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Ethylazinphos Interaction with Membrane Lipid Organization
Induces Increase of Proton Permeability and Impairment of Mi-
tochondrial Bioenergetic Functions. Videira, R. A., Antunes-Ma-
deira, M. C., and Madeira, V. M. C. (2001). Toxicol. Appl. Phar-
macol. 175,209-216.

Ethylazinphos increases the passive proton permeability of lipid
bilayers reconstituted with dipalmitoylphosphatidylcholine (DPPC)
and mitochondrial lipids. A sharp increase of proton permeability is
detected at insecticide/lipid molar ratios identical to those inducing
phase separation in the plane of DPPC bilayers, as revealed by
differential scanning calorimetry (DSC). Ethylazinphos progressively
depresses the transmembrane potential (AW) of mitochondria
supported by piruvate/malate, succinate, or ascorbate/ TMPD. Ad-
ditionally, a decreased depolarization induced by ADP depends on
ethylazinphos concentration, reflecting a phosphorylation depres-
sion. This loss of phosphorylation is a consequence of a decreased
AW. A decreased respiratory control ratio is also observed, since
ethylazinphos stimulates state 4 respiration and inhibits ADP-
stimulated respiration (state 3). Ethylazinphos concentrations up
to 100 nmol/mg mitochondrial protein increase the rate of state 4
together with a decrease in AW, without significant perturbation
of state 3 and carbonyl cyanide-p-trifluoromethoxyphenylhydra-
zone (FCCP)-uncoupled respiration. For increased insecticide
concentrations, the state 3 and FCCP-uncoupled respiration are
inhibited to approximately the same extent. The perturbations are
more pronounced when the energization is supported by pyruvate/
malate and less effective when succinate is used as substrate. The
present data, in association with previous DSC studies, indicate
that ethylazinphos, at concentrations up to 100 nmol/mg mito-
chondrial protein, interacts with the lipid bilayer of mitochondrial
membrane, changing the lipid organization and increasing the
proton permeability of the inner membrane. The increased proton
permeability explains the decreased oxidative phosphorylation
coupling. Resulting disturbed ATP synthesis may significantly
underlie the mechanisms of ethylazinphos toxicity, since most of
cell energy in eukaryotes is provided by mitochondria. e 2001
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The two major components of the biological membranes ar
lipids and proteins. Together they determine the organizatic
and function of membranes. These dynamic and versatile be
riers are, in turn, involved in most cellular functions (Kin-
nunen, 1991). A large number of drugs with different chemica
structures and pharmacological effects are able to accumulz
in membrane lipid domains, changing their organization an
physical properties and, consequently, their function (Sikkem
et al, 1995; Mouritsen and Jgrgensen, 1998), since the pre
ervation of an exact degree of organization is essential for mo
membrane activities (Eze, 1990; Mouritsen and Jgrgense
1998; Williams, 1998). Examples of the above compound
include anesthetics, calcium channel blocking drugs, alcohol
and insecticides (Makriyannist al., 1986; Baeet al, 1989;
Barry and Gawrisch, 1994; Mavromoustakes al, 1995;
Antunes-Madeiraet al,, 1996). In particular, the influence of
organochlorine and organophosphorus insecticides on tl
physical properties of lipid bilayers and implications at the
level of membrane cell function have been studied in ou
laboratory (Antunes-Madeira and Madeira, 1993; Antunes
Madeira et al, 1994, 1996; Videiraet al, 1996, 1999a,b;
Lopeset al, 1997; Donatcet al,, 1997).

