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pearing in samples taken about 30 min
after lunch before the afternoon exposure
started.

to a minor degree, via aromatic hydroxylation. Sedivec and Flek (31), in their
volunteer studies, identified 2,4-xylenol in
the urine after inhalation exposures to mxylene. kbout 2 % of the absorbed mxylene was biotransformed to this metabolite, whereas about 95 % was metabolized to m-methylhippuric acid. We determined the rates of the urinary excre-

Biotransformation of m-xylene
Biotransformation of m-xylene is known
to proceed via methyl-group oxidation and,

Table 3. Content of m-xylene (,umol) in 1 I of blood. Means and ranges (in parentheses) are
given.
a

Protein-free
serum

b

a+b

Serum

Cells

Whole blood

Serum/whole
blood

1.1
(1.0-1.2)

Not detected

0.3

1.4
(1.3-1.5)

7'8.6
(716.9-80.0)

Noon before lunch
(N = 4)

27.7
(19.4-38.9)

3.5
(3.0-5.0)

4.2
(3.0-6.0)

31.9
(22.7--44.5)

86.8
(85.7-89.8)

End of lunch break
(N = 4)

9.5
(7.8-12.4)

1.1
(0.9-1.2)

0.6
(0.6-0.7)

10.2
(8.4-13.0)

93.1
(92.4-95.7)

60.1
(45.6-91.2)

6.1
(4.7-7.6)

68.2
8.0
(4.8-12.0) (50.3-103.2)

Time

Morning before exposure
(N = 2)

Afternoon during exposure
(N = 4)

(010)

8-8.1
(8u.I-90.6)

Table 4. Urinary excretion (,umol/h) of 2,4-xylenol and m-methylhippuric acid after a day's
exposure to m-xylene. Mean values and standard deviations are given.

Time
End of first day of exposure
(N

=

6)

End of fifth day of exposure
(N

= 6)

a

b

alb

2,4-Xylenol

m-Methyhippuric acid

(010)

11.1

± 5.3

1,011

± 403

(c) 1.1

± 0.26

23.3

±

1,254

± 421

(d) 1.8

± 0.59

11.8

Test for difference

c vs. d; p S 0.05 (Wilcoxon 2-tailed).

Table 5. Excretion of m-xylene in exhaled air and via a urinary metabolite during and after
the first exposure day.

----- -------------------------------Mean estimated
uptake (mmol)

7.5

Methylhippuric acid excretion in urine
Xylene excretion in exhaled
---------------.---air (total)
Following 120 h a
Total 144 h
Within 24 h
Mean
010 of
Mean
Mean
010 of
010 of
Mean
°/0 of
(mmol)
uptake
(mmol) uptake
(mmol) uptake
(mmol) uptake
6.3

84.0

1.6

21.3

7.9

105.3

0.3

a Estimated excretion, on the assumption that the elimination half-time is 20 h.
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4.0

tion of 2,4-xylenol (conjugates) and mmethylhippuric acid (total methylbenzoic
acid conjugates) shortly after exposure on
the first and fifth day. The share of 2,4xylenol in the combined excretion of the
two metabolites was small; it constituted
only about 1 to 2 % (table 4). There was
a tendency towards a slight increase in
the ratio of the excretion rates of 2,4xylenol and m-methylhippuric acid over
the five exposure days.
In a few cases evening urine samples
were analyzed for 2,4-xylenol and mmethylhippuric acid. In these specimens
the ratio of excretion rates of xylenol and
m-methylhippuric acid was somewhat
greater, varying between 2 and 7 0/0. The
highest excretion rates of both 2,4-xylenol
and m-methylhippuric acid were observed
immediately after the termination of exposure to m-xylene. Results from the evening
samples suggest that the excretion of
xylenol is a slower process than that of
methylhippuric acid, and this phenomenon
was also found by Flek and Sedivec (18).

