5
2. HEALTH EFFECTS

2.1 | NTRODUCTI ON

The primary purpose of this chapter is to provide public health
of ficials, physicians, toxicologists, and other interested individuals and
groups with an overall perspective of the toxicology of 2-hexanone and a
depi ction of significant exposure |levels associated with various adverse
health effects. It contains descriptions and eval uations of studies and
presents |levels of significant exposure for 2-hexanone based on toxicol ogi cal
studi es and epi deni ol ogi cal investigations.

In the evaluation of studies described in this chapter, the purity of the
test conpound was considered. As shown in the text, tables, and figures, three
general categories of 2-hexanone purity were indicated in the studies:

Purity of 96% or nore
e 70%purity (technical grade)
e Purity was not stated in the cited publication

In technical grade 2-hexanone, the 30% inpurity was identified as nethyl
i sobutyl ketone, and the possible inplications of its presence in the test
subst ance were di scussed.

2.2 DI SCUSSI ON OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To hel p public health professionals address the needs of persons |iving
or working near hazardous waste sites, the infornation in this section is
organi zed first by route of exposure--inhalation, oral, and dermal--and then
by health effect--death, system c, imunol ogical, neurol ogical, devel opnental
reproductive, genotoxic, and carcinogenic effects. These data are discussed in
terms of three exposure periods --acute (less than 15 days), internediate (15-
364 days), and chronic (365 days or nore).

Level s of significant exposure for each route and duration are presented
in tables and illustrated in figures. The points in the figures show ng
noobserved- adverse-effect |evels (NOAELS) or | owest-observed-adverse-effect
|l evel s (LOAELS) reflect the actual doses (levels of exposure) used in the
studi es. LOAELs have been classified into "l ess serious" or "serious" effects.
These distinctions are intended to help the users of the docunment identify the
| evel s of exposure at which adverse health effects start to appear. They
shoul d also help to determ ne whether or not the effects vary with dose and/or
duration, and place into perspective the possible significance of these
effects to human heal t h.

The significance of the exposure | evels shown in the tables and figures
may differ depending on the user's perspective. For exanple, physicians
concerned with the interpretation of clinical findings in exposed persons may
be interested in | evels of exposure associated with "serious" effects. Public
health officials and project managers concerned with appropriate actions to
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take at hazardous waste sites may want information on | evels of exposure
associated with nore subtle effects in humans or animals (LOAEL) or exposure

| evel s bel ow whi ch no adverse effects (NOAEL) have been observed. Estinates of
| evel s posing minimal risk to humans (M ninmal Ri sk Levels, MRLs) may be of
interest to health professionals and citizens alike.

Esti mates of exposure |levels posing mnimal risk to humans (MRLs) have
been made, where data were believed reliable, for the nbst sensitive noncancer
effect for each exposure duration. MRLs include adjustnents to reflect human
variability fromlaboratory animal data to humans.

Al t hough net hods have been established to derive these |evels (Barnes et
al . 1988; EPA 1989), uncertainties are associated with these techni ques.
Furthernore, ATSDR acknow edges additional uncertainties inherent in the
application of the procedures to derive less than lifetinme MRLs. As an
exanpl e, acute inhalation MRLs nay not be protective for health effects that
are del ayed in devel opnent or are acquired follow ng repeated acute insults,
such as hypersensitivity reactions, asthma, or chronic bronchitis. As these
ki nds of health effects data becone avail able and nethods to assess |evels of
significant hunman exposure inprove, these MRLs will be revised.

2. 2. 11 nhal ati on Exposure

Nurer ous studi es have been conducted in which animals were exposed to 2-
hexanone via inhal ati on. However, the purpose of many of these studies was to
assess the potential effects of conbined exposure to 2- hexanone and anot her
substance (usually chloroformor nethyl ethyl ketone [MEK]). Study design has
consequently involved exposure to only one concentration of 2-hexanone as a
control exposure. A single high dose of 2-hexanone was used in several other
studies in order to elicit and study hi stopathol ogi cal changes in the affected
nervous tissue, In addition, the grade or purity of the 2-hexanone
adm ni stered was not stated in nmany studies, or in some cases, hexanone with
purity as low as 70% was used. As a result of these various conplications, the
useful ness of the available data is limted.

2.2.1.1 Deat h

The only lethality data available for inhalation exposure to 2-hexanone
are froma study by Abdo et al. (1982) in which 1 of 5 hens exposed
conti nuously to 200 ppm 2- hexanone (70% purity) died on day 72 of a 90-day
study. At 400 ppm 2 of 5 hens died by day 27. The cause of death was not
stated. No deat hs were observed in the groups exposed to 100 ppm and bel ow.

The hi ghest NOAEL value and a reliable LOAEL val ue for death in this
species and duration category are recorded in Table 2-1 and plotted in Figure
2-1.



TABLE 2-1.

Levels of Significant Exposure to 2-Hexanone - Inhalation

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure? Species duration System (ppm) (ppm) (ppm) Reference Purity
INTERMEDIATE EXPOSURE
Death
1 Hen 90 d 100 200 (death) Abdo et al. 1982 T
24 hr/d
Systemic ’
2 Human +10 mo Other 9 (up to 60 1b Allen et al. U
(occup) weight loss) 1975
3 Rat 6 mo Other 100 Egan et al. 1980 P
7d/wk
22hr/d
4 Rat 6 mo Hepatic 50 Duckett et al. U
5d/wk Renal 50 1979
8hr/d
5 Rat 11 wk Hemato 700 (40X decrease Katz et al. 1980 P
72 hr/wk in WBCs)
18 hr/d Other 700 (decreased
weight gain)
6 Rat 25-29 wk Other 100 1000 (decreased body Johnson et al. U
5d/wk weight) 1977
6hr/d
7 Hen 90 d Other 50 200 (42X weight loss) Abdo et al. 1982 T
24 hr/d
Neurological
8 Human +10 mo 9 (neuropathy) Allen et al. U
{occup) 1975
9 Rat 6 mo 50 (histopathology) Duckett et al. U
5d/wk 1979

8hr/d

T

S10344d HITVAIH



TABLE 2-1 (Continued)

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serlous Serious

figure® Species duration System (ppm) (ppm) (ppm) Reference Purity

10 Rat 4 mo 1300 (nerve Spencer et al. U
5 d/wk degeneration) 1975
6 hr/d

11 Rat 6 mo 100 (histopathology) Egan et al. 1980 P
7d/vwk
22hr/d

12 Rat 6-9.5 wk 225 (paralysis, Saida et al. i)
24hr/d histopathology) 1976

13 Rat 11 wk 700 (neuropathy, Katz et al. 1980 P
72 hr/wk histopathology)
18 hr/d

14 Rat 29 wk 100 (neuropathy) Johnson et al. U
5d/wk 1977
6hr/d

15 Monkey 41 wk 100 (mild neuropathy) Johnson et al. ]
5d{wk 1977
6hr/d

16 Hen 90 d 100 (ataxia) Abou-Donia T
5 d/wk et al. 1985a
NDhr/d

17 Hen 90 d 10 50 (ataxia) 200 (paralysis, Abdo et al. 1982 ' T
24 hr/d histopathology)

Developmental

18 Rat 21 Gd 2000 (decreased pup Peters et al. U
6hr/d survival and 1981

weight)

19 Rat 21 Gd 1000 (behavioral Peters et al. U

6hr/d effects in 1981

offspring)

C

S10344d HLIVIH



TABLE 2-1 (Continued)

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serious Serious
figure?® Species duration System (ppm) (ppm) (ppm) Reference Purity
Reproductive
20 Rat 11 wk 700 (decreased testes Katz et al. 1980 P
72 hr/wk weight, histo-
18 hr/d pathology)

*The number corresponds to entries in Figure 2-1.

d = day(s); Gd = gestation days: Hemato = hematologlcal; hr = hour(s); lb = pounds: LOAEL = lowest-observed-adverse-effect level;
mo = month(s); ND = no data; NOAEL = no-observed-adverse-effect level; occup = occupational; P = >96% 2-hexanone; T = 70X 2-hexanone;
U = 2-hexanone purity not stated; WBC = white blood cells; wk = week(s)

T

S103449 HI'IVAH



FIGURE 2-1. Levels of Significant Exposure to 2-Hexanone — Inhalation
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2.2.1.2 Systemic Effects

The system c effects observed after inhalation exposure to 2-hexanone are
di scussed bel ow. The NOAEL val ues and all reliable LOAEL val ues for systemc
effects in each species and duration category are recorded in Table 2-1 and
plotted in Figure 2-1.

No studies were |ocated regarding respiratory, cardiovascul ar,
gastrointestinal, or dernmal/ocular effects in humans or animals after
i nhal ati on exposure to 2-hexanone.

Herat ol ogi cal Effects. No studies were | ocated regardi ng hemat ol ogi cal
effects in humans after inhal ati on exposure to 2-hexanone.

A reduction in total |eukocyte counts to about 60% of contro
val ues(p<0.05) was observed in rats intermttently exposed to 700 ppm 2-
hexanone (96. 1% purity) after 8 weeks of an ||-week study (Katz et al. 1980).
Henogl obi n concentration, hematocrit, and differential white cell counts were
simlar to control values. Although the decrease in total white bl ood cel
counts suggested an effect on bone marrow, the authors found no m croscopic
evi dence of such danmge. Therefore, the clinical significance of their
findings was uncertain. In addition, only a single dosage |evel was used in
t he study.

Muscul oskel etal Effects. No studies were |ocated regarding
nmuscul oskel etal effects in humans or aninmals after inhalation exposure to 2-
hexanone. Weakness and | ack of coordi nati on have been observed in several
st udi es; however, these effects have been attributed to nerve danage (see
Section 2.2.1.4).

Hepatic Effects. No studies were | ocated regarding hepatic effects in
humans after inhal ati on exposure to 2-hexanone.

There was no effect on hexobarbital-induced sleep tines in rats exposed
conti nuously to 225 ppm 2-hexanone (purity not stated) for 7 days (Couri et
al. 1977). Thus, 2-hexanone exposure under these conditions does not seemto
af fect the hepatic microsomal enzynme activities associated with this response.
No hi stopat hol ogi cal effects were seen in the livers of rats exposed to 50 ppm
2- hexanone (purity not stated) for 6 nonths (Duckett et al. 1979). However, no
addi tional data on potential hepatic effects were found.

Renal Effects. No studies were |located regarding renal effects in hunmans
after inhalation exposure to 2-hexanone. No hi stopathol ogi cal effects were
seen in the kidneys of rats exposed to 50 ppm 2- hexanone (purity not stated)
for 6 nonths (Duckett et al. 1979).
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O her Systenmic Effects. The nbst common system c effect observed
foll owi ng i nhal ati on exposure to 2-hexanone is weight |oss or a decreased rate
of weight gain in devel opi ng ani nal s.

A 1973 out break of distal polyneuropathy involving 86 of 1,157 enpl oyees
was reported in a plant that had been using 2-hexanone for about 10 nonths in
t he production of plastic-coated and color-printed fabrics (Allen et al. 1975;
Billmaier et al. 1974). (Neurological effects associated with this exposure
are discussed in Section 2.2.1.4.) dinical evaluations indicated that of 10
wor kers whose body wei ght was recorded, weight |oss ranging from3 to 60
pounds was observed in the eight workers found to have noderate to severe
neurol ogi cal inpairment (Allen et al. 1975). O the mlder cases, no
significant weight change could be correlated with the presence of the
di sorder. Atnospheric sanpling conducted after this incident indicated that 2-
hexanone | evel s averaged 9.2 ppmin front of the printing nachi nes and 36 ppm
behi nd the machi nes. After the use of 2-hexanone was di scontinued, weight gain
was uniformy noted in those who had | ost weight.

In ani mal studies involving 3-6 nonths of inhalation exposure to 2-
hexanone, both wei ght |oss and decreased rates of weight gain in devel opi ng
ani mal s were not ed.

