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Abstract

The in vitro effects of phenol and p-halogenated phenols on mitochondrial energy transfer
reactions were examined using isolated rat liver mitochondria. The relationship between phys-
iochemical properties of phenolic compounds and their effects on mitochondria were studied.
Phenol and p-halogenated phenols induced the release of K+ ions from mitochondria, suggesting
a change in permeability to K+ ions. A decrease in the respiratory control index, an increase in
K+ release and stimulation of latent ATPase activity were observed with these compounds in the
descending order of p-iodophenol, p-bromophenol, p-chlorophenol, p-fluorophenol and phenol.
The concentrations of the phenolic compounds resulting in fifty percent inhibition of the respira-
tory control index and those resulting in fifty percent release of K+ ions significantly correlated
with Hammett’s substituent constant (sigma) and the hydrophobic binding constant (pi) of the
compounds.
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Effect of Phenol and Halogenated Phenols on Energy Transfer Reactions

of Rat Liver Mitochondria

Fumio Izushi*, Takaaki Mori and Masana Ogata

Department of Public Health, Okayama University Medical School, Okayama 700, Japan

The in vitro effects of phenol and p-halogenated phenols on mitochondrial energy
transfer reactions were examined using isolated rat liver mitochondria. The rela-
tionship between physicochemical properties of phenolic compounds and their effects
on mitochondria were studied. Phenol and p-halogenated phenols induced the release
of K ions from mitochondria, suggesting a change in permeability to K' ions. A
decrease in the respiratory control index, an increase in K' release and stimulation
of latent ATPase activity were observed with these compounds in the descending
order of p-iodophenol, p-bromophenol, p-chlorophenol, p-fluorophenol and phenol .
The concentrations of the phenolic compounds resulting in fifty percent inhibition
of the respiratory control index and those resulting in fifty percent release of K*
ions significantly correlated with Hammett’s substituent constant (o) and the hy-
drophobic binding constant () of the compounds.

Key words : phenol, mitochondria, oxidative phosphorylation, Hammett’s substituent con-

stant, hydrophobic binding constant

Phenol is widely used for the production
of drugs, pharmaceutical and agricultural
preparations, synthetic resins, paints, dyes
and plastics; its production is increasing
every year. Therefore, environmental pol-
lution by phenol and its effect on living or-
ganisms have come into question. It readily
permeates through the skin and mucous mem-
brane and is also quickly absorbed from the
gastroenteric tract. As to the toxicity of
phenol, local damage due to its contact with
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Abbreviations used: Ph, phenol; FPh, fluorophenol; Cl-
Ph, chlorophenol ; BrPh, bromophenol; IPh, iodophenol ;
PCP, pentachlorophenol; DNP, 2, 4-dinitrophenol; RCI,
respiratory control index
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the skin and damage to various organs caused
by oral or subcutaneous administration to
animals have been reported(1-3).

Monohalogenated phenols such as fluoro-
phenol (FPh), chlorophenol (CIPh), bromo-
phenol (BrPh) and iodophenol (IPh) are also
used extensively for various organic syn-
thetic processes, and a considerable number
of reports have described the environmental
movement, biological concentration and tox-
icity of these compounds (1, 4-7).

As to the mode of toxic action of phe-
nolic compounds, 2,4-dinitrophenol (DNP)
and pentachlorophenol (PCP) are well-known
as uncouplers of oxidative phosphorylation
(8-10). Ogata et al. (11) classified various
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chemicals into four groups based on the
combination of their effects on state 3 and
state 4 respiration. According to this clas-
sification, phenolic compounds are included
in the group of inhibitors having character-
istics of both energy transfer inhibition and
uncoupling. Hansch et al. (12), Fujita (13),
Stockdale et al. (14) and Miyoshi et al. (15)
have stated that the biological action of phe-
nolic compounds correlates with their phys-
icochemical properties such as hydrophobic-
ity and electronic features. The toxic effect
of phenolic compounds was studied in this
investigation in relation to their physico-
chemical properties. This communication
deals with the effect of monohalogenated
phenols on rat liver mitochondria in corre-
lation with Hammett’s substituent constant
(o) (16) and the hydrophobic binding constant
(m) (12).

