la concen-
racién de ATP se calculan a partir de Ia siguiente
cuacién:

&= Mo [3_‘/
Vo L8MJ ss

Donde Mo es 1a concentracién inicial del meta-
olito ¥ Vo es la velocidad inicial; Mo y Vo estén
ormalizados al 100% y tienen el mismo valor, por
o que el cociente Mo/Vo es igual a 1. (3V/SM),,
s 1a variacién infinitesimal de la actividad enzims-
ica cuando se varia la concentracién del interme-
liario M y se calcula experimentalmente de la pen-
liente de la gréfica del flujo (% respiracién celu-
ar} vs el intermediario (% ATP), tal como se mues-
ra en la siguiente figura:

{100,100}

120
(L
i 40 4
5 40
3
‘]
= 704
]
]
2 % A . Earepio
4 ® -+ 0Ofpo
. o 4
4
w0
E ]

T T T g T T T T T T
50 80 W8 0 100 110 120 130 440
% ATP

Como se obscrva, se obtienen 2 rectas desde el
unto de origen (100,100). Este punto se cbtuvo
¢ los valores de respiracién y concentracién de
TP en estado estacionario, en ausencia de inhibi-
or. De este grifico se pueden obtener los coefi-
ientes de elasticidad de los 2 bloques de enzimas
articipantes en el sistema:

Al disminuir e} flujo de E, con esireptomicina,
> puede determinar el grado de respuesta (coefi-
ente de elasticidad) del bloque E, hacia ¢! inter-
iediario que comparte con E,. El coeficiente de

elasticidad para E, se calcula de la pendiente de 1a
recta obtenida al titular el flujo de E;, con signo
negativo porque denota que es producto de E=
~{.23. De la misma forma, el coeficiente de elasti-
cidad del bloque E, se obtiene de 1a pendiente de la
recta al titular ei flujo con oligomicina (inhibidor
del blogue E,). En este caso, el valor del coeficien-
te de elasticidad es positivo porque denota que es
sustrato de E; (0.46).

Los coeficientes de control de flujo (Co) pue-
den cuantificarse utilizando el teorema de Ia co-
nectividad [ecuacién (1)), que establece un for-
malismo entre € Y Co; y la propiedad de 1a suma-
toria [ecuacidn (2)] que establece que la suma de
los coeficientes de control de flujo de las enzimas
que integran la via metabélica es igual a la unidad
(100%).

Celean®™= - Celean® oo (1)

Cell + Cg =l (D)

De tal manera que se tiene un sisterna de ecua-
ciones con 2 incognitas.

Sustituyendo los valores de los coeficientes de
clasticidad de cada segmento:

Ce(-0.23)= - C/(0.45) ........ (1)

Sustituyendo en términos de una sola variable
(ecuacidn 2):

C:%(0.23)= 0.46 [1 - Cg,’] = 0.46 — 0.46 Cg!
0.23 Cgf + 0.46 Cpf = 0.46

CElJ =046
0.69
Ce/' = 0.66

Sustituyendo en la ccuacién (2):
Ce’=0.34

El cocficicnte de ¢lasticidad de E, cs menor que
el obtenido para E; (-0.23 vs 0.46, respectivamen-
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te). Lo anterior significa que E, tiene una menor
respuesta (es menos sensible) a las variaciones en
Ia[ATP] que E,; es decir, la actividad de E, se en-
cuentra mis cerca de 1z saturacion por ATP, en este
particular estado estacionario. Por lo tanto, la ac-
tividad de E; varfa poco al modificar Ia [ATP]; es
decir, se trata de un bloque de enzimas que con-
trola notoriamente el flujo (su coeficiente de con-
trol es alto). En cambio, E, puede responder mds
ripidamente alas variaciones de ATP (£ més alto),
compensando mds ficilmente cualquier cambio en
1a [ATP] con cambios en su velocidad. Como con-
secuencia, la actividad de E, tiene un efecto menor
en el flujo; es decir; su coeficiente de control es
pequeno (0.34).

BEB 19(4): 239-240

Entonces, E; es el blogue de enzimas m4s limi-
tante en c€lulas tumorales AS-30D en estado proli-
ferativo, porque presenta un Co més alto {0.66),
controlando un 66% del flujo totat de 1a via; mien-
tras que E, controla el 34% restante.
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