A progressive but not statistically significant |oss of body wei ght was
reported i n nonkeys, beginning 4 nonths after exposure to 1,000 ppm 2- hexanone
(purity not stated) (Johnson et al. 1977). These effects were not seen at 100
ppm Exposure of rats to 1,000 ppm 2- hexanone (purity not stated) resulted in
statistically significant weight |oss at weeks 2-10 and 20-24 (Johnson et al.
1977). No effects were seen at 100 ppmin that study or in a simlar 6-nonth
study in rats (Egan et al. 1980). Qher avail able single-dose |evel studies in
rats generally support these observations. A marked reduction in weight gain
was observed in rats exposed to 700 ppm 2-hexanone (96.1% purity) within 3
days of exposure during an ||-week study (Katz et al.1980). Sl ow progressive
weight loss (no details provided) in rats after 10 weeks of exposure to 1,300
ppm 2- hexanone (purity not stated) has al so been reported (Spencer et al.
1975).

In hens, a clear dose-response relationship for effects on body wei ght
resulting frominhal ati on of 2-hexanone was observed during a 13-week study by
Abdo et al. (1982). No effects were seen at 10 or 50 ppm Hens exposed to 100
ppm wei ghed about 92%of their initial weight at the end of 13 weeks of
exposure. Hens exposed to 200 ppm wei ghed 58% of their initial weight after 10
weeks of exposure, and hens exposed to 400 ppm wei ghed 48% of their initial
wei ght after 4 weeks of exposure. Hens exposed to 100 ppm 2- hexanone (70%
purity) for 13 weeks had a nonsignificant increase in body wei ght (Abou-Donia
et al. 1985a).
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It is noteworthy that in three species (nonkeys, rats, and hens), 3-6
mont hs of exposure to 2-hexanone at 100 ppmresulted in little or no effect on
body wei ght paraneters. Levels neasured in the epidem ol ogi cal study of
exposed workers, however, were only 9.2-36 ppm (Allen et al. 1975). However,
these levels were neasured after the incident. If these |ow | evels of 2-
hexanone are a reasonably accurate indication of the conditions of human
exposure that resulted in the observed wei ght |oss, humans may be a very
sensitive species with regard to this paraneter. It is not clear whether the
affected individuals had decreased appetites and/or food consunption levels in
conjunction with their weight |oss.

2.2.1.3 I mmunol ogi cal Effects

No studies were |ocated regardi ng i nmunol ogi cal effects in humans after
i nhal ati on exposure to 2-hexanone.

A reduction in total white blood cell counts to 60% of control val ues
(p<0.05), but no changes in differential white cell counts or evidence of bone
marr ow damage, was found in rats intermttently exposed to 700 ppm 2- hexanone
after 8 weeks during an |l-week study (Katz et al. 1980). These fi ndings,
al t hough i nconcl usi ve, suggest that imrunol ogical effects may warrant sone
consideration in future assessnents of the potential toxicity of inhalation
exposure to 2-hexanone.

2.2.1.4 Neurol ogical Effects

In hunans, the nost inportant effect associated with inhal ati on exposure
to 2- hexanone i s neurol ogi cal dysfunction, nbst commonly observed as
peri pheral neuropathy. Wdespread attention was brought to this phenonmenon
after a 1973 outbreak of distal neuropathy in an Onhio fabric finishing plant
that had introduced the use of 2-hexanone into its processing operations
approxi mately 10 nonths before the first cases of neuropathy were reported.
The screening of 1,157 enpl oyees resulted in the detection of 86 verified
cases of neuropathy (Allen et al. 1975). El even of these cases were noderate
to severe with both notor and sensory involvenent; 38 were nmild with sensory
signs prevailing; and 37 were considered mnimal, wthout clinica
mani festations but with characteristic el ectrodi agnostic abnormalities.
Ceneral characteristics of the neuropathy included nuscle weakness, sensory
loss (inability to discrimnate pain, touch, tenperature, or vibration) in the
hands and feet, and diminution or |oss of reflexes. Electronyographic (EM3
testing generally indicated that nerve conduction velocities (NCVs) were
sl ower, especially in the ulnar, peroneal, tibial, and sural nerves, and the
distal latencies (times to response) were prolonged in parallel to the
reduction of the NCV. O her abnornalities included waves and fibrillations,
especially in the nore severe cases, and a decrease in the nunber and an
increase in the size of notor unit potentials. No histol ogi cal evidence of
nerve damage was obtained in any of these patients. Atnospheric sanpling
conducted after this incident indicated that 2-hexanone levels in the
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processi ng plant averaged 9.2 ppmin front of the printing nachines and 36 ppm
behind them After the use of 2-hexanone was di sconti nued, marked i nprovenent
was seen in the affected enployees during the next few nonths, including al

of the noderate-to-severe cases and nost of the mld and m ni mal cases.
However, the authors stated that it was not possible to rule out a possible
synergistic effect with nethyl ethyl ketone or with other chem cals used at
the plant.

This industrial incident apparently pronpted nost of the ensuing anim
research on the effects of inhalation exposure to 2-hexanone. Several studies
were conducted in rats in an attenpt to describe the histopathol ogical basis
of the observed neuropathy, and several other studies were concerned with the
ability of 2-hexanone exposure to potentiate the adverse effects of exposure
to other agents. As described above, nost of the aninmal neurotoxicity studies
i nvol ved the use of only a single dose of 2-hexanone, usually as a control
group for conparison with the effects of conmbi ned exposure to 2-hexanone and
anot her conpound, and several other studies used a single high dose of 2-
hexanone in order to elicit neurotoxicity and assess the acconpanyi ng
hi st opat hol ogi cal changes.

In all aninmals studied, including nonkeys, cats, rats, and chickens, the
clinical observations generally indicated a progression fromweakness and
ataxia to conplete paralysis of the linbs. These clinical observations were
acconpani ed or preceded by norphol ogi cal changes in the peripheral nerves,
including an increase in the nunber of neurofilanments in the nerve fibers,
axonal swelling, and inpouchings and thinning of the nyelin sheath. It is also
inportant to note that 2,5-hexanedi one, a nmetabolite of 2-hexanone in rats,
gui nea pigs, and humans (D Vincenzo et al. 1976, 1978; Eben et al. 1979) has
been observed to elicit severe neuropathy following oral adm nistration to
rats (Krasavage et al. 1980) and following oral, dermal, or intraperitonea
admi ni stration to hens (Abou-Donia et al. 1982, 1985b). Conparative studi es of
the relative neurotoxicities of 2-hexanone, 2,5-hexanedi one, and ot her
conpounds have concl uded that 2, 5-hexanedione is a nore potent neurotoxicant
t han 2- hexanone (Abou-Donia et al. 1982; Krasavage et al. 1980).

Severe neurotoxicity was reported in rats as a result of 7 days of
conti nuous inhal ati on exposure to 225 ppm 2- hexanone (Couri et al. 1977).
However, no data for this toxic effect were given in the study. Paral ysis was
observed in rats exposed to 225 ppm 2- hexanone (purity not stated) for 9.5
weeks or to 400 ppmfor 6 weeks (Saida et al. 1976). Inpouchings of the nyelin
sheath of the peripheral nerves occurred as early as 16 days at both dose
| evel s. Ot her histopathol ogi cal findings included denuded fibers and swol | en
axons. Continuous inhal ati on exposure of rats to 2-hexanone (purity not
stated), initially at 600 ppm but | owered to 400 ppmto prevent weakness and
weight loss, resulted in hind |inb dragging at 11-12 weeks (Mendell et al.
1974b). Hi st opat hol ogi cal observations were axonal swelling and denyelination
of nerve fibers. In rats exposed to 100 ppm 2- hexanone for 25-29 weeks, there
was a progressive, statistically significant decrease in the maxi mum not or
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conduction velocity (MCV) of the sciatic-tibial nerve at 29 weeks and of the
ul nar nerve at 17 weeks. An effect on operant behavior, manifest as a reduced
response rate in bar-pressing studies, was also reported. At 1,000 ppm
exposure, these effects were seen earlier (Johnson et al. 1977). Rats exposed
to 700 ppm 2- hexanone (96. 1% purity) during an |Il-week study devel oped
clinical signs of neurotoxicity as early as the second week of exposure (Katz
et al. 1980). Observations included reduced body nuscle tone and weakened

hi nd- and forelinb grasping of a wire nesh.

In a 6-nmonth study, rats exposed to 100 ppm 2- hexanone (96. 7% purity) did
not denonstrate clinical signs of neuropathy. However, after 4 nonths of
exposure, giant axonal swellings and denyelination were seen in fibers of the
ti bial nerves; by 6 nonths degeneration had ascended to the sciatic notch. In
the central nervous system 4-nonth observations included gi ant axonal
swellings in the nedulla oblongata and cerebellum By 6 nonths the spinal cord
had scattered fiber degeneration in the gracile tract and the | unbar region
(Egan et al. 1980). In a 6-nonth study in rats, inhalation exposure to 50 ppm
2-hexanone (purity not stated) resulted in histopathol ogical effects including
denyel i nation of the sciatic nerve, and axonal hypertrophy and beadi ng
(Duckett et al. 1979). Rats exposed to 1,300 ppm during a 40-week study
devel oped a pronounced symetrical hindlinb footdrop, hindlinb and forelinb
weakness, and nerve fiber swelling and degeneration (Spencer et al. 1975).

In a 10-nmonth study, nonkeys exposed to 1,000 ppm 2- hexanone had abnor mal
results in electrodi agnostic tests (Johnson et al. 1977). There was a
progressive and statistically significant decrease in the naxi mum notor
conduction velocity of the sciatic-tibial nerves starting at 4 nonths of
exposure and a decrease in the nmaxi mum conduction velocity of the ul nar nerves
starting at 1 nonth. Decreased anplitude of evoked muscle action potential was
al so seen at 1,000 ppm Results of 100 ppm exposure were sinilar to those of
controls except for a statistically significant decreased response in the
ul nar nerve at the 1 and 3 nonth neasurenents and in the sciatic-tibial nerve
only at 9 and 10 nonths. Recovery to pre-exposure values for notor conduction
vel ocities took 2 nonths for the 100 ppmgroup and 6 nmonths for the 1,000 ppm

group.

Cinical signs of neuropathy were evident in cats after continuous
i nhal ati on exposure to 400-600 ppm 2- hexanone (purity not stated) for 5 weeks
or nmore (Mendell et al. 1974b). (Initial exposure to 600 ppmwas |lowered to
400 ppmin order to prevent weakness and wei ght [ oss.) Hindlinb draggi ng was
foll owed by forelinb weakness and eventual paralysis. The EMG studi es showed a
dramati c decrease (56% in the ulnar nerve conduction velocity. Axonal
swel ling and denyelination of the nerve fibers were also observed. One of
these cats was observed by Saida et al. (1976) for 4.5 nonths after exposure
in order to assess recovery. The animal eventually regained the ability to
wal k, swollen axons were greatly reduced in nunber, and nerve fibers showed
signs of renyelination.
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Conti nuous inhal ati on exposure of hens to 2-hexanone (purity not stated)
initially at 200 ppm then |lowered to 100 ppmto prevent weakness and wei ght
| oss, resulted in overt clinical signs of neuropathy at 4-5 weeks when the
animals could no Ionger stand (Mendell et al. 1974b). Hi st opat hol ogi cal
observations included axonal swelling and denyelination of nerve fibers. In a
go-day inhalation study in hens followed by a 30-day recovery peri od,
neurol ogi cal effects were not apparent in the group exposed to 10 ppm 2-
hexanone (70% purity) (Abdo et al. 1982). MId ataxia (dimnished | eg
movenents and reluctance to wal k) was seen with 4 weeks of exposure to 50 ppm
this progressed to near paralysis by 13 weeks. At higher levels, these effects
were seen earlier. Exposure to 200 ppmresulted in nld ataxia after 2 weeks
and paralysis after 10 weeks. Denyelination and axonal swelling were seen in
the spinal cord at 50 ppmand in both the spinal cord and peripheral nerves at
100 ppm and above. During the 30-day recovery period, slight clinical
i nprovenent was seen in the 50 ppm group. I n another go-day study, hens
exposed to 100 ppm 2- hexanone (70% purity) had mild ataxia after 39 days of
exposure but no evidence of histopathol ogical changes in nerve tissue (Abou-
Doni a et al. 1985a).

