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Abstract

The effectsof someimine and aminederivativesof vanillin on the respirationrate of mousemammaryadenocarcinomaA3 line, its
multiresistantvariant TA3-MTX-R line and mousehepatocytestogetherwith their respectivemitochondrial fractions, are described.
Thesederivativesinhibit respirationin both tumour cell lines more effectively thanvanillin in the absenceor presencef the uncoupler
CCCP. Since bhoth types of derivativesblock the electron flow, mainly through the NADH-CoQ span, they behaveas oxidative
phosphorylatiorinhibitors. Thus, they preventATP synthesisand alter cellular processesequiring energy,which would leadto cellular
death. Amine derivativesof vanillin presenta similar effect on both tumour cell lines, being amine C the most efficient inhibitor.
Moreover,mousehepatocytesre about4-fold lesssensitiveto amineC thantumour cells. Theseaminederivativesare betterinhibitors
than the correspondingmines; probably becausehey shouldinteractbetterwith the respiratorychain reactionsite.
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1. Introduction

Neoplastictransformatiormay affect geneexpressiorat
both nuclear and mitochondrial levels, altering several

metabolic pathways and metabolite transport systems.

Significant increasesof protein levels implicated in the
oxidative phosphorylatiorprocessare also involved (Bag-
getto, 1993; Cotton and Rogers,1993; Pentaet al., 2001).
Thus, mitochondria isolated from tumour cells exhibit
increasedatesof ATP synthesisascomparedwith normal
cells (Baggetto,1993). Electrochemicapotentialsof inner
mitochondrial membranesof neoplasticcells are higher
than thoseof normal cells (Singh and Moorehead 1992).
However, respirationrates of transformedcells are sig-
nificantly lower thanthoseof normal cells, which may be
dueto mitochondrialdysfunctionand/orlossin its content
(Pedersen1978;Wilkie, 1979).Many tumourcells showa
decreasednitochondrialmassof about50%; howeverthe
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preciserelationshipdetweemmitochondrialmassthe level
of mitochondrial mRNA and the mtDNA copy number
haveyet to be examined.Sincethe mitochondrialmassof
fetal rat liver is about half that of an adult, growth and
reducedmitochondrialmassmay be related(Pentaet al.,
2001). The metabolismof fast-growth and largely de-
differentiatedtumour cells differs markedly from that of
the original tissuecells. Fastoxidation of glucoseandthe
active production of lactic acid are some of the main
propertiesof thesecells (Pedersen]1978;Baggetto,1993).
Glucoseconsumptionis not the only fast catabolic path-
way: glutamineandketonebodiesalsoappearo be rapidly
oxidized. It hasrecentlybeenestimatedthat cellular ATP
is mainly provided by oxidative phosphorylatiorand that
the NADH-CoQ span of the respiratory chain (energy-
conservingsite I) exertssignificantcontrol over oxidative
phosphorylationparticularlyin the presencef glucose,in
AS-30D hepatomacells (Rodriguez-Enriqueet al., 2000).
Thesechangesn the oxidative phosphorylatiorsystemof
tumour cells offer a useful pharmacologicalstrategyfor
developmenbf selectiveagentsThus,relativelylow doses
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of rotenone promote a strong growth inhibition and
apoptosisin HL-60 leukemia cells (Matsunagaet al.,
1996).

At present,drugs usedin cancertreatmentshow sig-
nificantly different effectson malignantcells, especiallyin
developmentof resistance(Rangand Dale, 1991). Some
results indicate that various plant constituents exhibit
anticancer roles. Phenolic compounds are well-known
antineoplasticagents, probably related to the onset of
carcinogenesigHogman, 1989; Wattenberg,1992; Tsuda
et al., 1994).We have previously reportedthat mono or
polyphenolsinhibit respirationof tumour cells, mainly by
blocking electronflow throughthe respiratorychainat the

energy-conserving site 1 level (Fones et al., 1989; Pavanimethoxy-4-hydroxybenzylidene)-p-toluidine; (B)

et al., 1994).

