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o Abstracf-—-—'?he effectsof nord:h}dmgumaret:c acid (NDG

)  best kinowti as an. mh; bitor 0{ hpoxygenasc.

~activities, on the culture: growth, ‘oxygen consumption, ATP level, Viability,-and redox state.of some

e ‘electron; carriers of intact TA3-and 786A. ascites tumor cells
“Iespiration tate of these two tumor cell fines by preventing &le

NDGA inhibited the:
¢ Tespiratory chain.

on flow: through

.'Consequemiy, ATP levels,. cell viability and culture growth rates wete decredsed. NDGA lid ‘not

-tioticeably inhibit - electron
complex. Alsg, tha presen
- and the redox staes

flow through ‘both eytochrome oxidase” and ‘ubiquinotie-cytachrome: b—¢,.
: of NDGA changed to: redox state of NAD(P)* to 4 more teduced level;
inone, ‘cytochirome b and cytochrcmes ¢+ ¢y chianged to a‘imore oxidized

- level. Thesé obsérvations suggest that the eleciron transport in the tumar mitochondria wag inhibited . -
by NDGA st the NADH- -dehydrogénase-ubiquinone level (cnergy-consemng site 1). Asa consequence; ;
‘mitochondriat AT'P synthesm wofuld be- mtermpted This event could-be’ reiazed to the cytotoxic: effect_-

: '.of NDGA:

“The polyhydmxyphenohc antioxidant NDGA}{ was
:Once generally ‘used "at ‘levels of .0.01-0.02% 10
prevent changes in flavor and nutsitive values which
tesult from: oxidation of ‘unsaturated fats and fat-
containing products.[1, 2], A _remarkably low. LDSO
of 4000 and 5500 mg/k; ;
in ‘mice and rats; respect
value of 800" mg/k has been found in‘mi

effect on the reticuloendothelial system_and the,
k:dney mbuies_ef the rat [2] .Consequently, there
are. few Countries here “food:
. additive is still. ‘permitte
- induced ‘no.gross. or ‘organ
fed a semii- -purified diet:fo

toxicity in fetuses, which was manifested: by greatly

* reduced mc1<iem:es -of speczﬁc malf@rmatmns and_

diminished. seventy of Some hydroxyure -inidu
defects [4] g : :
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upon the
intraperitoneal injection of NDGA, “usitig peanut oil
as the vehicle [1]. Prolonged feedmg of 0.5-1.0%
NDGA in the total diet for 74 weeks-had a toxic

i Mcreaver;_
- injection of 950 mg NDGA /kg into pregnant rabbits:
© resulted ‘in reduced: ‘hydroxyurea . developmental:

ge Ferréira; De ar-_.

: Key wards cellalar gmwrh tumor cell: resplratlon A’T’P level; mhlbmon nnrdlhydmguaxarcnc amd

pathways of arachldqmc -acid, metabohsm and hence,

leukotriene synthesis. Also, athigher concentrations,
it'inhibits cyclooxygendse. and ‘therefore, prostanoid:
production. [5]. Consequently‘ the: prohferanon of

‘normal -and malignant. cells -observed -in culture. is

suppressed by NDGA with no effecton: cell viability,
either when these célls are exposed to various growth
factors,. hormones, and. fatty:acids and their
derivatives {6-10], or when ceftain sicosanoids are-
synthesized by . the - cells themselves- [6,10-£3]:

Moreover,. this compoundis:also-able to inhibit the-
growth-of malignant cells, since it inhibits orithine.

_decarboxylase. actvxty mduced by rmtogens or tumor-'

promoters.[14-16]. :
-In addition; NDGA is antunutagemc and anti-
fumorigenic, whmh may be due toits multiple effécts
as an inhibitor of carcinogen metabolism and DNA--
adduct: format:on, and asa-free. radical -scavenger
and, thus; it is- capable: of inhibitin enzymatic and.
notiaenzymatlc_ xidative reactions {3, 15-23].. 0
“Omn':the other hand, it ‘has béeén - feportéd ‘that
NDGA inhibits ﬁ]ectn:m flow and- energy transterin. .-
isolated - mammalian. mitochondtia - 24-26
probable sites of inhibition.of :_mtochondnal !
transport are the NADH:coenzyme Q ri
succinate-coenzyme: 'Q reductase
also.an inhibitor of glucose abso
{5] egColys.ls {1 27] and réspir

vitro and'in vivo [1;28]
the! TA3 and: the |
presence ‘and dbsence of." ;
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“These ‘effects. 6n the growth ‘and. 'resp:rauon of
several tumor cell linies siggest that NDGA. miay
: ntmeop]asncactwn, whlchwo'l bcmedlated

( - PIoC - energy
ofithe tumor cells. We pre ent ¢vidence
o suggest that

dchydmgenase and ubxq mone, .w}uch ]
a proniounced reduction. of ATP levéls .and,
consequently; the inhibition: of the: growth ascites
‘tumior cells.