As noted above, the test conpound used in two of the studies in hens,
Abdo et al. (1982) and Abou-Donia et al. (1985a), was technical grade 2-
hexanone with a purity |evel of 70% The other 30% conponent of this
formul ati on was net hyl isobutyl ketone. In a 90-day study in which hens were
exposed to pure nethyl isobutyl ketone at 1,000 ppmvia inhalation, this
conpound failed to induce neurotoxicity (Abou-Donia et al. 1985c). However, in
hens simultaneously exposed to 1,000 ppm n-hexane (which by itself was mldly
neurotoxic), with increasing concentrations of methyl isobutyl ketone (I 00-
1,000 ppn) there was a dose-rel ated response of increasingly severe ataxia
progressing to paralysis. In addition, histopathological changes of the
nervous system progressed to degeneration of the spinal cord and lesions in
t he peripheral nerves. These results are inmportant to note because they serve
toillustrate that a potential for synergistic interaction or potentiation
exi sts with conbi ned exposure to nmethyl isobutyl ketone and at | east one other
compound, n-hexane. It is, therefore, possible that conbined exposure to 2-
hexanone and net hyl isobutyl ketone, as in the Abdo et al. (1982) and Abou-
Donia et al. (1985a) studies can result in synergistic interaction or a
potentiation effect (see Section 2.6).

In addition to the neurol ogical effects in the studies described above,
behavi oral alterations were reported in the offspring of pregnhant rats exposed
to 1,000 ppm 2-hexanone (purity not stated) during and after gestation (Peters
et al. 1981) (see Section 2.2.1.5).

The hi ghest NOAEL value in hens and all reliable LOAEL val ues for
neurol ogi cal effects in each species in the internmedi ate-durati on category are
recorded in Table 2-1 and plotted in Figure 2-1.
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2.2.1.5 Devel oprmental Effects

No studies were |ocated regardi ng devel opnmental effects in humans after
i nhal ati on exposure to 2-hexanone.

Behavi oral alterations were reported in the offspring of pregnant rats
exposed to 1,000 ppmor 2,000 ppm 2-hexanone (purity not stated) during 21
days of gestation (Peters et al. 1981). These effects consisted of reduced
activity in the open field, increased activity in the runni ng wheel, and
deficits in avoi dance conditioning. Ofspring of treated dans (both dose
I evel s) clung to an inclined screen | onger than offspring of controls at al
ages (newborn, weanling, puberty, and adult) except geriatric in which results
were simlar to those of controls. For offspring in the puberty and adult
categories, pronounced sex differences were noted, with females in all
exposure categories (including controls) clinging from24%to 100% | onger than
mal es. However, the biological significance of this observation is unknown.
There was a decreased rate of avoidance |learning in puberty-aged fenal es of
treated dans and increased random novenent in both puberty-aged and adult
of fspring of treated dans. Behavioral tests in nost cases indicated that
mat ernal exposure to 2-hexanone was associated with hyperactivity in the young
and decreased activity in the geriatric stage, which the authors speculated to
be due to premature aging resulting fromthe earlier hyperactivity. It is not
cl ear whether these effects are the result of transplacental exposure to 2-
hexanone or of postnatal exposure to 2-hexanone and/or its netabolites via the
m | k of the exposed dans.

In addition, decrenents were observed in the weight gain of pregnant rats
exposed to 1,000 ppmor 2,000 ppm 2-hexanone during 21 days of gestation
(Peters et al. 1981). These decreases were 10% and 14% respectively;
statistical significance was not addressed. Rats in the 2,000 ppm exposure
group were observed to eat less than did the controls. There was also a
significant decrease in the nunber and weight of live offspring of danms in the
2,000 ppm exposure group.

The LOAEL val ues for devel opnental effects in rats in the
i nt ermedi at edurati on category are recorded in Table 2-1 and plotted in Figure
2-1.

2.2.1.6 Reproductive Effects

No studies were |ocated regardi ng reproductive effects in hunans after
i nhal ati on exposure to 2-hexanone.

Mar ked and significant reductions in absolute and relative testes wei ght
and atrophy of testicular germnal epitheliumwere observed in male rats
exposed to 700 ppm 2- hexanone for 11 weeks (Katz et al. 1980).

The LOAEL val ue for reproductive effects in rats for the internediate-
duration category is recorded in Table 2-1 and plotted in Figure 2-1.
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2.2.1.7 Genotoxic Effects

No studies were |ocated regardi ng genotoxic effects in humans or aninmals
after inhalation exposure to 2-hexanone.

2.2.1.8 Cancer

No studies were |ocated regardi ng cancer effects in humans or aninals
after inhalation exposure to 2-hexanone.

2.2.2 Oral Exposure

Several studies were conducted in which only a single high dose of 2-
hexanone was orally adm nistered to rats in an attenpt to i nduce and
consequently study the resulting neurotoxic effects. In addition, only a few
of the studies were conducted using 2-hexanone of a stated purity of 96% or
better. Ot her studies used a fornulation containing 70% 2- hexanone or the
purity of the test substance was not stated. As a result, the useful ness of
the existing data base using the oral route is limted.

2.2.2.1 Deat h

An LD, of 2,590 ng/kg was cal cul ated for a gavage adm nistration of 2-
hexanone (purity not stated) to rats (Snmyth et al. 1954). One of 4 hens
adm ni stered 2-hexanone (70% purity) at 2,000 ng/ kg by gavage di ed (Abou-Donia
et al. 1982). No lethality occurred in 24 hours in 6 male rats that received
2-hexanone (>99% purity) at 1,500 ng/kg by gavage (Hewitt et al. 1980a).

The hi ghest NOAEL value, a reliable LOAEL value for death and an LD, val ue for
t hese species in the acute-duration category are recorded in Table 2-2 and
plotted in Figure 2-2.

2.2.2.2 Systemic Effects

The system c effects observed after oral exposure to 2-hexanone are
di scussed bel ow. The hi ghest NOAEL val ues and all reliable LOAEL val ues for
systemi c effects in each species and duration category are recorded in Table
2-2 and plotted in Figure 2-2.

No studies were |ocated regarding respiratory, cardiovascular, _
gastrointestinal, hematol ogical, muscul oskeletal, or dermal/ocular effects in
humans or aninmals after oral exposure to 2-hexanone.

Hepatic Effects. No studies were |ocated regarding hepatic effects in
hurmans after oral exposure to 2-hexanone.



TABLE 2-2. Levels of Significant Exposure to 2-Hexanone ~ Oral

Exposure LOAEL (effect)
Key to frequency/ NOAEL Less serlous Serilous
figure? Species Route duration System (mg/kg/day) (mg [kg/day) (mg/kg/day) Reference Purity
ACUTE EXPOSURE
Death
1 Rat (G) 1x 2590 (LD50) Smyth et al. u
1954
2 Rat (GO) 1x 1500 Hewitt et al. P
1980a
3 Hen (G) 1x 2000 (death of 1/4) Abou-Donia T
et al. 1982
Systemic
4 Rat (G) ix Hepatic © 1500 Hewitt et al. U
1986
5 Rat (GO) 1x Hepatic 1500 Hewitt et al. P
Renal 1500 1980a
INTERMEDIATE EXPOSURE
Systemlc
6 Rat (G) 90 d Other 660 (welight loss) Krasavage et al. P
5d/wk 1980
1x/d
7 Rat (GW) 40 wk Hepatic 400 Eben et al. 1979 P
1x/d Renal 400
Neurological
8 Rat G) 90 d 660 (paralysis, Krasavage et al. P
5d/wk histopathology) 1980
1x/d
9 Gn pig (W) 24 wk 600 (abnormal pupil Abdel-Rahman U

response)} et al. 1978

'
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TABLE 2-2 (Continued)

Exposure : LOAEL (effect)
Key to frequeney/ NOAEL Less serious Serious
figure® Species Route duration System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference Purity
10 Hen (G) 90 d 100 (ataxia) Abou-Donlia T
7d/wk et al. 1982
1x/d

*The number corresponds to entries in Figure 2-2.

d = day(s): (G) = gavage; (GO) = gavage - oil; Gn pig = guinea pig; (GW) = gavage - water; Hemato = hematological;
LD50 = lethal dose, 50X mortality; LOAEL = lowest-observed-adverse-effect level: NOAEL = no-observed-adverse-effect level;
P = »96X 2-hexanone; T = 70X 2-hexanone; U = 2-hexanone purity not stated; (W) = water:; wk = week(s): x = time(s)
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FIGURE 2-2. Levels of Significant Exposure to 2-Hexanone — Oral
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Various studies were conducted in rats in which the potential hepatic
effects of oral adm nistration of 2-hexanone conbined with exposure to another
agent were assessed. In rats given single doses of 2-hexanone up to 1,500
ng/ kg by gavage, no effects were observed on liver histology, plasm glutanic-
pyruvi c transam nase |levels (as a neasure of centril obul ar necrosis),
nmeasurenments of the perneability of the biliary tree, mal ondi al dehyde
production (as a neasure of |ipid peroxidation), or total bilirubin levels in
pl asma (Cow en et al. 1984b [ 2-hexanone purity not stated]; Hewitt et al.
1980a [ 2- hexanone purity >99%; Hewitt et al. 1986 ]2-hexanone purity not
stated]). Rapid depletion of hepatic glutathione (GSH) |evels was observed in
rats given a-single gavage dose of 2-hexanone (purity not stated) at 1,000
ng/ kg (Cow en et al. 1984a) and at 1,500 ng/kg (purity not stated)

(Branchfl ower and Pohl 1981). The effect at 1,000 ng/ kg was reported to be
transient. Branchflower and Pohl (1981) postulated that this depletion m ght
be associated with the potentiation of toxic effects fromchloroform (CHCO )
when coadni ni stered with 2-hexanone, since depletion of hepatic GSH coul d

al l ow nore phosgene (COC ) (the toxic oxidation product of chloroform to
react with sensitive tissue conmponents.

In a 40-week study in which rats were adm ni stered 2-hexanone at 400
mg/ k/ day, the levels of liver enzynmes (al ani ne am notransani nase and aspartate
transam nase activities) nmeasured at 4-week intervals were normal (Eben et al
1979).

Renal Effects. No studies were |ocated regarding renal effects in humans
after oral exposure to 2-hexanone.

In studies in which rats were given a single gavage dose of 2-hexanone up
to 1,500 ng/ kg, no alterations were observed in renal norphol ogy, renal
cortical p-am nohi ppurate accunul ation, plasna creatinine concentration (Brown
and Hewitt 1984), blood urea nitrogen (BUN), renal GSH | evels (Branchfl ower
and Pohl 1981), ornithine carbanyl transferase (OCT) activities, or
accunul ati on of p-am nohi ppurate (PAH) or tetraethyl ammonium (TEA) (Hewitt et
al. 1980a). In male rats given 2-hexanone at 1,500 ng/kg, however, 9.6% of the
renal tubul es exam ned were degenerated (as conpared with 1% of controls)
(Hewitt et al. 1980a). The statistical significance of this finding was not
addressed. Plasma urea concentrations were normal in rats that received daily
gavage adm ni strations of 2-hexanone at 400 ny/ kg/day for 40 weeks (Eben et
al. 1979). Oher Systemc Effects. No studies were |ocated regarding effects
on body weight in humans after oral exposure to 2-hexanone.

Decreased wei ght gain was (specific data and statistical significance not
provided) reported in rats given daily doses of 400 ng/ kg/day for 40 weeks
(Eben et al. 1979). Rats given 2-hexanone (undiluted) by gavage at
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660 ng/kg/day in a 90-day study, weighed about 65% of control weights by 10
weeks of exposure (Krasavage et al. 1980). However, it is not clear fromthe
data provi ded whether these rats were too weak or ataxic to eat.

2.2.2.3 I'mmunol ogi cal Effects

No studies were | ocated regarding i mmunol ogi cal effects in humans or
animal s after oral exposure to 2-hexanone.

2.2.2.4 Neurological Effects

No studies were | ocated regardi ng neurol ogical effects in hunans after
oral exposure to 2-hexanone.

Neur ol ogi cal effects resulting fromoral adm nistration of 2-hexanone
have been reported in three species of aninmals. In hens that received a single
gavage dose of 2-hexanone at 2,000 ng/kg, nmild weakness was observed on the
day of administration, followed by apparent recovery in 4-5 days. Hens that
recei ved 100 ng/ kg showed no signs of neurotoxicity (Abou-Donia et al. 1982).
In a subchronic (90-day) phase of the sane study, hens adm ni stered 2-hexanone
at 100 ng/ kg/ day or higher devel oped severe ataxia or near paralysis. There
was al so evidence of histopathol ogi cal changes including swelling or
degeneration of thoracic and |unbar regions of the spinal cord. Sone of the
observations were described by the authors as equivocal .

