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Neurophysiological studies on the relation between
the structural properties and neurotoxicity of aliphatic
hydrocarbon compounds in rats
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ABSTRACT In order to determine the specific structural properties responsible for neuretoxic
activity, the comparative neurotoxicity of n-hexane, methyl n-butyl ketone, 2,5-hexanedione,
and their relatives was investigated in the peripheral nerves of rats. The maximum conduction
velocity of motor and sensory fibres and the motor distal latency of the tail nerves of rats were
periodically examined in animals receiving repeated subcutaneous injections of 11 aliphatic
monoketone or diketone compounds and their relatives for prolonged periods. A study of the
comparative neurotoxicity of n-hexane, methyl n-butyl ketone, and their metabolites showed that
2,5-hexanedione was the most actively neurotoxic. Furthermore, a study of other symmetrical
diketones with different carbon numbers showed that 2,4-pentanedione, which is structurally
similar to 2,5-hexanedione, possessed a different type of neurotoxic activity than 2,5-
hexanedione. Regarding aliphatic monoketone compounds, acetone, 2-pentanone, 2-heptanone,
and 2-octanone were confirmed non-neurotoxic for the peripheral nervous system. Evidence
from some previous reports, however, suggested that 3-heptanone, 4-octanone, and 5-nonanone

might produce neuropathies by being converted to 2,5-diketones under specific conditions.

N-hexane and methyl n-butyl ketone (MnBK) are
widely used in industry and they share the metabo-
lites, 2-hexanol and 2,5-hexanedione, in com-
mon.'~7 One of these metabolites, 2,5-hexanedione,
was considered to be responsible for the develop-
ment of neuropathy after exposure to n-hexane or
MnBK, since the histopathological changes
observed in neuropathy due to 2,5-hexanedione®
were similar to those produced by MnBK*™'? or
n-hexane."

A comparative study of the neurotoxicity of
hexacarbon compounds and their relatives has
shown that 2,5-hexanedione was the most active
neurotoxin for the peripheral nerves of rat. Investi-
gations of the neurotoxicity of aliphatic diketone
compounds by Krasavage et al** and Spencer et al'*
have shown that a specific structural property, the vy
diketone spacing, is necessary for neurotoxic activ-
ity. They termed the neuropathy due to 2,5-
diketones ‘‘y-neuropathy.” These results suggested
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that it would be interesting to study the symmetrical
diketones of 4-carbon or 5-carbon aliphatic com-
pounds. A study of the neurotoxicity of 2,4-
pentanedione in our laboratory has shown that this
compound possessed neurotoxic activity,'*!” and
that the neurotoxic activity of this compound was
not distal dominant as with 2,5-hexanedione. This
result suggests the necessity of a more systematic
assay of 2,3-butanedione, 2,4-pentanedione, and
2,5-hexanedione because it is not clear whether or
not 2,3-butanedione possesses neurotoxic activ-
ity.’¢17 In addition, repeated injections of
2-pentanone, 2-heptanone, or 2-octanone analog-
ous to MnBK into the backs of rats do not produce
signs of peripheral neuropathy.'*~*°

The purpose of the present study was to compare
systematically the comparative neurotoxicity of 11
aliphatic hydrocarbon compounds and their rela-
tives including 2-pentanone, MnBK, 2-heptanone,
2-octanone, 2,3-butanedione, 2,4-pentanedione,
and 2,5-hexanedione, and to investigate the specific
molecular property required for neurotoxic activity
in the peripheral nervous system.
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Table 1 Chemical substances investigated

No of Chemical Structural

carbon atoms substances formula

8 2-Octanone CH,CO(CH,);CH,

7 2-Heptanone CH, CH,).CH,

6 n-Hexane CH,( gi-l 3

6 2-Hexanone (MBK) CH,COg-l )>CH.

6 2-Hexanol CH,COH(CH,),CH,
6 2,5-Hexanedione = CH,CO(CH,),COCH,
6 2,5-Hexanediol CH,CHOH(CH,Z[,CHOHCH,
5 2-Pentanone CH,CO(CH,),CH,

5 2,4-Pentanedione  CH,COCH,COCH,

4 2,3-Butanedione CH,COCOCH,

3 Acetone CH,COCH,
Materials and methods

A total of 142 male Donryu strain rats weighing
200-300 g were used in the study. Thirty animals
were used as controls. All animals received water
and a standard diet of pellets (Nihon Nosan,
‘MR-3-A) ad libitum. Body weight, clinical condi-
tion, and food intake were examined and recorded
every third day. Table 1 shows the 11 chemicals
tested; all were more than 97 V/V% pure. Each
compound was injected subcutaneously, five days a
week, for periods of from 4 to 40 weeks. The daily
injected dose per kg body weight, which ranged
from 200 to 415 mg, is shown in table 2, with the
total accumulated dose injected throughout the
period of the experiments.

