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SMRY : to gain further insight into the biochemical properties of the 
antibacterial hexetidine, isolated rat 1 iver mitochondria were added with 
this drug and investigation made of certain features related to 
mitochondrial bioenergetics. Hexetidine was found to cause oxidation of 
intrami tochondrial pyridine nucleotides and stimulate the rate of oxygen 
uptake caused by respiratory substrates involving three, two and one site(s) 
of phosphoryl at ion. Reversal of oxygen uptake inhibition by oligomycin was 
al so determined. BY investigating hexetidine effect on oxidat ive 
phosphoryl at ion, hexetidine was found both to inhibit the rate of ATP 
synthesis and to cause ATP hydrolysis. Likewise, hexetidine capability to 
produce acidification of extramitochondrial medium and to co1 lapse AY was 
al so observed. 
The reported findings show that hexetidine exhibits uncoupling properties. 
0 1987 Academic Press, Inc. 

Li terature describing biological and pharmacological effects of hexetidine 

~5~ino-1:3-bis~ethylhexyl3-51nethylhexahydropyrimidine~, shows that this 

drug exhibits anti batter i al and ant i fungal activities (I-3). Although 

hexetidine is widely used in pharmacology, its effect in mamnalian cells has 

not yet been fully investigated: inhibition of oxygen consumption by human 

erythrocytes (4) and of dehydrogenase of human leukocytes (5) has been 

reported. In particular, al though Lardy al. et report that hexetidine 

decreases efficiency of oxidative phosphorylation and stimulates ATP 

hydrolysis (0, no detailed investigation has been carried out on the effect 

of this drug on matmaalian mitochondrial bioenergetics. 

This paper gives evidence of the ability of hexetidine to uncouple isolated 

rat 1 iver mi tochondria in vitro. 

ABBREVIATIONS : CCCP = carbonyl cyanide m-chlorophenylhydrazone; TMPD = 
N,N,N’,N’-tetramethyl-p-phenylenediamine; RLM = rat 1 iver mi tochondria. 
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MATERIALS ClND METHODS 

All chemicals were from SIG+@ (St. Louis, USA). Hexetidine was kindly 
supplied by Parke Davis (Lainate-Milano, Italy). 
As previously described (71, mitochondria were isolated from male Wistar 
rats (200-250 g) fed ad 1 ibi turn, using a standard medium consisting of 
0.25 M sucrose and 20 mM Tris-HCl, pH 7.25. The final mitochondrial pellet 
was suspended in the same medium to give a protein concentration of between 
60 and 80 mg/ml . 
Mitochondrial protein was determined as previously reported (8). 
Changes in the redox state of intramitochondrial nicotinamide nucleotides 
were followed fluorimetrically, at 25eC in 2 ml of the standard medium, by 
means of a Perkin-Elmer LS-5 luminometer with 334 nm excitation and 456 nm 
emission wavelengths. Modification was made of the cuvette holder to allow 
cant i nuous stirring of each sample and addition of substrates without 
opening the cover. 
Oxygen uptake measurements were carried out at 25eC in 2 ml of the standard 
medium, by means of a Gilson !&6 oxygraph using a Clark electrode. 
ATP measurements: ATP synthesis rate was measured cant inuously at 25 eC by 
1 umi nescence of the firefly luciferase reaction by means of a Perkin-Elmer 
LS-5 luminometer equipped with a bioluminescence accessory Icod. 521249991. 
Each sample was vigorously stirred. Details of the method used to follow ATP 
synthesis by the continuous luminescence signal are provided elsewhere (9, 
10). 
ATP hydrolysis was monitored according to (111 by measuring mitochondrial 
swelling which occurs in mersalyl-treated mi tochondr ia added with ATP and 
ATP hydrolysis stimulating compounds, 
Changes in H+ concentration outside mitochondria were followed at 25OC in 
2 ml of a medium consisting of 0.25 M sucrose, 2 mtl Tris-HCl pH=7.25, by 
means of a Gilson 5% oxygraph equipped with a Gilson pH-5 Servo Channel, 
which allows continuous monitoring and direct of mi tochondr i al 
ruspensi on pH changes. 

reading 

Changes of mitochondrial membrane potential were detected at 25eC by means 
of fluorimetric measurements of the safranine 0 response 112). 520 nm 
excitation and 580 nm emission wavelengths were used. 