Severe hindlinb dragging or paralysis was observed in all rats that
recei ved 2-hexanone (undiluted) by gavage at 660 ng/kg/day at about day 56 (8
weeks) of a go-day study (Krasavage et al. 1980). Morphol ogi ¢ changes
i ndi cative of "giant axonal" neuropathy included multifocal axonal swellings
and nyelin infolding and paranodal retraction. In rats that received 400
ng/ kg/day in a 40 week study, there was a tenporary weakness of the hindlinbs
from1l7 to 28 weeks of exposure (Eben et al. 1979). Inprovenent was observed
after that period.

Abnormal pupillary responses to |ight (measured by changes in pupillary
di aneter) were observed in guinea pigs given 2-hexanone in drinking water at
dosage | evel s of approxi mtely 600 ng/kg/day during a 24-week study (Abdel -
Rahman et al. 1978). Effects were seen fromthe first week of treatnent.

It is inportant to note that 2,5-hexanedi one, a netabolite in the bl ood
and urine of rats and in the urine of guinea pigs orally adninistered 2-
hexanone (D Vincenzo et al. 1976; Eben et al. 1979), has been denobnstrated to
elicit severe neurotoxicity followi ng oral, dermal, or intraperitoneal
adm ni stration to hens (Abou-Donia et al. 1982; 1985b) and foll ow ng oral
adm nistration to rats (Krasavage et al. 1980).
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Rel i abl e LOAEL val ues for neurol ogical effects in each species in the
i ntermedi ate-duration category are recorded in Table 2-2 and plotted in Figure
2-2.
2.2.2.5 Devel opnental Effects

No studies were | ocated regardi ng devel opnental effects in humans or
animal s after oral exposure to 2-hexanone.

2.2.2.6 Reproductive Effects

No studies were | ocated regardi ng reproductive effects in hunans after
oral exposure to 2-hexanone.

Mal e rats that were given 2-hexanone at 660 ng/ kg/day (undiluted) by
gavage in a 90-day study were observed to devel op atrophy of the germ na
epitheliumof the testes (Krasavage et al. 1980). However, the statistical
significance of this observation was not addressed.
2.2.2.7 Genotoxic Effects

No studi es were | ocated regardi ng genotoxic effects in humans or aninals
after oral exposure to 2-hexanone.

2.2.2.8 Cancer

No studies were |ocated regardi ng cancer effects in humans or aninals
after oral exposure to 2-hexanone.

2.2.3 Dermal Exposure

Very little information was | ocated regarding health effects in humansor
animal s after dermal exposure to 2-hexanone.

2.2.3.1 Death

No studies were |located regarding death in humans or animals afterdernma
exposure to 2-hexanone.

2.2.3.2 Systenmic Effects

No studies were located regarding respiratory, cardiovascul ar,
gastroi ntestinal, hematol ogical, nuscul oskeletal, hepatic, or renal effects in
humans or aninals after dermal exposure to 2-hexanone.

Dermal / Ocul ar Effects. No studies were | ocated regardi ng dernal/ocul ar
effects in humans after dermal exposure to 2-hexanone.
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Application of undiluted 2-hexanone to the skin of rabbits for 24 hours
resulted in Gade 1 (least severe) irritation (Snyth et al. 1954). Ccul ar
instillation resulted in Gade 3 (noderate) corneal necrosis.

2.2.3.3 Immunol ogi cal Effects

No studies were | ocated regarding i nmmunol ogi cal effects in humans or
animal s after dermal exposure to 2-hexanone.

2.2.3.4 Neurological Effects

No studies were | ocated regardi ng neurol ogical effects in hunans after
dermal exposure to 2-hexanone.

2- Hexanone (99% purity) applied to the backs of hens' necks at 100
ng/ kg/ day for 90 days resulted in gross ataxia (Abou-Donia et al. 1985b).
Hi st ol ogi cal changes observed were swol |l en axons without obvious fragmentation
of the axon or nyelin sheath. No precautions against |icking were nmentioned in
t he study.

The LOAEL for neurol ogical effects in hens in the internedi ate-duration
category is recorded in Table 2-3.

No studies were located regarding the following health effects in hunmans
or animals after inhalation exposure to 2-hexanone:

2.2.3.5 Devel opnental Effects
2.2.3.6 Reproductive Effects
2.2.3.7 CGenotoxic Effects
2.2.3.8 Cancer

2.3 TOXI COKI NETI CS

Data on the toxicokinetics of 2-hexanone, as described in this section,
were derived from studi es using 2-hexanone with purity of 97% or nore. As
di scussed bel ow, absorption of this compound has been denpnstrated in humans,
dogs, and rats after administration via inhalation, oral, or dermal exposure.
Very little information is available on distribution. A metabolic pathway has
been proposed based on the netabolites of 2-hexanone identified in the bl ood
of guinea pigs and rats after intraperitoneal and oral administration,
respectively. Expired breath and urine appear to be the main routes of
excretion for 2-hexanone and its netabolites.



TABLE 2-3. Levels of Significant Exposure to 2-Hexanone - Dermal

Exposure . LOAEL (effect)
frequency/ NOAEL Less serious Serious
Species Route duration System (mg/kg/day) (mg/kg/day) (mg/kg/day) Reference Purity
INTERMEDIATE EXPOSURE
Neurological
Hen 90 d 100 (ataxia) Abou-Donia et P
7d/wk al. 1985b
ix/d

d = day(s); LOAEL = lowvest-observed-adverse-effect level: NOAEL = no-observed-adverse-effect level; P = >96% 2-hexanone;
wk = week(s); x = time(s)
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2.3.1 Absor ption
2.3.1.1 I nhal ati on Exposure

The avail able data indicate that 2-hexanone is well absorbed after
administration via the inhalation route. An analysis of the expired breath of
humans who i nhal ed 2-hexanone at 10 or 50 ppmfor 7.5 hours or 100 ppmfor 4
hours indicated that 75% 92% of the inhal ed 2- hexanone vapor was absorbed by
the lungs and respiratory tract (D Vincenzo et al. 1978).

Simlarly, beagles that inhaled 2-hexanone at 50 or 100 ppmfor 6 hours
absor bed 65% 68% of the inhaled vapor (Di Vincenzo et al. 1978).

2.3.1.2 Oal Exposure

2- Hexanone al so appears to be well|l absorbed after oral administration.
Humans who ingested a single capsul e containing “C 2-hexanone at 0.1 ng/kg
excreted about 40% of the “Cin breath and 26%in urine during the next 8 days
(Di Vincenzo et al. 1978). This indicates that the absorbed ambunt averaged at
| east 66% of the adm ni stered dose.

Adnmi nistration of 1-YC 2-hexanone at 20 or 200 ny/ kg by gavage to rats
resulted in excretion of about 1.2% of the administered radioactivity in the
feces, about 44%in the breath, 38%in urine, and 16% renaining in the carcass
(Di Vincenzo et al. 1977). The results were similar at either dosage |evel.
These findings suggest that about 98% of the adm ni stered dose was absor bed.

2.3.1.3 Dermal Exposure

2-Hexanone is al so absorbed after dermal application. The excretion of “C
in the breath and urine of two human vol unteers was neasured after a 60-ninute
occl usi ve application of “C 2-hexanone to their shaved forearns (DiVincenzo et
al. 1978). Calcul ated skin absorption rates were 4.8 and 8.0 pg/ m n/cnf;
however, the fraction of 2-hexanone that was absorbed was not cal cul ated. “C
Hexanone was al so applied to the clipped thorax of beagle dogs, and absorption
was observed to be slow at first but increased dramatically after 20 m nutes.
At 60 minutes, 77 mg of 2-hexanone had penetrated the skin (D Vincenzo et al
1978). The fraction of applied 2 hexanone that was absorbed was not
cal cul at ed.

2.3.2 Di stribution
2.3.2.1 I nhal ati on Exposure

No studies were |located regarding distribution in humans or ani nals
after inhalation exposure to 2-hexanone.



28
2. HEALTH EFFECTS

2.3.2.2 Oral Exposure

No studies were |located regarding distribution in humans after oral
exposure to 2-hexanone.

In rats admnistered a single dose of '“C-2-hexanone at 200 ng/ kg by
gavage , tissue distribution was reported to be w despread wi th highest counts
in the liver and blood. No quantitative data were given on tissue distribution
(Di Vincenzo et al. 1977). An analysis of subcellular distribution of the “C
| abel in liver, brain, and kidney tissue indicated hi ghest counts were
associated with the crude lipid fraction and protein, with some recovery in
DNA, and little or none in RNA

2.3.2.3 Der mal Exposure

No studies were located regarding distribution in humans or animals after
dermal exposure to 2-hexanone.

2.3.3 Met abol i sm

The proposed netabolic pathway for 2-hexanone, based on 2-hexanone
nmet abolites identified in blood during intraperitoneal studies in guinea pigs
(D Vincenzo et al. 1976) and oral studies in rats (Di Vincenzo et al. 1977) is
presented in Figure 2-3. Because inhalation exposure of humans to 2- hexanone
has resulted in the appearance of carbon dioxide in expired air and 2,5-
hexanedi one in serum Di Vincenzo et al. (1978) have hypot hesi zed that the
nmet abol i ¢ pathway for 2-hexanone is simlar in humans and experi nental
ani mal s. The netabolism of aliphatic ketones has generally been found to
proceed via reduction to the correspondi ng secondary al cohol, which accounts
for the formati on of 2-hexanol. An alternate pathway is oxidation of the 5-
met hyl ene group to the correspondi ng al cohol, 5-hydroxy-2-hexanone, which may
be followed by further oxidation to the di ketone 2, 5-hexanedi one. Anot her
possibility in the nmetabolismof 2-hexanone is the cyclization of 5-hydroxy-
2-hexanone to the correspondi ng di hydrofuran and oxidation to 2, 5-
di net hyl furan (D Vincenzo et al. 1977). However, the formation of these furan
noi eties may be the result of thermal dehydration and cyclization during gas
chr omat ography (Di Vi ncenzo et al. 1977). In addition, the gamra-val erol actone
found in the urine (not shown in figure) is hypothesized to result from
al phaoxi dati on of 5-hydroxy-2-hexanone to 2-keto-5-hydroxyhexanoi c acid,
decar boxyl ati on and oxi dation to 4-hydroxypentanoic acid, and |lactonization to
gamma- val erol actone (Di Vincenzo et al. 1977).

A strong rel ati onshi p has been noted between the concentration of 2,5-
hexanedi one in the urine and the onset of neuropathic synptons (Eben et al.
1979). Simlarly, 2,5-hexanedi one was described as eliciting severe neurotoxic
synptons follow ng oral, dermal, or intraperitoneal adninistration to hens
(Abou-Donia et al. 1982, 1985b) and followi ng oral adnministration to rats
(Krasavage et al. 1980).



Figure 2-3. Proposed Metabolic Pathway for 2-Hexanone *
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There are two mgj or hypotheses related to the mechani smof neurotoxicity
of 2, 5-hexanedi one: coval ent binding with axonal conponents of nerve tissue
and inhibition of enzynmes associated with the production of energy in this
tissue. In vitro studies in which 2,5-hexanedi one was i ncubated with proteins

denmonstrated that this conpound binds to the lysine e-anmino group resulting in

the formati on of the substituted pyrrole adduct e-N-(2,5-dinmethyl pyrrolyl)
norl eucine (DeCaprio et al. 1982). Coval ent binding of 2,5-hexanedi one with
axonal conponents |leading to pyrrole formation and protein cross-|inking was
hypot hesi zed as a possible initiation step | eading to axonal degeneration and
t hus may account for the neurotoxic effects observed with exposure to
gammadi ket ones in general (DeCaprio et al. 1982, 1988). In vivo confirmation

of pyrrole formation was reported based on the presence of e-N(2,5-

di met hyl pyrrol yl)norl eucine in the hydrolyzed serum of a hen that had received
2, 5- hexanedi one at 200 ng/ kg/day by gavage for two weeks (DeCaprio et al.
1982).