Neurological signs and the maximum conduction
velocities of motor and sensory fibres (MCV and
SCV) were used as indicators for estimating the
effects of the aliphatic ketone compounds on the
peripheral nerves of the rats. Peripheral nerve func-
tion was examined by an electrodiagnostic method
described in previous reports.?' 2> Figure 1 shows

Table 2 Doses of chemicals and duration of treatment
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Fig 1 Electrode arrangement for measurement of
maximum motor and sensory conduction velocities of tail
nerve of rat.

schematic illustration of the electrode arrangement
for the measurement of conduction velocity in the
tail nerve of the rat. To stimulate the tail nerve, a
pair of bare steel needles used for EEG were
inserted under the skin on the ventral side of the tail.
The needles were located about 2-3 cm from the
end of the tail (C of fig 1). The nerves were supra-
maximally stimulated with a single pulse of 0-3 msec
duration at a frequency of 1 Hz, delivered by an
electric stimulator (MNS-1101, Nohon Kohden). To
record the nerve action potentials evoked in the tail
nerve, two pairs of needle electrodes were inserted
in the tail; one in the proximal part (A) and the
other in the middle part (B) of the tail (fig 1). The
distances between the stimulating and recording
electrodes, and between the two recording elec-
trodes, were measured on the skin and used for cal-
culating the conduction velocities of the tail nerve.
Muscle action potentials were also evoked by stimu-
lation at point A or B of fig 1, and recorded at point
C, for the measurement of maximum motor fibre

Chemicals Dose Duration of
tr (weeks)
mglkg/day Total amount
(g/animal)

2-Octanone n=7 400 15-3 21
2-Heptanone n=7 400 7-8 15
n-Hexane n= 7; 325 10-5 21
2-Hexanone (MBK) (n= g) 4(1)3 1 (1)2 %(1)

n= 4 10-
2-Hexanol (n=7) 400 14-6 21
2,5-Hexanedione én= g g% ‘2" 3 32 days

n= .

fn= 8) 200 4-2 14

2,5-Hexanediol n=6) 400 55 15
2-Pentanone n=8) 400 60 9
2,4-Pentanedione n= g; %gg g; ‘1‘3

n= .
2,3-Butanedione (n= g) ‘zt% 1;8 4(9)

n= .
Acetone }n=4; 400 71 15
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conduction velocity.? Action potentials were
amplified with a time constant of 0-01 sec, and dis-
played on the screen of an Addscope (ATAC-250,
Nihon Kohden) and recorded on graph paper by an
X-Y recorder (Yokogawa denki, 3086-22).

The skin temperature of the tail and inguinal reg-
ions was measured at the beginning of each meas-
urement, and ranged between 36-0 and 37-5°C in
the inguinal regions and between 32-0 and 35-0°C in
the tail (A, B, and C points of fig 1). The room
temperature was controlled at 29°C = 0-5°C.

Statistical significance of difference between mean
values for the treated and control groups was tested
by Student’s ¢ test.

Results

CLINICAL FEATURES

The clinical signs which were observed are summar-
ised in table 3. All the n-hexane, MnBK, 2-hexanol
2,4-pentanedione and 2,3-butanedione treated
groups showed a retardation of normal growth, and
the 2,5-hexanedione and 2,5-hexanediol groups
showed a loss of body weight as compared with that

Misumi and Nagano

at the beginning of treatment. The animals treated
with MnBK, 2-hexanol, 2,5-hexanediol, and 2,5-
hexanedione showed disturbances in gait and the
2,5-hexanediol and 2,5-hexanedione groups suf-
fered severe paralysis of their hind limbs. The
neurological signs observed in these groups have
been described elsewhere.'*!”? In the pentanone
group increased salivation in four of the eight ani-
mals was observed during the later stages of the
experiment. In the 2,4-pentanedione group
increased salivation on the 15th day of treatment
was also observed in four of the six animals, and
these four animals showed disturbances in gait on
the 45th day. Thereafter, all the animals developed
a spastic paralysis of the hind limbs but were not
flaccid as were the animals receiving 2,5-
hexanedione. The other groups remained more or
less normal throughout the experiments.