Materials and Methods

Chemicals. Ph, p-FPh, p-CIPh, p-BrPh and
p-IPh were purchased from Tokyo Kasei Kogyo Co.,
Ltd., Tokyo. ADP and ATP were from Sigma Chemi-
cal Co., St Louis, MO. Other chemicals were of the
highest purity obtainable from commercial sources.

Miiochondrial preparations. Male Donryu rats
weighing approximately 200 g and fed on a labo-
ratory stock diet were fasted overnight and sac-
rificed by decapitation. Rat liver mitochondria
were 1solated according to the method of Utsumi
(17), a modification of the method of Hogeboom et
al. (18), and suspended in a medium containing
0.25M sucrose and 4 mM Tris-HCI buffer (pH
7.5).

Measurement of respiratory activity. Mitochon-
dria (1.1-1.9 mg protein/ml) were incubated in
3.5 ml of reaction medium containing 0.15 M KCl,
10 mM Tris-HCI buffer (pH 7.5) and 2.5 mM phos-
phate buffer (pH 7.5). The phenolic compounds were
dissolved in absolute ethanol. Sodium succinate,
as a respiratory substrate, was added to the re-
action mixture to give a concentration of 5 mM,
followed by addition of various concentrations of
phenolic compounds, 0.3 mM ADP and 0.02 mM
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The incubation was
carried out at 25°C with continuous stirring. Ox-
ygen consumption was measured with a galvanic
type oxygen electrode (Kyusui Kagaku Co., Tokyo)
connected to a recorder. The respiratory control
index (RCI) and ADP/O ratio were calculated as
parameters of respiratory activity according to
the method of Hagihara (19).

Measurement of K* release.  Mitochondria
{0.5-1.2 mg protein/ml) were incubated at 25°C
with continuous stirring in 3 ml of reaction medium
containing 0.15M choline chloride and 10 mM
Tris-HCI buffer (pH 7.5). The measurement of
K™ efflux was carried out with a glass K* elec-
trode (Beckman) connected to a pH meter.

Measurement of ATPase activity. Mitochon-
dria (0.9-1.4 mg protein/ml), 3.5mM ATP and
phenolic compounds were added to a medium con-
taining 0.2 M sucrose, 20 mM KCIl, 3 mM MgCl,
and 5 mM Tris-HCI buffer (pH 7.4) to give a total
volume of 2.0 ml. After incubation for 15 min at
25°C, 1Iml of ice-cold 24% perchloric acid was
added, and fully mixed. The mixture was allowed
to stand for 10 min, and then the supernatant was
separated by centrifugation at 3000 rpm for 1
min. Mitochondrial latent and DNP-stimulated
ATPase activities were determined by measure-
ment of liberated inorganic phosphate according
to the method of Takahashi (20).

Determination of protein concentration. The
mitochondrial protein concentration was determined
by the biuret reaction (21) using bovine serum
albumin as a standard.

Statistical analysis. As parameters of elec-
tronic and hydrophobic properties of p-halogenated
phenols, Hammett’s substituent constant (s) and
the hydrophobic binding constant () were used.
Hammett’s substituent constant o is calculated ac-
cording to the formula o =1/p log (K/K,), where
K is the rate constant of a substituted compound,
K, that of the parent compound and p a reaction
constant (16). The hydrophobic binding constant
n is calculated according to the formula =
log (Px/Ph), where Px is the partition coefficient of
a substituted compound between 1-octanol and wa-
ter and Ph that of the parent compound. Regres-
sion analyses and multiple regression analyses were
carried out between 50% inhibition of RCI and
50% release of K* by p-halogenated phenols and
o and 7(12, 22).

