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Abstract--Hematological and toxicological studies revealed a strong resistance of the 
rabbit to the folic acid antagonist methotrexate. Investigation of its metabolism led to 
the isolation and purification of a drug metabolite from urine and liver incubation 
samples, based on solubility characteristics of the compound. The metabolite was 
characterized by u,v. absorption spectrum, pattern of crystallization, and paper 
chromatography in phosphate buffers. Elementary analysis was compatible with the 
4,7-dihydroxy derivative of methotrexate. Toxicity studies in mice indicated that the 
metabolite is a product of detoxification with reduced but apparently not fully ob- 
literated antifolic acid activity. 

RABBITS, compared with dogs, rats, mice, monkeys, and man, are relatively resistant 
to the toxic effects of  aminopterin. 1, 2 The decreased susceptibility of  the rabbit 
extends also to other chemically related members of the grmtp of  folic acid antagonists, 
since the authors were ~mable to produce significant hematological and toxicological 
changes in response to injections of methotrexate. 8 The presence of an enzyme system 
catalyzing the oxidation of various halogenated analogues of  methotrexate and 
aminopterin was demonstrated with liver tissue of rabbits, rats, mice, rhesus monkeys, 
and guinea pigs by Loo and Adamson. 4 Johns et al., 5, o using a partially purified 
enzyme fraction from rabbit liver, showed that the nonhalogenated parent compounds 
methotrexate and aminopterin are likewise oxidized by the same enzyme system. 
I t  can therefore ibe assumed that differences in susceptibility to these agents are most 
likely related t o  species-specific variations in the rate of  their metabolic degradation; 
however, nutritional characteristics of  the animals as well as variations in distribution 
or excretion of the antimetabolites would have to be considered. 

The presented publication provides data of  a toxicological study attesting to the 
high degree of resistance of the rabbit to methotrexate, i t  describes the isolation, 
pttrification, and characterization of  a metabolite of methotrexate obtained from rabbit  
urine and incubation samples of the drug with liver tissue. The reduced sttsceptibility 
to the drug is explained a s  a manifestation of its rapid metabolic degradation and 
excretion. 

* This investigation was supported by United States Public Health Service Grant AM 09375 from 
the National Institute of Arthritis and Metabolic Diseases; and by the Greater New Orleans Cancer 
Association. 
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METHODS 

Experimental animals were male white New Zealand rabbits (1,2-2-8 kg) and ma~e 
CF1 mice (i9-23 g); all received commercial laboratory diets° 

Hematological and toxicological effects oJ'methotrexate* 
Eighteen rabbits were used for the hematological study. Three groups of four aNma~s 

each received i.m. injections of methotrexate: 0-5 mg/kg, 1.0 mg/kg, and 4.,.9 mg/kg 
respectiveIy; two rabbits received 25 mg/kg; four served as controls with saline 
injections. The injection of the first three groups and the control group were given 
daily during the first week, then reduced to three i~ectiens per week and continued 
for a period of seven weeks. The highest dose (25 mg/kg) was administered dai_iy en 
six consecutive days of  each week for a period of two weeks in one animal and three 
weeks in the other. Ver~ous blood was obtained from the dorsal ear vein at weekty 
intervals for peripheral blood counts, measurement of hematocfits, and smears. 
After completion of the treatment period these studies were combined with an analysis 
of the bone marrow which was aspirated from the tibia. 

Metabolism of methotrexate irt r ive 
The rabbits were placed ~n metabolism cages. Food and water were a~l_owed ad 

libitum. Methotrexate was administered by intramuscular or subcutaneous injection, 
and urine was collected over a period not exceeding 26 hr. The individual portions 
were frozen immediately after voiding. The first portion served usually for the isolation 
of the metabolite; it was voided generally 8-18 hr after the injection. 

Metabolism of methotrexate in vitro 
The rabbits were exsanguinated by heart puncture arid ~lled by injectio~ of air 

into an ear vein. The liver was rapidly removed, cooled in ice-cold saline, and homo- 
genized in a Potter homogenizer with Teflon pestle in three volumes of precooied 
phosphate buffer (pH 7.8, 0.i M). Methotrexate was added to give a final concentration 
of 0.5 rag/m!, and the samples were inct~bated for a period of 2-3 hr at 37 ° in the 
Dubnoff shaker, with air as the gas phase. 