It is largely accepted that the basic mechanism of acu
toxicity of organophosphorus compounds is associated with tt
specific inhibition of acetylcholinesterase (Ohkawa, 1982)
However, the current understanding of how these compoun
interact with the acetylcholinesterase is incomplete (Kardc
and Sultatos, 2000), since the capacity to phosphorylate tl
enzyme appears to decrease as the organophosphorus con
tration increases. On the other hand, the molecular mechanis
of the persistent signs underlying chronic intoxication induce
by these compounds have not been elucidated. The toxicity
the cellular level has been demonstrated in several immort
cell lines (Veronesi and Ehrich, 1993; Swagehal, 1996).
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Alterations at subcellular level have also been detectadte was 0.8 mi/min. The fraction containing DPPC (LUV) with entrapped
name|y inhibition of synaptosomal ATPases (Brown an%G-CF was collected. The diameters and the size distributions of vesicles we

. termined by dynamic light scattering using a Coulter Model N4 MD. The
Sharma, 1976), perturbation of membrane erythrocyte perrﬁétocorrelation function was analyzed using Coulter software, applying th

ability (An'tL!neS'MadeiraBt al, _1981?1 perturbation of Ca— _ cumulant method and multiexponential fit method. The average diameter of t
pump activity of sarcoplasmic reticulum (Antunes-Madeirgesicles varied between 180 and 230 nm. Phospholipid concentration in t

and Madeira, 1982), and perturbation of mitochondrial fundéwal vesicle suspension was determined by measuring the inorganic phosph

tions (Sitkiewiczet al, 1980; Moreno and Madeira 1990)_(Bartlett, 1959) released after hydrolysis of dried lipids, at 180°C, in 70%
) ’ ’ . . ' .HI({,IOA (Bottcheret al,, 1961).
These perturbations are detected for insecticide concentrations

that did not inhibit acetylcholinesterase (Sitkiewiez al, Proton permeapnny. Th_e proton influx into the lipid vesicles, due to the
on of ethylazinphos, is inferred from the rate of 5,6-CF fluorescenc

. actj
1980). Furthermqr?r’ it has be_en d?monsnated that the SUbggi'rease, which is a measure of the rate of pH decrease inside the vesic
lular events that initiate the citotoxicity in processes like ap@szokaet al, 1979; Zenget al, 1993). As the pH is lowered, 5,6-CF is
ptosis and necrosis are connected with structural and functiop@tonated and its fluorescence intensity decreases.

alterations in mitochondrial membranes (Susinal., 1998: Ethylazinphos was added in aliquots (up t@} from concentrated ethan-

Pedersen, 1999). Therefore, these membranes are imporﬂ]g%fc"““o.n.s (50 mM) to 2 ml of 5,6-CF-entrapped vesicle suspension, to giv
. the 'Insecticide/lipid molar ratios indicated in the figures. The mixture wa:

putative target sites for organophosphorus insecticides, SIi&bated at the desired temperature for 10 min before the establishment o
they accumulate preferentially into cholesterol-poor mem gradient across the bilayer. Then, a pH gradient from 7.4 (inside) to 6.
branes, e.g., mitochondria (Videied al, 1996; Antunes-Ma- (outside) was established by adding aliquots of 0.1 M HCI. The fluorescenc
deira and Madeira, 1989). A crucial mechanism for cell life jigtensity of 5,6-CF was monitored as a function of time in a Perkin—Elme

. - . . . PF-66 fluorescence spectrophotometer equipped with a thermostated c
the mitochondrial oxidative phosphorylatlon coupled to a}Ezlolder. The fluorescence intensity of 5,6-CF was measured at 525 nm with

electrochemical gradient of H(Or OHi) acrqgs the inner excitation at 489 nm. The bandpass was 3 nm for excitation and emissic
membrane. Therefore, the mitochondrial activity and, consgzams (Zengt al, 1993). The lipid concentration was nominally 0.2 mM in
quently, cell life are seriously compromised by the perturbatiati the samples examined. Furthermore, the experiments were carried out in |

of proton permeability. It has been demonstrated that changétence of valinomycin (Lg/mg lipid) and potassium ions to prevent the

. . - ormation of a membrane potential due to the electrogenic flux of protons int
in lipid packing and mobility affect membrane proton permel'iposomes (Barchfeld and Deamer, 1985). At the concentration used (68

ability (Zhanget al, 2000). EthylazinphosQ,O-diethyl-S-[4- mM), ethanol had no detectable effect on the proton permeability of lipic
0Xx0-1,2,3-benzotriazin-3-H)-ylmethyl]-phosphorodithioate), bilayers, which is in agreement with results described by others (Eeat,

an organophosphorus insecticide, is expected to affect t983).

