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Structurally, glucuronides are the condensation
products of hydroxyl-bearing compounds with the
first, hemiacetal carbon of D-glucuronic acid.
Two groups have been described (1). Alcohols
and phenols form ethereal glucuronides, which are
resistant to hydrolysis by mild alkali and do not
reduce alkaline copper reagents. Carboxylic acids
form ester glucuronides, which are easily split by
mild alkali to liberate free glucuronic acid, a re-
ducing agent. The term acyl glucuronide is in-
troduced here for members of the latter group
to denote clearly conjugation via the carboxyl
group.

Another chemical reaction characteristic of the
acyl glucuronides is described in this report. At
room temperature and neutral pH, the acyl group
can be transferred to hydroxylamine to form char-
acteristic hydroxamic acids (Reaction I).

acids in man. Since urinary glucuronides have
been found following the ingestion of benzoate,
salicylate, and probenecid (1, 3), observations
were made on the metabolism of these clinically
important drugs.

METHODS AND MATERIALS

Drug experiments. The subject was a healthy 28-
year-old white male, weighing 60 kilos. His diet was not
rigidly controlled, but remained fairly uniform through-
out the period of investigation; all experiments were
begun in the fasting state. At least 2 weeks elapsed be-
tween successive doses of drug. On the morning of an
experiment, a control urine was collected over a period
of several hours, and the appropriate drug was ingested
as a solution of its sodium salt. Subsequently, timed
voided urine samples were tested immediately for acyl
glucuronides and stored at 5° C until completion of the
remaining estimations. When necessary, the excretory

R-C H-(CH 2H--COOH + NH2OH-

R-CO-NH-OH + H H-(CHOH)-- H-COOH

On addition of acid ferric chloride solution, hy-
droxamic acids yield colored products which can
be measured spectrophotometrically (2). Thus,
conversion to the stable hydroxamates provides a
sensitive, chemical method for estimating the rela-
tively unstable acyl glucuronides. The derivatives
are easily extracted into organic solvents, and can
be identified by chromatographic and other tech-
niques. Non-acyl glucuronides do not form hy-
droxamic acids.
The methods reported here have permitted more

extensive studies on the metabolic fate of aromatic

1 Present address: Department of Medicine, College of
Physicians and Surgeons, New York City, N. Y.

rates of urinary drug metabolites were corrected for
pre-ingestion, endogenous rates.

Estimation of acyl glucuronides. These compounds are
estimated by conversion to their hydroxamates, using
modifications of the procedure of Lipmann and Tuttle
(2). The pH of the neutralized hydroxylamine reagent
is critical and should be 7.0 ± 0.2. Stock solutions of
NaOH (14 per cent) and hydroxylamine hydrochloride
(28 per cent) are titrated against each other with a
Beckman glass electrode pH meter to determine the ex-
act proportions required. Urine samples containing 0.5
to 2.0 pmoles of acyl glucuronide are incubated with 0.5
ml. of freshly prepared neutral hydroxylamine for 2
hours at room temperature before color development and
comparison with authentic hydroxamate standards. Fig-
ure 1 demonstrates the complete conversion of benzoyl
glucuronide to benzoyl hydroxamate under these con-
ditions.
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FIG. 1. QUANTITATIVE CoNvERsIoN oF BENzoYL GLU-
CURONIDE TO BENZOYL HYDROXAMATE

The indicated amounts of crystalline benzoyl glucuro-
nide in 0.5 ml. water were mixed with 0.5 ml. neutral
hydroxylamine and incubated 2 hours at room tempera-
ture. The volume was adjusted to 2.0 ml. with water,
and 0.5 ml. of 3 N HCI followed by 0.5 ml. of 5 per cent
FeCl.*6H.O in 0.1 N HC1 added. The optical density
at 540 m1A was compared with that of a benzoyl hydroxa-
mate standard.

To estimate salicyl acyl glucuronide (SAG) in urine
by this procedure, 6 N HCl is substituted for 3 N HCl
to minimize the formation of purple products arising from
salicylate and salicylurate. Further, a correction is made
in each estimation by subtracting the optical density at
540 mFt of a similarly treated, hydroxylamine-free control.2
The specificity of hydroxamate formation was studied

with a series of 9 glucuronides, using 2.0 ,umoles of each
in the assay. (The conditions are described in the legend
to Figure 1). Only benzoyl- and o-methoxybenzoyl glu-
curonides yielded such products, and no reaction was ob-
served with the glucuronides of salicylamide, N-acetyl
salicylohydrazine, 3-hydroxycoumarin, pregnandiol, phe-
nolphthalein, menthol, and borneol.