DNP at regular intervals.
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Fig. 1 Effect of phenol and p-halo- Mt(1.1mg protein/mi)
genated phenols on mitochondrial res- }
piration. Mitochondria (Mt, 1.1 mg 3

protein/ml) were incubated in 3.5 ml
of reaction medium containing 0.15 M
KCI, 10 mM Tris-HCI buffer (pH7.5)
and 2.5 mM phosphate buffer at 25°C
with continuous stirring. Succinate
(S) (500 mM) was added as a sub-
strate at 35 wl, followed, 30 sec
later, by 30 mM phenols (R) dissolved
in absolute ethanol, 30 mM ADP and
2 mM DNP at certain intervals. For
abbreviations see footnotes.

RCI=6.3

Table 1 Effect of phenol and p-halogenated phenols on mitochondrial respiratory activity®

Compounds State 3 respirati'on" ' State 4 respiration® . RCI ADP/O ratio
(n atoms O,/mg protein/min) (n atoms O,/mg protein/min)
Control 113.2+3.2 18.4+2.9 6.2 2.2
Phenol (0.3 mM) 110.2+4.2 20.2+0.8 5.5 2.1
p-Fluorophenol (0.3 mM) 110.0£5.7 20.8+1.7 5.3 2.1
p-Chlorophenol (0.3 mM) 103.1+2.4 27.7+1.9 3.7 1.9
p-Bromophenol (0.3 mM) 94.5+3.2 37.0+4.4 2.6 1.6
p-Lodophenol (0.3 mM) 93.6 +3.1 72.3%+1.7 1.3 1.1

a: The experimental conditions were the same as those described in Fig. 1.
b: Values are the mean®S.D. of three determinations.

Table 2 Effects of phenol and p-halogenated phenols on various parameters of mitochondrial respiratory activity®

Concentrations (moles/mg of protein) to induce:

Compounds 50 % Inhibition 75 % of State 3 150 % of State 4
of RCI respiration respiration
Phenol 5.0X107° 4.2X107¢ 6.5Xx10°°¢
p-Fluorophenol 1.2x10°°¢ 1.5X10~°¢ 7.5%10°7
p-Chlorophenol 2.5X1077 3.0x1077 2.0X10°7
p-Bromophenol 2.0X1077 2.8 1077 1.5X1077
p-lodophenol 1.1x10°7 1.5Xx1077 0.9x10"7

a: Experimental conditions were same as those described in Fig. 1.
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Results

Effect of phenol and p-halogenated phenols
on respiratory activities. Fig. 1 and Table
1 show the effects of the phenolic compounds
(0.3 mM) on the respiratory activities of rat
liver mitochondria. Phenol and p-halogenated
phenols caused a slight decrease in state 3
respiration and a remarkable increase in
state 4 respiration. The inhibitory effect
of the phenolic compounds on RCI was in
the descending order of p-1Ph, p-BrPh, p-
CIPh, p-FPh and Ph. The inhibition of RCI
by the phenolic compounds was concentration-
dependent. The concentrations of the phe-
nolic compounds to cause 75% inhibition of
state 3 respiration, 150% acceleration of
state 4 respiration and 50% inhibition of
RCI are summarized in Table 2. These data
show that the inhibitory effect of these com-
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pounds on respiratory activities was in the

same order of intensity in Table 2 as in
Table 1.

Effect of phenols on ATPase activities.
As shown in Fig. 2, the phenolic compounds
stimulated latent ATPase activities as re-
vealed by the acceleration of state 4 res-
piration. However, these compounds inhib-
ited the DNP-stimulated ATPase activities
at the same concentrations.