Vanillin, 3-methoxy-4-hydroxybenzaldehydeis ex-
tracted from vanilla, potato skin, aromatic resins and
orientalmedicinalplants(Hogman,1989;Wilkie, 1979).1t
preventsinitiation of hepatocarcinogenesiaducedby 2-
amino-3-methylimidazoleand quinoline (Akagi et al.,
1995; Sanyal et al., 1997; Tsuda et al., 1994), and it
appeardo inhibit carcinogenesiby attenuatingmutagenic
effectsof someheterocyclicamines(Fahrig, 1996). How-

ever, other studieshave not showntheseeffects (Sawaet
al., 1999).

These evidences encouragedus to synthesize four
vanillin derivatives, and to assesstheir effects on the
respiratoryrate and cytotoxicity in the mouse mammary
adenocarcinomaTA3 and its multiresistant derivative
TA3-MTX-R cell lines (Morello et al., 1995)

2. Experimental procedures
2.1. Materials

Vanillin, sodium borohydride,and sodium bicarbonate
were purchasedrom E. Merck. Albumin (fatty acid free),
carbonyl cyanide m-chlorophenylhydrazon¢CCCP), col-
lagenasdfor hepatocytessolation), ethyleneglycol-bis(3-
aminoethyl ether) N,N,N’,N’-tetraacetic acid (EGTA),
glutamine,duroquinone rotenone,N,N,N’,N’-tetramethyl-
p-phenylendiamine (TMPD), fetal bovine serum, and
Dulbecco’s modified Eagle’s medium were from Sigma.
Methotrexate(MTX) was from OncoPharmaAll other
reagentswere of the highestgradeavailable.Synthesized
derivativesweredissolvedin ethanolor dimethyl sulfoxide
(DMSO). Therewere no effectsof thesesolventson cell
growth or oxygenconsumptionat concentrationsised.

2.2. Syntheses of vanillin derivatives

Imines were synthesizecby vanillin condensatiorwith
p-toluidine or aniline. The respectiveamineswere pre-
pared by reduction with sodium borohydride (Fig. 1).
Melting point determinationsand thin-layer chromatog-
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Fig. 1. Schemeof synthesesof vanillin-like compounds.(A) N-(3-
N-(3-methoxy-4-hy-
droxybenzylidene)-aniline; (C)  N-(3-methoxy-4-hydroxybenzylp-
toluidine; (D) N-(3-methoxy-4-hydroxybenzyl)-aniline.

raphy were the purity tests. Characterizationwas by
quantitative elemental analyses of C, H, and N
(error=0.5%) and infraredand H NMR spectroscopy.

2.3. Harvesting tumour cells

TA3 ascitestumour cell line was grown by weekly
intraperitonealnjection of 1.0x10 c8llsinto youngadult
male CAF 1 Jaxmice. The methotrexate-resistacell line
(TA3-MTX-R) was generatedby weekly consecutive
selectionin the presenceof MTX, where 2.0x10 cells
were propagatedn mice and MTX was administeredby

thei.p. route, startingat 0.1 mg MTX per kg body weight

every 48 h with stepwiseincreasego 1.0 mg/kg per 48 h
up to the day of assay(Morello et al., 1995). All animals

werefed with a standardaboratorychow andwaterad ib.
Tumourcellswereharvestecb—7 daysafterintraperitoneal

inoculationof ascitesfluid from donormice by centrifuga-

tion at 100X g for 2 min at 4 °C, and washedtwice with
150 mM NaCl, 5 mM KCI and10 mM Tris—HCI, pH 7.4,
as describedby Moreadith and Fiskum (1984). Tumour
cells were resuspendedn the samemedium at the con-
centrationof 30—40mg protein per ml. The cells appeared
to be virtually free from erythrocytesand other con-
taminants.Protein concentrationsvere determinedby the
Lowry reaction and standardizedwith serum albumin
(Lowry et al., 1951).

