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Probelecid, pheuylbutazone, and a number of their analogs were studied in regard to their effect on the bio-

sylthesis of L-ascorbic acid in the rat.

An examination of several physicochemical properties led to a correlation

between “lipid solubility” (partition coefficient between peanut oil and pH 7.4 buffer) and the stimulation of the

glucuronic acid pathway for the probenecid series.
tively low “lipid solubility” is required.

resulted in increased “lipid solubility,” whereas monosubstitution had a minor influence.
most of its analogs, which are already highly lipophilic, also were stimulatory.

The major requirement for the effect is not stringent, a rela-
It general, disubstitution of the sulfonamide hydrogens by alkyl groups

Phenylbutazone and
It ix proposed that the meas-

urement of L-ascorbic acid excretion, which is indicative of the rate of its biosynthesis in rats, is a conveuient
model for the prediction of the stimulation of drug metabolizing activity.

Various structurally unrelated compounds such as
barbital, phenylbutazone, and 3-methylcholanthrene
increase the biosynthesis, metabolism, and excretion
of v-ascorbic acid in the rat; this has been shown to
involve an enhancement of the conversion of hexoses
to L-ascorbic acid e p-glucuronic and L-gulonic acids.*?
The present study is an attempt to find a correlation
between the increased L-ascorbic acid excretion in the
rat and selected physicochemical properties of certain
substances producing these effects.

Experimental Section

Male albino Wistar rats weighing between 170 and 300 g were
obtained from Twin Oaks Farms, Noorestown, N. J. Mlale
Sherman rats (same range) were obtained from Camm Research,
Wayne, N.J. They were given 50-70 ml daily of a 1:1 mixture
of evaporated milk (Carnation®) and water 1 week prior to,
and duriug the experiments (a low ascorbie acid diet). The rats
were kept iu rouud individual metabolism cages placed over a
25-cm polyethyleue funuel; iron wire mesh was used to catch
the feces. The urine was collected daily in 5 ml of 85 oxalic
acid. Ouly rats excreting less thau 1 mg/24 hr of r-ascorbic
acid during a coutrol period were used. Under ether anesthesia
rat blood was collected by cardiac puncture using heparin as an
anticoagnlant. Ouly oue sample was withdrawn from each rat.

Probenecid aud its analogs were a gift of Drs. James M. Sprague
and John k. Baer (Merck Sharp aud Dohme, West Pojut, Pa.).
The phenylbutazoue analogs were syuthesized by Dr. F. Hifliger
and his colleagnes (J. R. Geigy, Basel). The compounds were
dissolved in a minimum of 2.5 N NaOH; the solutions were
then adjusted to pH 7.4 with 2¢7 acetic acid and then diluted with
water aud isotouic saliue to a 2.5% w/v solution iu such a manner
that the final solution was 509, saline. 1,2-Diphenyl-4-isopro-
pylpyrazolidiue-3,5-dione aud 1-(p-hydroxyphenyl)-2-phenyl-
{-butylpyrazolidine-3,5-dione were given intraperitoneally in a
siugle dose of 50 mg daily for 4 days.

Probeuecid and its analogs (with the exceptiou of the di-n-
butyl aualog) were iujected intraperitoueally according to the
following schednles: ou day 1 and 2, 125 mg/kg at 10 AN
aud 125 mg/kg at 2 PM; ouday 3, 250 mg/kg at 10 AM aud 250
mg/kg at 2 PM.  If an aualog did not produice a significaut effect,
the rats were maintained on the diet. Oue week later they were

(1) This investigation was snpported by Grant No. AM 04724 from the
National Institntes of Health and by the Health Research Council of the
C'ity of New York under Contracts No. U-1089 and U-1579. Presented be-
fore the 4th Aunual Metropolitan Regional Meeting of the New York and
New Jersey Rections of the Americanl Cliemical Saviely, Steveus lusiicire,
1Tuboken, N J. e, 19135,

(2) J.J. Burns, A. 1. Conney, P. G. Dayton, C. Evans, G. Martin, and
D. Yaller, J. Pharmocol. Exptl. Therap., 132 129, (1960).