NEUROPHYSIOLOGICAL FINDINGS

Table 4 summarises the results of the conduction,
velocities and motor distal latency in the tail nerve
of the rats. As indicated in table 4, in the MnBK,
2-hexanol, 2,5-hexanediol, and 2,5-hexanedione

Table 3 General aspects and neurological signs of treated rats

Groups Effect on Neurological signs
growth

Dullness Difficulty Paralysis in Others

in movement in walking hind limbs
2-Octanone - - - - -
2-Heptanone - - - - -
n-Hexane + + - - -
2-Hexanone (MBK) + + + - Salivation
2-Hexanol + + + - Salivation
2,5-Hexanedione ++ ++ ++ ++ X
2,5-Hexanediol + ++ ++ ++ Incontinence
2-Pentanone + + - - Salivation
2,4-Pentanedione + + + - Salivation
2,3-Butanedione + * - - -

Acetone

— = Negative, * = slight, + = moderate, ++ = severe or pronounced.

Table 4 Effect of the compounds tested on the nerve conduction velocity and motor distal latency (ratios to the controls)

Chemicals Motor Sensory conduction velocity Distal latency

conduction

velocity Whole Proximal Distal
2-Octanone 100 102 101 103 92
2-Heptanone 100 96 98 95 128
n-Hexane 98 96 100 94 136
2-Hexanone (MBK) 60** 68** 81** 56** 190**
2-Hexanol 54** 66** 73 59** 165**
2,5-Hexanedione 40** 52** 61** 44** 282**
2,5-Hexanediol 65** 55** 65** 46** 350**
2-Pentanone 108 99 101 99 125
2,4-Pentanedione 81** 90** 93** 80** 134
2,3-Butanedione 99 94 96 90* 133
Acetone 98 100 99 99 121

Numerals indicate ratios of respective mean values of 400 mg/kg/day groups (2,4-pentanedione group, 200 mg/kg/day) to mean values of
controls (100) in the most advanced stages of neuropathy or in last stage of experiments.
Significance level: *p<0-05, i‘n'ézg<0-01, as compared with values of controls by ¢ test.

ole, proximal, and distal

icate the whole (A-C in fig 1), proximal (A-B}, and distal (B-C) parts of the tail nerve in rats.
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groups both the MCVs and SCVs decreased
significantly as compared with the control values.
The amplitudes of the nerve action potentials also
decreased and the motor distal latency was pro-
longed. Nevertheless, the n-hexane group treated
with 325 mg/kg for 21 weeks exhibited no significant
decrease in conduction velocity, although decreased
amplitude of the nerve action potentials was
observed in the last stage of the experiment.

In the 2,4-pentanedione group slowing of the
MCVs and SCVs was observed at the 8 to 10 week
stage of the experiments. As indicated in table 4, in
the 2,3-butanedione group, when 400 mg/kg of the
compound was given to the animals for nine weeks,
slowing of the SCVs was produced in the last stage
of the experiment. Nevertheless, repeated injections
of 200 mg/kg of the compound produced no changes
in the conduction velocities, motor distal latency,
and action potentials despite the treatments continu-
ing for 40 weeks. In the pentanone group a retarda-
tion in the SCVs was observed only at the first
measurement even though treatments with the com-
pound were continued for nine weeks. The other
groups showed no electrophysiological change.
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RELATIONS BETWEEN THE MEAN TOTAL DOSE
PER ANIMAL AND A SLOWING OF CONDUCTION
VELOCITY

In order to compare the potency of neurotoxic activ-
ity of the chemical substances being tested, the mean
accumulated total doses at that time when a
significant slowing in conduction velocity began to
be observed, were investigated. Table 5 summarises
the relations between the mean total doses (g) per
animal for the respective compounds and the slow-
ing of conduction velocities.

In the 2,5-hexanedione group the time of the
onset of a slowing in conduction velocity was dose
dependent—that is, in the group receiving a dose of
400 mg/kg/day an accumulated mean total dose of
less than 1-4 g of the compound produced a slowing
in conduction velocity. In the group in which the
daily dose was 300 mg/kg, a mean total dose of 2-1 g
produced a significant slowing in conduction veloc-
ity, and in the group receiving a daily dose of 200
mg/kg the same result began to be observed when
the mean total dose was about 2-4 g.