Excretion of m-xylene

A theoretical calculation of the mean pulmonary uptake of m-xylene in a typical
exposure day, made as presented in the
methods section, yielded a quantity of
about 7.5 mmol. The follow-up of urinary
methylhippuric acid excretion during and
after the first exposure day with an estimation made for longer-term excretion
yielded a quantity nearly identical to the
theoretically calculated m-xylene uptake
(table 5). Furthermore, an estimation of
expired m-xylene during and after the
same day provided a figure which was
only about 4 % of the calculated uptake
(table 5). These results suggest that, apart
from the presumed 2 % share of m-xylene
metabolism to 2,4-xylenol, no other significant pathways of xylene excretion
exist.
Pulmonary excretion of m-xylene. After

the exposure had ended, the concentration
of m-xylene in end-expired air declined
at first rapidly (first 3 h), and then
gradually became slower, apparently attaining the final and slowest phase of exponential elimination some 6 to 16 h after

the termination of exposure (fig. 3 and 4).
The elimination half-times in the first
phase were in ,the range of 0.5-1.0 hand
in the last phase on the order of 20 h. It
must be noted that the elimination curve
obtained is greatly dependent on the
timing and frequency of sampling.
In the postexposure period venous blood
carries xylene to the lungs, and equilibrium takes place between xylene in the
pulmonary capillary blood and alveolar
air. It is therefore natural that the xylene
content in the end-expired air depends on
the content of xylene in (central) venous
blood. Although this relationship may not
be simple due to methodological and
physiological reasons, e.g., ventilationperfusion imbalances, it can be presumed
that the time course of xylene exhalation
reflects the change in venous blood xylene
and thus the corresponding changes of
xylene concentration in tissues. The rapid
decline in the xylene concentration of endexpired air observed between the sample
taken at the end of exposure (when xylene
vapor is still being inhaled) and the first
sample after the exposure (Le., the first
two points of the expiration curve) in relation to the considerably smaller decline in
corresponding blood xylene concentrations
may seem curious, but it is simply due to
the fact that during the exposure the flow
of xylene is from pulmonary air to blood
and tissues (arterial xylene concentration
higher than the venous one), and after the
exposure the direction is reversed.
Excretion of m-methylhippuric acid in the
urine. The excretion of methylhippuric

acid rose rapidly during the first hours of
exposure and tended to decline during the
2- to 3-h time period which encompassed
the 1-h break (fig. 5). The highest rate of
excretion was noted in the sample obtained
soon after the exposure. The postexposure
excretion of methylhippuric acid until the
next morning had the following two apparent phases of exponential elimination:
a more rapid one over the first few hours
(elimination rate was halved in 1-2 h)
and a slower one later, during which the
elimination rate was halved in about 10 h
(fig. 5). Excretion some 16 h after the fifth
exposure day over the weekend displayed
a third and the slowest elimination phase,
during which the elimination rate was
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halved in about 20 h (fig. 6). Again, it
should be remembered that the form of the
elimination curve is greatly dependent on
the frequency and timing of the urine sampling. The limited number of sampling
points in this study will result in an
"averaging" of the true events, and rapid
chal;1ges will not be detected.
The excretion of methylhippuric acid in
the 8-h period encompassing the exposure
fluctuated over four successive days of
nearly identical exposure without showing
a definite rising tendency (fig. 6). This
result agrees with the postulate of Sedivec
and Flek (31) that the "carry-over" of
slowly excreted xylene from previous days
will not be significant enough to show in
urine samples taken during or shortly
after exposure. On the fifth day, during
which the exposure (xylene concentration
in air X time) was 1.5 times greater than
on the previous days, the corresponding 8-h
methylhippuric acid excretion was un-

derstandably greater (fig. 6). More pronounced, however, was the rise in methylhippuric acid excretion over the next two
8-h postexposure periods when compared
to those after the first exposure day (fig.
6, table 6). This excretion results from the
metabolism of xylene mobilized from
tissues with relatively slow elimination
rates, and the findings indicate that in
such tissues significant cumulation of
xylene takes place.

DISCUSSION

Uptake and distribution
The pulmonary retention of inhaled mxylene was found to be about 60 % at rest

Table 6.

Urinary m-methylhippuric acid excretion in 8-h periods during and after exposure
to m-xylene on the first and fifth day. (Complete series of samples from 4-6 subjects)
First exposure day

First 8 h (including exposure)
Second 8 h
Third 8 h
Total 24 h

Table 7.