proton permeability, since it alters the membrane lipid phaseThe fluorescence intensity changes of 5,6-CF were fit to a double-expone

i L _ tial decay function using the error minimization procedure of the KaleidaGrap
structure and organization (Vldelmal" 1996, 1999a)_ There ftware with ay® between successive iterations less than 0.001%. Th

fore, in the sequence of this previous work, the present stuzﬁ(ve_ﬁt equation used was
reports the effects of ethylazinphos on the proton permeability
of lipid membranes and putative implications on basic mito- F(t) = A, exp(—kit) + A, exp(—kst)
chondrial functions that affect cell bioenergetics.
where A; and A, are the preexponential factors akdand k, are the rate
constants. Calculating the kinetic global constant as the average rate const
MATERIALS AND METHODS k = Ak, + Ak, (Zenget al. 1993) and the vesicle radii determined by

light-scattering methodology, the proton permeabili®) €an be calculated
Materials. Ethylazinphos was obtained from Supelco, Inc. (Bellefont&rom the equation (Elamrani and Blume, 1983)

PA). 5,6-Carboxyfluorescein (5,6-CF) was purchased from Molecular Probes
Inc. (Eugene, OR). Dipalmitoylphosphatidylcholine (DPPC) and all the other P = kV/S = kR/3
chemicals were obtained from Sigma Chemical Co. (St. Louis, MO). All the

compounds were of the highest commercially available quality. ) )
] N whereR, V, and S are the radius, volume, and surface area of the vesicles
Preparation of membranes for proton permeability measurementdul- respectively.

tilamellar vesicles of DPPC and of mitochondrial lipid extracts were preparedSt tisti Sianifi lculated using Studertt&est of paired
as described elsewhere (Antunes-Madeira and Madeira, 1993). Briefly, phos- austics. -significance was cajculated using tude st of paire
pholipids were dissolved in CHEIn round-bottom flasks and the solvent Wascomparlsons.
evaporated to dryness. The resulting dry thin lipid film on the wall of the Isolation of rat liver mitochondria. Sprague—Dawley rats, of either sex,
round-bottom flask was hydrated with an appropriate volume of 50 mM KONeighting 200-300 g were used for the isolation of liver mitochondria fol-
5 mM Tris—-maleate, and 2pM 5,6-CF, pH 7.4, and dispersed undeg N lowing established procedures (Gazettal., 1979), with minor modifications.
atmosphere by handshaking in a water bath set 7-10°C above the transif§fnogenization medium contained 0.25 M sucrose; 5 mM Hepes, pH 7.4; 0
temperature for DPPC or at room temperature for mitochondrial lipids, afeM EGTA; 0.1 mM EDTA; and 0.1% fatty acid-free bovine serum albumin
multilamellar vesicles were obtained. Large unilamellar vesicles (LUV) wef8SA). EDTA, EGTA, and BSA were omitted from the final washing medium,
prepared from multilamellar vesicles by standard extrusion techniques (Mayépich was adjusted to pH 7.2. The final concentration of the mitochondrie
etal, 1986). Thirteen repeated extrusions were performed through two staclkégtein was determined by the biuret method (Goragdl, 1949) using BSA
polycarbonated membranes of 200-nm pore size. After extrusion, unencagiStandard.

lated 5,6-CF was removed by passing the liposome suspension through a 1.4 Mitochondrial respiratory activity. Oxygen uptake by the isolated mito-
28-cm Sephadex G-50 column equilibrated with 50 mM KCI and 5 mMhondria was measured polarographically using a Clark oxygen electroc
Tris—maleate buffer, pH 7.4. The column was maintained at 23°C and the fl¢istabrook, 1967) connected to a suitable recorder, in a 1-ml thermostat
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water-jacketed closed chamber with magnetic stirring, at 25°C. The standard 1.00
respiratory medium consisted of 130 mM sucrose, 50 mM KCI, 5 mM MgCl
5 mM KH,PQ,, and 5 mM Hepes, pH 7.2. Ethylazinphos was added in aliquots 0.90 & Ethylazinphos/DPPC
(a few microliters) from a concentrated ethanolic solution to 1 ml of standard D, v
respiratory medium supplemented with mitochondria (1 mg protein) and 0.80 s ()
allowed to incubate for 10 min, before the addition of respiratory substrates, = 3 “ 0.05
i.e., before the beginning of the respiratory activity. At this elapsed time, the = 0704 ™8 0143
effects of ethylazinphos are maximal. The respiratory control ratio (RCR) was e < (286
calculated according to Chance and Williams (1956). 0.60 Sy M (05