MATERIALS AND METHODS

Chemicals. Tris-HC, antimycin, CCCP, a diag-
fostic kit for ‘the determination of ATP levels,
‘EGTA, fetal bovine serum, ghitamine, duroguinone,
HEPES, NDGA, rotenone and TMPD: were
‘purchased from the: Sigiia: ChemcaI.Co (8t: Louis,
M J.. The- s[ock solut;on of.- :

the - conoentratmns used in our
observed. Duroquinol was pr
Quinoiié in alcoho i
sodium boro ydn
sto;:k soiun" j

penments were
'éd from dum-a

ks ﬁf.[éﬂ] AT
highes purity commercially-a ailable:

Harve, ing. of ‘tumor ‘cells.. The follcwmg ascues
tamor, f& GI0 ;

y‘oung adult midle A Swiss niice and: the TA3 asmtes
tumor (caivinuma) was propagated in young.
‘male CAF 1 Jax. mice. Al ammais were ed with

‘essentially as | iy ;
[31]. The tamor résuspended i thi
medium: at a concenitration of 30-35:1ig protéir
Thé cells appeared to be virtually free of ¢
and other: mntammants and shiowed a

: follows: a sample: -0. the -oellj
Suspension was: _tmxed with 0:5%- '

ﬁuﬁ:bcr of viable and nonwable Celis was coumed:
' _Impm

tion was-determined by niodified bivret
: tandardized with seraim-albumn,

hibition of the growth of T86A and TA3 . ceﬂ'
."mes 'Both cell Imes were cuitured 1n the 4 .

MM H_EPES 44 mM NaHCG; _pemm]lm {1000/
mL) and streptomiycin (100 ug/ml). For the
experiments; 1.8.16 2:2 x 105 cells/mL were seeded
in 30 mL of culture medium, using 100-m¥. ciltire.

"NDGA mhlblts the nutocho_'dnal :

o isotonic salitie hcﬂutlen, and the. ‘of ser

) 1696 hir. The cells
i d then NDGA_

polafogiaphicaﬂ '
‘5331 (Yellow- Sprm ; ga’ YSI
modei 53 mcfmta ] ecf to_a_ 100 mV monochannel

tory carriers was monitored at 25°
bv dual»wavelength spectmphchtometr} {Aminco
DW-Z) The 2-;55 i fmedinm . consisted -of:
2 m rnM Tns—HCl (pH 7: 4)-'

as. mjepted rapldly from: m;trosvrmges in
Such & way:asto-achieve the shortest possible mixing.
tirme [29)..

Celllar ATP levels., Tumor cells {10”'{ij were
shaken: at 37% (75 oscillationis/min

| 4),:containing:: '
mM EGTA and supplemented wlth 5 mM

1t:1uots of cell suspenswn
S0 mb) were fémioved at various ftimes for
‘processing and spectrﬁphotamemc assay of. celluiar
ATP conient A didgnios f '

i 2 iquotsof cell suspensmn
were removed o dstermme borh: viability and
tellula.rresplratson respcctwely, asdescribed above.

‘RESULTS

We have reported previously that NDGA is 4n
-ml‘ubrto:r of the mitochondrial el flow of timor:
i 3 he mecham“.m

Fignre 1 shows. the - cu!ture of dlfferent
concentrations of NDGA on the: percentage survivat
0f TAS and 786A. ascites tumior cell lines exposed
for periads up to-72 hir. For each-coricentration of
NDGA: tested, toxicity increased with ‘the time of
€xposure: 1o the. chiernical. At higher NDGA
concentranons ‘the ition of the growth of both
ascites tumor-cell, ‘was strongen. No noticeable:
vatiation between the two cell lines used 'was found
in' the levels sur‘hval of ¢clls for each NDGA-
Coficentration ed.,

Additionof’ NDGA to:the incubation medium of
ascites tuinor eell lines fesulted in a number. of
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Fig. 1. Percentage of survival of TA3:and 786A cell Tines

cultared for periods up 1o 72 hrin the presence of NDGA..

