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Abstract-The toxicity of a single dose of methotrexate in the rat was observed to be substantially 
increased when probenecid was concurrently admmistered. The increased toxicity was associated with 
a marked inhibition of the elimination of methotrexate from the blood. The effects of probenecid 
on the renal and biliary secretion of mcthotrexate were determined using steady state conditions. 
Inhibition of biliary secretion accounted for most of the decreased elimination of methotrexate. 

Methotrexate, a folic acid antagonist, has been used 
in the treatment of a variety of neoplastic diseases. 
Like most anticancer drugs, methotrexate is a nonspe- 
cific agent which prevents cell replication in normal 
as well as in malignant tissues. The response of a 
tissue to the effect of methotrexate is greatly depen- 
dent on the length of time for which the tissue is 
exposed to the drug after the initial insult [I]. If a 
tissue is exposed to methotrexate for a prolonged 
time, recovery from the initial insult is prevented, and 
complete tissue destruction may occur. The nonmalig- 
nant tissues most susceptible to the effect of metho- 
trexate are those with rapid cell turnover rates. most 
notably the mucosa of the gastrointestinal tract and 
the bone marrow [2]. 

The importance of the length of exposure to metho- 
trexate was first reported by Ferguson er al. [3]. They 
observed that methotrexate was more toxic to mice 
and rats when administered in divided doses over a 
period of time than when given as a single dose. They 
reported an LDso for a single intraperitoneal dose of 
94 + 9 mg/kg in mice, but when the total intraperi- 
toneal dose was divided into five equal consecutive 
daily fractions, the LDsO decreased to 9.7 + 1.5 mg,!kg. 
Increased toxicity, even death, can occur after pro- 
longed exposure to mcthotrexate resulting from either 
continuous or frequent administration. or as a result 
of impairment of an individual’s ability to eliminate 
the drug [4]. The problem of dosing methotrexate 
in patients with impaired renal function has been in- 
vestigated [S. 61, and though no firm guidelines have 
been established for administering methotrexate to 
such patients, the problem is recognized and caution 
can be exercised. 

The problem of inhibition of the elimination of 
methotrexate by concurrently administered drugs, 
however, has not received very much attention. 
Leigler et u/. 173 have reported that salicylate and 
high concentrations of pura-aminohippurate reduce 
the renal clearance of methotrexate to below the glo- 

* Supported in part bq Public Health Service Training 
Grant GM-0072% 13. 

t Current address: College of Pharmacy. The Ohio State 
University. 500 West 12th Av.. Columbus. Ohio 43210. 
U.S.A. 

: To whom reprint requests should be sent. 
\\ Current address: School of Pharmacy, Ilnibcrsitv of 

Missouri. Kansas City. MO. 641 IO. I‘.S.A. 

merular filtration rate. and that sulfisoxazole also has 
a slight inhibitory effect on methotrexate’s renal 
excretion. More recently Bourke et al. [S] have 
reported that probenecid inhibits the renal secretion 
of methotrexate in dogs. Because of the relatively 
nonspecific nature of the acid transport systems which 
are involved in the elimination of methotrexate, 
numerous drugs of an acidic nature have the potential 
for interfering with methotrexate’s elimination. 

Both active renal secretion and bihdry secretion of 
organic acids are known to be inhibited by probene- 
cid. Methotrexate is eliminated from the blood by 
both these processes [9]. Because of the possible toxic 
consequences resulting from current administration of 
methotrexate and probenecid, an investigation of this 
potential drug interaction was undertaken. 

MATERL4LS AND METHODS 

A~~imuls. Male SpragueeDawley rats. weighing 
225-275 g, obtained from Simonsen Laboratories 
were used for these studies. 