(3) L. L. Salomon, ). W, Stubbs, and H. F. Daginwala, Froc. Soc. Ezptl.
Bivl. Med., 115, 800 (1964).

challenged with a daily dose of 250 mg/kg of probenecid added to
the diet. Negative results were accepted only if a positive re-
sponse to the probeuecid challenge was obtained. In studies of
plasma level half-life, rats were injected intraperitoneally with
a single 250-mg /kg dose.

L-Ascorbic acid il urine was nieasured by the judophenol dye
titration method.* These results were coufirmed by deternii-
nations carried out by the method of Roe aud Knether? The
pK. of analogs of probenecid was determined potentiometri-
cally with a Zeromatic Beckman pH meter at room tempera-
ture. The compound (0.1 mmole) was dissolved iu 15 ml of
05 ethanol and the titration was carried out with 0.02 .¥ NaOH;
the end point was at about 759 ethanol.

The measurements of partition coefficieuts were effected iu
two different systems. In one set of determinations 0.15 N
HCI and chloroform,® while in the other, peauut oil (Rokeach)
and pH 7.4 S6renson butfer was used.

The procedure in the latter case was taken from a known
niethod? with some modificationg.® The oil was washed three
times with buffer prior to use, and separationn of phases was
achieved by centrifuging overnight at 500g. Probenecid was
determined by a previously described double-extraction method?®
and the analogs by a similar spectrophotometric procedure.!®
For those compounds for which 110 method has beetr described,
ethvlene dichloride was used as the extraction solvent. Meaxsure-
meunt of binding to rat plasma and rat albumin (Peutex, Iuc.)
was carried out as inn an earlier study 3

HC_Labeled hexoses were obtained from New England Nuclear
Corp. and r-ascorbic acid-1-1*C from Nuclear Chicago. Isotopic
assays were the same as those emploved by Buris, et al.?

Results

Chemical Properties of Probenecid Analogs.—
Probenecid and its analogs (the synthesis of some
of these has been described)!! were known to have
essentially the same pK, (Table I).%12 The exceptions
are the nitro compounds'® and the 2-hydroxy analog.
The latter can also be considered as an analog of

(1) The Association of Vitamnin Chemists, Ine., ''Metliods of Vitamin
Assay,” Interscience Publishers, Inc., New York, N. Y., 1951, pp 75-81.

(3) J. H. Roe and C. A. Kuether, J. Biol. Chem., 147, 399 (1943).

(8) I. M. Weiner, J. A. Washington, II, and G. H. Mudge, Bull. Johns
Hoplins Hosp., 106, 333 (1960).

(7) L. C. Mark, J. J. Burns, L. Brand, C. I. Campomanes, N. Tronsof,
E. M. Papper, and B. B. Brodie, J. Pharmacol. Ezpil. Therap., 138, 70
(1958).,

(8) J. M. Perel, W. Chen., M. McM. Snell, and P. G. Dayton, Biockem.
Pharmacol., 18, 1305 (1964).

(9) P. G, Dayton, T. F. Yii, W. Chen, L. Berger, L. A, West, and A. B.
Gutman, J. Pharmacol. Exptl. Therap., 140, 278 (1963).

(10) E. K. Tillson, G. ®. 8chuaehliardt, 1. K. Fisliman, aml IX. H. Beyer,
thid., 111, 383 11054).

(1) .8, Midler, U. %, Patent 2,608,507 (1952).

(12) P. A. Shore, B. 3. Brodie, and C. A. M. Hogben, J. Phuruacol.
Lzptl. Therap., 119, 361 (1937).

(13) I.M. Weiner and G. H. Mudge, dm.J Med., 36, 713 (1964).
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No, i T AN Lit.® ot
1 1 i1 11 3.3 6.
2 1 ClH, 1T 3.0 0.
3 H CH,CH; H 5.
4 H (CH;):CH; H 5.
-" H (CH2)50H3 H -p).
H H Cyclohexyl H o 6.
0 CH; CH; H 3.3 5.
s CH, CHCH; H 3.8 3.
3 CH,CII, CH.CH, I R g
10 CH,CII; (CH.).CH;, " 3.8 3
11 (CH.).CH; (CH,).CH,; H* 54 5
12 (;H(CH‘;);\ CH(C]Ia)z 1 .
133 (CH,);CH, (CH.).CH, 1 0.
14 (CH,).CH; (CH.)«CH; 2-OH 5.
15 (CH,),CH, (CH»).CH, 2-OCH, .. 5.
16 (CH.):CH;y (CIH.)«CH, 2-N0s 1.3 3
17 (CH.).CH; (CH3).CH, 3-NO. 1.8 4.
18 (CHy),CH; (CH»)CH; 3-CH, 6

of prabenecid was determined by Shore, et al.!?
of salieylic acid meastuived nuder the same conditions was 4.9,

resules s 1/K,,".
day of highest dose. Tange it parentheses.
b Secondary ultraviolet penk at 244 mp.

salicylic acid;  in fact, their ultraviolet absorption
spectra are similar.