Effect of phenols on K™ compartmentaiion.
During the incubation of untreated control
mitochondria, only a gradual K* efflux was
seen. However, upon the addition of phe-
nols, K* release was induced depending on
the concentration of the phenols. The K-
releasing effect of 1 mM p-halogenated phe-
nols was in the descending order of p-IPh,
p-BrPh, p-CIPh and p-FPh (Fig. 3). The

concentrations of the phenolic compounds

1 1
005 Ol

{ |
05 1.0 50 100

Final concentration (mM)

Fig. 2 Effect of phenol and p-halogenated phenols on the ATPase activities of mitochondria. Mitochondria (0.9-1.4 mg
protein/ml), 3.5 mM ATP and varied concentrations of phenols were added to a medium containing 0.2 M sucrose,
20 mM KCl, 3mM MgCl, and 5 mM Tris-HC] buffer (pH 7.4) to give a total volume of 2 ml. After incubation for

15 min at 25°C, 1 ml of ice-cold 24%

perchloric acid was added, and after standing for 10 min, the supernatant was

separated by centrifugation. The liberated inorganic phosphate was measured spectrophotometrically at 700 nm according

to the method of Takahashi.
ase activity, respectively.
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The solid line and broken line indicate latent ATPase activity and DNP-stimulated ATP-
For abbreviations see footnotes.
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rft (0.5mg protein/ml)

30 neq K*/mi

2 min

N~

Fig. 3 Effect of p-halogenated phenols on the K* release
of mitochondria. Mitochondria (0.5 mg protein/ml) were
incubated in 3.0ml of a reaction medium containing
0.15M choline chloride and 10 mM Tris-HCI buffer (pH
7.5) at 25°C with continuous stirring. After incubation
for 1.5 min, 30 gl of 100 mM phenols were added. Intra-
mitochondrial content of K* ions was estimated by mea-
suring the K* depleted by adding 1% Triton X. The
measurement was carried out by using a glass K*-selective
electrode. For abbreviations see footnotes.

which induced a 50% release of K* were
p-IPh, 1.75; p-BrPh, 4.0; p-ClPh, 4.8;
p-FPh, 14, and Ph, 68 ymoles/mg protein
(Fig. 4). These results coincided with the
results of the respiratory activity study.
Correlations

Correlations of K'-releasing effect and
inhibition of RCI to Hammelt’s substil-
ueni constant o. The plot of log (C/C,)
against ¢, in which C stands for K* release
(neq/mg protein/min) by each p-halogenated
phenol and C, for K" release (neq/mg pro-
tein/min) by phenol is shown in Fig. 5.
A high correlation was found between the
K*-releasing effect of the phenolic compounds
and their Hammett’s substituent constant (o).

The relationship between 50% inhibition
of RCI and ¢ values and that between 50%
release of K and ¢ values are shown in
Fig. 6. Both 50% inhibition of RCI and
50% release of K* by the phenolic com-
pounds correlated highly to & values. The
regression equation for the former is ex-
pressed as log(1/C) =5.56¢0+5.41 (r =
0.97) and that for the latter as log(1/C) =
4.796+4.32 (r =0.96) (p <0.05).

Relationship between 50% inhibition of
RCI and 50% release of K and the hy-
drophobic binding constant n. As shown in

Fig. 4 K" release from mitochon- 100
dria at various concentrations of
henol and p-halogenated phenols. The 90r
brene ;. ; p-IPh p-BrPh /Ip-ClPh p-FPh Ph
experimental conditions were the same 80
as in Fig. 3. For abbreviations see 20
footnotes. o
€ 60t
(8]
‘s 50
$ 40
°
3 30t
20} O,
10}
1 1 1
0 l 10 100
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Fig. 7, the equation for 50% inhibition of
RCI against 7 is expressed as log(1/C) =
1.127+5.44 (r =0.97), and that for 50%
release of K" as log(1/C) =0.987+4.34
(r =0.97). In each case, there was a high
correlation (p < 0.05).

Relationship between 50% inhibition of

03

1 1 1
¢ 0.l 02 03 04

Hammett constant (0)

Fig. 5 Relationship between Hammett’s substituent con-
stant and log (C/C,) of K* release by phenol and p-
halogenated phenols.

C and C,: neq K* released/mg of protein per min in the
presence of p-halogenated phenols or phenol, respectively.

Fig. 6 Relationship between bio- 70
logical activities of p-halogenated
phenols and Hammett’s substituent
constant.

