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Abstract
This paper is focused on alkylphenols, compounds which are formed by the biodegradation of
polyethoxilatedalkylphenols detergents. Our experiments show that alkylphenols act not only as detergents,
but also as uncouplers of the oxidative phosphorylation. This eff~ot, can be observed at very low doses, thus
suggesting that the preferential target ofnonylphenols in living organisms are mitochondfia.
© 1999Elsevier ScienceLtd. All rights reserved
Introduction
The increasing use of detergents for industrial and household purposes is accompanied by studies on their
biodegradability and toxicity in animals. To establish the molecular mechanisms responsible for the "in vivo"
toxic effects of detergents, many studies have been performed in whole cells and in subcellular structures [16]. Less attention is devoted, in general, to the chemical compounds which are formed by biodegradation or
chemical decomposition of the initial compounds. However, this is a fundamental problern since in many
cases the decay products have more toxic effects than the initial compounds. In this paper we have analysed
the molecular properties and the interactions with the mitochondrial membrane of Nonylphenols (NP). These
compounds are generated by the biodegradation of polyothoxylatednonylphenois (NPEO) [7-9], a kind of
detergent largely used in industries and for household purposes. Our results indicate that NP at very low
doses inhibits the ATP synthesis in mitochondria. Therefore NPs like their parent NPEO, act not only as
detergents, but also as very strong mitochondrial uncouplers.
Materials and Methods.
Mitochondria were prepared from the livers of fasted albino Wistar rats weighing about 300 g The livers
were isolated and placed in ice-cold sucrose 0.25 M, Tris-Mops lmM, EGTA 0,1.M. The livers were rinsed
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three times with ice-cold medium, cut to small cubes with scissors, and passed through a Potter homogenizer
fitted with a rotating teflon pestle kept in an ice--water bath (two strokes with 40 ml of medium per liver).
The homogenate was diluted to 200 ml per liver, and unbroken cells and nuclei were sedimented by
centdfugation at 650 x g in a Sorvall RC2B refrigerated centrifuge kept at 2°C (rotor GSA at 2000 rev./min
for 10 min). The superuatant was carefully decanted and centrifuged at 7700 x g in the same centrifuge (rotor
SS34 at 8000 rev./min, for 10 rain). The supernatant was disgarded, the mitochondria pellet was carefully
resuspended in ice-cold isolation medium and spun as above. The resulting mitochondrial pellet was
resuspended in sucrose 0.25 M, Tris-Mops 10 mM pH 7.4, and stored on ice at approximately 100 mg
protein/ml. Mitochondrial

protein was determined

with the biuret reaction.Mitochondrial

oxygen

consumption was measured with a Clark oxygen electrode (Yellow Springs Instruments, OH, USA) fitted in
a thermostat-controlled closed chamber equipped with magnetic stirring. The reaction medium (2 ml) was
kept thermostated at 25°C in all experiments.The rate o f K + ettlux was measured with a selective electrode
(Beckman) in a glass vessel with a magnetic stirring. The recording apparatus was a Radiometer pH meter
connected with a "Texas recorder". The mitochondria (0.5 mg/ml) were resuspended in a medium containing
sucrose 0.25 M, Tris-Mops 10 mM pH 7.4, 2 I.tM rotenone, KCI 100 pM. Each experiment on proton
conductance was started with the addition ofvalinomycin (120 ng/mg protein) and, successively, of NP. Each
experiment on potassium conductance was started with addition of FCCP (2 ~tM) and NP All chemicals were
of the highest purity commercially available, while NP and NPEO were a generous gltt of dr A. Orio.
Valinomycin and FCCP were obtained from SIGMA, Milan.