The “lipid solubility” of probenecid analogs varies
considerably. This property is defined for the pur-
poses of this paper as the partition coefficient in the
gystem peanut oil and pH 7.4 buffer (K) or in the sys-
tem used by Weiner, Washington, and Mudges (K"}
The former system appears to be a better physiologicul
model. The changes in A, and K,” are generally
correlated with an incrense in the length of the alkyl
side chain.

The ultraviolet absorption peals of some of the
wdogs were previously reported.'® Thus, 1 with
free sulfonamide group has a peak at 237 myu it NaOH.
Monosubstituted  compounds have lower maxima,
whereas analogs with two alkyl groups have ultraviolet
abzorption bands in the neighborhood of 240 my.

The hypsochromic digplacement for the monosub-
stituted groups is lnterpreted as an increase of electrouic
delocalization due to the contribntion of the activating
group without introducing undne sterie effects. On the
other hand, the disubstitution by alkyl groups leads to
0 larger sterie effect, resulting in o nouplanar contrib-
uting structure, yielding an ultraviolet band in the
neighborhood of the unsubstituted compound.  Duc
to the incereasing size of alkyl chains in the disubstituted
analogs, there is an increaxing bathochromic effect.
These compounds (2-14) have cssentially the same
molar extinction coefficient.

Effect of Probenecid Analogs on the Urinary Ex-
cretion of 1.-Ascorbic Acid. - Componnds 14 and 7
produced no effect on L-ascorbic neid excretion. These
substances have poor “hipid solubility.”  Compownds
8 and 9 gnve an intermediate effect, and likewise had

bt BV ARER |

S~ 1 =

0 U
« These data, except for probenecid nud the nitro analogs, were obtained by Welner, ¢f u/,% using an ultimyviolet wethod.
The pK, for the nitro compounds wis reported by Weiner and Mndge.'?

“ The ultravinlet peaks lve beell published before! for 1-4 and 7-12.
“ Values followed by parentheses had been obtained by Weiner, «f w/.% except fur the uittn compiinds. '
e Avernge vf at least four animals except for coanponnds 2. 4, 5, and 17 in which three s were used.
£ This compoutul i~ also known ns Labzieid o Urelin.

e
Vieded
Nsearbie aenl

penk,” Parviiom evellieneai

i Ny K vxeretinn /24 bt
T <001 > 500 { <. 002 <] (0
207 <), 0] S.o30.012) LS
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227 <0.01 0,004 See text
224 <101 0.1 5.8 (2,545
238 0.0 0.1616.0) <1 (1
250 (1.1 U077 (15) <1 00.2-106
24205 014 0.01(7H; 1.4¢0.0-2.1
0. 14 0.004 (ca. 250 4.505.9-5. 1
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0,04 <0.001 See text
0 U L0001 57 2.5-0.2
119 <20, 001 5.5 {2070
<2t 0] 0,01 (00, See text
<0l T 4} See vext
.17 1.005 5.6 (22113
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# Probenecid {Benernid® 1.

)

mterntedinte  “lipid - zolubility.”  Compound 6 was
anomalous in its stimulation of L-ascorbic acid exere-
tion; itz K, and A" indicate low “lipid =solubility.”
In an attempt to resolve this anomaly, half-life and
plasma binding of this analog was compared with that
of 1T and 11. The average plasma level for all three
drugs was about 500 mg/l. at 0.5 . Tor 11, plasima
levels were measured as Inte ns 18 hry after injection,
whercas for 1 and 6, 2.5 and 6.5 hr, respectively.  Com-
pound 6 exhibited a plasma level half-life of abont 0.5
lir i contrast to 2.0 and 3.4 for 1 and 11, At a con-
centration of 125 mg/l. the binding of 1, 6, and 11
wis 91, 86, and 9097, vespectively. At the same drug
concentration, rat albumin binding of probenecid was
found to be 909, indicating that binding to thix pro-
tein accounts for most of the plasma interaction.
Nevertheless, binding and half-life data do not cor-
relate with the anomalous findings with 6.