In the MBK group a slowing in conduction veloc-
ity occurred when the mean total dose of the com-

Table 5 Relationships between mean total doses per animal and slowing of conduction velocity

Chemical mglkglday Mean total doses injected (g)
substances
0 5 10 15 20

2-Octanone 400
2-Heptanone 400
n-Hexane 325
MBK 415 LWL

400 WU
2-Hexanol 400 WL
2,5-Hexanedione 400 W

300 W

200 Wi
2,5-Hexanediol 400 WH
2-Pentanone 400
2,4-Pentanedione 200 Wi

200 W
2,3-Butanedione 400 l

200
Acetone 400

Arrows ({!) indicate a significant slowing in conduction velocity, as compared with the controls by the ¢ test.
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pound reached 6-7 g; in the 2-hexanol group this
took place after 9-6 g of the compound had been
injected and in the 2,5-hexanediol group after 4-0 g
had been administered. The time of onset of the
slowing of the SCVs in the 2,4-pentanedione group
was approximately similar to that in the 2,5-
hexanedione group, but a retardation in the MCVs
was observed after a total dose of 2-9 g, which was
greater than that of the 2,5-hexanedione group.

Discussion

The present study has confirmed two points: firstly,
2-hexanol, 2,5-hexanediol, 2,5-hexanedione, inter-
mediate metabolites of n-hexane, and MnBK are all
neurotoxic. Secondly, the neurotoxic potency
among the five hexacarbon compounds shown in
table 1 may be ranked in the order 2,5-hexanedione,
2,5-hexanediol, MnBK, 2-hexanol, and n-hexane.
Figure 2 shows the relative neurotoxicity of
n-hexane, MnBK, and their metabolites. The ratio
of the mean total dose of the respective compounds
required to produce a decrease in the conduction
velocity similar to that of MnBK was calculated in
the form of a neurotoxic index in which the
neurotoxicity of MnBK was regarded as 1-0. The
neurotoxic indices of 2,5-hexanedione, 2,5-
hexanediol, 2-hexanol, and n-hexane were 4-6, 1-6,
0-68, and less than 0-58 (fig 2). This agrees with the
results obtained by Krasavage et al in their investiga-
tion of the number of days it took to develop
neuropathy.'* The animals treated with daily doses
of 200 mg/kg of 2,4-pentanedione exhibited clinical
and neurophysiological evidence of neuropathy, but
repeated subcutaneous injections of 400 mg/kg/day
of the compound caused the deaths of all seven ani-
mals and were accompanied by increased salivation,
convulsions, and ataxia of hind limbs; no animals
died as the result of repeated injections of equival-
ent amounts of 2,5-hexanedione. It is difficult to
compare the neurotoxic potency of 2,4-
pentanedione with that of 2,5-hexanedione because
the type of neurotoxicity of 2,4-pentanedione seems
to differ from that of 2,5-hexanedione. But, consid-
ering only the peripheral nerves, the neurotoxicity
of this compound seems to be less than that of 2,5-
hexanedione, whereas its neurotoxic activity in the
central nervous system is greater than that of 2,5-
hexanedione.

The compound 2,3-butanedione was considered
non-neurotoxic because, in this group of animals, no
definite slowing in the conduction velocity of the tail
nerve was observed. The decreased conduction vel-
ocity seen in the last stage of the experiment in
which daily doses of 400 mg/kg were given was con-
sidered to be due to the low haemoglobin levels seen

Misumi and Nagano
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Fig 2 Relative neurotoxicity of n-Hexane, MnBK, and
their metabolites. Horizontal axis indicates mean total dose
(g) per animal needed to produce a significant decrease in
conduction velocity in the groups treated with daily doses of
400 mglkg of each compound as compared with the control
value. Vertical axis indicates the neurotoxicity of the
respective groups relative to MnBK (1-0).

in the animals. They also had severe. ulcers accom-
panied by pustules in the injected sites on their
backs; no neurological signs were produced
throughout the experiment. In addition, repeated
daily injections of 200 mg/kg of the compound
showed no evidence of neuropathy throughout the
experiment over a period of 40 weeks.

Spencer et al have also compared the neurotoxic-
ity of aliphatic diketone compounds and their
related compounds  3,5-heptanedione, 2,4-
hexanedione, 2,5-hexanedione, 2,3-hexanedione,
1,6-hexanediol, 2-heptanone, glutaraldehyde, 1,4-
butanediol, and acetone.'s They have reported that
only animals treated with 2,5-hexanedione or 2,5-
hexanediol exhibit neurological signs and pathologi-
cal changes identical to those seen with exposure to
n-hexane or MnBK. Johnson et al have also found
2-heptanone to be non-neurotoxic to rats and mon-
keys.?s