Identification of urinary acyl glucuronides. Urinary
hydroxamate-forming materials appear after the adminis-
tration of benzoate and salicylate. The following evi-
dence identifies these as benzoyl- and salicyl acyl glucuro-

2A satisfactory method of eliminating blank values due
to salicylate and salicylurate is to extract the reaction
mixture after formation of salicyl hydroxamate with 4
volumes of ether at neutral pH. Salicylate and salicylu-
rate remain behind, while over 90 per cent of the hy-
droxamate is extracted. An aliquot of the ether is
evaporated and color developed with HC1 and ferric
chloride. Values for acyl glucuronide in salicyl urine
were identical, when estimated by both this procedure and
that described in the text.

nides (SAG), respectively. These compounds are com-
pletely hydrolyzed by 0.1 N NaOH in 10 minutes at
room temperature, and 84 per cent hydrolyzed by in-
cubation with bacterial B-glucuronidase (250 units per
ml.) for 60 minutes at 380 C. A single hydroxamate
spot was detected for each compound by paper chroma-
tography of urinary aliquots, using Whatman No. 1
paper and the ascending technique, with water-saturated
n-butanol: glacial acetic acid (80: 20, v/v) as the solvent
system. These spots reduce aniline phthalate (4), and
give a positive carbazole reaction for hexuronic acid (5)
after elution into water. The benzoate metabolite moves
at a rate (Rf 0.67) similar to that of crystalline benzoyl
glucuronide. The salicylate conjugate (Rf 0.72) liberates
free salicylate on hydrolysis in 6 N HC1 at 1000 C for 1
hour.
The hydroxamate derivatives of these urinary metabo-

lites were extracted at neutral pH into ether and chro-
matographed on paper as described above, with water-
saturated n-butanol as the developing solvent. Move-
ment of the benzoyl derivative (Rf 0.79) corresponded
to that of an authentic sample of benzoyl hydroxamate,
and that of the salicyl compound (Rf 0.85) to crystal-
line salicyl hydroxamate.
That the urinary SAG is a monoglucuronide has been

established in the following manner: its hydroxamate is
completely extractable into ether, while that of the
diglucuronide would be ether-insoluble. In addition, the
hydroxamate is chromatographically homogeneous and
identical in behavior with synthetic salicyl hydroxamate.
Estimation of urinary salicyl metabolites. In addition

to SAG, salicyl phenolic glucuronide (SPG), salicylu-
rate, and total salicyl were estimated.
SPG accounts for the difference between the quantity

of SAG and the total salicyl glucuronide excreted. The
latter is estimated by the salicylate liberated by bacterial
P-glucuronidase. An aliquot of urine, adjusted to pH 2,
is extracted twice with an equal volume of ether to re-
move salicylate and salicylurate, and readjusted to pH
6.0. Samples are withheld for initial salicylate (6) and
SAG determinations. Five hundred units of ,-glucu-
ronidase are added to each ml. of extracted urine, the
mixture is incubated at 380 C for 8 hours, an identical
amount of enzyme again added and the incubation re-
peated.8 Finally, 10 per cent perchloric acid filtrates are
prepared and the free salicylate concentrations again de-
termined.

SPG = final salicylate - initial salicylate - SAG
Salicylurate is estimated by a paper chromatographic

technique. Suitable volumes of urine are quantitatively
applied in duplicate to Whatman No. 1 paper for ascend-

" Enzyme-treated urine was further hydrolyzed in 6
N HCO at 1000 C for 3 hours, and free salicylate again
estimated. The results indicated that enzymatic hy-
drolysis was at least 80 per cent complete under the con-
ditions described in the text. Enzymatic hydrolysis is
preferable to acid hydrolysis since specificity for glu-
curonides is obtained.
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ing chromatography, with n-butanol: ethanol (40: 11,
v/v) saturated with an ammonium carbonate buffer (7)
as the solvent system. The dried paper chromatograms
are viewed with an ultra-violet lamp, and the fluores-
cent salicylurate areas (Rf 0.31) outlined and eluted into
water. (The salicylate fluorescent area corresponds to
Rf 0.66.) To 2.8 ml. of eluate, containing about 0.5 pmole
salicylurate, 0.2 mL of 0.1 M ferric chloride in 0.07 N
HCl is added. The optical density of the purple products
is measured at 540 mA in the Beckman model B spectro-
photometer. Recoveries of known quantities of salicylu-
rate, chromatographed simultaneously, have ranged from
90.0 to 102.0 per cent.
The procedure of Lester, Lolli, and Greenberg (6)

