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Excretion of 1,2,4-benzenetriol in the urine of workers
exposed to benzene

OINOUE,'* KSElJI,'> HNAKATSUKA,' TWATANABE," S-N YIN,* G-LLI,?

S-X CAIl,” CJIN,” MIKEDA'

From the Department of Environmental Health,* Tohoku University School of Medicine, and Center of
Occupational Medicine,* Tohoku Rosai Hospital, Sendai 980 Japan, and Institute of Occupational Medicine.]
Chinese Academy of Preventive Medicine. Beijing. Chino

ABSTRACT Urine samples were collected from 152 workers (64 men, 88 women) who had been
exposed to benzene, 53 workers (men only) exposed to a mixture of benzene and toluene, and 213
non-exposed controls (113 men, 100women). The samples were analysed for 1,2,4-benzenetriol (a
minor metabolite of benzene) by high performance liquid chromatography. The time weighted
average solvent exposure of each worker was monitored by diffusive sampling technique. The urinary
concentration of 1,2,4-benzentriol related linearly to the intensity of exposure to benzene both inmen
and women among workers exposed to benzene, and was suppressed by toluene co-exposure among
male workers exposed to a mixture of benzene and toluene. A cross sectional balance study in men at
the end of the shift of a workday showed that only 0.47% of benzene absorbed will be excreted into
urine as 1,2,4-benzenetriol, in close agreement with previous results in rabbits fed benzene. The
concentration of |,2,4-benzenetriol in urine was more closely related to the concentration of quinol
than that of catechol. The fact that phenol and quinol, but not catechol, are precursors of 1,2,4-
benzenetriol in urine was further confirmed by the intraperitoneal injection of the three phenolic

compounds to rats followed by urine analysis for |,2,4-benzenetriol.

1,2,4-Benzenetriol  (1,2,4-trihydroxybenzene,  or
hydroxyquinol) was identified as a minor urinary
metabolite after administration of benzene to rabbits
by mouth,"' and catechol has been assumed to be a
precursor of this compound.” Although Greenlee et af
proposed a high performance liquid chromatographic
(HPLC) method of determination,? no application has
been attempted in occupational health, probably
because the method rcquircs a nitrogen atmosphcrc in
analysis.

A HPLC method under aerobic conditions was
developed in this laboratory and successfully applied
to measure 1,2,4-benzenctriol in the urine of workers
exposed to benzene. In addition, an experiment with
rats showed that !,2,4-benzenetriol is formed from
phenol through quinol (and not catechol) in vivo. The
details are given in this report. Other reports on
benzene metabolism in man have been published else-
where.”.!

Part of this work was presented at the 62nd annual meeting of the
Japan Association of Industrial Heulth, Kanazawa, Japan, 11-14
April 1988.

Accepled 25 July 1988

Material and methods

WORKERS STUDIED, URINE COLLECTION, AND
EXPOSURE MEASUREMENT

The factory survey was conducted in China in 1987.
Urine samples were collected from 152 workers
exposed to benzene (64 men, 88 women exposed up to
210 ppm benzene) and 53 workers (men only) exposed
to a mixture of benzene (up to 116 ppm) and toluene
(up to 14 ppm). together with 213 non-exposed
controls (113 men, 100 women) (table 1) at around
1500 in the sccond half of a working week, when
concentrations of benzene and tolucnc metabolites arc
expected to reach the maximum in the urine of workers
exposed to solvents throughout a week.” The samples
from exposed workers were previously analysed for
phenolic metabolites and t, t-muconic acid.**® The
time weighted average exposures to solvent vapours
(table 1) were measured by diffusion sampling tech-
nique,” and are cited from a previous publication.’