Membrane potential. A tetraphenylphosphonium (TPRsensitive elec 050 DR
trode, prepared according to Kaned al. (1979), was used to estimate the '
potential across the mitochondrial membrane. TBptake has been measured 0.40

. . . . T T T T T i

from the decreased TPRoncentration in the medium sensed by the electrode. 0 200 400 600 800 1000
The potential difference between the selective electrode and the reference Time (s)

(calomel electrode) was measured with an electrometer and recorded contin-
uously in a Linear 1200 recorder. The voltage response of the ERRtrode FIG. 1. Effects of increasing ethylazinphos concentrations on the norma
to log[TPP'] was linear with a slope of 5% 1, at 25°C, in good agreement ized fluorescence intensity of 5,6-CF entrapped in DPPC large unilamell:
with the Nernst equation. vesicles as a function of time. The insecticide was added in aliquots (up to
Mitochondria (1 mg protein) were resuspended in 1 ml of the standapd) from concentrated ethanolic solutions (50 mM) to 2 ml of 5,6-CF-en-
respiratory medium (the same medium described for oxygen consumptispped vesicle suspension and the mixture was incubated for 10 min, at 48
experiments), at 25°C, with constant stirring. TPRas added to a final before the establishment of a pH gradient, from 6.4 (outside) to 7.4 (inside), &
concentration of 3uM, i.e., low enough to avoid any detectable toxic effectshe addition of aliquots of 0.1 M HCI. The lipid concentration was nominally
on mitochondria (Jensen and Gunter, 1984). Before the energization of mie2 mM for all samples examined. Valinomycin g/mg lipid) was added to
chondria with the respiratory substrates, ethylazinphos (a few microliters) werevent the formation of a membrane potential due to the electrogenic flux
added from a concentrated ethanolic solution and the suspension was incubgtetbns into the liposomes. The decrease in normalized fluorescence intens
for 10 min. The TPP uptake was initiated by the addition of substrate (finateflects the influx of protons, which causes pH decrease inside the vesicles.
concentration, 5 mM). ThaW¥ was estimated as indicated by Karabal. the ethylazinphos/lipid molar ratio increases from 0 to 1, the fluorescenc
(21979) from the equation intensity decreases, which reflects an increase in proton influx.

AW(mV) = 59 log(v/V) — 59 log(10*¥° — 1 i ) .
(mv) « o9 ) fits the experimental data as reflected by Ig# and high

wherev, V, andAE are the volumes of mitochondrial and incubation mediungOrrelation factor RZ) (Table 1.
and the deflection of the electrode potential from the baseline, respectively.Figure 2 shows the effects of increasing ethylazinphos/lipi
The matrix volume of 1.Jul/mg protein was considered. The above equatiopnolar ratios on the global Kinetic constarkb @f the proton

was _derlved assuming thatTPEhst‘rlbutlon between the mitochondria and t.hfp.ermeability of DPPC (LUV) solid phase at 30°C (fiIIed cir-
medium follows the Nernst equation and that the law of mass conservation |S