Fifth exposure day

Mean ± SD
Ofo of total
(mmol)
24-h excretion

Period

± 0.88
± 0.44
± 0.14
6.3 ± 0.8

4.9
0.88
0.48

Mean ± SD
Ofo of total
(mmol)
24-h excretion

± 0.53
± 0.22
± 0.22
8.7 ± 0.6

77.8
14.3
7.9

6.0
1.9
0.83

1011.0

69.0
2U1
9.2
100.0

Tissue group characteristics a and other determinants of tissue time constants for

m-xylene.
Parameter
Volume (1)
Perfusion (l/min with a 6 l/min
cardiac output)
Perfusion (l/min for 1 1 of tissue)
Approximate distribution coefficient
of xylene between tissue and blood
Tissue time constant (min)

Parenchymal organs
(vessel rich group)

Muscles

Adipose
tissue

6

33

14.5

4.5
0.75
1.7-3.3 b
2-4

a Represent a 70-kg man; data taken and modified from Eger (12).
b Taken from Sato et al. (28).
c Taken from Sherwood (34).
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1.09
0.033

0.32
0.022

1.6 b
49

97 b ,c
4,000

(pulmonary ventilation about 9 l/min) at
an ambient xylene concentration of 3.9
mmol/m 3 • This figure agrees well with
previous findings from volunteers exposed
at rest to xylene concentrations of 1.9-8.2
mmol/m 3 {I, 4, 31). In the context of higher
uptake rates resulting from ergometer
exercise in xylene air concentrations of
4.1-8.2 mmol/m 3 , retention tended to decrease somewhat, however (1). We observed that, for each individual measured,
retention was slightly higher after lunch
in the afternoon than in the morning.
The pulmonary uptake of inhaled gas
continues until full equilibrium occurs
between alveolar air, blood, and tissues.
The distribution volume of xylene in the
body can be thought to comprise three
compartments, as suggested for inhaled
anesthetics (12), benzene (17), and toluene
(29). These compartments are parenchymal
organs (vessel rich group), muscles, and
adipose tissue. Distribution is a function
of compound solubility in the tissue, tissue
volume, and tissue perfusion (12). These
factors determine the temporal characteristics of the attainment of equilibrium,
e.g., tissue time constants (the time required for the flow into the tissue to equal
the capacity of the tissue for the compound
or the time for the equilibrium concentration of the tissue to reach 63 0/0). Among
the common industrial solvents, xylene is
very soluble in the blood (blood/air distribution coefficient approximately 40) and
lipids (fat/air distribution coefficient approximately 3,600) (28, 34).
It can be calculated from tissue-specific
data from man (tissue volume, perfusion,
blood/tissue distribution coefficient) that
the time constant of parenchymal organs
for xylene is on the order of minutes, that
of muscles on the order of a few hours,
and that of adipose tissue on the order of
a few days (table 7). From the data presented, it can be anticipated that, apart
from the slow continuous uptake of xylene
in adipose tissue, most tissues, including
parenchymal organs and the muscles,
equilibrate with blood within a few hours.
Indeed, this phenomenon was also suggested by the leveling-off of venous blood
xylene within about 3 to 6 h. Apparent
equilibration did not, however, result in a
diminution of xylene uptake, and it was
shown that pulmonary retention continued

at about 60 0J0 throughout the day. This
occurrence was due to the simultaneous
biotransformation of xylene by the metabolically active parenchymal organs.
Unless the metabolic pathways become
saturated, it is likely that a relatively
constant fraction of the compound transported to these organs is biotransformed.
If, however, the distribution of blood flow
between metabolizing and nonmetabolizing
organs is altered, the share of xylene
undergoing metabolism may also be
altered. It can be thought, for instance,
that after a meal a greater hepatic and
splanchnic blood flow could actually increase the proportion of xylene biotransformed and thus increase retention.
Tissue time constants will also aid the
understanding of the course of events of
xylene elimination from the body, in many
ways the reverse phenomenon to tissue
uptake. Before being (metabolized and)
excreted, the compound must be released
from the tissues, and this release takes
place rapidly in the well-perfused
parenchymal organs, in the course of
several hours from the muscles, and in
several days from the adipose tissue. The
result, in a schematic way of thinking, is
a three exponential elimination curve for
xylene which fits rather well the experimental observations of xylene in postexposure end-expired air. It is worth
noting, however, that elimination from,
e.g., adipose tissue, starts only after blood
xylene has declined below the level of
actual equiUbrium between adipose tissue
and blood and that in earlier phases of
elimination (from parenchymal organs and
muscles) adipose tissue will in fact still
take up some xylene.
In view of the huge capacity of adipose
tissue to hold xylene due to the very large
fat/blood distribution coefficient (about
90-100) and a frequently considerable
volume, it is of interest to consider what
role this tissue might play in the distribution of xylene. In conjunction with the
present study needle biopsies of subcutaneous fat from the gluteal region of
the volunteers were obtained in the postexposure period and analyzed for mxylene. The results suggested that about
4 0J0 of the total pulmonary uptake of
xylene had been distributed to the adipose
tissue over the whole series of the expo227