ANIMAL EXPERIMENTS
Female Wistar rats, weighing 150-165 g, were pur-
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Table | The number of workers studied and expaosure intensities by group
No of subjects Exposure®
Solvent Total Men Women Benzene Toluene
Benzene 152 64 88 487 + 42-1:210 [31-2(2-964)] —
Mixture AR 53 [}] 179 4 2931016 |6:2(4-187)] 20-5 + 2SR (11936700
Control 213 113 100

*Arithmetic mean (unit: ppm) + arithmetic standard deviation (unit; ppm): maximum (unit: ppm), and (geometric mean (unit: ppm)
(geometric standard deviation)).

chased from Funabashi Farm (Funabashi, Japan).
The animal room was lit from 0800 till 2000 and then
kept dark till 0800 next morning. In the experiment the

latter. The reason for the improved reproducibility is
unknown. Typical chromatograms of authentic and
endogenous 1,2,4-benzenetriol are shown in fig 1, in

rats (9-10 animals per group) were individually
housed in metabolic cages and given 50 mg/kg phenol,
quinol or catechol in saline intraperitoneally — that is,
one third to a quarter the LD,''—at 0930. Urine
excreted thereafter was collected separately from
faeces for three four hour periodsand then one 12 hour
period till 0930 next morning. At each sampling, the
urine was combined with the wash of the funnel in the
bottom of the cage to a volume of 10m! in cases of four
hour collectionsor 30 ml when collection was made for
a 12 hour period.

Authentic
1,2,4-benzenelriol

Pyrogallol

ANALYSIS OF URINE FOR BENZENE METABOLITES

The methods for determination of catechol and quin-
ol,’ and t, t-muconic acid®* have been described
previously. To determine 1,2,4-benzenetriol, an
aliquot (0.5 ml) of the urine sample (diluted when
necessary) was taken in a screw capped glass tube,
acidified by the addition of 0.05 ml of 35% hydro-
chloric acid, and then successively mixed with 0.5ml of
2% pyrogallol in methanol and 01 ml of 35%
hydrochloric acid. The tube was sealed and heated at
100° C for 60 minutes for hydrolysis. The hydrolyzate
was kept in the dark overnight and then spun at 3000
rpm in a clinical centrifuge. A portion (20-40 ul per
injection) of the supernate was introduced into a high
performance liquid chromatograph (HPLC; Hitachi
Model 635) equipped with a Spherisorb ODS 5 pm
column (4 mm in inner diameter and 250 mm in
length). A mobile phase (a mixture of methanol/water/
acetic acid at the ratio of 20/971/9 by volume) was
allowed to flow at a rate of 11 mi/min and the eluate
was monitored at a wavelength of 290 nm. Under the
conditions established, a nitrogen atmosphere' is not
necessary, whereas keeping the hydrolyzate overnight
in the dark apparently improves the reproducibility of
the measurement. In a preliminary experiment a urine
sample from a worker exposed to benzene containing v
about 30 mg endogenous 1,2,4-benzenetriol/ml was 0
divided into 20 portions, of which 10 were analysed
immediately after hydrolysis and the remaining 10
after standing overnight in the dark. The coefficient of
variation was 7-0% in the former and 2-3% in the

Injection

10 min 20min

O~

Endogenous
1,2,4-benzenetriol

Pyrogallol

Injection

Dmin 20me ,‘

Fig | HPPC determination of /,2,4-benzenetriol in urine.

HPLC chromatogram of authentic |,2,4-benzenetriol dis & _
solved in water (top)and that of urine from a worker exposl Ji:.
to benzene (bottom). 4
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which the peak for 1,2,4-benzenetriol appeared at  Table3 Correlation between benzenein breath zone and
about 3.4 min after the injection with no interference  1.2.4-benzenetriol in urine
with other urine components whereas the pyrogallol

E— peak came at about 4.1 min. Measurement No of

Under the conditions of determination described 8% subjects* At 8t 3
above, the space in the chromatogram related linearly  observed value (mg/):

9(3-670)) to the added amount of 1,2,4-benzenetriol, and the m:; women igg 8:8?, gg;g gggg
coefficient of variation was 7-4%, 3:3%, and 4-1%, (Men)i (166) ©. 010) (-0006)  (0-498)

