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The kinetics of elimination of salicylic acid
and the formation of gentisic acid
D. R. BOREHAM anp B. K. MARTIN
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1. A method for the estimation of gentisic acid in urine has been devised which
is based on thin-layer chromatography and fluorimetry.

2. In man the urinary excretion of gentisic acid accounted for 0'69, of a 0:32 g
dose of aspirin and 119 of a 1-28 g dose. The increase in the percentage of the
dose excreted as gentisic acid provides further evidence that the elimination of
salicylic acid cannot be entirely described by first order kinetics.

3. [Equations are presented which describe the amount of gentisic acid formed
from various doses of salicylic acid in a model system, when elimination proceeds
partly by simultaneous first order and zero order kinetics. The close argeement of
the experimental and theoretical results indicates that the model provides an
acceptable interpretation of salicylic acid elimination in man.

The elimination of salicylic acid in man is complex. After a small dose, elimination
closely corresponds to a first order process, salicyluric acid being the major metabolite.
After a large dose, elimination cannot be described by first order kinetics during the
entire period of elimination and a smaller proportion of the dose is excreted as salicyl-
uric acid (Cummings & Martin, 1964; Cummings, Martin & Renton, 1966). There
appears to be a limit to the rate at which the body can form salicyluric acid and
this limit is approached when the amount of salicylic acid in the body exceeds a value
of about 0-3 g (Bedford, Cummings & Martin, 1965; Levy, 1965). At higher con-
centrations the elimination of salicylic acid can be more accurately described by
simultaneous zero order and first order kinetics (Cummings, Martin & Park, 1964;
Cummings & Martin, 1968). Theoretical considerations indicate that the other meta-
bolites of salicylic acid, unless similarly limited in their rate of formation, would
then account for a larger fraction of the dose.

One of the minor metabolites of salicylic acid in man is gentisic acid (2:5-dihy-
droxybenzoic acid). It has been reported that in man this accounts for the excretion
of 4-89; of doses of salicylic acid (Kapp & Coburn, 1942; Roseman & Dorfman,
1951; Batterman & Sommer, 1953; Arata & Mangiola, 1962). After a single 1 g
dose of aspirin, gentisic acid accounted for 19 of the total (Alpen, Mandel, Rodwell
& Smith, 1951).

The present work describes the excretion of gentisic acid in the urine after single
doses of aspirin, particular attention being given to the effect of the size of the dose
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on the proportion eliminated as gentisic acid. Equations are presented which describe
the amount of gentisic acid formed from various doses of salicylic acid in a model
system, when elimination proceeds partly by simultaneous first order and zero order
kinetics. Close agreement of the experimental and theoretical results would support
the present interpretation of salicylic acid elimination in man.

Methods

The total amount of gentisic acid excreted in the urine was measured after a low
dose (032 g) and after a high dose (1:28 g) of acetylsalicylic acid. The dose of 0-32 g
was selected on the basis that the elimination of salicylic acid resulting from this dose
could be interpreted ‘as proceeding entirely by first order processes. Aspirin tablets
(0-32 g) were administered as a conventional precursor of salicylic acid.

Six healthy men between 20 and 40 years of age took part in this study; no restric-
tion was placed on their diet or physical activity. Control urine samples were collected
on the days before drug administration. Each subject then received a single oral dose
of acetylsalicylic acid (0-32 g) and a complete urine collection was made for 33 hr
after dosing. A second dose of acetylsalicylic acid (1-28 g) was administered 48 hr
after the first dose and urine was again collected for 33 hr.

Chemical methods

Preliminary studies confirmed the findings of Batterman & Sommer (1953) and
Arata & Mangiola (1962) that after the administration of gentisic acid or aspirin
some of the gentisic acid in the urine was present in a conjugated form. In order to
estimate the total gentisic acid formed in the body from salicylic acid, the urine was
heated with acid for 30 min to hydrolyse the conjugate. This treatment did not de-
compose the gentisic acid, and increasing the period of hydrolysis to 1 hr did not
further increase the amount of free gentisic acid.

Urine samples were made up to 3,000 ml. with yater. An aliquot (50 ml.) was heated
on a steam bath for 0-5 hr with concentrated HCI (8 ml.), cooled, and continuously
extracted with ether for 2 hr. The ether was evaporated, the residue dissolved in
ethanol and made up to 5 ml.

The gentisic acid was isolated by thin-layer chromatography on silica gel (Macherey,
Nagel G-HR/UYV 254) using the solvent system, benzene:ether :acetic acid :methanol
(120:60:8:2 v/v). Aliquots (100 pl.) of the ethanol solutions were applied as bands to
thin-layer plates (20 cm X 20 cm) divided into 4 cm strips. An aliquot of the corre-
sponding blank sample was applied to an adjacent strip.