O her studi es have denonstrated that both 2-hexanone and 2, 5- hexanedi one
can inhibit sul fhydryl-dependent enzynes such as fructose-6-phosphate ki nase
(an enzyne in the pentose phosphate pat hway) and gl yceral dehyde- 3- phosphat e
dehydrogenase (an enzynme in the glycolytic pathway) (Sabri et al. 1979b; Sabri
1984). Both of these neurotoxicants inhibited fructose-6-phosphate kinase
crystallized fromrabbit nuscle or in rat brain honbgenates; in each case,

2, 5-hexanedi one was the far nore potent inhibitor (Sabri et al. 1979b).
Preincubation with dithiothreitol protected this enzynme frominhibition, which
suggests that these conpounds interfere with the sul fhydryl groups required
for fructose-6-phosphate kinase activity. However, dithiothreitol could not
restore enzyne activity after these conpounds had been added. |n addition,
fruct ose- 6- phosphat e ki nase activity was al so reduced in the brain honpbgenates
of rats that had received 2, 5-hexanedione at 0.5%of their drinking water for
10- 12 weeks (Sabri et al. 1979b). Crystalline glyceral dehyde-3-phosphate
dehydrogenase fromrabbit muscle was al so inhibited by both conpounds; in this
case, 2-hexanone was the nore potent inhibitor (Sabri 1984). Levels of ATP
were reduced in cat sciatic nerves treated with 2,5-hexanedi one (Sabri 1984).
2- Hexanone was found to irreversibly inhibit rat brain and rabbit nuscle
creatine kinase and nouse brain adenyl ate kinase (Lapin et al. 1982).

In addition, oral administration of |-"C 2-hexanone to humans or rats
results in the appearance of ™CO, in the expired breath (DiVincenzo et al.
1977, 1978), indicating oxidation/cleavage of the al pha carbon.

Adm ni stration of SKF525A (a m xed function oxidase inhibitor) to rats before
oral adm nistration of 2-hexanone resulted in a nmarked decrease in the
excretion of respiratory “CO, for the first 4 hours after adninistration

foll owed by a marked increase at 4-8 and 12-24 hours. This suggests that this
oxidative step is nmediated by a mcrosonal m xed function oxi dase system

(Di Vincenzo et al. 1977).
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2.3.4 Excretion
2.3.4.1 I nhal ati on Exposure

I n humans exposed to 2-hexanone via inhalation at 10 or 50 ppmfor 7.5
hours or to 100 ppm for 4 hours, unchanged 2-hexanone (but none of its
nmet abolites) was found in expired air, and neither 2-hexanone nor any of its
met abolites was found in urine during or after exposure (D Vincenzo et al.
1978). 2-Hexanone was not detected in the expired air 3 hours after exposure
to 50 or 100 ppm These results suggest slow cl earance and possible
accumrul ati on of 2-hexanone in humans exposed by this route.

I n beagl e dogs exposed to 2-hexanone via inhalation at 50 or 100 ppm for
6 hours, 32% and 35% respectively, of the inhaled vapor was excreted in the
expired breath (D Vincenzo et al. 1978). By 3-5 hours after exposure, 2-
hexanone was no | onger detected in expired air. Excretion via other routes was
not addressed.

2.3.4.2 O al Exposure

In two humans who received a single oral dose of 1-%“C 2-hexanone, breath
excretion of “CO, CO, reached a peak within 4 hours, then decreased slowy over
the next 3-5 days. Average overall recovery of the “Clabel in 8 days was 40%
in breath and 26%in urine. Feces were not analyzed (Di Vincenzo et al. 1978).

In rats administered a single oral dose of 1-"C 2-hexanone, DiVincenzo et
al. (1977) observed simlar results. Radioactivity in breath accounted for
about 45% of the admini stered dose (5% was in unchanged 2-hexanone; 40% was in
“00,,); 35%was found in the urine; 1.5%was recovered in the feces; and about
15% renained in the carcass. In nmale rats that received daily gavage doses of
2- hexanone at 400 ng/ kg/day for 40 weeks, very |ow concentrations of free 2-
hexanone were detected in the urine fromthe third week. A maxi nmum
concentration of approximately 20 ug was reached in the 17th week (Eben et al.
1979). Sinmlarly, free 2,5-hexanediol was found in the urine after 3 weeks and
peaked in the 17th week. Free and conjugated 2,5-hexanedi one were present in
the urine fromthe 1st week of the study. The conjugated form peaked in the
7th week; whereas excretion levels of the free formwere fairly consistent
t hroughout the study. A strong correlation was observed in this study between
the onset of neuropathy and the urinary concentration of 2,5-hexanedi one when
2- hexanone, 2, 5-hexanedi one or 2, 5-hexanedi ol was adm nistered orally to rats
at 400 ng/ kg/ day.

2.3.4.3 Dermal Exposure

“C from|-"C 2-hexanone applied to the forearns of two human vol unteers
was found in the breath and urine (D Vincenzo et al. 1978). In one subject,
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excretion was simlar by both routes; in the other subject, the levels were
much hi gher (about 3:1) in the breath. Levels of radioactivity in feces were
not neasured.

2.4 RELEVANCE TO PUBLI C HEALTH

As discussed in Section 2.2, estimates of |evels of exposure to 2-
hexanone posing mnimal risk to humans (MRLs) were to have been made, where
data were believed reliable, for the nost sensitive noncancer effect for each
route and exposure duration. However, no MRLs coul d be derived for 2-hexanone.
No data were located on effects of acute-duration or chronicduration
i nhal ati on exposure to 2-hexanone in humans or animals. Available information
concerning effects of internedi ate-duration inhalation exposure in humans and
animal s identifies neurological effects as the npbst sensitive indicator of
toxicity, but this information does not reliably identify the threshold for
this effect. Therefore, no inhalation MRLs were derived. Available information
on acute-duration oral exposure in animals does not identify the nopst
sensitive effect, and while available information on internediate-duration
oral exposure to 2-hexanone in ani mals suggests that neurotoxicity may be the
nmost sensitive effect, data do not reliably identify the threshold for
neurotoxicity. No information was |ocated on effects of chronic-duration
exposure to 2-hexanone in humans or animals. Therefore, no oral MRLs were
derived. Acute-duration, intermediate-duration, and chronicduration derm
MRLs were not derived for 2-hexanone due to the lack of an appropriate
nmet hodol ogy for the devel opnent of dermal MRLs.

As denonstrated in humans as well as in |aboratory animals, the nost
i mportant concern associated with exposure to 2-hexanone is neuropathy. In al
speci es observed, this neurological effect is generally acconpanied by effects
on body weight. Based on the results of animal studies, other potential
concerns are adverse hematol ogi cal effects and effects on reproduction and
fetal devel oprment.

Death. There are no data to suggest that lethality is a concern for
humans exposed to 2-hexanone via any route. Lethality data in animals include
an inhalation study by Abdo et al. (1982) in which 1 of 5 hens died after 72
days of continuous exposure to 200 ppmand 2 of 5 hens died by day 27 of
exposure to 400 ppm No deaths were recorded in hens exposed to 100 ppmfor 90
days. An oral LD, of 2,590 ng/kg has been reported for rats (Snyth et al.
1954). No lethality studies using the dermal route have been | ocated. These
findings suggest that lethality is possible with very high concentrati ons of
2-hexanone. However, it is unlikely that humans in any setting would be
exposed to levels high enough to result in death.

System c Effects.

Hemat ol ogi cal Effects. There is no evidence that adverse henatol ogi cal
ef fects occurred in workers exposed to 2-hexanone (Allen et al. 1975). The
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potenti al hematol ogi cal effects of exposure to 2-hexanone were investigated in
an inhalation study by Katz et al. (1980) in which rats were exposed to 700
ppm 2- hexanone intermttently for 11 weeks. No effects were observed on
henogl obi n concentration, hematocrit, or differential white blood cell counts.
However, at about 8 weeks, total white cell counts were reduced to about 60%
of control values. Since there was no evidence of a corresponding effect on
bone marrow, the authors stated that the clinical significance of this finding
was uncertain. However, it is possible that hematol ogi cal effects may occur in
humans exposed to 2- hexanone by inhal ati on.

Hepatic Effects. There are no data on hepatic effects occurring in humans
exposed to 2-hexanone; however, these effects have been investigated in
several studies in animals using inhalation or oral adm nistration. No effect
was found on hexobarbital -induced sleep tinmes in rats continuously exposed to
2-hexanone via inhalation at 225 ppmfor 7 days (Couri et al. 1977); no
hi st opat hol ogi cal effects were found in the livers of rats exposed to 50 ppm
for 6 nonths (Duckett et al. 1979). In studies conducted via the oral route,
si ngl e-dose adni ni stration of 2-hexanone at levels up to 1,500 ng/kg did not
result in effects on liver histology, plasma glutam c-pyruvic transam nase
| evel s (as a neasure of centrilobular necrosis), perneability of the biliary
tree, mal ondi al dehyde production (as a neasure of |i poperoxidation), or total
bilirubin levels in plasma (Cowen et al. 1984b; Hewitt et al. 1980a, 1983,
1986). The results of liver enzyme nmeasurenents (al ani ne am notransferase,
aspartate am notransferase) given at 4-week intervals were normal in rats
recei ving 2-hexanone at 400 ng/kg/day for 40 weeks (Eben et al. 1979).

Hepatic effects were reported in two studies. The rapid depletion of
glutathione (GSH) | evels was observed in the livers of rats given a single
dose of 2-hexanone at 1,500 ng/ kg (Branchfl ower and Pohl 1981), and in another
study, an increased liver to body weight ratio was found in rats given 2-
hexanone at the same dose (Hewitt et al. 1983).

Based on the available data in ani mals, 2-hexanone does not appear to be
hepat ot oxi c. However, there is evidence to indicate that it can greatly
enhance the hepatotoxicity of other chem cals such as chloroform (see Section
2.6).

Renal Effects. There are no avail able data to suggest that renal effects
are a potential risk associated with human exposure to 2-hexanone. No
hi st opat hol ogi cal effects were seen in the kidneys of rats exposed to 50 ppm
2-hexanone via inhalation for 6 nonths (Duckett et al. 1979). Renal effects
were al so investigated in a study in which rats were adm nistered a single
gavage dose of 2-hexanone at 1,500 nyg/kg. Degenerative changes were reported
in 9.6%of the renal tubules in treated animals, as conpared with a 1%
i ncidence in controls (Hewitt et al. 1980a). The statistical significance of
this finding was not addressed. However, these data do not support a concern
for potential renal effects in hunmans exposed to 2-hexanone.
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Dermal / Ocul ar Effects. 2-Hexanone applied to the skin of rabbits was
mnimally irritating; ocular instillation resulted in noderate corneal
necrosis (Snyth et al. 1954). Human ocul ar contact with this chem cal woul d,
t herefore, be of concern.

O her Effects. In both animals and humans, the nost common systemic
ef fect observed follow ng inhalation or ingestion of 2-hexanone was wei ght
| oss or decreased weight gain in devel oping animals. Weight |oss and decreased
wei ght gain nmay be secondary to | oss of appetite or inability to feed. Weight
| oss, ranging from3 to 60 pounds was reported by Allen et al. (1975) in
wor kers exposed to 2-hexanone for several nonths in a fabric-finishing plant.
These | osses were generally seen in the workers with nore severe neurol ogi cal
i mpai rnment (peripheral neuropathy). Wight |oss and decreased rates of weight
gain in developing animals were reported in several species exposed via
i nhal ation including rats (Johnson et al. 1977; Katz et al. 1980; Spencer et
al. 1975), and hens (Abdo et al. 1982). In nost of these studies, little or no
ef fect on body wei ght was observed with exposure to 100 ppmor less. In oral
studi es, effects on body weight were also reported in rats (Krasavage et al.
1980). These observations indicate that weight loss in adults and decreased
wei ght gains in children would be an area of concern associ ated with exposure
to 2- hexanone.

I mmunol ogi cal Effects. There is no information on the inmunol ogi cal
ef fects of human exposure to 2-hexanone. Reductions in total white bl ood cel
count to 60% of control values were reported in rats intermttently exposed to
700 ppm 2- hexanone via inhalation for about 8 weeks (Katz et al. 1980).
Because there were no effects on differential counts or evidence of bone
marrow damage, the full inplications of their findings to potential
i mrunol ogi cal effects in humans are not clear. It is interesting to note that
in male mce given either single or 7 daily oral doses of 2,5-hexanedi one, a
net abol i te of 2-hexanone, at a dose that was too lowto elicit neurotoxicity
(20% of the LD,), there were reductions in the cellularity of the spleen,
t hynus, and mesenteric |ynph nodes. Abnornmal results in i mune function tests
such as del ayed hypersensitivity reaction tests, plaque-formng cell assay,
phagocytosi s by adherent peritoneal exudate cells, and resistance to endotoxin
shock were al so reported (Upreti and Shanker 1987). In fermale rats given
single or 7 daily oral doses of 2,5-hexanedione at |0% 50% of the LD,
decreased cellularity of various |ynphoid organs was al so observed (Upreti et
al . 1986). These studi es suggest that immunol ogical effects may be an area of
potential concern for humans exposed to 2- hexanone.