(unit; ppm) respectively, when urine samplescontainingabout 5-6, Women{| 188 0.180 -0-119 0.744
200, and 50.0 mg endogenous 1,2,4-benzenetriol/l Women 172 0-209 - 0386 0.672
bility i were analysed 10 times each. The recovery was 93:9%  Value correctedfor creatinine (mg/g):

uctblity 1S and 99-5%, respectively, when 1,2,4-benzenetriol-free Men + women 365 0.212 0138 0.747

lentic and . . . . . Mcn§ 177 0.211 0-265 0.826

in fio 1 i urine was spiked with authentic 1,2,4-benzenetriol at Al (166) (0008) - 0-002) (0.522)

g n 50 and 100 mg/l. The detection limit for 1,2,4- gomenyjl Lgs o213 -0003 07
benzenetriol was 05 mg/l urine when a space/noise omen -
ratio of 2 was taken. Value co_r+[ected for specific gravity (mg/l):

The results were presented as observed (in terms of ,\MA‘::§ women 365 o Pt b
mg/l), or after correction for creatinine concentration (Men))| (166) (0:007) -0-00009)  (0-500)
it ining) ” ifi i Women9y 188 0.146 0088 0784
(unit; mg/g creatmme), olr) for a specific gravity of Womeni) 7 0189 0399 0740
urine of 1:016 (unit; mg/1)."* The specific gravity was
measured by refractometry and creatinine by  ®includingnon-exposed subjects.
colorimetry.* 1SIopc (A) and the intercept on the Y axis (B) in the equation &
Y- = AX * B. where Y is the urinary concentration of 1,2,4-
bt.nn..m,lnol (unit; as described in the table) and X is the breath zone
STATISTICAL ANALYSIS conf%entratlon of bcnzem.( m). I
. A , . . P lat flicient (r) is <0-01 for a
Regression analysis and Student’s t-test (either paired gEx,,gsigf{,‘;?o'%‘;cp";m'c'e” (f)Is <001 for all groups.
or unpaired) were used when necessary. {|EXPosed also to toluene(up io 114 ppm) in addition io benzene.
Y4 Expased up to 210 {:
**Women exposed to less than 100 ppm.
Results
more intensively exposed, whereas the concentration
INCREASE IN URINARY 1,2,4-BENZENETRIOL AS A was below the detection limit of 0.5mg/! in the case of
LINEAR FUNCTION OF BENZENE EXPOSURE workers exposed to benzene at low concentrations, |
I When the urine samples from workers (64 men, 88 ppm, for example. Further analysis of 213 urine
women) in five benzene workshops were analysed for  samples from the non-exposed control subjects
20min 1,2,4-benzenetriol and the results were classified in the  showed that 1,2,4-benzenetriol concentrations were
increasing order of the benzene concentrations in  essentially zero (below the detection limit) in all
breath zone air (table 2), the 1,2,4-benzenetriol con-  samples analysed.
centrationswere higher in the urine of those who were The results from workers exposed to benzene and
Table2 Urinary concentrations of /,2.4-benzenetriol in workers exposed to benzene at various workshops
Value correctedfor
No d Benzenein brearh Observed value Creatinine Specific gravity
Workshop ~ workers zone uir (ppm) {mgfl) (mgll) (mg/l}
Men:
A 3 Lt ND, ND. ND ND, ND,ND ND, ND. ND
B 24 11-1(2.40) 1-68  (2:012) 1.89 (2-460) 176 (2:419)
C 2 7,76 D, 2.9 ND. 55 ND, 4.7
D 20 32.6 (L.42) 6.66 (1-781) 9.22 (1.457) 746 (1-546)
E IS 602 (1.28) 11-62  (2.075) 1311 (1-667) 1037 (1-649)
Women
— A ’ b o ND oy ND ND
o 1 ‘1279 268 3.074 302 (3 365) 246 (2:818)
20 min c 2 5, ND. 2 ND. 4 ND, 3-3
D 37 424 (2.49) 6.12 (3 078) 755 (2 908) STI (2:785)
ol in urine. E 29 764 (1-58) 960 (2:748) 1285 (2:445) 9.62 (2:274)
striol dis-