RESULTS 

Hexetidine (12.5 PM) externally added to isolated RLM causes a rapid 

decrease in the fluorescence of intramitochondrial pyridine nucleotides, to 

a lesser extent than that caused by the uncoupler CCCP, used as a control in 

the same experiment IFig.1). Rotenone prevents CCCP or hexetidine stimulated 

fluorescence decrease e i ther almost completely or to large extent thereby 

confirming that such a decrease is due to oxidation of intramitochondrial 

NADIPIH. 

Thus, in the light of the ability shown by hexetidine to stimulate 

endogenous substrate oxidation by acting as an uncoupler, the effect of 

hexetidine on the rate of oxygen uptake induced by certain substrates 

involving three, two and one site(s) of phosphorylation was investigated in 
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Fip,l. Oxidation of intramitochondrial pyridine nucleotide by externally 
added hexetidine. 
RLM (1.2 mg protein) were suspended at 25% in 2 ml of the standard medium 
consist i ng of 0.25 M sucrose and 20 mM Tr is-Cl , pH=7.25, in the presence (A, 
8) or absence (C, D) of 2 pg rotenone and the fluorescence of 
intramitochondrial WD(P)H monitored continuously. At the arrow hexetidine 
(12.5 pM, (B,C) or CCCP (1.25 pM) (A, D) were added. 

Fiq,2. Hexetidine-induced stimulation on the rate of oxygen uptake by rat 
1 iver mi tochondr ia. 
RLM (2.7 mg protein) were suspended at 25*C in 2 ml of the standard medium 
(A, 8) or in a medium consisting of 0.22 M sucrose, 20 mM Tris-HCl, pH=7.25 
and 10 s#l MgCle ICI. Rotenone (2 pg) and ant imycin A (3 pg) were present in B 
and C, respectively. The following additions were made at the indicated 
concentrations : glutamate <GLU): 5 &I, malate (IWL): 1 ekl, succinate 
(SUCC): 5 r&l, ascorbate <AX): 5 &I, TMPD: 0.3 r&l, hexetidine (HEX): 50 pM. 
Numbers along the curves are rates of oxygen uptaRe expressed as natans 
Wmin * mg protein. 

a 5er i es of experiments in which CCCP was also used as a control. In a 

typical experiment, rates of oxygen uptake following the addition of 50 uM 

hexetidine were found to increase 3.7, 2.2 and 1.3 fold using respectiuely 

glutamate plus malate, succinate plus rotenone and ascorbate plus TMPD as 

substrates (Fig.2). In the same experiment, respiratory control index 

(measured as the ratio of respiration rate in the presence and absence of 

1.25 pM CCCP) were 5.3, 4.2 and 1.6, depending on the nature of the electron 

donor . It should be noted that no change in oxygen uptake rate was found 

following oligomycin addition after either hexetidine or CCCP. 

In another experiment, the abi I i ty of both hexetidine and CCCP to reverse 

01 iganycin inhibition of state 3 respiration stimulated by succinate were 
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Fi9.3. iiexetidine-induced reuersal of inhibition of succinate oxidation 
caused by ol igomycin. 
RLM (2.3 mg protein) were suspended at 25eC in 2 ml of the standard medium. 
At the arrQr(s the following additions were made at the indicated 
concentrations : succinate (SUCC): 5 n&l, ADP: 1 mM, phosphate (Pi): 1 ti, 
oligomycin (OLIN): 5 pg, hexetidine (HEX): 50 pII, CCCP: 1.25 PM. 
Numbers along the curve are rates of oxygen uptake expressed as nataas a/min 
* mg protein. 