was followed in estimating total urinary salicyl.4
Corrected total salicyl = observed total salicyl +

salicylurate X 0.676 X 0.225 + salicylurate X 0.676 X
0.775 - salicylurate X 0.676 X 0.775 X 0.84

Corrected total salicyl = observed total salicyl + salicylu-
rate X 0.236. The salicylurate concentration is estimated
by the chromatographic method described in the text.
Other methods. Chemical estimations were employed

for hippurate (9), hexuronic acid (5), and probenecid
(3). Probenecid conjugates were hydrolyzed by reflux-
ing in 4.0 N HSO for 60 minutes. Optical density
measurements were made in the Beckman model B
spectrophotometer.

Materials. The following compounds were prepared
according to published methods and recrystallized from
hot water: benzoyl glucuronide (10), m.p. 181-2° (de-
comp.) (Pryde and Williams: 1830 [11]); salicyluric
acid (12), m.p. 1660 (Quick: 1670 [12]); salicyl hy-
droxamic acid (13), m.p. 1680 (Jeanrenaud: 1680 [13]).
A reference standard solution of benzoyl hydroxamate
was prepared by reaction of neutral hydroxylamine with
recrystallized benzoic anhydride (14). Crystalline salicyl-
amide glucuronide (1740), o-methoxybenzoyl glucuronide
(12340), and N-acetyl salicylohydrazine glucuronide
(208-100) were gifts from Doctor R. T. Williams to
Captain R. M. Dowben; 3-hydroxycoumarin glucu-
ronide (207-8o) was a gift from Captain R. M. Dow-
ben; menthol-, borneol-, pregnandiol-, and phenolph-
thalein glucuronides were purchased from the Sigma
Chemical Company, as was the bacterial 8-glucuronidase.

4 In this procedure aliquots of salicyl urine are hy-
drolyzed to liberate salicylic acid, which is extracted
into ether and estimated by reaction with ferric chloride.
The "total salicyl" concentration so measured requires
complete hydrolysis of all salicyl conjugates. However,
67.6 per cent of the glycine conjugate remains unhydro-
lyzed, as determined by the liberation of glycine (8) in
similarly treated salicyluric acid solutions. Hence it is
necessary to correct the observed total salicyl concentra-
tion for: 1) incomplete ether extraction of salicylurate
(77.5 per cent as compared to 100 per cent for salicylate),
and 2) relative intensity of the colored products formed
with ferric chloride (84.0 per cent for salicylurate as
compared to salicylate).

RESULTS

Ingestion of benzoate

In individual experiments, the subject was fed
6.9, 13.9, 34.7, and 69.3 millimoles of sodium ben-
zoate.' Complete elimination of the drug as uri-
nary hippurate and benzoyl glucuronide ensued in
each instance, with final recoveries of 98 to 104
per cent. The relative amounts of benzoate con-
jugated with glycine and with glucuronic acid
varied with the dosage, as shown in Figure 2.
The glucuronide moiety increased progressively
from 0.4 per cent (0.03 millimoles) to 3.0 per
cent (2.08 millimoles). Hippurate accounted for
the bulk of conjugated benzoate throughout this
dose range.
The cumulative urinary recovery of each me-

tabolite is plotted in Figure 3 for a representative
experiment. The recoveries of acyl glucuronide
and hippurate ran a parallel course, a character-
istic observed at all the dosage levels examined.
Complete excretion of benzoate required 3 to 4
hours after the two smaller doses, and 10 to 14
hours after the larger amounts.
As indicated in Table I, the maximal urinary

excretory rate (,umoles per minute) achieved in
a given experiment by either metabolite depended
on the dose of benzoate. Limiting values for hip-

U HIPPURATE

30

2.,:0 GOR

.50"'
1.5 K0
Z ~ ~- 409

z

O1.0 le5

OF BEZOT

5 Correpondig to .0, 20, 5., and10.0 rams C

204
0.5-.