applicable. No correction was made for the passive binding of TRRhe C es), DPPC (LUV) fluid phase at 48°C (filled squares), an
mitochondrial membranes, since the purpose of the experiments was to shddV reconstituted with mitochondrial lipids, at 37°C (open
relative changes in potentials rather than absolute values. Calibration rungriangles). The global kinetic constant of proton permeability i
the presence of ethylazjnphos excluded any direct interference of the inseﬁﬁioportional to the proton permeabilit), since the volume
cide on the electrode signal. and surface area of the vesicles are constant, because
insecticide does not change the vesicle size. In DPPC (LU\
solid and fluid phases, the proton permeability initially in-
creases monotonically, with increasing ethylazinphos/lipid mc
lar ratio up to 0.1, followed by a sharp increase at insecticide
lipid molar ratio of 0.143. Above this value, the proton
Figure 1 represents the effects of increasing ethylazinphpsrmeability increases again monotonically with ethylazin
concentrations on the normalized fluorescence intensity @ios/lipid molar ratio. The critical ethylazinphos/lipid molar
5,6-CF entrapped in DPPC (LUV), as a function of time. Thetio (0.143) is close to the ratio that induces phase separati
fluorescence intensity of 5,6-CF decreases with time after a pHthe plane of DPPC membranes, as previously reporte
gradient from 6.4 (outside) to 7.4 (inside) is established. Tli¥ideiraet al., 1999a). The induced phase separation may tht
decay of fluorescence intensity results from the decrease of pphtribute to the enhancement of the proton permeabilit
inside the vesicles that reflects proton influx driven by the pktross DPPC membranes. Additionally, the proton permeab
gradient (Szokat al,, 1979; Zenget al,, 1993). The beginning ity determined in mitochondrial lipid dispersions shows a be
intensity of this decay is normalized to unit (hormaliZzegs ., havior identical to that observed in DPPC, with a critical poin
= 1) and corresponds to the moment of the pH gradieat insecticide/lipid molar ratio of 0.286 (Fig. 2). The results
establishment. The decrease in normalized fluorescence inteicate that ethylazinphos also modifies lipid organization il
sity for ethylazinphos/lipid molar ratios indicated in the figurenitochondrial lipid membranes, which may underlie the in-
follows a double-exponential decay as described under Matgease in proton permeability.
rials and Methods. The double-exponential decay satisfactorilyFrom Table 1, it is also clear that the permeability constar

RESULTS

Effects of Ethylazinphos on Proton Permeability in Large
Unilamellar Vesicles
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TABLE 1
Fluorescence Intensity of 5,6-CF Entrapped in DPPC

Ethylazinphos/lipid A K, A, K, R? X
0 0.1466 0.0403 0.8408 0.00014 0.984 0.0145
0.05 0.1572 0.0443 0.8270 0.00016 0.986 0.0166
0.143 0.1700 0.0625 0.8150 0.00022 0.981 0.0170
0.286 0.2228 0.1087 0.7660 0.00024 0.984 0.0227
0.5 0.2545 0.1541 0.7290 0.00026 0.980 0.0371
1 0.2688 0.2706 0.7160 0.00037 0.981 0.0245

Note.Data analysis, by double-exponential decay of fluorescence intensity of 5,6-CF entrapped in DPPC LUV upon the establishment of a pH gradie
7.4 (inside) to 6.4 (outside), at 48°C, for several ethylazinphos/lipid molar ratios.

for the fast component is significantly accelerated above molateractions of Ethylazinphos with Liver Mitochondrial
ratios of 0.143 and that the constant for the slow componentBioenergetics
increases monotonically with the insecticide concentration. , ,
Therefore, the fast component determines to a large extent th/itochondria develop a normal transmembrane potenti:
behavior of the global kinetic constant. Although the first fasf* v) ©f 210—220 mV (negative inside) upon addition of a
component is obviously important in the proton permeability€SPiratory substrate (Fig. 3). Addition of ADP causes a depc
the second slow long-term component is probably more S?%_rlzatlon of AW to about—188 mV, since ATP-synthase uses
nificant in terms of biochemical regulation. V¥ to phosphorylate ADP. After a short lag phase, when ADF
Since the proton conductance of inner mitochondrial merROSPhorylation takes place, the transmembrane potential |
brane modulates the coupling efficiency of oxidative phosphdi2arizes to the initial value (Fig. 3). The presence of ethyl
ylation (Rigouletet al, 1998), the effects of ethylazinphos orfZiNPhos in the reaction medium depressesitiepromoted
the passive permeability to protons are likely to affect bioefY €xtérmnal substrates compared to control. Furthermore, {
ergetic functions of mitochondria. Therefore, a correlatiolfSecticide decreases the depolarization amplitude induced
between ethylazinphos proton permeability perturbations aht?P 1engthens the lag phase preceding repolarization, ar

mitochondrial bioenergetic dysfunction has been searchedficréases the repolarization rate (Fig. 3). These observatic
the following section. indicate that the energization and phosphorylation capacities

mitochondria are depressed by ethylazinphos. However, tl
effects are more pronounced when the global energizatic