Tre results are shown in terms of geometric mean (geometric standard deviation) unless otherwise specified.

rrker exposed ‘Individual values arc shown. ND = Below the detection limit of 0.5 mg/l.
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Table 4 Correlation coefficients obtained in regression
analyses between i.2.4-benzenerriol in urine as a dependent
variable and benzene and toluene as twa independent
varigbles

PCC
1,2,4-Benzenetriol MCC Benzene Toluene
As observed 0-663 0-652 —0.256
As corrected for:

Creatinineconcentration 0673 0-660 -0-282
Specific gravity (1-016) 0-656 0-642 -0-273

All the correlationcoefficientsin the table are statistically significant
{p < 0.01).

MCC = Multiple correlation coefficient.

PCC = Partial correlation coefficient.

controls were combined and subjected to regression
analysis (fig 2). From fig 2, it was evident that a linear
relation exists between the 1,2,4-benzenetriol concen-
tration in urine (either as observed or corrected for
creatinine concentration or specific gravity) and ben-
zene concentration in breath zone air; the 95% range
for a group mean was generally narrow even though
the range for individual values was much wider than
the group mean range. The correlation coefficient
([able3) for men and women combined was between
0.7 and 0.8 (depending on the correction for urine
density, yet all being statistically significant with p <
¢-0t) and the intercept on the vertical axis was next to
zro. When men and women were treated separately,
no pronounced sex difference was observed. As men
were less intensively exposed (<100 ppm) than
women, women exposed below 100ppm were selected
for more precise comparison between the sexes; the
difference was essentially negligible (table 3).

EFFECT OF COEXPOSED TOLUENE ON URINARY
CONCENTRATION OF 1,2,4-BENZENETRIOL

As soime men were exposed to toluene in addition to
benzene (the mixture group in table 1), the relation of
the urinary 1,2,4-benzenetriol concentrations with
benzene in breath zone air in the mixture group (men
only) was compared with the corresponding relation in
the men exposed to benzene (table 3). The correlation
coefficients were lower in the men exposed to the
mixture (around 0.5) than in men exposed only to
benzene (> 0-8), but there was pronounced reduction
in the slope; the slope was about 0-2 in the benzene
group whereas it was <001 in the mixture group.
Accordingly, men in the benzene, mixture, and control
groups were combined and subjected to multiple
regression analysis to detect the effects of exposure to
toluene separately from that of exposure to benzene.
Table 4 summarises the multiple correlation
coefficients (MCC) and the partial correlation
coefficients (PCC) for benzene and toluene in the three
cases of correction for urine density. The validity of

563"

the analysis was confirmed by the fact that MCC was
statistically significant (p < 0.01). As expected from
the simple regression analysis (table 3, fig 2), the PCC
for benzene was positive (>0) and significant (p <
0.01). The PCC for toluene in all three cases was
significantly (p < 0.01) negative( < 0) even though the
absolute values were small (— 0.2 to - 0-3), suggesting
that the urinary excretion of 1,2,4-benzenetriol due to
exposure to benzene will be reduced by the coexposure
to toluene in man.

QUINOL AS A PRECURSOR OF 1,2,4-
BENZENETRIOL

From their chemical structures, it is possible to
speculate that either quinol (1, 4-benzenediol), cate-
chol (1,2,-benzenediol), or both are precursors of
1,2,4-benzenetriol in vivo. When the correlation
coefficient between 1,2,4-benzenetriol and quinol was
compared with the coefficient between 1,2,4-benzene-
triol and catechol among the workers exposed to
benzene, the former value (0.905 for men, 0.722 for
women, and 0.750 for men and women combined)
tended to be larger than the latter (0.713, 0.666, and
0-686 respectively), although the difference was statis-
tically insignificant (0-10 < p < 0:15 by paired t test).
The observation was in favour of the hypothesis that
quinol rather than catechol is a precursor of 1,2 4-
benzenetriol in man.