Each result is the mean ='SD-of four experiments; with

-¢ach _assay performed in. quadruplicate.. Significancé was

determined by comparing the respective control value with

that- of the- NDGA-treated cells (Student’s frest; * =
P <0.001)..

related metabolic effects, which increased with the:
time:of exposure to this:chiemical in a concentration-
dependent manner, Within 1 hrafter the addition of
250 yM NDGA (Fig: 2), cellular respiration and the.
ATP level of TA3 ascités tumor cells: were-already-
strongly decreased to: 43 and 42% of respective
control values (Fig: 2A and B). However, viability
diminished. less rapidly; a decrease to 78% of the-
control value was obseived after 1hr (Fig.. 2C).
Probably the complex chain of events that result-in
cell death would. require a certain period of time.
After 4hr of incubation with NDGA, OXygen
consumption, ATP level and viabiliiy were decreased
1o 25, 18 and 26% of respective: control values {Fig.
2). These results: indicate that NDGA: was ‘able to
affect ‘mitochondrial oxidative phosphorylation in
intactcells, whichcould explain, in part, the cytotoxic
effect of NDGA. No noticeable variation was found
in respiration rate, ATP levels and viability between
the two-cell lines-used (results not-shown)..

A representative polarographic. trace. of the
respiratory rate of the TA3 cell line is shown in Fig.
3a; the addition of NDGA produced an inhibition
of the rate of oxygen comsumption (Fig. 3b). The
effects of NDGA concentration on the respiratory
rates of 786A and TA3 cell lines are reported in Fig.
4. Very similar sigmoidal inhibitory curves were
-observed when the NDGA concentration. was

1937
increased in-the assay systemi with thése two turmior
cell lines; both in the absence and in the prescnce
of the uncoupler CCCP. Maximal inhibition (93—
96% )-of the respiratory rates of both tumor cell linies
in the absence.of CCCP was-attained at about 0.44-
0.59 mM. The I, values were. 0.21 and 0.24:mM
NDGA forthe TA3 and 786A cell lines, Tespectively.
Maximal inhibition (98-100%) of CCCP-stimulated
respiration by 786A and TA3 cell lines was cbtainied
at' about 0.44 t0-0.50 mM- NDGA. The I, values
wereabout 0.20'and 0.22 mM for the TA3 and 786 A.
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Fig..2. Time course of the effect of NDGA on the decrease
of (A) oxygen consumption-rate, (B} ATP content und (C)
viability-of the TA3 ascites cell line. Cells were incubated
at 37°in the absence or presence of (¥) 150 M and ()
250 YMNDGA . Determinations weremade afterincubation
for:the Jengths of time indicated: Resiilts are expressed as
the mean percentage of the respectivé control + SD of four
to six independent experimétits. ‘At zéro time, the mean
OXygen consumption rate.® SD of control cells was
4.35 £.0.17 nmol 0/minio® cells; for ATP' content, the
control value was'9.39 + 1.76 nmot ATP/10° cells. Viability
isexpressed as the percentage of frypan blue-excluded cells
vs- total amount of cells present in 1'mL. (W) Viability in
the. absence of NDGA. At zero time, the mean call

viability = SD was 10x 10° =1.7 x10°. Incubation had

little effect on these parameters. Significarice: was

determined by comparing the respective contiol value with

that.of the NDGA-treated cells (Stiidesit's Fest; *=P.<
0.007; ** = P < 0.001).
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appraising the’ 2b111ty of
Tespiratory inhi it OTig ated by _NDGA Thls
approach is bused n ‘the principle that Wurster’s
), which is the oxidized form:of TMPD,

acts a8 an electron ‘acceptor from ublsemlqumone,
: 'then the TMPD. thu formed donates eleczrons to

feaction: {38] The traces pi e
that the mhlbmon of oxygen consumption by
cirt -and NDGA was_ _b_ypassad by

eytochrome oxidase step. “The action of NDGA ot
the: cytochmme b—ck cnmpiex was_ sturhed by usmg-_

‘thiat by anumy i Tet yp
NDGAblock promo’ted by durﬁqmno] attained: oniy'-

90 (Facheen e

g0 wwcee S

10Qamol O\ 40

2 1

-9
66"
| TAZ cell line:

% takibirien

o cell lines used,
Hs below B mM a

1o unc()uf)ie fmdatwe phcsphmy!at:@n [3 ]
-NDC‘A s a_ better electron fAow inhibitor . than

nirol

) .
: nmol. Dfrmufmg pr and ;
h e don. Oxt{gen_ _Onbum mm_ -Whﬂi' "' gespectively, The inhibitory - effects of d1ffsren1 NDGA.
_"' aracterize synthetic  substrates © gohtentrations were obiained from expefiments like those:
electrons'to the energy-conserving sités 2 and 3 wete: of F1g -3 Bach point is the mean of four (o six independent
tadded The: effect of NDGA ‘on the electron flow ‘eXperiments: Otherconditions were-as in Fig: 3.