0.08¢ occurs at the expense of the three oxidation complexes aft
0.07 DPPC, 48 °C
0.08}-
B 1 u v
= 005 A Mitochondrical ADP val
) B lipids, 37 ° @
Z 004 220— 14 ! z ! V4
0.03- 208
002
Tt DPPC, 30 °C z ™7
0.01L =
S 179
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FIG. 2. Effects of increasing ethylazinphos/lipid molar ratios on the ethylazinphos ethylazinphos ethylazinphos

- L te/ inat ascorbate/
proton permeability, evaluated by the global kinetic const&)tqf DPPC m:;‘;:e suceinale TMPD

(LUV) solid phase, at 30°C (filled circles); DPPC (LUV) fluid phase, at 48°C 3*‘;1‘7:]

(filled squares); and LUV reconstituted with mitochondrial lipid extracts, at

37°C (open triangles). A sharp increase in proton permeability is detected aFIG. 3. Recordings of mitochondrial membrane potentis¥() supported
ethylazinphos/lipid molar ratios of 0.143 and 0.286 for DPPC (LUV) and fdoy three different substrates, in the absence and presence of ethylazinphos (
mitochondrial LUV, respectively. Before and after these critical points themol/mg mitochondrial protein), at 25°C. Mitochondria (1 mg protein) in 1 ml
increase in permeability is monotonically. Each point represents the meanof the standard respiratory medium supplemented witaN8 TPP™ were

SD from three to six independent experiments. Error bars for some data poenergized with 5 mM pyruvate/malate (activation complex 1), 5 mM succinate
are not represented, since they are encompassed by the size of the symtaitivation complex Il), or 5 mM ascorbate/TMPD (activation complex V).
Permeability values for control samples were compared with those treated witie mitochondrial suspensions were incubated for 10 min with ethylazinpho
ethylazinphos by Studenttsest. All the paired comparisons show significantefore the energization. The phosphorylation was initiated with the addition
differences p < 0.0001). ADP (100 uM).
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A 1004 depolarization induced by ADP depends on ethylazinphos co
centration (Fig. 4B), reflecting loss of mitochondrial phosphor
96 ylation efficiency. Comparing the results of Figs. 4A and 4B, i
- is concluded that the decay of the transmembrane potent
£ 927 parallels the decrease of depolarization following ADP addi
§ tion. A detailed analysis of the results for complex | activatior
© g8 indicates that the decay of tiiel to 85% of the control results
® 1I . . .
+ v in a full collapse of the ADP depolarization, suggesting ab
D gy I sence of ATP synthesis.
The concentration-dependent effects of ethylazinphos ¢
80 . : : : : , oxygen consumption and RCR supported by the above thri
0 100 200 300 400 500 600 substrates are shown in Fig. 5. With all the substrates, ethy
Ethylazinphos (nmol/mg mitochondrial protein) azinphos causes a dual effect: a net stimulation of state
B 1004 respiration (filled squares) and inhibition of ADP-stimulated
respiration, state 3 (filled triangles). Consequently, a marke
drop of the respiratory control ratio is observed (Fig. 5, ope
8 807 circles). The respiratory basal rate (state 4) supported by all ti
:e:§ substrates increases significangby< 0.0001) up to 100 nmol
§L§ 607 ethylazinphos/mg mitochondrial protein, especially upon acti
‘5_§ vation of complex I. These ethylazinphos concentrations hav
°\°g 407 almost no effect in the phosphorylating respiratory rate (stat
< 3) and in the carbonyl cyanidetrifluoromethoxyphenylhy-
207 I drazone (FCCP)-uncoupled respiration (Fig. 5). At concentre
IW tions above 100 nmol/mg mitochondrial protein, ethylazinpho
0