2.4. Isolation of mouse hepatocytes

This was carried out by circulating collagenaseperfu-

sion of livers, accordingto a modified procedurg Moldeus
et al., 1978). Livers were first perfusedin situ with the

oxygenatedwashing solution (95% O, and 5% CO,)
containing calcium-freesalt and 0.5 mM EGTA (10 ml/
min at 37°C for 5 min), followed by perfusionwith a
solution containing 0.04% collagenasefor 10 min. The
liver was then gently minced on a Petri dish and filtered



with nylon mesh.Hepatocytesverewashedwice with 150
mM NaCl, 5 mM KCI and10 mM Tris—HCI, pH 7.4, and
centrifugedat 50X g for 2 min. They werethenresuspend-
ed in the same medium at 30—40 mg protein/ml con-
centration. Cell viability was consistently >90% as de-
terminedby trypan blue exclusion.

25. Cdll respiration

Respiratiormeasurement&ere carriedout polarograph-
ically at 25°C with a Clark electrode(Yellow Springs
Instrument)and a LinseisL 4000 monitor linked to a 200
mV monochannerecorder.The reaction mixture, 1.8 ml,
contained150 mM NaCl, 5 mM KCI, and 10 mM Tris—
HCI, pH 7.4, plus 5.6 mM glutamine(tumour cells) or 10
mM glucoseplus 5 mM glutamate(hepatocytespr 5 mM
succinateas respiratorysubstratesand 5 mg of protein of
eitherascitestumour cells (about10 célls) or hepatocytes
(about6.0x 10 c&lls).Whereindicated,0.19 uM (TA3) or
0.28 uM (TA3-MTX-R) CCCPwere added(Foneset al.,
1989).

2.6. Growth inhibition of TA3 and TA3-MTX-R cdll
lines

Both cell lines were cultured in the absenceand
presenceof amine C (N-(3-methoxy-4-hydroxybenzylp-
toluidine) in Dulbecco’s modified Eagle’s medium with
7% fetal bovine serum,25 mM Hepes [4-2(2-hydroxy-
ethyl)-1-piperazine-ethanesulphonicacid], 44 mM
NaHCO, 100 IU/ml penicillin, and 100 ng/ml strep-
tomycin. For the experiments1.8-2.2<10 c&lls/mlwere
seededin 20 ml of culture medium,in 125 ml culture
flasks,and grown at 37 °C for up to 96 h. The cells were
first allowed to grow for 24 h (about4.0x10 cells/ml)
and amine C was then added. Cell numberswere de-
termined every 24 h with a Neubauercounting chamber
andcell viability wasdetermineddy trypanblue exclusion.

2.7. Preparation of mitochondria

Mitochondrial suspensionsf about40—-50mg protein/
ml were preparedfrom tumour cells (Moreadith and
Fiskum, 1984) and from mice liver (Ferreira and Gil,
1984), with the following minor modifications:mitochon-
drial fractionswere washedwice at 12 000X g for 10 min
and resuspendedh a minimal volume of their respective
medium in the absenceof bovine serum albumin to
eliminate adsorption of hydrophobic molecules. Protein
concentrationwas determinedby the Lowry reaction as
describedabove.

2.8. Mitochondrial oxygen consumption

To determine the effects of the imine and amine
derivativesof vanillin on oxidative phosphorylationpxy-

gen consumptionwas monitored polarographicallywith a
Clark electrodeat 25°C. The respiration medium con-
tained: 200 mM sucrose,50 mM KCIl, 3 mM K PQ, 2
mM MgCl , ,5mM EGTA and3 mM HepespH 7.4; the
substrates2.5 mM glutamateplus 2.5 mM malateor 5.0
mM succinateand 0.25 mM ADP. The mitochondrial
suspensiong2 mg) were incubatedfor 2 min at 25°C
before adding each derivative. All measurementsvere
madeafter 5-min pre-incubationwith eachcompound.

3. Resaults

We report the effects of a homologousseriesof four
vanillin derivatives on respiratory rates of TA3, TA3-
MTX-R and mouse hepatocytesEffects of amine C on
culture growth of both tumour cells are also described.