Neur ol ogi cal Effects. Neurol ogical effects are the nost likely public
heal t h concern associated with exposure to 2-hexanone. Peripheral neuropathy
was reported in workers using 2-hexanone in fabric finishing operations (A len
et al. 1975). In aninmal studies, neuropathy progressing frommld ataxia to
paral ysis was reported in inhalation studies using cats (Mendell et al. 1974b;
Saida et al. 1976), nonkeys (Johnson et al. 1977), rats (Johnson et al. 1977,
Saida et al. 1976), and hens (Abdo et al. 1982), and in oral studies using
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rats (Eben et al. 1979; Krasavage et al. 1980), guinea pigs (Abdel-Rahman et
al. 1978), and hens (Abou-Donia et al. 1982). Pathological alterations in
hens, cats, and rats have been reported to be simlar and the clinical

mani festations in the experinmental aninmals and the exposed workers were
conmparabl e (Mendell et al. 1974b).

Exam nation of the affected nerves in these test species indicated that
denyelination and axonal swelling were generally associated with the observed
clinical effects. A significant finding was that in rats that becane paral yzed
as a result of 2-hexanone exposure at 225 ppmfor 9.5 weeks or to 400 ppm for
6 weeks, histopathol ogi cal changes of the peripheral nerves occurred as early
as 16 days at both exposure levels (Saida et al. 1976). In another study, no
clinical signs of neuropathy were observed in rats exposed to 100 ppm 2-
hexanone for 6 nonths, whereas histopathol ogi cal changes of both peripheral
nerves and tracts of the spinal cord were seen after 4 nonths of exposure
(Egan et al. 1980). These findi ngs suggest that nerve degeneration may al so
occur in exposed humans well before the characteristic synptons of peripheral
neur opat hy (muscl e weakness and sensory loss in the hands and feet) becone
apparent. El ectronyographic testing, as used in sone of the studies discussed
in Sections 2.2.1.4 and 2.2.2.4, appears to be sensitive enough to detect
abnormalities in the conduction characteristics of nerves before clinical
mani f estati ons occur

U trastructural studies of nerve fibers in the peripheral and central
nervous systens of exposed animals from several of their studies have |ed
Spencer and Schaunberg (1977b) to the use of the term "dyi ng-back"” to describe
the nature of the pathology. The nost distal extremties of the | ongest and
| ar gest axons appear to be affected first; axonal degeneration seens to,
Progress proximally to fibers in the central nervous system

Devel opmental Effects. There are no avail able data on the devel opnent al
effects of human exposure to 2-hexanone. Concern that the offspring of wonen
exposed to 2-hexanone during pregnancy may be at risk for devel opnent al
effects comes froman inhalation study in which behavioral alterations were
seen in the of fspring of pregnant rats exposed to 1,000 ppm 2- hexanone duri ng
gestation (Peters et al. 1981). These effects consisted of reduced activity in
the open field, increased activity in the running wheel, and deficits in
avoi dance conditioning. There was al so a decrease in the nunber and birth
wei ght of live offspring of these rats. These findi ngs suggest that neonate
survival nmay be a concern for hunman exposure.

Reproductive Effects. There are no avail able data on the reproductive
ef fects of human exposure to 2- hexanone. Reproductive effects may be a
concern for wonen exposed to 2- hexanone based on the findings of an inhalation
study in which there were decrenents in the weight gain of pregnant rats
exposed to 2,000 ppm 2- hexanone during gestation (Peters et al. 1981).
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In addition, marked and significant reductions in absolute and relative
testes weight and atrophy of testicular germnal epitheliumwere reported in
mal e rats exposed to 700 ppm 2- hexanone via inhalation for 11 weeks (Katz et
al . 1980), and atrophy of the testicular gernmnal epithelial was al so observed
in male rats that received 2-hexanone at 660 ng/ kg/ day by gavage during a 90-
day study (Krasavage et al. 1980). Hi stol ogical changes and reduced testicul ar
wei ght have al so been observed in rats that received 2, 5-hexanedi one for 4
weeks at 1% of their drinking water (about 1,400 ng/kg/day) (Boekel heide
1987). These observati ons suggest that effects on semen production and nmal e
fertility may be a concern for nen exposed to 2-hexanone.

Genotoxic Effects. No studies were |ocated regarding the potenti al
genotoxic effects in humans or animals foll owing any route of exposure to 2-
hexanone. No in vitro studi es have been | ocated for 2-hexanone.

Cancer. No studies were |ocated regarding the potential carcinogenic
effects in humans or animals follow ng any route of exposure to 2-hexanone.

2.5 Bl OMARKERS OF EXPOSURE AND EFFECT

Bi omarkers are broadly defined as indicators signaling events in biologic
systens or sanples. They have been classified as narkers of exposure, markers
of effect, and markers of susceptibility (NAS/ NRC 1989).

A bi omar ker of exposure is a xenobiotic substance or its netabolite(s) or
the product of an interaction between a xenobiotic agent and sone target
nol ecul e(s) or cell(s) that is neasured within a conpartnment of an organi sm
(NAS/ NRC 1989). The preferred bi onarkers of exposure are generally the
substance itself or substance-specific netabolites in readily obtainable body
fluid or excreta. However, several factors can confound the use and
interpretation of bionarkers of exposure. The body burden of a substance may
be the result of exposures fromnore than one source. The substance being
nmeasured may be a netabolite of another xenobiotic substance (e.g., high
urinary |evels of phenol can result fromexposure to several different
aromati ¢ conpounds). Depending on the properties of the substance (e.g.,
biologic half-life) and environnental conditions (e.g., duration and route of
exposure), the substance and all of its nmetabolites nay have left the body by
the time biologic sanples can be taken. It may be difficult to identify
i ndi vi dual s exposed to hazardous substances that are conmonly found in body
tissues and fluids (e.g., essential mneral nutrients such as copper, zinc,
and sel eniun). Biomarkers of exposure to 2-hexanone are discussed in
Section 2.5.1.

Bi omarkers of effect are defined as any neasurabl e bi ochem cal,
physi ol ogic, or other alteration within an organismthat, depending an
magni t ude, can be recogni zed as an established or potential health inpairnent
or di sease (NAS/NRC 1989). This definition enconpasses bi ochem cal or
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cellular signals of tissue dysfunction (e.g., increased |liver enzynme activity
or pathol ogic changes in female genital epithelial cells), as well physiologic
signs of dysfunction such as increased bl ood pressure or decreased | ung
capacity. Note that these markers are often not substance specific. They al so
may not be directly adverse, but can indicate potential health inpairnent
(e.g., DNA adducts). Biomarkers of effects caused by 2-hexanone are discussed
in Section 2.5.2.

A bi omarker of susceptibility is an indicator of an inherent or acquired
limtation of an organisms ability to respond to the challenge of exposure to
a specific xenobiotic substance. It can be an intrinsic genetic or other
characteristic or a preexisting disease that results in an increase in
absor bed dose, biologically effective dose, or target tissue response. |f
bi omar kers of susceptibility exist, they are discussed in Section 2.7,

" POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE. "

2.5.1 Bi omarkers Used to Identify and/or Quantify Exposure to 2-Hexanone

2- Hexanone and its various netabolic products (2-hexanol, 2,5-
hexanedi one, 5-hydroxy-2-hexanone, 2,5-dinethylfuran) can be neasured in
bi ol ogi cal tissue, fluid, and excreta (Fedtke and Bolt 1986; Noneir and Abou-
Doni a 1985; White et al. 1979). The currently avail able information, however,
does not indicate whether the levels of these substances can be used to
cal culate or estimate corresponding | evels of exposure to 2-hexanone. An
addi ti onal conplication is that because the sanme netabolites have been
identified in the urine of rats orally exposed to n-hexane (Fedtke and Bolt
1986), the selection of a specific bionmarker for exposure to 2-hexanone is
t hus unli kel y.

2.5.2 Biomarkers Used to Characterize Effects Caused by 2-Hexanone

There are currently no subtle or sensitive biomarkers of effects
associ ated with exposure to 2-hexanone. El ectronyographic testing, however,
may prove to be useful in the detection of nerve conduction abnormalities in
their early stages, even before they are acconpani ed by clinical
mani f estati ons. Specific el ectrodi agnostic patterns associated with exposure
to 2-hexanone have not been clearly delineated.

2.6 | NTERACTI ONS W TH OTHER CHEM CALS

Based on the results of several aninmal studies, exposure to 2-hexanone
can result in the potentiation and exacerbati on of adverse effects associ ated
with the adm nistration of other toxic conpounds. Oral admnistration of 2-
hexanone followed by intraperitoneal adm nistration of chloroformto rats has
resulted in a variety of hepatic and renal effects including decreased hepatic
gl utathione | evels, increased plasma | evels of glutam ¢ pyruvic transani nase
and bl ood urea nitrogen, and degenerati on and necrosis of hepatic and renal
ti ssue (Branchflower and Pohl 1981; Brown and Hewitt 1984; Cow en et al.
1984a, 1984b; Hewitt et al. 1980a, b, 1983). Simlarly, oral



38
2. HEALTH EFFECTS

adm ni stration of both 2-hexanone and chloroformto rats resulted in altered

perneability of the biliary tree (Hewitt et al. 1986). In these studies, sone
or no effect on the end points of interest was observed after adm nistration

of 2-hexanone or chl oroform al one; adm nistration of both substances resulted
in statistically significant and dramatic changes in these effects.

These aut hors have specul ated that 2-hexanone potentiates the hepatic
toxicity of chloroform by decreasing glutathione | evels (Branchfl ower and Pohl
1981; Hewitt et al. 1980a) and by increasing the netabolismof chloroformto
t he potent hepatotoxicant, phosgene (Branchfl ower and Pohl 1981; Cow en et al.
1984a, 1984b). Branchfl ower and Pohl (1981) have specul ated that the
nmet abol i sm of chl oroformto phosgene may al so be involved in the rena
toxicity seen in these studies.

2- Hexanone has al so been shown to potentiate the neurotoxic effects of
sonme conpounds.. I n hens, dermal or inhalation exposure to 2-hexanone in
conbi nation with dermal application of the pesticide 0-ethyl-0-4-nitrophenyl
phenyl phosphonot hi oate (EPN) has resulted in earlier onset and far nore severe
clinical and histol ogical manifestations of neurotoxic effects than with
ei ther chem cal exposure al one (Abou-Donia et al. 1985a, 1985b). The authors
specul ated that this potentiation effect may have been due to induction of
hepatic m crosomal cytochrone P-450 by EPN, |eading to increased netabolism of
2- hexanone to its neurotoxic netabolite, 2,5-hexanedione. An alternate
expl anation is that local trauma to the nervous tissue produced by 2-hexanone
and EPN m ght increase vascular perneability and thus increase the entry of
t hese conmpounds and their metabolites fromcircul ation

A study in which rats were exposed via inhalation to a conbinati on of 2-
hexanone and nethyl ethyl ketone resulted in the potentiation of severe
neurotoxi c effects including paral ysis and hi stopat hol ogi cal changes. These
effects were either not observed or they occurred at much | ower frequencies
when either of the two conpounds was adm ni stered separately (Saida et al
1976) .

These results suggest that persons living or working in the vicinity of
hazardous waste sites or workers who are exposed to 2-hexanone in conbination
with any of the potentially toxic substances di scussed above may be at speci al
risk for the effects of exposure to the combination of cheni cals.

2.7 POPULATI ONS THAT ARE UNUSUALLY SUSCEPTI BLE

No popul ation has been identified which is unusually susceptible to toxic
effects resulting from 2- hexanone exposure.

2.8 MTIGATI ON OF EFFECTS

This section will describe clinical practice and research concerning methods
for reducing toxic effects of exposure to 2-hexanone. However, because sone
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of the treatnents discussed may be experinmental and unproven, this section
shoul d not be used as a guide for treatnent of exposures to 2-hexanone. \Wen
speci fic exposures have occurred, poison control centers and nedica

t oxi col ogi sts should be consulted for nedical advice.