T T T T 1 ' depresses state 3 and FCCP-uncoupled respiration to apprc
0 100 200 300 400 500 600 v th tent
Ethylazinphos (nmol/mg mitochondrial protein) mately the S?me extent. . .
The effective concentrations used in the present study a
FIG. 4. Effects of increasing concentrations of ethylazinphos on thgifficult to correlate with the LD50 (RTECS, 1997) obtained

mitochondrial membrane potentiaA¥) (A) and depolarization induced by ., . : . ‘s . _
ADP (B), supported by pyruvate/malate (I, circles), succinate (II,triangIes),\é\(lt.h eXpenmental mammals, since the distribution of ethyl

ascorbate/TMPD (IV, diamonds). Relative decays were calculated assumftfgnPhOS m.tl'ssues V‘_”l! depend on a Va”e'[_y of parametgr:
the AW or the ADP depolarization in the absence of insecticide to be 10098amely partition coefficients (Antunes-Madeira and Madeire

Each point represents the meanSD from three to five independent experi-1989; Videiraet al. 1996). The phosphorothioate compounds
ments. As revealed by Studentistest for paired compa_risons, significantjp general, and ethylazinphos in particular, partition into cho
differences | < 0.0001) from the control have been achieved. Iesterol-poor membranes, such as mitochondria, to a greal
extent than into cholesterol-rich brain microsomes, myelin, c
activation of complex | (pyruvate/malate). Smaller effects aerythrocytes. However, significant effects were observed i
observed when the energization is supported either by comitochondria bioenergetic for ethylazinphos concentrations c
plexes I, lll, and IV together (succinate activation) or byt00 nmol/mg mitochondrial protein, which are much lower
complex IV alone (activation by ascorbate/tetramefryphen- than those needed to inhibit acetylcholinesterase by 50
ylenediamine (TMPD)). In contrast to the energization su>800 nmol/mg microsomal protein) (Sitkiewiez al,, 1980;
ported by pyruvate/malate, the energization supported eithergvies and Holub, 1983). Therefore, the effects observed |
succinate or ascorbate/TMPD fully recovers, after ADP phosiitochondria are likely to contribute to the toxicity of ethyl-

phorylation, to the level of state 4. azinphos.
Figure 4A shows that ethylazinphos progressively decreases
the transmembrane potential of mitochondria supported by DISCUSSION
piruvate/malate, succinate, or ascorbate/TMPD, i.e., developed
by activation of complexes I, Il, and IV, respectively. As Mitochondria support the energy-dependent regulation c

illustrated in Fig. 4, the effects are more pronounced wheseveral cell functions, namely intermediary metabolism, pro
complex | is activated and less pronounced upon activationtefn folding, ion regulation, cell motility, and cell proliferation

complex IlI; intermediate effects are observed upon activatigreviewed in Pedersen, 1999 and Wallace, 1999). Animal cel
of complex IV. For instance, an ethylazinphos concentration dérive more than 90% of the energy from oxidative phosphol
100 nmol/mg mitochondrial protein depresses the membraylation associated with the inner mitochondrial membran
potential by 10.6, 3.5, and 6.2% with substrate oxidation at telitchell, 1961). Thus, compounds that interact with mito-
level of complex I, Il, and IV, respectively. Also, a decreasechondrial membranes perturbing the coupling efficiency be
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Complex | layers (Figs. 1 and 2). A substantial increase in proton perm
r6 ability is detected for ethylazinphos concentrations that induc
5 State4 | o phase separation in the plane of DPPC bilayers (Videfita.,

8 1999a), as a consequence of the sharp increase of the cons

5.2 -4 for the fast component. Also Zergj al. (1993) demonstrated
§§ 3 that ethanol concentrations (1.2 to 1.8 M), which induce phas
5; -3 separation in the plane of the DPPC bilayers, concomitant
g o0 RCR Lo enhance the proton permeability. Therefore, the lateral orgar
© FCCP. zation of membrane lipids modulates the passive permeabili
40 1 to protons. On the other hand, these results indicate a speci