In the present study none of the groups treated
with 2-octanone, 2-heptanone, 2-pentanone, and
acetone showed any appreciable clinical or
neurophysiological evidence of neuropathy,
although increased salivation was observed in the
2-pentanone group. Our finding that 2-heptanone
or acetone possesses no neurotoxic activity agrees
with the results of Johnson ef al.>* O’ Donoghue et al
have reported that a symmetrical diketone com-
pound, 2,6-heptanedione, which is produced by oxi-
dation at the sixth carbon of 2-heptanone was not
neurotoxic,’® and Altenkirch et al have reported that
methyl ethyl ketone (MEK) potentiates the
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Table 6 Relationships between structural properties and neurotoxic activity of aliphatic hydrocarbon compounds
investigated up to the present
,No of Aliphatic Neurotoxic Aliphatic monoketones Neurotoxic  Aliphatic diketones Neurotoxic
‘carbon saturated activity related compounds activity related compounds activity
hydrocarbons
9-Carbon 5-Nonanone +? 2-Hydroxy-5-nonanone +?
CH,(CH,),CO(CH,);CH, CH,COH(CH,),CO(CH,);CH,
4 2,5-Nonanedione +?
CH,;CO(CH,),CO(CH,),CH,

, 8-Carbon 2-Octanone — 2-Hydroxy- 5-octanone +?
CH,CO(CH,);CH, CH,COH(CH,),(CH,),CH,
4-Octanone +? 2,5-Octanedione +?

' CH;,(CH,),CO(CH,);CH, CH,CO(CH,),CO(CH,),(CH,)

3,6-Octanedione +
CH,CH,;CO(CH,),COCH,CH,
7-Carbon Heptane —e 2-Heptanone — 2-Hydroxy- 5-heptanone +?
CH,(CH,);CH, CH,CO(CH,).CH, CH,COl-xlzCH,),COCH,CH,

- 3-Heptanone +? 2,5-Heptanedione +

CH,CH,CO(CH,),CH, CH,CO(CH,),COCH,CH,
6-Carbon n-Hexane +3 2-Hexanone 3,5-Heptanedione —

) CH;(CH,).CH, CH,CO(CH,),CH, CH;CH,COCH,COCH,CH,
2-Hexanol + 2,5-Hexanedione +
CH,COH(CH,),CH, CH,CO(CH,),COCH,

2,4-Hexanedione —
CH,COCH,COCH,CH,
2,3-Hexanedione —
CH,;COCO(CH,),CH,
5-Hydroxy-2-Hexanone
CH,CO(CH,),COHCH,
2,5-Hexanediol
CH,COH(CH,?;COHCH,
1,6-Hexanedio —

. COH(CH,).COH

5-Carbon Pentane —30 2-Pentanone — 2,4-Pentanedione +
CH,(CH,);CH, CH,CO(CH,),CH, CH,COCH,COCH,
Glutaraldehyde —
COH(CH,),COH
4-Carbon 2-Butanone — 2,3-Butanedione —
. CH,COCH,CH, CH,COCOCH,
1,4-Butanediol —
“ COH(CH,),COH
3-Carbon Acetone —
CH,COCH,

neurotoxicity of n-hexane, but does not itself pro-
duce a neuropathy.?” Thus with the exception of
MnBK the aliphatic monoketone compounds (C,-
C,) which have a carbonyl group at the second car-
bon do not appear to be neurotoxic to the peripheral
nervous system.

A monoketone such as ethyl n-butyl ketone
(EBK), however, may produce neuropathy since
Katz et al have found 2,5-heptanedione to produce
the same type of neurotoxicity as seen with 2,5-
hexanedione.”® For the same reason, O’ Donoghue
et al have suggested that 5-nonanone, potentiated
by 5-methyl-2-octanone, may be converted to 2,5-
nonanedione, MnBK, and 2,5-hexanedione and is,
therefore, neurotoxic.?® These findings suggest that
the neurotoxicity of 4-octanone should be investi-
gated since it may be converted to 2,5-octanedione
via 2-hydroxy 5-octanone.

The results of the present study, and some from
earlier studies, are summarised in table 6. Mono-
ketone compounds which may be expected to be
converted to 2,5-diketone are neurotoxic and in

addition, it has been found that 2,4-pentanedione is
also neurotoxic. 2,4-Pentanedione forms chelates
with copper, iron and cobalt and this ability to che-
late with metals might be concerned with the
development of neuropathy by interfering with
coenzymes. For this reason it seems important to
investigate whether or not this property is generally
related to neurotoxic activity.

We are much indebted to Professor S Nomura and
Professor H Miura for their valuable advice and
support in carrying out the experiment. Part of this
study was supported by a grant from the Ministry of
Education, Japan.
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