sures (14). That only relatively small
amounts of xylene actually found their
way to adipose tissue can, in all likelihood, be attributed to the efficient metabolism of xylene by parenchymal organs.
Elimination of xylene from the gluteal
subcutaneous fat was slow, the elimination half-time being about 58 h.
In the blood, m-xylene seemed to be
associated mainly with serum proteins, and
only small amounts resided in the cells.
The distribution between serum and cells
was not markedly different in samples
taken during the exposure as compared to
those taken at different times after the
exposure. It has been previously shown
that some anesthetic agents (16),aliphatic
alkane hydrocarbons (5, 22), and some
halogenated aliphatic hydrocarbons (10)
bind to plasma proteins, especially
albumin. The binding of such neutral compounds is thought to take place mainly
via weak hydrophobic bonds, but it is also
possible that highly lipophilic compounds
may bind through the endogenous lipids
associated with serum proteins, rather
than via a direct interaction with protein
(8). It is an interesting possibility that the
solubility of a solvent in blood (blood/air
distribution coefficient) could be influenced by the lipid content of blood. The
solubility of toluene was more than five
times greater in milk with 3 % fat when
compared to that in milk with only 0.05 Ofo
fat. (35). We determined total lipids and
triglycerides in the serum of the morning
and afternoon blood samples from some of
the volunteers. After lunch and throughout
the afternoon serum triglycerides were
maintained at up to two to three times the
morning level, but, since they represented
only about 15-20 Ofo of the total lipids
(fasting values), the rise in total lipids was
only about 30 % or -less. It is well known,
however, that among the lipid fractions
neutral fat has by far the greatest solubility for benzene, toluene and m-xylene,
and thus it primarily determines the ultimate solubility of a solvent in fat (28).
We have no direct proof that the solubility
of xylene was substantially greater in the
postprandial blood as compared to fasting
blood. Nevertheless, from samples of blood
and end-expired air taken simultaneously
during exposure, we noted a tendency
towards higher blood/air ratios of xylene
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concentration in the afternoon than in the
morning (Riihimaki et al., unpublished
data). For dichloromethane, a much less
soluble solvent in blood and tissues, the
ratio between venous blood and alveolar
air concentration of the compound was
reported to be directly related to the
triglyceride content of the blood (25). It is
conceivable that after a normal meal some,
albeit slight, changes in xylene equilibrium
may take place in the body due to changes
in blood and tissue solubility.

Metabolism
Previous reports dealing with inhalation
exposures of resting volunteer subjects to
xylene (1, 31) and the present findings
suggest that, at least at the environmental
concentrations studied (1.9-8.2 mmol/m3),
the metabolism of xylene proceeds efficiently and without signs of saturation
of the biotransformation pathways. The
human capacity of the initial steps of
xylene metabolism has not been examined.
In experimental animals such as the rat
and the rabbit xylene (p-xylene) is hydroxylated primarily by hepatic microsomes
to methylbenzyl alcohol and then oxidized
in the cytosol via alcohol dehydrogenase
to methylbenzyl aldehyde and via aldehyde dehydrogenase to methylbenzoic acid
(9, 19). The maximum capacity of rabbit
liver to metabolize p-xylene to p-methylbenzoic acid was estimated in vitro as 7,200
nmol/min (9). If human liver metabolized
xylene at a similar rate, an approximation
of the maximum capacity of human liver
would be about 200 pmol/min. It must
be emphasized that this is a very uncertain
extrapolation, due to the in vitro method
applied and the frequently remarkable interspecies differences in metabolism, and
pertains to p-xylene only.
The maximum capacity of man to conjugate benzoic acid with glycine is well
known, and it has been recently estimated
to be about 190 ,umol/min (2, 26). The
capacity is limited by the mobilization of
endogenous glycine, and it can be considerably increased by an additional
supply of exogenous glycine (2). It may be
presumed that the body's capacity for
conjugating methylbenzoic acid with glycine is relatively similar to that of benzoic