Human exposure to 2-hexanone may occur by inhal ation, ingestion, or derna
absorption (see Chapter 5). Dermal exposure to 2-hexanone may cause ocul ar and
skin irritation. Exposure by any route nay cause peripheral neuropathy, with
nerve degeneration and paral ysis (see Section 2.2).

Procedures for reducing toxic effects foll owing acute, high I evel exposure to
2-hexanone include nmeasures to reduce or elininate further absorption.
Fol | owm ng dermal or ocul ar exposure, these procedures include renoving

contam nated cl ot hi ng and t horoughly washing the skin and eyes (Bronstein and
Currance 1988; Stutz and Janusz 1988). Followi ng acute, high | evel oral
exposure, these procedures include enptying the stomach, using care to avoid
aspiration of the gastric contents, followed by adm nistration of activated
charcoal and a cathartic to stinulate fecal excretion (Stutz and Janusz 1988).

The half-life of 2-hexanone and its metabolites in blood plasnma has not been
est abl i shed; however, elimnation fromthe body does appear to occur in |ess
than 24 hours follow ng both inhalation and i ngestion exposures (D Vincenzo et
al . 1977, 1978). 2-Hexanone is not known to accunul ate over tine in any
tissues in the body (see section 2.3.4). Wile elinination enhancenent

t hrough stinul ati on of metabolism of 2-hexanone may reduce sonme fornms of
toxicity, if used within the short tine that 2-hexanone is retained in the
body, there is the risk that these sanme netabolic reactions may formreactive
nmet abol i tes such as 2, 5-hexanedi one. Furthernore, concurrent exposures to

ot her substances may al so occur for which stinmulation of these sane netabolic
pat hways is contraindi cated. Therefore, the benefit of stimulating specific
nmet abol i ¢ pat hways to enhance 2-hexanone elim nation is unclear and should be
studi ed further.

The maj or toxic effect of exposure to 2-hexanone is neuropathy. Neuropathy can
be caused by both 2-hexanone and its netabolite 2,5-hexanedi one. A reduction
of the neuropathy caused by exposure to 2-hexanone could theoretically be

achi eved through shunting of netabolismto | ess toxic netabolites. However, as
di scussed above, the toxicity of those other netabolites, and the effect of
the treatnent on netabolismof other potential toxicants, would have to be
clearly assessed.

Two maj or hypot heses concerni ng the mechani sm of action of either 2-hexanone
or 2, 5-hexanedi one have been suggested (see section 2.3.3 Metabolisn). These
mechani sns are 1) inhibition of sulfhydryl dependent enzymes (Lapin et al
1982; Sabri et al. 1979b; Sabri 1984), and 2) coval ent binding to axonal
conmponents leading to pyrrole formation, protein crosslinking, and axonal
degeneration (DeCaprio et al. 1982, 1988). Dithiothreitol has been shown to
reduce the inhibition in one of the inhibited enzynmes in vitro, suggesting
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t hat bl ocki ng accessibility of the sulfhydryl groups may be an effective
met hod of bl ocking toxic effects (Sabri et al. 1979b).

Interaction of 2-hexanone with EPN (Abou-Donia 1985a) and net hyl ethyl ketone
(Saida et al. 1976) may occur through the potentiation of the production of

2, 5- hexanedi one. An effective method of reducing the neurotoxic effects of
conbi ned exposures to these conmpounds woul d be to pharnmacol ogi cally bl ock the
nmet abol i ¢ pat hways that |ead to the production of 2,5-hexanedi one, given the
sane caveats presented for interference with nmetabolic pathways presented
above. Increasing the breakdown or clearance of 2,5-hexanedi one m ght al so be
ef fecti ve.

2- Hexanone has been found to enhance the hepatotoxicity of chloroformin

ani mal s (Branchfl ower and Pohl 1981). This may occur in part through

depl etion of glutathione |levels by 2-hexanone, and in part by a 2 hexanone-
medi ated i ncrease in the production of phosgene from chl orof orm (Branchfl ower
and Pohl 1981; Cow en et al. 1984a). It is possible that ensuring sufficient
gl utathione stores in the body nay reduce the chances of toxic effects
foll ow ng conmbi ned acute exposure to 2-hexanone and chloroform Specific

bl ockage of the production of phosgene, through the inhibition of liver
cytochrome P450, m ght be an effective nethod of reducing |liver danmmge.
However, an analysis of the net effect of this inhibition on the toxicity of
t he conbi ned exposure woul d need to be nade prior to recommendi ng this nethod
as a mtigation treatnent.

2.9 ADEQUACY OF THE DATABASE

Section 104(i)(5) of CERCLA, as anended, directs the Adm nistrator of
ATSDR (in consultation with the Adm nistrator of EPA and agenci es and prograns
of the Public Health Service) to assess whether adequate information on the
health effects of 2-hexanone is avail able. \Were adequate information is not
avai |l abl e, ATSDR, in conjunction with the National Toxicology Program (NTP)
is required to assure the initiation of a program of research designed to
determine the health effects (and techni ques for devel opi ng nmethods to
determ ne such health effects) of 2-hexanone.

The foll ow ng categories of possible data needs have been identified by a
joint team of scientists from ATSDR, NTP, and EPA. They are defined as
subst ance-specific informational needs that, if nmet, would reduce or elinmnate
the uncertainties of human health assessnent. In the future, the identified

data needs will be evaluated and prioritized, and a substance-specific
research agenda will be proposed.
2.9.1 Exi sting Information on Health Effects of 2-Hexanone

The existing data on health effects of inhalation, oral, and dernal
exposure of humans and animals to 2-hexanone are sunmarized in Figure 2-4.



41
2. HEALTH EFFECTS

FIGURE 2-4. Existing Information on Health Effects
of 2-Hexanone
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The purpose of this figure is to illustrate the existing information
concerning the health effects of 2-hexanone. Each dot in the figure indicates
that one or nore studies provide information associated with that particul ar
effect. The dot does not inply anything about the quality of the study or
studies. Gaps in this figure should not be interpreted as "data needs”
information (i.e., data gaps that must necessarily be filled).

Figure 2-4 graphically depicts the information that currently exists on
the health effects that have been observed or studied in humans or aninmals
foll owi ng exposure to 2-hexanone. Data on internediate-duration systen c and
neurol ogic effects in humans were derived froma single study of workers
exposed to 2-hexanone for about 10 nonths. Although there is nore information
on animals, as discussed below, certain factors, such as the use of 2-hexanone
of I ow or unknown purity or the use of a single dosage level in the test
protocol, conplicate the interpretation of these studies and |imt their
usef ul ness.

Some information is available fromani mal studies conducted via the
i nhal ation route in several categories of toxicity including lethality,
system c effects resulting frominternedi ate-durati on exposure, neurol ogic,
reproductive, and devel opnental effects. In studies conducted via the oral
route, sone information is available on lethality, systemc effects resulting
fromacute- or internediate-duration exposure, reproductive effects, and
neurol ogic effects. Only two studies using the dermal route were avail abl e.
These provided informati on on acute and neurol ogic effects.

2.9.2 Dat a Needs

As di scussed in previous sections, many of the currently avail able
studi es on 2-hexanone used a single dose |evel of the test conmpound, the
purity of the test conpound was not stated in sonme studies or in sonme cases,
the purity was stated to be as low as 70% Therefore little or no dose-
response information is available in the existing database. In addition,
studi es usi ng 2-hexanone of |low purity introduce the conplications associ ated
Wi th exposures to multiple substances and the potential for chenica
interactions. As a result, the available data are limted in their useful ness
and must be interpreted with caution.

Acut e-Duration Exposure. Currently, no data are available on hunmans for
this exposure duration for any route of exposure. In addition, there is no
i nformati on on acute toxicity in animals follow ng inhal ati on exposure.
Lethality data are available for the rat and hen via the oral route (Abou-
Donia et al. 1982; Hewitt et al. 1980a; Snmyth et al. 1954). Existing data are
insufficient to derive an MRL for any route of exposure. Acute-duration
studies for all routes of exposure using a range of exposure concentrations
woul d be useful in determ ning potential target organs, especially the nervous
system to identify any dosage thresholds, and to establish dose-response
relationships for these effects. Brief human exposure to 2-hexanone nay occur
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at hazardous waste sites, at the site of accidental spills, or in the
wor kpl ace.

I nt ernedi at e-Durati on Exposure. The currently avail abl e data on humans
exposed to 2-hexanone for this duration period is based on a study of workers
exposed to 2-hexanone for about 10 nonths (Allen et al. 1975). Peri pheral
neur opat hy and wei ght | oss were the nmajor observations. Repeated-dose studies
in rats, cats, nonkeys, hens, and guinea pigs indicate that the nervous system
is the primary target of 2-hexanone exposure via inhalation (Abdo et al. 1982;
Abou-Doni a et al. 1985a; Duckett et al. 1979; Egan et al. 1980; Johnson et al.
1977; Katz et al. 1980; Saida et al. 1976; Spencer et al. 1975), oral (Abdel-
Rahman et al. 1978; Krasavage et al. 1980), or dermal (Abou-Donia et al.
1985b) exposure for this duration. In addition, decreased weight gain has been
reported in rats and hens exposed via inhalation, decreased white bl ood cell
counts in rats exposed via inhalation (Abdo et al. 1982; Johnson et al. 1977,
Katz et al. 1980), and decreased weight gain in rats exposed via gavage
(Krasavage et al. 1980). However, the data were not sufficient to derive an
MRL for any route. Internedi ate-duration (90-day) studies in aninmals via the
i nhal ati on and derrmal routes would be useful in devel opi ng dose-response
rel ati onshi ps, especially in relation to neurological effects. Such
i nformati on woul d be valuable for predicting human health effects, because the
potential exists for such exposure anong popul ations in the vicinity of
hazardous waste sites and in the workplace. In addition, because 2-hexanone
has been found in surface water, groundwater, and drinking water in the
vicinity of hazardous waste sites, a 90-day study using the oral route would
al so be useful. These studies should al so include investigation of a nunber of
endpoi nts including the potential henatol ogical, imunol ogical, devel opnental
and reproductive effects of exposure to 2-hexanone, because the avail able data
i ndicate that these are areas of potential concern in humans.

Chroni c-Duration Exposure and Cancer. There is currently no avail able
i nformati on on humans or ani mal s exposed to 2-hexanone for this duration
period via any route of exposure. Chronic exposure studies using the
i nhal ati on, oral, and dernmal routes would be useful, because chronic | ow | evel
exposure via each of these routes is likely to occur in the vicinity of
hazardous waste sites or in occupational settings. Data derived from 90-day
studi es woul d be useful in determining the dose |levels to be used for the
chroni c-duration studies.

There is currently no infornmation on the carcinogenic potential of 2-
hexanone. Chronic-duration studies conducted via any route of exposure shoul d
assess this potential effect, since persons living in the vicinity of
hazardous waste sites or in occupational settings may be chronically exposed
to low | evel s of 2-hexanone via the oral, inhalation, and dermal routes.

Genotoxicity. There are currently no in vivo or in vitro studies that
address the genotoxic potential of 2-hexanone. A battery of in vitro
genotoxicity tests with 2-hexanone woul d be useful as a prelimnary step in




44
2. HEALTH EFFECTS

assessing its nutagenic potential and determining if further genotoxicity
tests woul d appear to be warranted.

Reproductive Toxicity. There is no infornmation on the effects of 2-
hexanone on reproductive paraneters in exposed humans via any route of
exposure. Available data in animals indicate that inhalation exposure of
pregnant rats to 2-hexanone resulted in reduced maternal weight gain (Peters
et al. 1981). In male rats, reduced testicular weights and atrophy of the
testicular germnal epitheliumwere reported to result frominhal ation
exposure (Katz et al. 1980) and atrophy of the testicular germ nal epithelium
fromoral exposure (Krasavage et al. 1980). Because of the |linmted data base
for all routes of exposure, it would be useful to have 90-day studies for al
three routes in order to investigate the potential dose-response relationship
of exposure to this conpound on a nunber of end points including sperm count
and reproductive organ pathol ogy. Because effects on reproducti on have been
observed, a multi-generation study would be hel pful in assessing the potenti al
i mpact of 2-hexanone exposure on the reproductive capacity of persons |iving
in the vicinity of hazardous waste sites and exposed workers.