Results and discussion
In the mitochondria, respiratory substrates produced in the Krebs cycle, reduce molecular oxygen and drive
ATP synthesis. The reduction of oxygen occurs through a sequence ofredox couples forming the respiratory
chain (RC). The rate of oxygen reduction by the substrates (as shown in Fig. 1)
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Fig. 1 Mitochondrial Respiration
In the presence of succinate (2 mlVl), the respiratory rate of mitochondria (the ratio between oxygen concentration and time) is
low and is named State 4. In the I~esence of ADP and P h e s l ~ t e P~ the respiratory rate is enhanced (State 3) and after
consumption of ADP and Pi, the rate ~lerns in State 4. In the l~esence of an uncoupler such as FCCP ¢broken line), the rate
increases as the concentration of uncoupler is increased up to a maximim value. In trace a FCCP concentration is 0.6 ~ in b
7~.M, in c 8 pNI. Medium composition: Sucrose 0.25 M, Tris-Mops 10 mM, Succinate 2mM. Mitochondria : 1 mg/mL
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is low and this condition is named State 4. The rate can be enhanced by addition of ADP and phosphate (Pi)
to the system. In this condition (State 3, Fig.l) ATP synthesis occurs. After consumption of ADP, the
respiratory rate returns to State 4. The ratio between the rate in state 3 and in state 4 is defined Respiratory
Control Ratio (RCR). In coupled mitochonckia RCR, is about 6~ when RCR=I, no ATP synthesis occurs
[10]. The State 4 respiratory rate can also be enhanced in the presence of uncouplers. Uncouplers are
chemical compounds which enhance the permeability of the mitochondrial membrane to the protons and
collapse the electrochemical gradient (ApH + A~) which drives ATP synthesis. Therefore in the presence of
uncouplers, the RC reaches the maximum value (in the presence of 2 ~tM FCCP*, the respiratory rate
is.about 150 n at oxygerdmg prot/min) and no ATP synthesis occurs.
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Fig2 Interactionof NP with mitochondrialrespiration.
When the mitochondha are uncoupledby FCCP, the trace a) shows the inhibitory effect of increasing amounts of NP. NP
inhibitsthe maximalrespiratmyrote above9 ppm.The State 3 respiratoryrate b) is not influencedby NP.The state 4 respiratory
rate c) is enhancedby NP. This behaviouris typical of uncouplers. When the ratio between state 3 and state 4 is one, no ATP
synthesisoccurs. This situationis obtainedwith 8 ppm hiP. Mediumcompositionas in Fig.l.
Fig.2 shows the effects of increasing amounts of NP on mitochondrial respiration. The results indicate that
State 3 respiration is not modified, thus demonstrating that NP does not interfere with Pi, ADP and ATP
carriers. The most significant effect is an enhancement of State 4 respiratory rate. At about 8 ppm NP, the
ratio between State 3 and State 4 is one: this means that no ATP synthesis and cell death results.
The enhancement of State 4 is generally induced by uncouplers which increase the membrane permeability to
protons~ this behaviour however, can also be induced by detergents which enhance membrane permeability to
all ions, including the protons. Following a procedure suggested by Bragadin et al. (paper submitted), to
determine whether the enhancement of State 4 is due to an uncoupling or to a detergent effect, we have
operated as follows: mitochondria contain 0.1 M potassium in the internal matrix. If non respiring
mitochondria are resuspended in a potassium-free medium, no potassium efflux is detected by a selective
potassium electrode. A potassium efflux is monitored only in the presence of Valinomycin, a well known
potassium carrier, and provided that a counter ion enters the matrix. The counterion may be a proton if a
proton carrier (an uncoupler) is present. In this case, operating with an excess of Valinomycin, the rate
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limiting step of the whole kinetic is the proton influx, the rate of which is proportional to the concentration of
uncoupler.
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Fig.3 Measurementsof mitochondrialmembraneconductanceto protons a) (p,),b) (t~)and to potassiumc) (~,).
In trace a), non respiring mitochondria (0.5 mg/ml) are resuspendedin a medium with low potassium concentration (medium
composition: sucrose 0.25 M, Tris-Mops 10 raM, MgC12 2 mM and KCI 100 ~.M). The initial rate of potassium efflux is
mointored by addition of an excess of valinomycin (2 n moles/rag protein) and varying mounts of NP. In this case since
valinomycinis in excess, the rate limiting step is the proton conductancedue to NP and therefore the trace a) reports the proton
conductance caused by hrP (~). The broken line b) (o) reports the initial rate of potassium elilux in the presence of varying
amounts of the uncoupler FCCP and in excess of valinomycin.Trace c) is the potassium conductance(L), since the trace reports
the potassium efflux in the presence of excess FCCP and varying amounts of NP. In this condition since the uncoupler FCCP is
in excess, the rate limiting step is the potassium transport causedby NP c).
Fig.3 (trace b) reports the initial rate of potassium efflux which is proportional to the concentration of the
uncoupler FCCP. As shown in this figure, the same behaviour is obtained at varying amounts of NP (Fig3,
trace a). NP behaves therefore as an uncoupler by increasing the membrane permeability to the protons. This
is not unespected since NP is a phenol and some uncouplers are phenols [1]. The same procedure may be
utilized to establish if a compound enhances the permeability of a membrane to potassium. In this case, an
excess of uncoupler is added to the suspension of non respiting mitochondria and, in the presence of a
compound which enhances potassium permeability, an outward potassium flow is monitored. This is the case
of hip (Fig.3, trace c). This experiment demonstrates, therefore, that NPs enhance the potassium
permeability. This behaviour is typical of detergents [1], and demonstrates that NP is a detergent. Therefore
hip is also a detergent. If however we compare the diagrams of Fig3a and 3c, we can verify that NP is more
effective as an uncoupler, since at the same dose the effect is stronger on proton conductance than on
potassium. This means that the preferential target of NP is to the mitochondrial membrane and ATP synthesis
in particular, which is inhibited or reduced. The same general trend is true for all structures correlated with
ATP utilisation. In this respect, therefore, toxicological consequences due to NP are similar to those typical
of uncouplers. For comparison, we have observed that the parent chemical compound NPEO does not affect
any function of mitochondria prior to biodegradation (data not shown). We conclude that with regard to
ATP synthesis, the biodegradation product hip is much more toxic than the parent chemical compound
NPEO.

*FCCP = carbonylcyanide-p-trifluoromethoxyphenylhydrazone
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