The di-n-butyl analog, when administered intra-
peritoueally, was lethal to rats in dosex of 250 mg, kg
and is also more toxie than probenecid i mice.'* In
rats, the LDg of probenecid is reported to be 342 1y
kg ip.® When 250 mg/kg of the di-r-butyl ann-
log wis administered with the diet, the animals =i
vived, but there was 1o effect ou n-ascorbic acid ox-
eretion.  The monohexyl analog was toxic-—tluee out
of five rats died.

The nitro analogs gave variable results, whicl enn
also be atiributed to their observed toxicity. When
four rats were administered the 2-nitro compound,
(WD @ive s posilive response, whereas only one of three

(L1 I L Paovere, Jeede Dateen, Phaewavodiin,, 48, 97 (197048,

115 8. FL ALeKinney, 11 ML Peck, J, M. Dochey, 3. B Byhang GoX,
schiehlinrdt, and K H. Beyer, J. Pharmacenl. Expil. Therap.. 102, 3 (1451,
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TasLE 11
PHyYsicAL PROPERTIES OF PHENYLBUTAZONE AND SOME OF ITs ANALOGS AND THEIR EFFECT ON L-AsCORBIC ACIb EXCRETION

Compd
1-(p-Hydroxyphenyl)-2-phenyl-4-t-butylpyrazolidine-3,5-dione
1,2-Diphenyl-4-isopropylpyrazolidine-3,5-dione
Sulfinpyrazone
Phenylbutazone
Oxyphenbutazone

1-(p-Hydroxyphenyl)-2-phenyl-4-(keto-n-butyl)pyrazolidine-3,5-dione
¢ Value for last day; average for four rats and average deviation.
4 Carried out in Methyl Cellosolve by E. Girod, R. Delley, and F. Hafliger, Helv. Chim. Acta, 40, 413 (1957).

co-workers.®

dosed with the 3-nitro analog responded. All the other
analogs gave a respectable and reproducible effect on
L-ascorbic acid excretion and these compounds are
relatively “lipid soluble” (K, >0.01), the most potent
compound being probenecid. It is of interest that
there appears to be a relation between clearance and
K, and K,’% and that an inverse relationship exists
between polarity and toxicity.!4

Only one set of experiments was carried out with
Sherman rats, in order to test whether the effect was
unique to the Wistar strain. Three Sherman rats
given probenecid and three others given 50 mg/day
of barbital for 3 days in the diet produced an effect
equal to that obtained with Wistar rats.

Effect of Phenylbutazone and Its Analogs on the
Urinary Excretion of r-Ascorbic Acid.—Previously,
it has been shown that phenylbutazone and some of
its analogs increase the excretion of r-ascorbic acid,?
Two additional analogs have been investigated. Ex-
cept for ketoxyphenbutazone [1-(p-hydroxyphenyl)-
2-phenyl-4-(a-keto-n-butyl)pyrazolidine-3,5-dione], all
of these compounds tested gave the effect, the most
potent being phenylbutazone (Table II). In this
series the pK, and K, varied considerably; however
K.’ was always less than 0.01.

The results with these drugs and comparison with the
probenecid series suggest that “lipid solubility’” is
more influential to the development of the effect than
a particular pK,.

Radioactive Tracer Studies.—In rats pretreated with
probenecid, the per cent conversion of “C-labeled
hexoses to wL-ascorbic acid-'*C increased more than
fivefold above control values; for p-galactose from
<0.05'% to an average of 0.61 and for p-glucose from
<0.02' to about 0.1 (Table III).

In pretreated rats a marked decrease in half-life of
L-ascorbic acid-'*C was observed. This change was
also accompanied by a considerable increase in the
body pool of the vitamin (Table I'V).