Dlugs. Sodium methotrexate parenteral solution, 
marketed by Lederle Laboratories, Division of Ameri- 
can Cyanamid, was administered in the initial toxicity 
study. Tritiated methotrexatc was used in the blood 
level and clearance studies. The tritiated drug, 
obtained from Amersham/‘Searle Corp., was diluted 
with nonlabeled methotrexate and purified by the 
tnethod of Oliverio [IO]. The nonradiolabeled metho- 
trexate was obtained from Nutritional Biochemicals 
Corp. A [“Hlmethotrexate solution for injection was 
prepared by dissolving a weighed amount of the puri- 
fied drug in a few drops of pH 8.3. 0.1 M ammonium 
bicarbonate buffer and then diluting with normal 
saline. The final concentration was 12.5 mg/ml. Pro- 
benecid. obtained as a powder from Merck Sharp & 
Dohme Research Laboratories. was prepared by dis- 
solking a weighed amount of the powder in a few 
drops of 1.0N NaOH. and the pH was adjusted to 
7.4 with a pH 7.0, 0.1 M phosphate buffer. This solu- 
tion was then diluted to the desired volume with nor- 
mal saline. The final concentration of the probenecid 
injectable solution was 20 mg/ml. 

Assa.~ procedures. The concentration of radiolabel 
in blood, bile and urine samples was determined by 
scintillation counting techniques. All samples were 
collected in dialysis casing sacs. dried. and oxidized 
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on a Packard model 305 sample oxidirer in prcp- 
aration for scintillation counting. Blood samples were 
weighed immediately after they \vere obtained. To 
estimate the blood volume. the weight of each sample 
was divided by 1.05. the average specific gravity of 
Irat blood [I I]. The amount of radioac‘ti~.it~ in c~h 
sample was determined h! counting on ;I Packard 
model 3375 Tri Carb scintillation spectrometer. The 
automatic external standard feature was utilized li)r 
all quench corrections. 

One sample each of bile, blood and urine was also 
examined for the presence of nonmcthotrcxate labeled 
species by a previously reported paper chromato- 
graphic method [ 121. 

The concentration of probenecid in plasma samples 
M;IS determined by the method of Dayton cut rrl. [13]. 

To.~ic,irj, S&J‘. Twenty rats were injected intraperi- 
toneally with 12.5 mg/kg of methotrexatc. Ten rats 
also received intraperitoneal injections of 100 mg;kg 
of probenecid 20 mln before and ‘70 min after the 
methotrcuate was administered. A total of X0 m&kg 
of probenecid was given. 

Another 20 rats were injected intraperitoneally M ith 
25 mg.;kg of methotrexate. Ten of these were in.jccted 
with 200 mg./kg of probenecid in the same manner 
as described above. 

All rats were observed for signs of toxicity for 30 

da) s. Feces wore collected daily and ;ISS;IJC~ fol 

occult blood b\ the Bcnzidinc test [I31 to determine 
if any fastroinlestinal hemorrhaging was occurring. 

Blood 1~~~~1 .\~~r/!~. Since those sludies required frc- 

quent sampling of blood from rats. the right _jupul;u 

vein \+a cvnnulatcd to facilitate blood collection. The 
rats \vcrc ancsthetitcd with pcnfobai-bital for the can- 
nulation prowdure. but H’CIK allowed to Irccovcr from 
anesthesia prior to commc’nccmcnt of the study. The 
rats were kept in restraining cages [I51 throughout 
the study. 

Five rats were injected intravenously with 25 mg,kg 
of [“Hlmethotrexate. and blood samples were with- 
drawn :!I specified times. Another live rats \+ere ill- 

jcctcd mtrawnousl! with X0 mgkg of probenccid in 
addition to the 25 mgkg of [‘H]mcthotrexatt. Pro- 
benccid was administered in t\vo cq~~al doscz as in 
the toxicity sludies. Blood snmplcs wcrc drawn at spc- 

cific times and the concentration of radiolabcl was 
dctcrmined. 

(‘/c~ru~r~c~ .>r~rti~,. In order to measure the effect of 
probenecid on Ihe renal and biliary clearance 01 
methotrcxate. the bile duct and the urinary bladder 
were cannulated. As described previously. the right 
jugular bein was cannulated for the sampling of 
blood. Another cannula. used for maintaining a con- 
stant infusion of the two drugs. was inserted-into the 
aorta via the left cartoid artery. 

Mcthotrexatc was administered by infusion at a 
conslant rate of 0.5 mg;hr throughout the study after 
;I loading dose of 0.5 mg. Five hr into the mcthotrex- 
ate infusion probenecid was administered 11~ ;I loading 
dose of I5 mg and b) infusion at the constant Irate 
of 5 mg hr to the end of the stud!. 

Bile and urine samples were collected over intervals 
of 1 hr. Blood samples were obtained at the midpoint 
of each sampling period. Plasma samples to be 
assayed for probenecid were obtained at 8.5. 12.5 and 
I5 hr after the initiation of the study. 