Fig. 2 showseffectsof imine A on respiratoryratesof
TA3 and TA3-MTX-R cell lines. Sigmoidal inhibitory
curves, which were fitted in accordancewith the Hill

equation(Monod et al., 1963), were observedvhenimine
A concentratiorwasincreasedn the assaysystembothin
the absenceandpresencef the uncouplerCCCP.Maximal

inhibition (80-85%) of the respiratory rates of both
tumour cell lines in the absenceof CCCPwas at about2
mM. Also, maximalinhibition (89—94%)of CCCP-stimu-
lated respirationby both tumour cell lines was reachedat
about2 mM imine A.

Very similar sigmoidalinhibitory curveswere observed
when amine C concentrationwas increasedin the assay
systemwith thesetwo tumourcell lines (Fig. 3). Maximal
inhibition (86—93%) of respiratoryratesof both tumour
cell lines was at aboutl mM. The inhibition was slightly
higher with uncoupler CCCP than in its absence,but
differences were statistically insignificant. Only slight
variationsin the levels of inhibition were found for these
two tumourcell lines. However,amineC was significantly

more effective than imine A. Theseresults also suggest
that the level of inhibition, although dependenton the

amine/imine concentration,is not predominantlydepen-
denton respirationbeingcoupledto ADP phosphorylation.
Consequentlythe primary interactionoccursin the elec-
tron transferpathwaythroughthe mitochondrialrespiratory
chain.

Table 1 summarizeseffects of four-vanillin chemical
analoguesn the rate of oxygenconsumptionof TA3 and
TA3-MTX-R tumour cells. Concentrationsof the com-
pounds necessaryto inhibit 50% of the respiratoryrate
(IC )gwere 0.22-3.87mM. Generally,IC  {gr vanillin
was higher than that of its derivativesand amineswere

more active than imines toward both lines in the absence
or presenceof the uncouplerCCCP.

To establishthe inhibitory site of these compounds
within the mitochondrialelectrontransportchain of intact
tumour cells, we selectedthe two derivativeswith highest
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Fig. 2. Effect of imine A concentrationon the respiratoryrate of TA3

andTA3-MTX-R tumourcell linesin the absencandpresencef CCCP.
Resultsare expresseds percentag®f inhibition of the oxygenconsump-
tion rate comparedwith the respectivecontrolin the absenceof imine A.

Control activities, expressedas nmol/min per mg protein, were:
9.46+1.94 (—CCCP)and 25.824.57 (+ CCCP,0.14 uM) for TA3 cell

line; 8.06+1.28 (—CCCP) and 25.2+2.70 (+CCCP, 0.28 pM) for

TA3-MTX-R cell line. Eachresultis themeanZS.D.  of, atleastthree
independentleterminationsDatawere plottedin accordancevith the Hill

equation.Furtherdetailsin Section2.

inhibitory action. Their effectson the respiratoryrate were
determinedn the presenceof well-characterizedgynthetic

substrateghat donateelectronsto the energy-conserving

sites 2 (duroquinol) and 3 (TMPD). Fig. 4 shows the
cellular respirationof TA3 tumourcellsin the presenceof
different mitochondrial electron flow inhibitors and two
vanillin derivatives.Rotenoneantimycin A, imine A and
amineC inhibited oxygenconsumptionHowever,cellular
respirationwas newly observedby the addition of ascor-
bate plus TMPD, indicating that inhibition does not
involve Complex IV. Resultswere similar for the TA3-
MTX-R cell line. Moreover, the ascorbateplus TMPD
oxidation rate was higherin the presenceof imine A than
in the presenceof rotenone,antimycin A or amine C,
which would suggesthatimine A hasa slight uncoupling
effect on the respiratorychain. To explorethis action,we
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Fig. 3. Effect of amine C concentrationon the respiratoryrate of TA3
and TA3-MTX-R tumour cell lines both in the absenceand presenceof
CCCP. Resultsare expressedas percentagenhibition of oxygen con-
sumption rate comparedwith the respectivecontrol in the absenceof
amine C. Controls activities, expressedas nmol/min per mg protein,
were: 9.14+1.81 (—CCCP)and 25.2+1.08 (+ CCCP)for TA3 cell line;
9.22+0.99 (—CCCP) and 26.6+4.23 (+ CCCP) for TA3-MTX-R cell
line. Each result is the mean=S.D,,_, of at least three independent
determinationsOtherconditionsaredescribedn Fig. 2. Furtherdetailsin
Section2.