NDGA effects on' tumiar cell respiration and growik

S'mg

Tmg " 2mg
A

+

100.nmol O

b——
2 min,

1939

S'mg. 5 mg

- L

-Fig. 5. Effect of TMPD .and.duroquitiol on the inhibition of 786 A cell respiration provoked by NDGA.

At the points indicated by the. arrows, 786A (5.0 mg), rotenone (0.4 nmol), antimycin (0:05 ug/mg

‘protein), NDGA (0.74 umol), TMPD: (3.0 umot) and duroquinol-(2:8 umol) were added. The numbeis.

placed beside the traces indicate the rate of oxygen consumption if wimol O/niin/mg peotein. For other
details, see Materials:and MethGds,
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Fig.'6. Effect of NDGA on the redox states of NAD(P)* ;.
ubiquinone. ¢ytochrome b and cytochromes:c + ¢, in TA3
cell lincs. At the points indicatéd by the arrows; 2.0 pmol
‘NDGA was added o the reaction medivm. Tumor cells
used were: 12.5 mg for NAD(P)*, 5.0 mg for ubiquinone,
and "13.0mg of protein for cytochromes. For other
-experimental conditions, see Maierials and Methods.
BP “48:10<D

56%:indicating thatat high concentrations, NDGA
may either partially inhibit the electron flow through.
the cytochrome: b—cy complex or prevent the.
duroquinol interaction with ubiquinone, in this way,
interfering with the electron transfer process. Similar
tesults were observed.with TA3 ascites tumor cells.
(data not shown).

Another experimental approach used in these
studies was to determine. the capacity -of NDGA fo-
change ‘the: redox state of seome election carriers.
Figure 6 shows the redox states of NAD(P}*,
ubiguinone, cytochrome b and cytochromes ¢ + ¢
in TA3 ascites tumor cells. When NDGA was added,
NAD(P)" was reduced, as-indicated by-the upward
deflection of the 340-390 nm trace. NDGA .also
shifted the redox levelsof ubiquirione and cytochrome
b towards more oxidized states, as indicated by the
upward deflection of the 275-245 nm trace and the
downward" deflection of the 430-4101nm trace,
respectively. Moreover, the redox states of cyto-
chromes: ¢ + ¢, were changed ‘to- more: oxidized
stafes. Similar results were observed with 786A
ascites tumor celis (data not shown).

_ Thus, these results suggest riot only that NDGA
did not perceptibly inhibit electron flow - from
cytochrome & to ‘oxygen, but also that ‘the
predominant inhibitory site of NDGA is | at
some point-before ubiquinone. g bi e

DISCUSSION

The- effects of a very large: number of phenolic
compournds-on the respiratory activity of mammalian.
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_mltochmndld have been studied. Many phenols have
‘been reported to uncouple the reédox reactions from
that .of ADP phosphorylation [37.41,42]. Several
“other phenols have been shown- -to. inhibit: -the
‘mitochondrial electron flow atspecific sites [41-43],
whereas others have exhibited both’ uncoupling and
inhibitory effects, which depend on the respiratory
chain segment- eexamined: [44], or haveno effect {43].
The biological 4ction on mitochondrial respiration
by phenolic compounds: <cofrelates with their
physico-chemical properties, suchas hydrephobicity,
and electronic features [41, 42]; An uncoupling effect
of phenols is predominant when the electronic
coefficient is larger than that of the hydmphobxc
coefficient, ‘whereas, if the electronic. coefficient is
smaller than that of the hydrophoblc coetficient, an
inhibitory: éffect is: primanily observed {41, 45]..

The results of this-study suggest that NDGA; a

s an
inhibitor of ‘the reoxidation of NADH by the.

highly hydrophobic polyhydroxypheial,

mitochondrial respiratory chain of TA3 and 786A

ascites: tumor celis, since oxygen consumpt;on i

similarly -prevented by this compotnd,, both in the
presence and absence of CCCP; fthis, in turn,

sugpests ‘that NDGA: does. not interfere- with the.