T T T T T T T
0 100 200 300 400 00 contribution of the interfacial region between two phases i

solute permeability. Indeed, it has been demonstrated that,

180- Complex i ) . . . .
regions of two-phase coexistence, occurring at the main pha
5 160 |5 transition between gel and liquid—crystalline states, a sha
"é.a 140- State 4 increase in solute permeability is observed (Bletkl., 1976).
22 1000 > Moreover, the transbilayer permeability can be used to predi
§§ 9 membrane lipid heterogeneity (Xiang and Anderson, 1998) ar
%,3 100 its modification by xenobiotic compounds (Williams, 1998).
s 80 Therefore, the break in proton permeability in mitochondria
© 607 lipid bilayers for a given ethylazinphos concentration (Fig. 2
40 may reflect a reorganization of membrane lipid domains, cre
ating localized areas of altered permeability.
180 Complex IV 6 The ethylazinpho's perturbations i!’l mitochondrial func?tiorjs
were studied following the changes in membrane energizatic
_§ -5 (AW), supported by three different substrates, namely, pyrt
£s State 4 vate/malate, succinate, and ascorbate/TMPD, and in oxyg
§‘§ -4 2 consumption. The effects oW are significant since it repre-
8% 4 7 sents the main component of the electrochemical proton gr
8 . FCOP dient, accounting for more than 90% of the total available
g 60 o, State3 2 respiratory energy (Nicholls, 1984).
©0-0-0-0RCR Ethylazinphos progressively depresgel supported by all
40 0 100 200 800 400 500‘ three substrates and decreases the depolarization amplitt
Ethylazinphos (nmol/mg mitochondrial protein) induced by ADP. Consequently, the phosphorylation efficienc

. ) ) ) f mitochondria i r . Th ff re more pr
FIG. 5. Effects of increasing concentrations of ethylazinphos on th% tochondria is deD essed ese effects are more p

mitochondrial oxygen consumption supported by pyruvate/malate (activatigﬁ)unced when the respiration is supported by pyruvate/mala
complex 1), succinate (activation complex Il), or ascorbate/TMPD (activatid?aomparEd with other substrates. Furthermore, the repolariz
complex 1V). Mitochondria (1 mg protein) were incubated in 1 ml of theion after ADP phosphorylation does not reach the characte
e s iy o o e 3 et e g e 4 level during pyruvateimalate oxidatin. The ot
gles), ADPp(100p,M) was qadded. The FCCP-uncoupledprespiration (op?r?po!anzatlon of the membrane'u.pon the state 3 cycle, th
diamonds) was initiated by the addition of 51 FCCP. Relative values were SUCCINate and ascorbate are oxidized, suggests that ethyla:
calculated assuming the oxygen consumption in the absence of insecticid@f0s does not disrupt ATP synthase itself. In turn, the lack c
be 100%. The respiratory control ratio (open circles and dotted lines) whdll repolarization with pyruvate/malate suggests that specifi
o e S0 o e e e it o o oceur a he feve of complex | or a e lecto
Fig. 2 the SD for several data points are too smalrl)to be displgyed by error brahrsehv.ery from complex | to complex lil, e.g., at quinone bind-
Ing sites in complex I.

Ethylazinphos concentrations up to 100 nmol/mg mitochor
tween oxidation and phosphorylation promote large bioenelrial protein increase the rate of state 4 without significar
getic deficits leading to the loss of several functions vital to thgerturbations in state 3 respiration, an effect occurring simu
survival of the cell and the organism. Therefore, evaluation t€neously with a decrease in membrane potential. Therefol
ethylazinphos perturbations on mitochondrial structure arar these concentrations, ethylazinphos increases the inner r
function are important for understanding the molecular mectochondrial membrane permeability to protons without affect
anisms of its toxicity. ing the phosphorylation capacity in terms of the phosphoryle

The present study demonstrates that ethylazinphos increasas ratio ADP/O. However, for insecticide concentrations
the proton permeability of DPPC and mitochondrial lipid bihigher than 100 nmol/mg mitochondrial protein, the state
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