The symbols O and 4 indicate 50%

inhibition of RCI and 50% release 5
of K7, respectively. For abbrevia- g 601
tions see footnotes. o
E
wn
@
o
E  opn
A
g S0t
o>
i)

p-FPh

p-FPh

RCI and 50% release of K* and both o
and 7 of p-halogenated phenols. The multi-
ple regression equation for 50% inhibition
of RCI against both ¢ and 7 was obtained
by least square analysis and expressed as log
(1/C) =3.620+ 0.407 +5.42 (r = 0.98).
Similarly, the relationship between 50%
release of K* and both ¢ and » was ex-
pressed as log (1/C) =0.88¢+0.807+
4.33(r =0.97).

Discussion

The mechanism of the action of chemical
compounds has been elucidated based on their
chemical structure and physicochemical prop-
erties (23). It is proposed that the steril-
izing action of phenolic compounds is strength-
ened by substitution with halogens, as seen
in DNP whose uncoupling action is increased
by substitution with a nitro group (—NO,),
an electronegative group (24).

A structure-activity relationship method
has been developed by Hansch et al.(12)
and Fujita (13) using substituted constants
of phenols. Weinbach and Garbus (8) report-

log(1/C)=5560+541 (r=097}
p-IPh

log(1/C)=4.790+4.32 (r=0.96)

! 1 1 |
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Fig. 7 Relationship between biolog-
ical activities of p-halogenated phenols

log(1/C)=1.127 + 544 (r=097)

log(1/C)=098n +4.34 (r=097)

1 1 l L

and hydrophobic binding constant. ror
The symbols O and 4 indicate 50%
inhibition of RCI and 50% release
of K*, respectively. For abbrevia- .
tions see footnotes. -%
S
2 60F
o
£
~
w
<
€
o O Ph
Q 501
E=
<
? Ph
40
o]

ed the adsorption of phenols into mitochon-
drial protein and concluded that phenols
reacted with the protein moiety of intact
mitochondria to exert their uncoupling ac-
tivity. Hansch et al. and Iujita analyzed
the uncoupling activity of phenols with pKa
and 7 using the data of Weinbach (8) and
Hemker (25) and reported that lipophilic and
electronic characteristics contribute to the
uncoupling activity. Stockdale et af.(14)
also reported a difference in the coeflicients
of o and 7 between the correlation equation
for uncoupling and that for inhibition of
respiration by phenolic compounds: the co-
efficient of ¢ was larger than that of x in
the correlation equation for uncoupling ac-
tion, but the coefficient of ¢ was smaller
than that of = in the correlation equation
for inhibition of respiration.

A comparative examination of the mech-
anism of toxic effects of monohalogenated
phenols has not been done. The induction
of intramitochondrial K* release by phenols
indicates that phenols accelerate membrane
permeability to K™ ions. The agreement in
the order of the strength of action of these
compounds on respiratory activities and on

Produced by The Berkeley Electronic Press, 1988
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Hydrophobic binding constant ()

K*-releasing activity indicates that a close
correlation exists between membrane per-
meability and the energy transfer reaction
of mitochondria.

There were significant correlations (p <
0.05) between the respiration-inhibiting ac-
tivity of phenols and o and ». Similar re-
lationships existed between the K* release
action of phenols and o and 7. The co-
efficients in the multiple regression equation
were quite different from those in the cor-
relation equations for inhibition of respira-
tory activity (3.62 for ¢ and 0.40 for ).
This result indicates that the contribution
of the electronic effect of the substituents
is important in determinating the inhibition
of respiration by halogenated phenols. The
coefficients of 0.88 for ¢ and 0.80 for =
in the equation of K* release are similar
to each other. This fact indicates that the
electronic property (expressed as ¢) and
hydrophobic property (expressed as 7) con-
tributed approximetely to the same degree.
The “structure-activity relationship” analysis
was shown to be useful in the present study
for the evaluation of the toxic effect of
halogenated phenols.
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