-phosphorylation mcchanism. or with the adedine

nucleotide translocase (Fig. 4). These inhibition

‘curves ‘were: sigmoidal in nature, this indicating &
‘cooperative inhibitory effect on ‘the ‘electron flow,
“which would suggest the existénce of mote than cfie
site-of inhibition. To elucidate its-inhibitory kinetic
‘mechanism, it would be necessary 10 perform
experimerits with at least:isolated mitochondria.
Studies of the effect. of NDGA on different
segmentsof the:respiratory chain demonstrated that
the cytochrome oxidase @ctivity was not: affected
(Fig. 5). Similaily; eclectron [ow Uirough the
cytochrome b-c; complex: ‘was ot inhibited, as
indicated specifically by the failure of NDGA 1o

inhibit the oxidation of ubiquinol (Fig. 6), suggesting-

that NDGA interferes with:the components-of the
electron. transfer system before: ‘ubiquinone. The
partial inhibition of duroquinol oxidation cbserved

in Fig. 5:might be expiamed by a steric effect arising,
it high concentrations of NDGA, preventing
duroquinol from dondting elecirons to tibiguinone.
This conipound -also caused-a change of the redox

state of NAD(P) * towards a more reduced level,
a5 indicated by ‘the upward. deflection of the 340~

390 nm- trace (Fig. 6). This experiment and othets
determining the redox states of electron carriers
(Fig..6) suggest that NDGA interferes by inhibiting
the energy-conserving site 1.:0f the respiratory chain,
- NADH dehydrogénase, excluding the ‘interference
of NDGA on both substrate transport: systems
and NAD*-linked dehydrogenases. These findings
suggest that the structural configuration’ of the
dihydroxy moieties-of NDGA. is importart for this
reported biological activity, since only: those lignans
possessing a catechol moiety have exhibited an

inhibitory ‘effect on miitochondtial electron flow
Moreover, NDGA can be oxidized ‘to
give semiquinone radicals: and further ‘to form:
orthoquinones [2,46], competing with the: ubiqlunol}
‘biquinone couple for their interaction sites in the:

[24,41].

Tespiratory chain..

W PAVANLeral

ATP1s requared by lmng orgamsms ‘o drive the
majonty, if niot all, of their biosynthetic pathways,

as. well as for the rnamtenance -of the ‘intracellular
jon balance and for specialized functions, such as
muscle-contraction andnerve transmission. Tt would
seerit that afl tumor cells do not obtain the same
proportion of their- ATP from mitochondrial and
plycolytic reactions.. The slow .and intermediate
growth rate classes-of tumor cells, as well as.many
normal tissues, obtain the bulk of their: ATPArom
mitochondrial oxidative’phésphorylation {more than
90% of the: total), ‘whereas fhe rapidly’ growing
tumors, in the. presence of High glucose concen-
trations, can obtaifi noticeable amounts -of it from
both sources; but with the higher proportioniof ATP
&tll being derived from the mitochondria (greater
than 50% of the total [47]). Moreover, accumulated
evidence: indicates that oxidation of ‘glutamine to
CO,,-not glucose, is the major energy source for:
tumor cells, -even in. the presence of physiclogical
levels. of glucose: [48-50]. On- the other hand,
Hexokinase bound ‘to mitochondria: of highly
glycolytic tumor cells, which is:the catalyzer of the

first reaction of glycolysis, has preferred access to

mitochondrially generated ATP relative t0 cytosolic
ATP [51]. Conseguently, mitochondria from tumor

cells'would be the principal and the most important
site oft ATP synthesis.

NDGA caused a profound deflection in the

-electron “flow: through the NADH-CoQ segment,
impairing the utilization of NAD*-linked substrates,
‘which wouldresult in a‘proniounced decrease of ATP

synthesis and afr increase of NADH: level. Thus,
NDGA, besidés. inhibiting ‘glucose absorption and
glvcoiyms [1,5,27]; would also actas an inhibitor of
oxidative. phosphory!atlon preventing all ATE
syntﬁcsxs, which;in turn, would detain the cellular
energy processes; triggering the compléx chain of
events:that-tesultin cell death. These findings would
explain, in part, the: antineoplasticactivityof NDGA
described by Burk-and Woods. 11].
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