Qa& Dependence of the rate of succinate oxidation on increasing 
hexetidine concentrations. 
In each sample RLM (4 mg protein) were suspended at 25% in 2 ml of the 
standard medium in presence of 2 pg rotenone and the rate of oxygen uptake 
W caused by 5 mll succinate measured in the presence of increasing 
concentrations of hexetidine. U is expressed as natans O/min * mg protein. 
The rate increase (R.1.) was calculated as ratio between the rate of oxygen 
uptake in the presence and in the absence of hexetidine. In the same 
experiment, CCCP (I.25 PM) stimulated the rate of oxygen uptake 4.1 fold. 

compared : 76% and 108X of the rate of oxygen uptake before oligomycin 

addition were found respectively for hexetidine and CCCP (Fig.3). 

The dependence of the oxygen uptake rate on increasing hexetidine 

concentration by using 5 Ml succinate (in the presence of rotenone) as a 

respiratory substrate is shown in Fig.4. Hexetidine stimulation increases 

with increasing hexetidine concentrations with a 2.4 increase found using 75 

JJM hexetidine. Concentrations higher than 100 JIM were found to damage the 

inner mi tochondr i al membrane, as revealed by leakage of glutamate 

dehydrogenase activity from the mitochondrial matrix. However, in this paper 

experimental conditions have been used under which mi tochondr i al integr i tr 

is kept under control. 

3 

2 

2 

1 

On the basis of the uncoupling properties sham by hexetidine, the ability 

of this drug to prevent the CITP synthesis and cause ATP hydrolysis was 
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Fip.5. Inhibition of ATP synthesis and stimulation of ATP hydrolysis caused 
by externally added hexetidine and CCCP. 
A) RUI (2 mg protein) were added at 25eC to 2 ml of a medium containing 
155 &I sucrose, 5 r&l llgCl9, 11 n&4 potassium phosphate buffer, pHw7.4, 5 &I 
succ i nate and 50 ~1 of a solution containing 20 yg/ml of a 
luciferin/luciferase reagent and the luminescence continuously monitored. 
The following additions were made at the indicated concentrations: ADP and 
NIP (AcN) 15 JIM and 120 JIM respectively, hexetidine 50 pH, CCCP 1.25 PM. 
By Hersal yl -treated mi tochondr i a Ul-RUI) were used, obtained as follows : 
1.4 mg of mitochondrial protein was added to 0.2 ml of medium containing 
mersal yl (20 nmol i/mg prot .), 0.2 M sucrose, 15 s+l KCl, 20 I&I Tris-HCl, 
plfw7.4, 1 n&t EGTCI. After 30 set an aliquot of 0.1 ml of the suspension was 
transferred into a cuvette containing 2 ml of the same medium and 2 min 
later 2 mM ATP was added. After further 1 min, ATP hydrolysis was induced by 
adding 12.5 ptl hexetidine <a) or I .25 JJM CCCP (b). Absorbance changes at 546 
nm were continuously recorded by an Eppendorf photometer 1101 Il. 

tested IFig.5). When RLM were added to a luciferin/luciferase containi n9 

medium, there was a small but significant increase of luminescence due to 

ATP endogenous amount. After 30 sec$ oxidatiue phosphorylation was initiated 

by addition of a mixture containing AtIP and ADP (120 JJM and 15 pM 

respectively), with ATP synthesis immediately demonstrated by a steadily 

rising luminescence signal. In parallel experiments, 50 PM hexetidine or 

1.25 pM CCCP were added. The rapid decline in luminescence shows that the 

added compound blocks ATP synthesis IFig.%Q. 