This possibility was further examined by an animal
experiment in which rats were injected intraperito-
neally with 50 mg/kg of either phenol, catechol, or
quinol, and urinary excretion of 1,2,4-benzenetriol
together with catechol, quinol, and t, t-muconic acid
was followed up for 24 hours. The results are summar-
ised in table 5. 1,2,4-Benzenetriol was found in the
urine of rats given quinol, and to a lesser extent, of
those given phenol, but no measurable amount was
detected after injection with catechol, indicating that
1,2,4-benzenetriol is formed from phenol via quinol in
vivo and that catechol will not be a precursor in 1,2,4-
benzenetriol formation in rats. No t, t-muconic acid
was detected in the urine of rats given any of the three
phenolic compounds (table 5). It is reasonable that a
large amount ofcatechol or quinol was excreted in the
urine of rats given catechol or quinol. The increase in
excretion of quinol after injection of phenol agrees
with the general belief that quinol is formed through
phenol in benzene metabolism.""

Discussion

The animal experiment in the present study clearly
showed that quinol isa precursor of 1,2,4-benzenetriol
in rats. The observation in the urine from workers
exposed to benezene that 1,2,4-benzenetriol concen-
trations are more closely related to the quinol concen-
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Table s Excretion of catechol, quinol, |,2,4-benzenetriol, and t,t-muconic acid in the urine of rats given phenol, catechol, or guinof
intraperitoneally

Period (h)

Metabolite

analysed Chemical given 04 48 8-12 12-24 Totaft

1,2,4-Benzenetriol Control (n = 10 ND ND ND ND ND
Phenol (n= 9 0.157 + 0-028* 0-018 + 0.010' ND ND 0-699 +4
Catechol (n = 10 ND ND ND N B D
Quinol n= 9 0:531 £ 0-141* 0082 £ 0:069* 0017 £ 0-010* 2516 ¢

1.1-Muconic acid Control (n =10 ND ND ND ND ND
Phenol (n= 9 ND ND ND ND ND
Catechol (n = 10 ND ND ND ND ND
Quinol (n= 9 ND ND ND ND ND

Catechol Control (n = 10 0-024 + 0.005 0-042 £ 0-009 0-039 + 0:006 0-030 = 0:004 07814
Phenol n= 9% 0:045 £ 0:009* 0-049 £ 0-015 0-05% + 0025 0-036 + 0-005* 1-047 £
Catechol (n = 10 2943 £ 0-615* 0-851 + 0-305* 0.363 + 0-143* 0030 £ 0-008 16-986 £ !
Quinol  (n= 9) 0049 £ 0-012* 0.049 £ 0011 0-053 + 0-013* 0.033% 0:004 0998 £

Quinol Control (n = 10) 0-013 £ 0:004 0.028 + 0-008 0-024 + 0:003 0.023 £ 0.003 0540 ¢
Phenol En = 9; 0-383 £ 0:074* 0156 + 0:072* 0-044 % 0-020 0-028 + 0.005 2660 1
Catechol (n = 10 0041 £ 0.019 0-027 £ 0-009 0:031 £ 0013 0:029 + 0:029 0839 ¢
Quinol  (n = 9) 3483 £ 0-555* 0:605 £ 0-39(* 0-109 £ 0029 0-043 £ 0-015* 17299 &

Rats were given 50 mg/kg of the chemical intraperitoneally at 0930, and urine from each rat was collected for three successive four hour periods f
one I2f hr(])ur pe‘rlod for an entire day till 0930 next morning. Values in the table are mean % SD of the metabolite in the urine (in mg/kg/h or mg
case of the total),