performedan experimentwhereimine A was addedafter
addition of oligomycin, rotenone and ascorbate plus
TMPD (Fig. 4, trace fourth). Imine A increasedthe

Tablel
Effects of vanillin and its derivativeson cell respirationratesin the

absenceand presenceof the uncouplerCCCP

IC5," (MM) TA3 IC2, (MM) TA3-MTX-R

—CCCP +CCCP —CCCP +CCCP
Vanillin 2.51+0.05 3.32:0.08 3.87+£0.09 0.72+0.02
A 1.07=0.01 0.75+0.01 1.42+0.04 0.63+0.01
B 2.25£0.05 1.00+0.04 2.16+0.06 0.22+0.01
C 0.53+0.02 0.26+0.01 0.56+0.03 0.310.02
D 0.74+0.02 0.42+0.01 0.69+0.03 0.50+0.03

* IC,, correspondgo the concentrationof assayedcompoundsneces-
sary to inhibit cell respiration by 50%. Values are arithmetical

means=S.D. of at leastthreeindependentleterminations.
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Fig. 4. Effectof TMPD on therespiratoryrateof intacttumourcells of TA3 line previouslyblockedwith somevanillin derivatives Arrows indicatewhere
TA3 cell line (5.0 mg of proteinsandthe final concentratiorof 5.6 mM glutamineassubstrate)imine A (1.4 mM, A), amineC (0.8 mM, C), rotenone(2.2
M, ROT), antimycin (0.6 pg/ml ANT), ascorbate(5.6 mM, ASC) plus TMPD (1.0 mM) and oligomycin (1.0 ng/ml, OLIG) were addedto the
respirationmedium. Numbersindicate oxygen consumptionratesas nmol/min per mg protein. Furtherdetailsin Section2.

respiratory rate about 2-fold, indicating a slight uncou-
pling.

Fig. 5 showsthat duroquinoloxidatonwas inhibited by
antimycin A, but not by rotenone,imine A nor amine C.
Theseresultsnot only supportthe conclusionthatimine A
and amine C inhibit electronflow at some point before
ubiquinol:cytochrome ¢ oxidoreductase,but they also
indicatethat thesecompoundsdo not inhibit electronflow
from Complexlll to oxygen.Similarly, thesecompounds,

5mg

;{100 nmol O
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—

like rotenone,nterferewith componentof electrontrans-
fer, presumablyat some site of NADH dehydrogenase.
Since the addition of imine A or amine C causedan
immediatelargeincreasein absorbanceat 340—-370nm, it
may be concludedthat NAD(P) Becamemore reduced
when these compoundswere added (results not shown).
Moreover, the duroquinol oxidation rate is higher in the
presencef imine A thanwith rotenoneor amineC. Imine
A increasesoxygen consumption,which was previously

5mg

Fig. 5. Effectsof imine A andamineC on duroquinoloxidationratein TA3 tumourcell line. Arrows indicatewhereTA3 cell line (5.0 mg of proteinsand
the final concentratiorof 5.6 mM glutamine),imine A (1.4 mM), amineC (0.8 mM), rotenone(2.2 wM), antimycin (0.6 png/ml), duroquinol (1.0 mM,
DUR) and oligomycin (1.0 ng/ml) were addedto the respirationmedium. Numbersindicate oxygen consumptionratesas nmol/min per mg protein.