Discussion

The present results provide an explanation for the
various observations that many compounds of unre-
lated structure produce an increase of the excretion
and biosynthesis of v-ascorbic acid. The major re-
quirement for the effect is not stringent, a relatively
low “lipid solubility” (K, > 0.01). This property is
relative, as exemplified by barbital, which is active
and yet is considered polar within the barbiturate
series (K, = 0.26 ¢s. 63 for thiopeutal”); however, com-

(16) A. Il. Conney, G. A, Bray, C. Evans, and J. J. Burns, Ann. N. V.
Acad. Sci., 92, 115 (1961).

pKy Partition

L-Ascorbic acid, 759, coefficients
mg/24 hr H.0¢ MCS? Ethanol Kp° Ky
3.0 £ 1.0°% 7.1 7.3 8.3 8.0 <0.01
4.3 = 0.1° 5.5 6.3 6.7 3.4 <0.01
4.0 = 0.7 2.8 4.2 0.6 <0.01
6.1 = 0.3 4.5 5.2 5.7 2.2 <0.01
3.5 = 0.4 4.7 6.2 0.5 <0.01
<1® 2.3 U I 0.4 <0.01

b Burns, ef al.?; average and average deviation. ¢ Perel aud

TasLe III
CoNVERSION OF D-GLUCOsE-1-1*C aND D-GaLACTOSE-1-14C
10 URINARY L-AsCORBIC AcID-1-*C 1N NORMAL AND
PROBENECID-TREATED RaATs

Dose of Conversion,
‘Treatment Tracer tracer, mg %%
Probenecid® p-Glucose 10.5 0.10
Probenecid® p-Glucose 10.0 0.09
None? p-Glucose 10-20 <0.03
Probenecid® p-Galactose 2.9 0.71
Probenecid® p-Galactose 1.5 0.51
None p-Galactose 2.9 0.05
None® p-Galactose . <0.05

@ Rats weighing 190-280 g were fed 250 mg/kg daily in milk for
3-4 days prior to and during experiments. During 24 hr before
intraperitoneal injection of tracer they excreted 5-10 mg of i~
ascorbic acid in urine. Prior to drug administration they ex-
creted less than 1 mg/24 hr. ® Taken from Burns, ef al.? ¢ Taken
from Conney, et al.'s

TasLE IV

Stupy oF 7'/2, Bopy PooL, aND TURNOVER RATE OF L-ASCORBIC
Acip-1-1*C 1x PROBENECID-TREATED RaTs

Dgse Body Turnover
of pool, rate, mg/
Drug tracer T/2, mg,! 100 g/
No. treatment mg days 100 g day

1 Probenecid® 2.1 0.43 25.5 41.2
2 Probenecid® 2.1 0.40 13.8 24.3
None!'? 1.5 3.0 10.7 2.6
@ Rats were fed 250 mg/kg of probenecid in milk on day 1 and
250 mg/kg ip/day subsequeltly. During 24 hr before injection
of tracer on day 3, rats 1 and 2 excreted 9 and 7 mg of r-ascorbic
acid, respectively. Rats 1 and 2 weighed 245 and 265 g, respec-
tively. Animals used by Burns, et al.,'® weighed about 300 g.

pared to the probenecid series, barbital is “lipid. sol-
uble.”

Although the effect was discovered earlier, King and
co-workers'” observed the wide variety of drugs that
cause it, and first demonstrated that the increased
excretion was due to an increase of the biosynthesis of
L-ascorbic acid. When isotopic methods became avail-
able, King and his students further confirmed this
conclusion,'® Subsequently it was shown that pre-
treatment with pentobarbital, Chloretone,!® and methyl-
cholanthrene'® increased the turnover rate and body
pool of the vitamin. In the present study evidence
is given that probenecid can act in a similar manner.

The doses of probenecid and of its analogs are rather
high and the effect wears off in 1 or 2 days. On the

(17) H. E. Longenecker, II. H. Fricke, and C. G. King, J. Biol. Chem., 185,
497 (1940).

(18) 8. 8. Jackel, E. H. Mosbach, J. J. Burns, and C. G. King, ibid., 186,
569 (1950).