The results of the toxicity ylud! arc prescntcd in 
Table I, While Lldministration of a dose of 12.5 mg hg 

of methotrexatc alone did not product an) up> 01 

toxicity. the concurrcn1 uiiniinistr~itlon of probcnecid 

produced mild transient diarrhea on cia\i\ 2 and 3 

after the injccllon. Fecal c\;lmin;ltion3 l01- CKC‘UI~ 
blood wcrc &a(~vc. All i-:ilr appca~xxi hcalrh! ~I’IcI. 
the brief q~isodc of di;~~-rh~;~. and no dc;~~hs L\CW 

noted dui-ing the .30 da!\ 01 ob\cr\ation. 

A dose of 25 111~ her c t 01 mcrlioti-ckalc produced 
modcralc lo sc\crc diarrhea from about da\ 2 

through day 5 after the Iqection. and all rat5 \ulf&ng 

from diarrhea appeared (0 be dchqdratcd. The 

obser\cd course of intoxication correqnidcd \er-1 

closely to the description of metlioltvate intoxication 

presented by Ferpuson 6’1 ctl. 131. All the ratj recei\ ing 
only mcthotrcxnte at tlii3 doze Ic\el kur\ ibed. and 
appeared to hn~e full) rcco~crcd b! day IO after 

administraGon. 
Concurrent administration of probenccid I\ itli ;i 

dose of 25 mp,kp of mctholrcxatc produced \er! 

sclere intoxication. Eight of the ten rat5 in this group 
died. The rat5 which died all appeurcd cxtrcmel) 
dehydrated and au&red from \c\crc diarrhea. DLIC 
to the destruction of the intcslinal muc0~1. 5odiLini 

and water rcportedlq leak into the lumen. and the 
animal dies from dehydration 1161. After ~hc initial 
destruction of the intestinal mucosa. deh!dratlvn 
occurs fairly rapidI\ and death may occurs- ah XWII 

as 3 days after the injection of ;I Icthal dovz (il. 1~ 

Uris study. of the le11 ra(s iniccted bvith both mctho- 

trexate and probenecid. four died bclwcen da! .J and 

day 5 and four more died between da) 5 and &IL 
IO. The two sur\ivin p rats in this group rcco\ci-ed 

from the diarrhea syndrome by da! 7. 

Examination of the blood conccntralil,n-1Imc 

course of radiolabel in the presence and absence 01 
probcnecid reveals that climinatioll of methotreuate 

from the blood IS ~ubstantiall\ inhibited by prohene- 
cid. Figure I illustrates ;I ~cnlil~~~;lri~hmic plot 01‘ the 

blood concentration-tilnc course of radiolabel in r:l[x 

after an intra\cnous irijeclion of a dose of 25 mg k< 

of mcthotre\atc. The blood concentration\ of iradiol,i- 
bcl iii the I”-c’bcinccicl-1rc~itc~i -aIs. bc‘l~\~cn I and S III-. 
\vcrc markcdl! gt-cater (hiin the Ic\cls al tlic corrc- 

yoiiding times iii Ilic’ iionl”-c)hi’iicci~i-ti-~~i~~[l ra1\. Ii 
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should be noted that plasma levels reported are for 
total radiolabel. and may reflect the presence of both 
methotrexate- and nonmethotrexate-labeled species. 
As reported previously [12]. after an i.v. bolus of 
methotrexate to rats. the contribution of nonmctho- 
trexate species to total plasma radiolabel may become 
significant at the later time points. No attempt was 
made, however, to separate methotrexate from other 
labeled species in this study. As will be discussed. this 
refinement of the plasma concentration data was not 
necessary to satisfy the intended objectives. 

An estimate of the effect of probenecid on the total 
body clearance of methotrexate can be made by com- 
paring the areas under the blood concentration-time 
curves for methotrexate in the presence and absence 
of probenecid. The time-averaged total body clear- 
ance of a drug is related to area by the equation 

Cl71 
dose/area = total body clearance 

Using the trapezoidal rule, the areas under the two 
blood concentration-time curves were determined for 
the time period 15 rnin~8 hr. When methotrexate was 
administered alone. the area for the 25 mg/kg dose 
was 6.4 jig-hr/ml : when administered in the same dose 
with probenecid, the area was found to be 
27.5 pg-hr,!ml. From these data it can be established 
that probenecid retards the removal of methotrexate 
from the plasma. The estimated reduction of the total 
body clearance of methotrexate due to the administ- 
ration of probenecid was approximately 75 per cent. 