After development, the solvents were allowed to evaporate and the gentisic acid
visualized in ultraviolet light. An area of silica gel containing the gentisic acid was
quantitatively transferred to a filter tube and eluted with water (4 ml.). Acetate
buffer solution (5 ml., 0'1 M, pH 6) was added and the sample made up to 10 ml. with
water. A corresponding area from the blank sample was treated in an identical
manner. The relative fluorescent intensities of the samples were recorded on an
Aminco-Bowman spectrophotofluorimeter (activating wavelength 325 my, fluorescent
wavelength 445 mp, uncorrected; No. 3 slit arrangement).

Known amounts of gentisic acid were added to samples of control urine and
estimated using the above procedure to provide a calibration curve. The graph of
relative fluorescent intensity against concentration was linear over the range used.
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Results

The results obtained in this study are shown in Table 1. All subjects excreted a
higher proportion of the dose as gentisic acid after the large dose (128 g) of
aspirin than after the small dose (0'32 g). The average percentage of the dose
excreted as gentisic acid was 0-69/ and 1-1 9 respectively for the low and high doses
and there was no overlap in the range of the individual values (0-3—0°8%, and
09-1:3%).

Discussion

The percentage of the dose eliminated as gentisic acid after the 128 g dose of
aspirin is on average about double the percentage excreted after the 0-32 g dose. This
provides further support for the view that the elimination of salicylic acid cannot be
described by first order kinetics over this dosage range.

It is desirable to consider whether the increase in the proportion excreted as gen-
tisic acid corresponds in magnitude with that which might be predicted if drug
elimination proceeds partly by simultaneous first order and zero order processes.
The model used by Cummings et al. (1964) and Cummings & Martin (1968) can
be extended and applied to this consideration.

The following model portrays the elimination of a drug by urinary excretion and
by the formation of four metabolites:
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TABLE 1. Amount of gentisic acid excreted by six subjects after the administration of 0-32 g and 1-28 g
of acetylsalicylic acid.

Gentisic acid excreted after aspirin
AL

: Dose 0-32 g Dose 1-:28 g % of 1-28 g dose1
Subject mg %, of dose mg °, of dose % of 0-32 g dose
A 12 0- 133 1 30
B 13 05 14-5 13 2:6
C 2-1 0-8 11-1 10 13
D 0-8 03 11-0 10 33
E 2:3 0-8 11-3 1-0 1-3
F 13 05 9-8 09 1-8
Average 0-6 Average 1-1 Average 2-2

Duplicate analyses were performed in many instances and did not differ by more than 6%.
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where D is the amount of drug in the body at time ¢, Dy is the amount of drug in the
urine at time ¢t and M,, My, M- and My, are the amounts of the respective meta-
bolites formed at time 7.

When the amount of drug in the body does not exceed a certain critical level, D,,
drug elimination in the model proceeds entirely by first order processes and k,, ky,
k., ks and k, represent the relative first order rate constants and
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When the amount of drug in the body exceeds the critical value D,, the rate of
formation of one of the metabolites, M,, reaches a limiting value and it is then
formed by a zero order process. The change in the kinetics of formation of M, from
first order to zero order is considered to occur abruptly when the drug level exceeds
D, and the zero order rate constant for its formation can therefore be equated to
k,D,. The urinary excretion of drug and the formation of the other metabolites
remain first order processes. When D is greater than D,, then

dD
T =(kyt+k.t+kyq+k)D+k,D,

=(K-k,)D+k,D,.
Integrating, with D= D, at t=o0, gives

1 1
2 lnl:kaDA-l-(K—ka)Do] — lnl:kaDA—i—(K-—ka)D] .................. @)
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Putting D= D, in equation (2) therefore gives the time ¢, that must elapse for D, to
decline to D, and for all processes involved in drug elimination to become first order.
Rearranging the equation,

1y = [1n(1+ (D°;fA) (KK_"**)] [ Y 3)

If (M) A Tepresents the amount of metabolite M, formed in time #,, then
(MA)tA = kaDAtA ................................................................................. (4)

The amount of drug excreted in the urine and the amounts of the other metabolites
formed (B, C and D) when the drug level declines from D, to D, can now be calcu-
lated, for together they account for an amount of drug equal to (D,—D,)—k,D,T,.
Thus, for metabolite B

k
(Mp);, — (K_—b/?;) [(Dy—Dp)—kyDALa]  eevererrerenmaneverenneeeneennes RN )

Corresponding equations apply to the other metabolites.

The subsequent elimination of the remaining amount of drug D, will proceed
entirely by first order processes.

So the amount of M, formed when D, is eliminated=.lfK“— Dy e 6
o ke
and the amount of My formed when D, is ehmmated=i Dy ovviviiiiiiiiinnn, @)

M, ., the total amount of M, formed in the elimination of D, is the sum of (4) and
(6), so

kﬂ
(M ) = KuDpty + ZDp covevvvvvimnnsenssissnnsnsssnssnssns s ®)
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Similarly, (M3, ) is the sum of (5) and (7), so

ky ke
(MB °°)=(K'——]Z) [(Do—DA)—kaDAtA] + I? DA .......................................... (9)

Subject to certain limitations this model can be applied to the elimination of
salicylic acid; salicyluric acid assumes the character of metabolite A and gentisic acid,
the metabolite selected for study, corresponds to metabolite B. The equations can
therefore be used to calculate the amount of gentisic acid formed from various doses
of salicylic acid in the model system. Equation (7) is used when the dose of salicylic
acid is less than the critical amount (D,<< D,), for elimination will proceed entirely.
as a first order process. This equation can also be applied to a slightly larger dose
when the absorption rate is such that this does not give rise to a drug level in excess
of D,. Equations (3) and (9) are used when the dose is in excess of critical amount
(D,>D,); equation (3) permits the evaluation of 7, which is then substituted in
equation (9).