D means below the detection limit which is <0-001 mg/kg/h or 0-02 mg/kg/24 h for the four metabolites analysed.
'Indicates a statistically significantdifference from the corresponding control (p < 0-01 by unpaired ¢ test).
tA total of the amount excreted in the 24 hour period.

trations than to the catechol concentrations agrees
with the finding in the animal experiment and suggests
that 1,2,4-benzenetriol is probably formed via phenol
through quinol in workers exposed to benzene.
Assuming, asin previous studies,’*¢ that the absorp-
tion rate of benzene through the lungs is 50% and that
the respiration rate is 15 I/min, a worker exposed to
benzene at 100 ppm will absorb 2392.5 pg/min. With
an additional assumption that the rate of excretion of
urine is 1ml/min,?*® the amount of benzene excreted in
urine in the form of [,2,4-benzenetriol after one day's
exposure to benzene at 100 ppm (table 3) will be
0.182 x 100 (mg/h) x 1 x 107 (I/min) = 18-2 pg/min
or 11.27 ug/min as benzene (= 18.2 ug/min x 78.11/
126.11), where 78.11 and 126.11 are the molecular
weight of benzene and 1,2,4-benzenetriol, respectively.
In other words, about 0-47% (= 11-27/2392-5) of
benzene absorbed will be excreted into the urine as
1,2,4-benzenetriol at the end of a shift of a workday.

may be temporarily saturated by massive formationef
phenol, leading to relatively less formation of quinel §
and therefore 1,2,4-benzenetriol.

From the view point of biological monitoring o
exposure to benzene by means of urine analysis, 1,24
benzenetriol has an advantage in that the level is zero
in non-exposed subjects and there is no **backgrouni
level'*; monitoring low level exposure by phend, ¥
catechol, quinol, and t, t-muconic acid is complicated §
by the presence of the target chemical in the urine of
non-exposed subjects.’*¢ The complexity of the pre
HPLC treatment necessary for the analysis of 1,24 .
benzenetriol contrasts with the simple procedure fort §
t-muconic acid determination: but the greatest dir

Table 6 Comparison of benzene metabolism in man and
rabbir

Results of similar calculations for phenol, catechol,  Urinary metabolite Man' Rabhit .
quinol, andt, t-muconic acid are summarised, with the — " "
present result, in table 6 and compared with the Phenol E¥in B
observation after oral administration of benzene to Qgigoal 10-2%§ 44%

ite ! H ‘milari 1,2,4-Benzenetriol 0-5%lj (3.
rabbits." There is pronounced similarity between the 5% ersens o 19%31 a3

results from an animal feeding study' and urine
analysis after occupational exposure.' ** The observa-
tion that phenol and less quinol were excreted in
rabbits as compared with man will be understandable
when the fact that a large amount of benzene (0-4-0-5
g/kg) was given by gavage at one time to rabbits is
taken into account; the pathway from phenol to quinol

*The estimate for the end shift urine from a worker exposed v

benzene at 100 ppm as a time weighted average. ¥
$The observation in the urine of a rabbit after oral administrationd Jg%
0-4-05 g/kg of benzene. Values are cited from Williams.' i
{Value cited from Inoue ef al’ 3

§Values cited from Inoue et a/.*

[|The recent study.

%19 Value cited from Inoue et al.®
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advantage of the method is the suppressive effect of
toluene, since the coexistence of this solvent is likely in
various workplaces.'*' This is the problem common
to monitoring exposure to benzene by urine analysis
for metabolites (with the possible exception of cate-
chol), and must be taken into account. In this
connection, it should be noted that both benzene and
toluene can be analysed simultaneously either by grab
sampling or by diffusive sampling*’ as long as gas-
chromatography is used.

We thank the Health Bureau of Hefei City and Dr S-L
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H Zai, Ms J-F Wan, Dr X-Z Wang, and Ms L-S Hong
(Heifei, China) for support and cooperation during
the field study. We also thank Professor T Suzuki
(Tohoku Rosai Hospital, Sendai 980, Japan) for his
interest in and support of this study.
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