U ~~~~~~~~~~~~~~1o0
00
0 10 20 30 40 50 60

DOSE OF INGESTED SENZOATE (UMOLES)

FIG. 2. QUANTITIES OF URINARY HIPPURATE AND
BENZOYL GLUCURONIDE. REcOvERED AFTER VARIous DOSES
OF BENzOATE

The right- and left-hand vertical scales refer to hip-
purate and benzoyl glucuronide, respectively.

5Corresponding to 1.0, 2.0, 5.0, and 10.0 grams.
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FIG. 3. CUMULATIVE URINARY RECOVERIES OF HPuPRATE
(-*-*-) AND BENZOYL GLUCURONIDE (0)

purate excretion were approached at a dose of
13.9 millimoles. Quick (15) has demonstrated
that limitations in the availability of glycine may

account for this, and the peak rate attained in
these experiments (130.5 psnoles per minute) is
within his range for maximal rates of glycine
mobilization in man (122 to 155 pmoles per min-
ute). By contrast, the maximal excretory rate of
benzoyl glucuronide was approximately propor-

tional to the benzoate dose throughout the range

studied. It is significant that the glucuronide was

TABLE I

Maximal rates of hippurate and bensoyl glucuronide
excretion following various doses of benzoate

Dose of Maximal urinary excretory rate
sodium benzoate (JAmoles Per min.)

Benzoyl
(grams) (millimoks) Hippurate glucuronide

1.0 6.9 54.8 0.4
2.0 13.9 108.2 1.0
5.0 34.7 111.3 2.6
10.0 69.3 130.5 5.5

detected at a dosage level (6.9 millimoles) far be-
low that required for maximal hippurate excre-

tion. These observations fail to support the sup-
position (15) that the glucuronide synthesis is a

reserve detoxication mechanism, operating only
when the glycine supply is exceeded. Further
pertinent evidence is obtained from the data in
Figure 3. After the seventh hour in this experi-
ment, the excretion of hippurate was well below
its maximal rate, yet significant benzoyl glucu-
ronide excretion persisted.

Ingestion of salicylate

Four experiments were performed, the subject
ingesting 7.5, 15.0, 22.5, and 30.0 millimoles of
sodium salicylate.6 The relative quantities of uri-
nary salicyl metabolites excreted after these doses
are listed in Table II. With doses of 15.0 to 30.0
millimoles about 50 per cent of the amount fed
was recovered as urinary salicyl in 24 hours (and
85 per cent at the end of 48 hours). Salicylurate
made up 60 per cent of this, and the glucuronides
30 per cent, values which agree closely with previ-
ous observations (12, 16). SAG and SPG were

present in about equal amounts. Cumulative uri-
nary recoveries of the salicyl metabolites, in a rep-

resentative experiment, are depicted in Figure 4.
Whereas total salicyl, salicylurate, and SAG ran

a course parallel to each other with time, the re-

covery of SPG was relatively lower in the early
hours and higher thereafter. The maximal rates
of excretion (,&moles per minute) of the urinary
products varied with the doses, as shown in
Table II; limiting values for these rates were not
achieved in this range.

Characteristic differences in the excretory pat-
terns of SAG and SPG were observed in all the

8 Corresponding to 1.0, 2.1, 3.1, and 4.2 grams.

TABLE II

Urinary metabolites of salicylate following various oral doses

Urinary Urinary metabolites recovered
saiiczyl in 24 hours, per cent of total Maximal rates of urinary excretion

recovered urinary salicyl (jumoles per min.)
in 24 hours,

Dose per cest Salicyl- Total Salicyl-
(milimoks) of dose urate SAG SPG salicyl urate SAG SPG

7.5 78.6 64.5 13.1 12.7 4.5 3.0 0.8 0.6
15.0 54.5 62.8 14.8 21.0 5.6 4.1 1.0 1.4
22.5 49.4 74.0 14.3 15.1 8.0 6.0 1.5 1.5
30.0 50.8 59.6 16.4 12.1 11.1 6.8 1.9 1.7

I- / 69.3 mOLES FED
I

a a a I*
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FIG. 4. CUMULATIVE URINARY RECOVERIES OF SALICYL

METABOLITES

experiments. These are illustrated in Figure 5.