The results obtained by using a range of values of K, k, and D, in the model
system are shown in Table 2. The calculations relate to doses of 025 g and 10 g of
salicylic acid, so as to correspond closely to the doses of aspirin used in the experi-
mental study. The results are expressed as the ratio (R) of the percentage of the dose
excreted as gentisic acid after the high dose to the percentage excreted after the low
dose.

The values of the ratio calculated in the model (range 1:5-3-0) are comparable with
those observed experimentally (range 1-:3-3-3). The close similarity of these results
provides further support for the view that above a certain level the elimination of
salicylic acid can be more accurately described by simultaneous first order and zero
order kinetics.

The values of K, k, and D, used in the calculations are those quoted in the literature
The first order rate constants, K and k,, can be evaluated from experimental data
collected after the administration of 0-32 g of aspirin. Calculations based on the data
of Bedford et al. (1965) and Levy (1965), together with other results obtained in this
laboratory, indicate that the first order elimination rate constant for salicylic acid
(K) is within the range 0:2-0-3 hr™". The urinary recovery of salicyluric acid accounts

TaBLE 2. Excretion of gentisic acid in the theoretical model after the administration of salicylic acid
at two different dosage levels.

_ Gentisic acid (% of dose) after 1-00 g dose
p Gentisic acid (% of dose) after 0-25 g 1ose

Da

a b R
(®) (hr-t) (hr ) (hr?)
015 0-200 0150 0-0010 20
015 0-200 0-190 0-0010 30
0-20 0-200 0-150 0-0010 17
0-20 0-200 0-190 0-0010 23
0-25 0-300 0-225 0-0015 16
0-25 0-300 0-285 0-0015 2:0
0-25 0-200 0-150 0-0010 16
0-25 0-200 0-190 0-0010 20
0-30 0-200 0-150 0-0010 1-5
030 0-200 0-190 0-0010 1-7
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for 70-929% of this dose, so that k,=0-70 K to 0°92 K. In the present study, gentisic
acid accounted on average for 0:6 % of the 032 g dose of aspirin, so that k,=0"006 X.

It is difficult to assign a precise value to the critical level D,. Bedford et al. (1965)
observed that salicylic acid elimination closely conformed to a first order process after
all doses of aspirin which did not exceed 0-32 g, but that a major departure from
first order kinetics occurred after a dose of 0-64 g. On this evidence, the critical amount
of salicylic acid is not greatly in excess of 024 g. Levy (1965) reported a figure of
0-28 g. Other studies based on the decline of the plasma salicylic acid concentration
indicated that elimination could not be interpreted as first order until the salicylic acid
in the body had decreased to 0:15-0-30 g (Bedford et al., 1965). Whereas it is con-
venient to refer to a critical salicylic acid level in terms of the amount of drug in
the body, Bedford et al. (1965) emphasize that this would be more accurately ex-
pressed in terms of the drug concentration at the metabolic site. Considerations of
body weight imply that the amount of drug necessary to produce comparable drug
concentrations may extend over a wide range. Accordingly, values of the critical
amount which range from 150-300 mg have been used in the model.

There are certain inherent limitations in seeking to apply the theoretical model to
the elimination of salicylic acid. Whereas the change in the kinetics of formation of
salicyluric acid appears in practice to approach completion within a relatively short
time, the change cannot be considered to be abrupt as in the model. A further limita-
tion occurs in the attempt to relate D, to the dose of salicylic acid (or equivalent
dose of aspirin) which is administered orally. Absorption of drug is not instantaneous
and after the oral administration of any large dose there will be a short period when
the amount of drug in the body is below the critical level. Drug elimination will
therefore proceed for a short time as a first order process. Furthermore, the maximum
drug level attained in the body will consequently also be slightly less than D,. The
rate of drug absorption therefore introduces a further variable factor in respect of
any dose thich is greater than the critical amount D,. Slow absorption of the drug
will tend to reduce the effect associated with the critical level.

The present studies are in agreement with the report of Alpen et al. (1951) that
the urinary excretion of gentisic acid in man accounts for about 19 of a 1 g dose of
aspirin. They also establish that the proportion of the dose excreted as gentisic acid
is dose dependent and offer an explanation of the higher values reported by other
workers. In subsequent studies involving the administration of 4 g of aspirin daily,
it was observed that gentisic acid constituted 1-3-3-39, of the dose (Borecham, Cum-
mings & Martin, unpublished).
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