(19) J. J. Burns, E. H. Mosbach, and 8., Scliulenberg, ibid., 207, 679
(1954).
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Figare 1. —-Log dese barbital vs. urinary exeretion of wascorbic
acid by Wistar rats; bused on data by Burns, Evans, and Trou-
=of. 2

other hand, a small doze of methylcholanthrene causes
an effect lasting for weeks, This contrast can be cor-
related to the differences in rates of elimination; the
former compounds have half-lives of & few hours, com-
pared to wecks for methyicholanthrene.? Intervest-
ingly, if one plots the data of Burns, ef al.,’! as log dose
harbital vs. maximum effect, a linear relationship ix
obtained (Iigure 1).  These results were obtained upon
dosing for several days. The importance of the dose
of barbital on wr-ascorbic acid biosynthesis has been
interpreted?® in terms of n regulator-receptor, based
upon similar dose-effect relationships after a single
dose of the drug.

The effect of drugs on the biosynthesis of L-uscorbic
acid and the labeling pattern was taken advantage of
by King and his nssociates'™ %2 in proving that the
precursors of the vitamin are n-glucose and p-glucuronic
aeid. These findings were the point of origin of in-
vestigation in several laboratories which led to the
clucidation of the intermediate steps of the biosynthesis
of the vitamin.?*=?" The pathway, now called glu-
curonic acid pathway of glucose metabolism was also
shown to be responsible for the biosynthesis of 1.-
xylulose and p-sacharic acid,>?®

The xsite of the primary effect of drugs on the glu-
curonic acid pathway is not clear, but it occurs near
the beginining of the pathway.™  Apparently by mass

(20) P. G. Dayron, P. Vrindlen, and 1. M. Derel, Biockem. Fharmavol.,
13, 143 (1964).
(211 J. J. Parus, .
11857).
{ W, Klinger aml M. Kocbh, Avta Biol. Med. Ger., 14, 133 (1963).
(23 11, 11, Horowitz and . G. Kiug, J. Biol. Chem., 208, 815 (1953),
(24 Vitamin C Symposiam, Ann. N, V. 4dvad. Ses., 92, 1 (J961),
(40 O, Tousier, Am. J. Med., 26, 724 (1939).
126) J. L Barns and A, . Conney, Anu. Rev. Biockem., 29, 413 {1060).
(27) I, AL Isherwood, I'. A. Clien, and L. W. Mapson, Biochem. J., 56, 1
(1954),
(28) C. A. Marsh and L. M. Reid, Biockim. Biophys. Acta, T8, 726 (1463).
(29) E. M. Aarts, Biochem. Pharmacol., 14, 359 (1965).

Evans, and N. Trinsof, J. Biol. Chen., 227, 785

G Davros, MLAL Wess, avo J. M. Perel
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action, drugs producing this cffecet also merease the
exeretion of p-sacharic acid,”?**  L-xviwose in pento-
suries,® and 1-uscorbic acid norats, Furtherimone
It is of interest that many compounds that stimulate
the gluenronie aeid pathway indice microsomal drng-
metabolizing systems, ™31 cause porphyria,®? stimulate
the uptake of amino aeid<* mfluence the syuthesis
of messenger® RNA and s-aminolevulivie acid svntle-
tase e hiver culture,® aud inflict chianges in the endo-
plasmic reticnlun ™% The stimulation ol drug me-
tabolizing enzymes™ wid the glucuronie aeid pathwanyv®
appears to represent an adaptive response wlicelt oveurs
without the intervention of the adrenads. 1t appenrs
that certain steps of the biosviuthesis of the vitamin
take place 1 the microsome fraction devived from
endoplasmic retienlum® and that L-ascorbic aeid or
dehydro-r-n=corbic ncld are phy=iological requircments
for the hydroxyintion of many drugs.?® The offeet is
not linted to Wistar vats; previously G rids and
i the present study Sherman rats were fommul to re-
spond, thongh Gunn rats are less sensitive.®  There
may be more thie one mechanism for the offeet,™
which can be blocked by ethionine, #-51

The list of comapounds whicli inerease L-nscorbic aeid
exeretion i rats s growing.**#  Since mensurement of
the effect* s much simpler and can be curied out
routinely, cotupared to studies of microsomal enzynies.
It may prove to he agood model to indicate the proh-
ability of mdnetion of the latter cnzynie systems,

NOTE AbDED N PRoOOF.-=—Sincee the submission of
the manuseript, we have become awnre of the work of
Hoffman, et al. ™ which proved that the atkaloid lycorine
inthibits both r-ascorbie aecid synthesiz and drng me-
tabolism in the rid.
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