Furtherdetailsin Section?2.



inhibited by oligomycin (Fig. 5, trace fourth), suggesting
that imine A has a slight uncoupling effect on the
respiratorychain.

Fig. 6A showsthe effect of amine C on the rate of
succinateoxidationin permeabilizedT A3 cells. Respirato-
ry rateinhibition of about75% of the controlwasobtained
at 0.8 mM amine C, indicating that electron flow from
succinateto ubiquinone(Complexll) wasalsoinhibitedin
intact cells. Therefore,we also determinedthe effect of
amine C concentrationon the respiratory rate in the
presenceof succinateas a substrateof both tumour cells
lines. Very similar sigmoidal inhibitory curveswere ob-
servedwhen amine C concentratiorwas increasedn the
assaysystem(Fig. 6B,C). Maximal inhibition (88—95%)
of oxygenconsumptiorratesof both TA3 and TA3-MTX-
R cell lines was attainedat about1.5 mM. The inhibitory
effectwasslightly higherwith CCCP,but differenceswere
statisticallyinsignificant. Therewere only slight variations
in levels of inhibition in thesetwo tumour cell lines.

Table 2 summarizeghe effects of amine C on oxygen
consumptionratesof both tumour cells and mousehepat-
ocytesandalso of their respectivemitochondrialfractions.
WhenNAD -lihked substratesvere oxidized,IC  yvglues
of oxygen consumptionrates by hepatocytes(5 mg of
protein) and mouseliver mitochondria(2 mg of protein)
were very similar, in agreemeniwith the assumptiornthat
about 40% of the total cellular mass correspondsto
mitochondrial mass. Instead,IC  yaluesfor both intact
tumour cells were approximately 2.5 times higher than
thosecalculatedfor respectivemitochondriafractionsfrom
TA3 and TA3-MTX-R tumour cells. These differences
werehigherthanexpectedPlausibleexplanationsould be
thatthe intramitochondrialamineC concentratiorin intact
tumour cells is lower than in the surroundingmitochon-
drial respiration medium, that amine C does not easily
enterthe tumourcell at pH 7.4, or thatit is tightly bound
to membranesother than the mitochondrial inner mem-
brane. In addition, both TA3 and TA3-MTX-R tumour
cells were about 4-fold more sensitiveto amine C than
mouse hepatocytes.This difference should increase if
results are expresseder cell number, since we counted
about1.15x10 nfousehepatocyteper mg of proteinand
about1.95x10 tdmourcells per mg, which might explain
the fact that IC  yalues of respiratory rates by mito-
chondriaisolatedfrom both tumour cells were about 10-
fold lower than those from mouseliver. Amine C also
inhibited succinate oxidation by tumour cells and by
hepatocytegnon-malignantcells), the former being about
4-fold more sensitivethan hepatocytesput amine C did
not inhibit oxygenconsumptionratesin all mitochondrial
fractions.Probably,amine C can be biotransformedn the
cell to a compoundwhich blockselectronflow throughthe
succinatedehydrogenase-Co&pan.The effect of amineC
on non-malignantcells suggestghat the other derivatives
could also be, by extension,of pharmacological/alue.

Fig. 7 shows time-courseeffects of amine C on the
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Fig. 6. Effects of amine C on succinateoxidation ratesin TA3 and
TA3-MTX-R tumour cell lines. In (A), arrowsindicate where TA3 cell
line (5.0 mg of proteinsand 5.6 mM glutamine), rotenone(2.2 uM),
digitonin (0.006%), succinate(5 mM, SUCC), amine C (0.8 mM) and

antimycin (0.6 n.g/ml) were addedto the respirationmedium.Numbers
indicate oxygen consumptionrate as nmol/min per mg protein. Control
activities, expressedas nmol/min per mg protein, were: 16.5+1.11
(—CCCP)and19.80+2.03(+ CCCP)for TA3 cell line (B); 13.40+1.40
(—CCCP) and 21.70+3.20 (+CCCP) for TA3-MTX-R cell line (C).
Each result is the mean=S.D,,_; of at least three independentde-

terminations Datawere plottedin accordancevith the Hill equation.For
other details, see Section2.