No calculation of the actual total body clearance 
of methotrexate was made, as the area under the 
curve was only determined for the period 15 min-8 hr. 
It should also be pointed out that the presence of 
nonmethotrexate-labeled species in the plasma does 
not significantly interfere with this estimation. as their 
presence only becomes important beyond 4 hr. 
whereas 95 per cent of the measured area in the non- 
probenecid-treated rats occurred prior to this time. 

In an effort to further elucidate and quantitatively 
assess the processes involved in this interaction, a 
study of the effect of probenecid on the renal and 
biliary clearance of methotrexate was conducted. 
Figure 2 illustrates the biliary and urinary clearance 
data obtained from this study. The clearance values 
are plotted at the midpoint of each collection interval. 
The values for renal and biliary clearance for hr I 
are unreliable estimates; they are much higher than 
the actual clearances. The reason for this can be 
readily explained. As shown in Fig. I, blood concen- 
tration of methotrexate. after a bolus injection, de- 
creases by at least a factor of ten during hr 1. Despite 
the initiation of a constant infusion of the drug. the 
blood concentration measured 30 min after the start 
of the study was too low to be representative of the 
average blood concentration during hr 1. Thus. the 
calculated value of clearance was too high. 

Ignoring the values for hr 1 of the control, and 
of the probenecid-treated periods, the blood concen- 
tration and the biliary. renal and total body clear- 
ances were averaged (Table 2). Averaging was felt to 
be justified as the levels of methotrexate and probene- 
cid were each virtually al steady state. The concen- 
trations of probenecid in the plasma at 8.5, 12.5 and 
15 hr after the start of the study were 86. 100 and 

120 pg/ml respectively. The concentration of metho- 
trexate during the probenecid treatment period aver- 
aged 2.12 pg/ml with a range of 1.7 to 2.6 pg,‘ml. 

As with the single-bolus studies, total radioactivity 
was used to determine the concentration of metho- 

The average renal and biliary clearances of metho- 
trexate during the control (l-5 hr) period were 4.3 
and 5.5 ml/min respectively. From these data it can 

trexate in the blood. In a previous report [12] a frac- 

be seen that the biliary excretion of methotrexate was 

tion of the radioactivity in the blood was shown to 

significantly inhibited by probenecid. The average 
biliary clearance of methotrexate. between hr 6 and 

be due to nonmethotrcxate species after a single bolus 

hr 15, was 1.1 ml/min. This was a decrease of 80 per 
cent from the control value. The inhibitory effect of 
probenecid on the renal secretion of methotrexate was 
much less than the effect on biliary secretion. The 

injection of methotrexate to rats. and the fraction of 

average renal clearance during the period of probene- 
cid administration was 2.8 ml/‘min. a decrease of 35 

total label representing this nonmethotrcxatc com- 

per cent from the control value. The total body clear- 
ance of methotrexate, as determined by dividing the 

ponent increased with time. In this study. however. 

Infusion rate by the averaged steady state blood con- 
centration. was accounted for. within experimental 

it was found that the fraction of nonmethotrcxate 

error, by the sum of renal and biliary clearances. 

radiolabel. in blood. bile and urine samples. collcctcd 
during hr 10 of the infusion was undetectable. There 

TIME (hours) 

Fig. I. Semilogarithmic plot of methotrexate concentration 
with time showmg the effect of probenecid. Each data 
point represents the geometric mean (+S.E.M.) of live 
studies. A dose of 25 mgikg of methotrexate was adminis- 
tered at t = 0. Doses of 100 mg/kg of probenecid were 
administered 20 min before and 20 min after methotrexate 
administration. Key: methotrexate alone (0): methotrexate 

plus probenecid (A). 
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he as- 

dcmonstratc that prohenecid substantially increases 

the toxicity of mcthotrexatc in the rat. This interac- 

tion primarily appe;lrs to bc ;I result ol‘ tbc inhibition 

of the biliary xcretion 01‘ methotrtxtte. 