acid, Le., that the two organic acids function rather similarly as substrates and, in
any event, the maximum rate of glycine
mobilization limits the conjugation to a
level below about 200 ,amol/min. It can
also be postulated that, even if small uptake rates of xylene did not result in a
detectable formation of the glucuronides
of methylbenzoic acid (31), at large concentrations of methylbenzoic acid in the body
glucuronidation may become activated as
an alternative mechanism of conjugation
in much the same way as was shown to be
the case for benzoic acid (30). If it is assumed that the maximum rate of glycine
mobilization (about 190 ,amol/min) is the
limiting step in xylene metabolism, it can
be calculated that the capacity is fully
occupied in a sedentary man (pulmonary
ventilation 10 l/min, 60 % retention) inhaling xylene at a concentration of 32.0
mmol/m 3 (780 ppm). This result suggests
that man's metabolic capacity for xylene
is relatively large and that it is not likely
to be challenged under normal work conditions. In heavy work with high pulmonary ventilation and raised cardiac output,
and at relatively high environmental concentrations, the saturation of metabolism
might, however, occur.
The magnitude of aromatic hydroxylation in the total metabolism of m-xylene
has been shown to be small. The phenolic
metabolites formed and the intermediates
of aromatic hydroxylation (20) may present
a considerable toxic potential, and thus
even a minor metabolic pathway may be
significant. It is not known either how
this biotransformation pathway reacts to
much heavier loads of xylene in the body
than to the loads of current studies.

Excretion
The findings of this study support previous data (1, 31) showing that about 95 0J0
of absorbed xylene is biotransformed and
excreted as urinary metabolites, almost
exclusively as methylhippuric acid, and
about 5 0J0 is excreted unchanged in exhaled air. The excretion of xylene and
xylene metabolites follows a common
pattern composed of at least two distinct
phases of elimination, a relatively rapid
one and a slow one. This pattern is con-

gruent with the presented division of the
distribution volume of xylene into three
main tissue compartments in that the elimination phases observed correspond to
the middle (muscles) and the third (adipose tissue) compartment, whereas the
elimination of xylene from the first compartment (parenchymal organs) occurs so
rapidly that it could not be monitored in
the present sampling program. In the
longer-term excretion of xylene an apparent discrepancy was observed. While
the measured elimination half-time of
xylene in subcutaneous adipose tissue was
on the order of 58 h, xylene in end-expired
air and the rate of urinary methylhippuric
acid excretion were halved over the weekend in about 20 h. This phenomenon
suggests a possibility that the compartment
of the slow elimination rate, so-called body
fat, is not pharmacokinetically a single
unit and that, perhaps, gluteal subcutaneous adipose tissue exhibits slower
elimination than, for instance, mesenteric
or perinephric fat. It might be that a
longer follow-up time of urinary methylhippuric acid excretion would have been
needed to demonstrate the slowest elimination of xylene.
Although urine samples for methylhippuric acid analyses were obtained after
relatively long intervals and therefore
rapid changes in the elimination rates
could not be followed, the postexposure
renal elimination of methylhippuric acid
presented an initial rapid rate resembling
the initial rate of decline in blood xylene
(halving in about 1 h) (fig. 3 and 5). Also,
a decline in methylhippuric acid excretion
was noted in urine samples formed over
time periods of 2-3 h encompassing a I-h
break. This result agrees well with the
findings of Sedivec and Flek (31), and
those of Ogata et al. (23) on toluene, that
intermittent exposure is rapidly reflected
in the excreted amounts of the urinary
metabolite. It may be inferred that the
renal excretion of methylhippuric acid is
rapid, as was proved in a more conclusive
way when m-methylhippuric acid (0.5
mmol) was injected intravenously and
the rate of its excretion followed, the rate
being halved in about 30 min (26).
It is very likely that the renal excretion of methylhippuric acid takes place via
the tubular active secretion mechanism of
229

organic acids. Tubular secretory capacity
for a close analogue, para-aminohippuric
acid, is in the range of 340-400 ,umol/min
(36). Thus it is obvious that renal excretion will not become rate-limiting in the
disposal of absorbed xylene in normal
physiology. The excretion of methylhippuric acid by the kidneys is presumably
not easily affected by some important
variables of renal physiology. Changes in
urinary pH within the normal range will
not markedly alter the degree of dissociation of m-methylhippuric acid due to its
low pKa value (2.9) (26), and, because the
compound is also polar, reabsorption is
unlikely. Neither is the rate of diuresis
likely to influence the excretion of
compounds effectively secreted in the
tubules such as hippurate, although at exceptionally low rates of diuresis excretion
may decrease (37).
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