The ability of hexetidine to cause c\TP hydrolysis is shown in Fig.SB : in 

fact, externally added hexetidine causes swell ing in mersal yl -treated 

mitochondria added with 2 n&l ATP. This swelling has been reported to occur 
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Fip.6. Effect of hexetidine on the extramitochondrial pH and on 
mi tochondr i al membrane potential. 
A) RLtl (3.5 mg protein) were incubated at 25 eC either in a medium consisting 
of 0.25 M sucrose and 2 &I Tr is-HCl , pH=7.25 Ia,b) in which, where 
indicated, 1 &I potassium cyanide (CN-1 was also added, or in a medium 
consisting of 0.21 M sucrose, 20 mH KC1 and 2 +nM Tris-HCl, pH=7.25 (c,d). 
Additions were made at the following concentrations : hexetidine 
(HEX): 50 JIM, CCCP: 1.25 #I, val inomycin <ML): 1 ug, 
Changes in the extrarnitochondrial H+ concentrations were followed as reported 
in the Methods. 
3) RLhl (2 mg protein) were incubated at 25eC in 2 ml of the standard medium 
plus 25 JJM safranine and 2 )rg rotenone. At the arrows the following 
additions were made : succinate 1SUCC): 5 ti and hexetidine (HEX): 50 JIM. 
Changes in the safranine response were monitored as reported in the Methods. 

and ADP formation caused br ATP hrdrolrsis takes p lace in when the phosphate 

the matrix of mi 

mersalyl (11). 

tochondr i a in which the phosphate carrier is inhib 

Since the reported data show that hexetidine acts as an uncoulpler, in order 

to gai n further insight into the mechanisms determinining the hexetidine 

effect the ability of hexetidine to cause changes in either ASH or Aqwas 

tested either by measuring extramitochandrial H+ concentration or by using 

ited by 

the fluorimetric probe safranine (Fig.&. Unl i ke CCCP, external ly added 

hexetidine causes proton release from the mi tochondria in a cyanide 

sensitive way (a,b). Moreover addition of hexetidine to mitochondria added 

with potassium plus val inomycin Iwhich decrease A*causing an increase in 

extrami tochondrial, proton concentration (13)) does not cause proton uptake 
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by mitochondria Ic,d). This finding suggests that hexetidine can uncouple 

RLM by co1 1 apsi ng A!. 

To show this, use was made of the probe safranine (14, 15) (Fig. dB). The 

fluorescence of safranine allows for rapid and sensitive measurements of 

potential changes in response to various ‘perturbing* agents (12). Addition 

of 5 mM succinate to the mi tochondr i al suspension in the presence of 

rotenone, caused a rapid decrease in fluorescence, thus indicating an 

increase in membrane potential. When 50 pM hexetidine was added, a rapid 

increase in fluorescence occurred, thereby demonstrating the ability of this 

compound to co1 1 apse mi tochondr i al membrane potential . 

DI .sCUSSI ON 

The experimental data reported in this paper show that hexetidine can 

uncouple isolated RLM in vitro. 

Likewise, general 1 y accepted criteria to define a molecule as an uncoupler 

may be applied to hexetidine (16, 17). In fact, this paper shows that the 

drug a) oxidizes intramitochondrial NAD(P)li; b2., stimulates oxygen uptake by 

mi tochondr i a, thereby reversing oligomycin inhibition; c) impairs ATP 

synthesis and causes ATP hydrolysis and d) co1 lapses the mi tochondr i al 

membrane potential. The uncoupling of oxidative phosphorylation in RLM by 

hexetidine appears to result from the ability of this drug to collapse 

mi tochondr i al membrane potential. In fact, unlike such well-known uncouplers 

as dinitrophenol and CCCP, which are lipophylic compounds with properties of 

weak acids (pK values 3.9 and 5.3, respectively), hexetidine is a weak base 

(pk = 8.3) (18) and does not cause proton uptake from mitochondria. Hmever, 

the presence of two aliphatic chains allows for permeation across the 

mi tochondr i al membrane by using A. 

Thus the effect of hexetidine is similar to the response of energized 

mitochondria to potassium plus valinomycin (19). 
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