Devel opmental Toxicity. There is no information on the effects of
exposure to 2-hexanone via any route on human devel opnent. There are no ani mal
studies using the oral or dernmal routes. The currently avail able data for
animal s is based on a single inhalation study in pregnant rats indicating that
2- hexanone exposure resulted in decreased litter size and pup weight (Peters
et al. 1981). Additional studies investigating a nunber of devel opnental end
poi nts, and a dose-response relationship via inhalation, oral and derma
exposure woul d be useful in assessing the potential risks to persons exposed
to 2-hexanone in the vicinity of hazardous waste sites or in the workpl ace.

| mmunotoxicity. There are currently no data on the effects of 2-hexanone
on the human inmune systemvia any route of exposure. Animal data included an
i nhal ati on study in which there was a 40% decrease in peripheral white bl ood
cells in rats exposed to 2-hexanone (Katz et al. 1980). In addition, 2,5-
hexanedi one, a netabolite of 2-hexanone, was shown to adversely affect
| ynphoi d organs of the inmmune systemin rats and to cause inpairnent of
immunity in mce (Upreti and Shanker 1987). | munol ogi cal assessnents,
i ncludi ng anal ysis of peripheral bl ood conponents and effects on | ynphoid
ti ssue, conducted as part of intermediate- or chronic-duration studies and
skin sensitization tests would be useful in devel oping a dose-response
rel ationship and assessing the potential risk to chronically exposed persons
inthe vicinity of hazardous waste sites or to exposed workers.

Neurot oxi city. The nervous system has been clearly established as the
maj or target for 2-hexanone in humans exposed via inhalation (Allen et al.
1975) and in animals exposed via any route of exposure (Abdel-Rahman et al
1978; Abdo et al. 1982; Abou-Donia et al. 1982, 1985a,b; Duckett et al. 1979;
Egan et al. 1980; Johnson et al. 1977; Katz et al. 1980; Krasavage et al.
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1980; Saida et al. 1976; Spencer et al. 1975) and in the offspring of pregnant
rats exposed via inhalation (Peters et al. 1981). However, nost of the

avail able information is derived from studi es usi ng 2- hexanone of | ow or
unknown purity or using it at a single dosage level, its usefulness is
limted. Aninmal data that would clearly establish dose-response rel ati onships
for neurol ogi cal effects, including histopathol ogi cal danage as well as
clinical manifestations, as a result of exposure to pure 2-hexanone via al
routes of exposure and using a range of exposure durations would be useful.
This informati on woul d be valuable in assessing the potential risks of
neurotoxicity in persons exposed to 2-hexanone in the vicinity of hazardous
waste sites or at the workpl ace.

Epi demi ol ogi cal and Human Dosinetry Studies. The only epi dem ol ogi cal
information that is currently available is the study of workers exposed to 2-
hexanone for about a year (Allen et al. 1975). Humans may be exposed to 2-
hexanone -through contanmnated air in the workplace and in the vicinity of
hazar dous waste sites and consunption of and dermal contact w th contani nated
water, especially in the vicinity of hazardous waste sites. Epideni ol ogi cal
studi es that followed popul ati ons exposed to 2-hexanone, either in the
vicinity of hazardous waste sites or in the workplace, would be useful in
assessi ng adverse health effects in humans. In any such studi es, enphasis
shoul d be placed on neurol ogi cal, hematol ogical, imrunological, reproductive,
and devel opnental effects. Sinmilarly, human dosinetry studi es of these
popul ati ons woul d be useful in associating 2-hexanone levels with the reported
effects.

Bi omarkers of Exposure and Effect. Measurement of 2-hexanone and its
nmetabolites in blood or urine may not provi de an adequate indication of
exposure to this substance, since these netabolites may also result from
exposure to n-hexane (Fedtke and Bolt 1986; Noneir and Abou-Donia 1985; Wite
et al. 1979). Further work in devel opi ng unequi vocal evidence of exposure to
2- hexanone woul d be useful.

The mmj or target organ of 2-hexanone in humans is the nervous system
(Allen et al. 1975), and norphol ogi cal effects may occur before clinical
mani f estations of toxicity (Egan et al. 1980). Therefore, the identification
of sensitive nonnorphol ogical effects of 2-hexanone exposure (such,as a
certain pattern of responses in electronyographics testing) would be useful.

Absorption, Distribution, Metabolism and Excretion. A though sone
information is avail able on each of these topics from studies conducted in
several species, nore information in each of these areas would be useful. In
addi ti on, because nost of these studies were conducted by the sanme group of
researchers, further studies in other |aboratories in each of these areas
woul d be useful in confirmng the avail abl e data.

Avai |l abl e data indicate that 2-hexanone is readily absorbed by humans and
various ani mal species after inhalation, oral, or dermal admnistration
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(Di Vencenzo et al. 1977, 1978). However, information on the rates of
absorption via the inhalation and oral routes, as well as estimtes of the
fraction of the applied dernal dose that is absorbed, would be useful in
assessing potential absorption by exposed humans. In addition, information on
potential determ nants of absorption such as dose level and nutritional status
woul d al so be hel pful

Distribution data are limted to a single study in rats using the oral
route (D Vincenzo et al. .1977); no quantitative information was provided. The
use of multiple species and a conparison of tissue |evels of 2-hexanone
associated with nultiple doses via each route of exposure would be useful in
assessing the |ikelihood that 2-hexanone will reach various potential target
organs in exposed humans.

The proposed netabolic pathway for 2-hexanone is based on bl ood
nmet abolites identified during intraperitoneal studies in guinea pigs
(Di Vincenzo et al. 1976) and oral studies in rats (D Vincenzo et al. 1977).
The nmetabolite 2,5-hexanedi one has al so been found in human serum after
i nhal ati on exposure (D Vincenzo et al. 1978). Because studies in rats exposed
to 2-hexanone have indicated a strong rel ationship between the concentration
of 2,5-hexanedione in the urine and the onset of neuropathic synptons (Eben et
al. 1979), it would be useful to also have this information for humans.

Limted excretion data are available in humans receiving 2-hexanone via
i nhal ation, oral, and dernal.exposure, in dogs via inhalation exposure, and in
rats via oral exposure (Di Vincenzo et al. 1977, 1978). However, human data on
excretion of 2-hexanone via feces are not avail able, and the avail abl e
informati on in dogs concerns excretion via exhaled breath only. In these and
any other studies, information on all routes of excretion would help to
eval uate the potential for 2-hexanone clearance in the exposed species.
Excretion data in rats receiving 2-hexanone via inhalation and dernal
application and in other species receiving 2-hexanone via all three routes
woul d be useful for conparison with the hunman data and to assess the
conparative risks of exposure by each route. In addition, information on
excretion rates in each species via each route would be hel pful in
under st andi ng how | ong 2- hexanone and its netabolites may persist in the body.

Compar ati ve Toxi cokinetics. The toxicokinetic studies available in both
humans and ani mal s (dogs, rats, and gui nea pigs) suggest that there nay not be
any major differences in the kinetics of this compound across certain species.
Met abol i tes of 2-hexanone in the expired breath (carbon dioxide) of humans and
rats exposed via the oral route and the presence of 2,5-hexanedione in the
serum of humans exposed via inhalation, as well as in the blood and uri ne of
orally exposed rats and the intraperitoneally exposed gui nea pigs, suggest
that there is a simlar netabolic pathway i n hunmans and experinental aninals
(D Vincenzo et al. 1976, 1977, 1978). Confirmation of this assunption would be
useful. Simlar toxic effects, neuropathy and wei ght | oss, have been noted in
several species (humans, nonkeys, rats, cats, hens, and guinea pigs)
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(Abdel - Rahman et al. 1978; Abdo et al. 1982; Abou-Donia et al 1982, 1985a, b;
Allen et al. 1975; Duckett et al. 1979; Egan et al. 1980; Johnson et al. 1977;
Katz et al. 1980; Krasavage et al. 1980; Saida et al. 1976; Spencer et al.
1975). Therefore, it would al so be useful to investigate patterns of
distribution, to identify target organs, and to neasure rates of excretion in
several species and to identify blood nmetabolites in humans in order to
investigate interspecies simlarities and differences. Studies in this area
woul d be val uable for predicting toxic effects in humans and for studying the
mechani sns of action of this chem cal.

Mtigation of effects. Recomended nethods for the nitigation of acute
ef fects of 2-hexanone poi soning include prevention of absorption of 2-hexanone
fromthe gastrointestinal tract by adninistration of enetics, binding agents
and cathartics or adm nistration of oxygen if exposure is by inhalation
(Bronstein and Currance 1988; Stutz and Janusz 1988). No information was
| ocated concerning mtigation of effects of |lower-level or |longer-term
exposure to 2-hexanone. Further information on techniques to nitigate such
effects woul d be useful in determ ning the safety and effectiveness of
possi bl e methods for treating 2-hexanone-exposed popul ati ons surroundi ng
hazar dous waste sites.

2.9.3 On-goi ng Studies

No research on the toxicity or toxicokinetics of 2-hexanone is known to
be in progress.

There are, however, sone studies currently in progress that are
i nvestigating the nechani sm of neurotoxicity of the 2-hexanone netabolite,
2, 5-hexanedi one. A study is being conducted at the Oregon Heal th Sci ences
Uni versity, under the direction of Dr. Bruce CGordon Gold, to correlate the
time course of any abnornmal expression of phosphoryl ated neurofil ament
epi topes (a pathol ogical alteration which occurs in several human
neurofibrillary disorders including amyotrophic |ateral sclerosis) and distal
swel | ings and axonal degeneration in chronic 2,5-hexanedi one neuropathy (in
addition to other chemically-induced neuropathies). It is the intention of
this study to establish a nore universal marker for the presence of secondary
changes in neuronal perikarya and to clarify the significance of these
alterations in several human di sorders such as anyotrophic | ateral sclerosis.

In a study being conducted at Case Western Reserve University under the
direction of Dr. Lawence Sayre, trifluoromnethyl-substituted anal ogs of 2,5-
hexanedi one wi |l be synthesized, conpared with the parent conpound in chenica
nodel studies, and evaluated for neurotoxicity in rats. This is part of an
effort to address how gamra-di ket one-i nduced pyrrole formation at
neur of i | ament - based | ysi ne epsilon-am no groups | eads to neurofil anent
accunul ati ons. Nucl ear magnetic resonance (NVR) studies will provide direct
visual i zation of the nature of chem cal nodification
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O her research being conducted at Case Western Reserve University under
the direction of Dr. Lawence Sayre is a study in which anal ogs of 2,5-
hexanedi one will be synthesized, studied chemcally, and biologically
evaluated in an effort to clarify the structural basis of toxicity,
particularly in respect to the direct chemnmical nodification of neurofil anent
proteins by these anal ogs or any of their netabolites.

A study to investigate the possible selective vulnerability of specific
neuron types or neuronal components to 2,5-hexanedione, as well as to
acrylam de, is being conducted at the Medical College of Georgia under the
direction of Dr. Barry Goldstein. The aimof this project is to study the
functional changes caused by these conpounds in sensory and notor systens
whi ch either have different dianmeter axons or differing | evels of adaptation.

El ectrophysi ol ogical studies will determne the tine course and severity of
i nvol verrent of various nociceptors, nuscle spindles, and notor unit types to
these chem cal s. Axoplasmi c transport changes will be exam ned in axons of

varied diameter and in different notor unit types (and adaptation |evels).
The goal is to determ ne whether there is selective vulnerability of neurons
to these toxicants, and if so, whether it is based on axonal dianeter or on
the functional ability to maintain discharge.

A project at Duke University, under the direction of Dr. Doyle Graham is
i nvestigating the nol ecul ar pat hogenesis of the neuropathy associated with
2, 5- hexanedi one. The goal is to synthesize novel anal ogs of 2,5-hexanedi one
and the putative crosslinking nmetabolites of other toxicants in order to test
specific steps in the pathogenetic schenes and to define the identities of the
crosslinking adducts. This project includes the synthesis of a series of
gamma- di ket ones whi ch, through the presence of electron-w thdraw ng or
el ectron-donating groups, will enhance or inpair the rate of pyrrole formation
and retard or facilitate oxidation of the resulting pyrrole ring.
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