The peak SAG excretory rates were observed

within 5 to 10 hours after ingestion, with a rapid

fall thereafter. By contrast, the SPG peak was

obtained after 20 to 30 hours, and the subsequent

fall-off was more gradual.

Ingestion of probenecid

Seven and one-half millimoles (2.1 grams) of

this drug (sodium p-(dipropylsulfamyl) benzoate)

were administered to the subject. At the end of
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FIG. 5. RATES OF URINARY EXCRETION OF SAG AND

SPG AFTER INGESTION OF SALICYLATE

the first, second, third, and fourth days, the cumu-
lative urinary recoveries were 35.1, 59.1, 73.8, and
79.1 per cent. Consistently, 80 per cent appeared
as the acyl glucuronide. The excretion of total
hexuronic acid, estimated by the carbazole method,
was equivalent to that of acyl glucuronide. By
contrast, the urinary hexuronic acid concentration
following benzoate was over three times that of
benzoyl glucuronide, and after salicylate twice as
much as that of the combined glucuronides. It
thus seems likely that probenecid glucuronide is
much less susceptible to hydrolysis in the body
than the glucuronides of benzoate and salicylate.

DISCUSSION

Previous investigators have described the trans-
fer to hydroxylamine of acyl groups linked to
acids as anhydrides (2), or to alcohols as esters
(17). It is of interest, therefore, that the acyl
glucuronides, which constitute an intermediate
category with acyl groups linked to a hemiacetal-
bearing carbon, also form hydroxamates. This
provides a sensitive method for their chemical esti-
mation, and further characterizes them as a unique
group within the class of glucuronides.

Conversion to the stable hydroxamates offers
the advantage of a trapping mechanism for the
readily hydrolyzed acyl glucuronides. These hy-
droxamates are readily extracted, purified, and
subsequently identified. As a differential reac-
tion, the hydroxamate method allows separate es-
timation of acyl and non-acyl glucuronides in mix-
tures of both. These several advantages made
possible the observations described in this report.

Excretion of benzoyl glucuronide could be de-
tected following the administration of as little
as 6.9 millimoles of benzoate, although several
times this amount has been required in the past
(15). Thus it could be demonstrated that the glu-
curonide synthesis occurs independently, whether
or not glycine conjugation is maximal. Only a
minimal estimate of the actual rate of benzoyl glu-
curonide synthesis is obtained from the urinary
recovery, as noted by Quick (15). The extent
to which this conjugate may be broken down in
the body is suggested by the three-fold excess of
urinary hexuronic acid relative to benzoyl glucu-
ronide. Therefore, it seems inappropriate to
designate benzoyl glucuronide formation as merely
a spare detoxication mechanism.
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Following the oral administration of salicylate
in this subject, three metabolites-salicylurate,
SAG, and SPG-accounted for 90 per cent or
more of the total urinary salicyl recovered. Other
authors (6, 16) have reported the excretion of
20 to 25 per cent unconjugated salicylate under
roughly comparable conditions, a difference pos-
sibly due to the breakdown of labile SAG, par-
ticularly in alkaline urines collected over prolonged
periods. Kapp and Coburn (16) noted the uri-
nary excretion of both acid- and alkaline-labile
salicyl glucuronides,7 and estimated their quan-
tities. These authors suggested a diglucuronide
structure for these conjugates, a possibility which
the present results do not support. Of special
interest was their subject W. J., who excreted
equal amounts of the two glucuronides in the first
12 hours after intravenous salicylate, but almost
twice as much acid-labile as alkaline-labile ma-
terial in the succeeding 12 hours. These results
clearly reflect the characteristic differences in the
urinary excretory patterns of SAG and SPG de-
scribed in the present studies.

SUMMARY

1. Acyl glucuronides react with hydroxylamine
to form hydroxamic acids. This reaction may be
applied to their estimation, purification, and
identification.

2. Benzoate, salicylate, and probenecid elicited
the urinary excretion of their respective acyl glu-
curonides when ingested orally by a normal
subject.

3. Doses of sodium benzoate were quantitatively
recovered as urinary hippurate and benzoyl glu-
curonide.

4. At least 90 per cent of various doses of
salicylate was recovered as urinary salicylurate,
salicyl acyl glucuronide, and salicyl phenolic glu-
curonide. Characteristic differences in the uri-
nary excretory patterns of salicyl acyl glucuronide
and salicyl phenolic glucuronide were described.
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