growth of both tumour cells, which are concentration-
dependentfor both lines. At the lowest concentration(5
wM) andafter 24 h of exposurecell viability was79% for



Table 2

Effects of amineC on respiratoryratesof tumour cells, mousehepatocytesand mitochondriaisolatedfrom mice liver, TA3 and TA3-MTX-R cell lines

Mitochondria Cells
Glutamater Succinate NAD -linked Succinate
Malate % inhibition Substrates * IC M
IC g IC M
TA3 0.23+0.01 <50 0.5340.03 0.59+0.05
TA3-MTX-R 0.20+0.03 <50 0.56+0.04 0.75+0.16
Mice Liver 2.05+0.10 <50 2.07+0.35 2.48+0.73

Glutamine (5.6 mM) (tumour cells) or 10 mM glucoseplus 5.6 mM glutamate(mousehepatocytes).
Ic’ cgyrespondso the concentratiorof the assayedompoundsiecessaryo inhibit cell respirationby 50%. Valuesarearithmeticalmeans=S.D.  of,

at leastthreeindependentieterminations.

TA3 and 70% for TA3-MTX-R cells. However, cell
viability decreasesignificantly after 72 h with the highest
concentration(80 wM), i.e., by anaverageof 11 and17%
for TA3 and TA3-MTX-R cell lines, respectively.
Resultson culturegrowth of bothtumourcell lines gave
anlIC ¢of 18.6 uM after 24 h for amineC, and of 11.4
wM after 48 h for TA3 cells. For the TA3-MTX-R cells,

5uM
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80 uM

¢ mJ 4«00

% Cellular viability
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Fig. 7. Effectsof amineC on TA3 and TA3-MTX-R tumourcell culture
growths. Resultsare presentedas percentageof cellular viability com-
paredwith the respectivecontrol and measuredevery 24 h. They arethe
arithmeticalmeans3S.D.  (error bars)of triplicate determinationsf at
least three independentexperiments.Amine C was added at seven
different concentrationsFurtherdetailsin Section2.

IC gf amineC was14.1pM at24 h and13.4uM at 48

h.

4, Discussion

Results show that amine C is the best respiratory
inhibitor among the four derivatives of vanillin. These
derivativesprimarily inhibit NADH re-oxidationcatalyzed
by the mitochondrialrespiratorychainof TA3, TA3-MTX-
R tumour cells and mouse hepatocytes,since oxygen
consumptionis similarly inhibited bothin the absencend
presencef CCCP(Morello etal., 1995).In the absencef
CCCP,inhibition curvesare sigmoidal,showingan inhib-
itory cooperativeeffect on electron flow, which would
suggestthe existenceof more than one inhibition site
(Fonesetal., 1989;Pavaniet al., 1994).In the presencef
CCCP, the sigmoidal nature of the inhibition curves
decrease@nd a strongerinhibitory effect occurred.Plaus-
ible explanationscould be that: (1) respirationin the
coupled state of mitochondriais limited by endogenous
controllers.Although thereis nevera single ‘rate limiting
step’, the system qualitatively behavesso that marked
inhibition is only observedwhen exogenousinhibition
exceedghe control exertedby the endogenougontroller,
in this caseproton permeabilityof the inner mitochondrial
membrane.The result is a pseudo-sigmoidalinhibition
curve.Thus,the observedifferenceis understandablg2)
The inhibitory activities of thesecompoundsdependon
some particular redox condition of the mitochondrial
respiratorychain componentsThe uncouplerinducesthe
respiratory chain componentsto reach a more oxidized
stationarystate.Thus, thesevanillin derivativesare better
inhibitors when electron carriers changetowards a rela-
tively more oxidized state(Morello et al., 1995).(3) If a
compoundbehavesasan uncoupleraswell asaninhibitor,
both inhibition and stimulation of respiration can occur
simultaneouslyn the ‘coupled’ cells dueto the uncoupling
effect, leadingto an apparentiower sensitivity (Floridi et
al., 1994).

Imines and amineslessenelectronflow mainly through
the NADH-CoQ span, since when succinateis the sub-

strateof isolatedmitochondriathereis no major inhibition



(less than 50%); however, amine C inhibits succinate
oxidation in permeabilizedintact tumour cells, indicating
possible alteration of electron flow through complex I
(Fig. 6). This brings up the possibility that these com-
pounds are metabolizedto a catechol-like compound.
While O-demethylationis catalyzedby the cytochrome-P-
450 family of enzymesplacedin the smoothendoplasmic
reticulum, such reactionswill likely occur in TA3 and
TA3-MTX-R cell lines. These compoundsmay be de-
methylatedto some extent by intact cells, but not by
mitochondrial fractions, thus also inhibiting succinate
oxidation. Nordihydroguaiareticacid, a di-catechol,is an
electron flow inhibitor through the both complex | and
complex |l of the respiratorychain (Pavaniet al., 1994,
Shi and Pardini, 1995).

Amines are better inhibitors than imines. Imines have
conjugateddouble bonds and they are more rigid than
amines,which canorderrings spatially and interactbetter
with targetsof the respiratorychain (Satohet al., 1996).
Amine C is a slightly betterrespiratoryrate inhibitor than
amine D. As it has an extra methyl group bound to the
benzenering it is more hydrophobic, causing a better
interactionwith the mitochondrialinner membrane.

Variationsin IC i, the intact tumour cells may be due
to possible differencesin rigidity of the mitochondrial
membranein the tumour lines under study, because
contents of mitochondrial membranesare variable and
specific to each kind of tumour cells (Pedersen1978).
Also, large membranevariationshavebeenobservedvhen
multiresistanceoccurs(Pickard and Kinsella, 1996).

In the first 24 h exposureamineC at low concentration
inhibits growth, the TA3 cell line beinglesssensitivethan
TA3-MTX-R. However,at higherconcentrationsthereare
no important differencesbetweenthe cell lines, probably
becauseof its better absorption rate and intracellular
distribution. After 24 h, the TA3-MTX-R line was more
sensitive than the original one; however, this effect
changedafter 48 h, probablydueto differencesin mecha-
nismsasabsorptiorrate,intracellulardistribution, metabo-
lism andexcretionof amines.Thesevariationscanalsobe
dueto changesdn rigidity of mitochondrialmembrane®f
tumour lines characteristicof each cell line (Pedersen,
1978). Resultsfrom cell growth and oxygenconsumption
appearconsistentbecausehe assayso determineamine
effectson respirationwere performedwith nearly 10X 10
cells/ml. Instead,cell growth determinationsvere carried
out with about 0.4x10 cells/ml. Therefore the amine
amountis equivalentto the numberof cells.

Thesecompoundswould inhibit oxidative phosphoryla-
tion, preventing ATP synthesis,thus stopping cellular
processethatrequireenergy,andstartinga complexchain
of eventsresultingin cellular death.Thesefindings would
partly explainthe antineoplastiactivity of the synthesized
derivatives.

The main obstacleto the successfultreatmentof neo-
plastic diseaseds that tumours often exhibit intrinsic or

inherentresistanceo chemotherapeutiagentspr thatthey
may developresistanceo treatmentafter the procesf an
initial responsdgacquiredresistance)subsequentipecom-
ing insensitiveto a rangeof anti-canceragents.The TA3-

MTX-R cell line is resistantto various agents,such as
doxorubicinandvinblastine(substrate®f P-glycoprotein);
aswell as, methotrexatecisplatin and 5-fluorouracil (non-
substratesof this multidrug transporter).IC  yalues for

tumour mitochondriafrom both cell lines and mice liver

point to a selectivityof amineC at the mitochondriallevel.

Aminesbehavesimilarly for both cell lines, which implies
similar sensitivity for these tumour cells. Thus, these
derivativesmight be further consideredas potential anti-
neoplasticdrugs.
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