For  the establishment of the acute LDh0 of the metabotite, mice were injected intra= 
peritonea.lly ~pith a solution of the agent in 1.3 ~ sodium bicarbonate. 

Ultraviolet absorption spectra were obtained on a recording Beckman DB sl~ectroo 
photometer. 

Chromatography of the metabolite and methotrexate was perform_ed by the 
ascending technique on Whatman 3 MM paper. Phosphate buffers (0.1 M) with a 
pH range from 5.3 to 9.0 served as solventso 

RESULTS 

Hematological and toxicological studies with methotrexate 
Hematological data of rabbits receiving repeated injections of r~etlaotrexate 

ever periods from 2-7 weeks are summarized in Table t. With exception of the red 
cells, which were at the upper range of normal, pretreatment levels of the ether 
peripheral blood elements corresponded well with those reported ~n the literatz~re. 
Normat ranges may be characterized as follows: erythrocytes 4.0-6-9 miliion~ !euko- 
cytes 4,000-12,000, reticulocytes 0.5-7 per cent, hematocrit 29-50 per centl 7, * 

A moderate but progressive rise in white ceit counts occ~arred in groups A, B, and 

• SupNied by Lederle Laboratories, Pearl River, N.Y. (Dr. J. M. Ruegsegger). 
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D over the eight-week treatment period° ~t is apparently ~nspecific and can be attributed 
to the repeated intramuscular injections. Hematocrit, erythrocyte, and reticaIocyte 
counts remained within normal range, and platelets were adequate on peripheral 
smears. Bone marrow examination at termination of ~:he experiment showed norma~ 
cellularity and a normal number of megakaryocytes withoat morphological cSanges. 

The rabbits in group E showed minor changes that could be interpreted as re-~ 
sponses to the drug. The reticulccyte count in one animal dropped to 0°i per cent 
after two weeks while total white cells, hematocrit, and red blood cells remained 
within normal range° Bone marrow examination revealed a decrease in red ceil 
precursors but no change in red cell morphology. Aii other marrow elements re~. 
mained normal. The rabbit injected for a period of three weeks responded with 
drop in white ceils fi'om 6600 to 3400 after one week, but "values were back to normal 
at the end of the second week. Red ceil counts, reticutocytes, and hematocri~, remair~ed 
normal. The bone marrow was hypercell~alar, with an increase in plasma celJSo Tlae 
red cell prec'arsors showed some increased fineness of the nuclear eBrornatLn tlaat 
might represent siow~ng of nuclear maVaratfon bat no definite megaloblastos~s. 

The treatment had no effect on the rate of  growth of the animais as indicated by 
their increase in weight (F~g. 1). None of the animals developed diarrhea or s~owed 
macroscopic signs of bleeding from the gastrointestinal tract. The orat m~acosa w~s 

Weigh t 
,4-] in kg. 

3 t T 

, j I 

. . . . . . . . .  it . . . .  

% %  % ° % %  
o l  ~ f  /_ ,~ . " , e  . 2 

Fin. 1. Average increase in weight of rabbits during eight weeks of observation. Upper and lower 
bars indicate range of weight at start and end of experiment. Groups and accumuiated dose !evels 

are represented according to Tabie 1. 

periodically examined and found to be normal in appearance. A temporary moderate 
alopecia was observed in both rabbits receiving 25 mg methotrexate/kg daily, i t  
occurred after 8-10 days of treatment and affected mainiy regions at the neck, nose, and 
eyes. Improvement of the condition was noted within a week despite continuation of 
the injections. 

The acute LDs0 of methotrexate in rabbits couId not be established, because excessive 
amounts of the drug would have been required. S'abcutaneous injections up to 
490 mg/kg were tolerated without apparent signs of toxM~.  

Isolation of  a metabolite of  methotrexate from urine 
After parenteral injection of 100-200 mg methotrexate/kg, 20-45 per cent of t~e 

administered dose is excreted within 26 hr in the urine as the raetaboliteo Attempts te 
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isolate the metabolite from the liquid portion of urine by column chromatography on 
cellulose powder gave inconsistent results with low yields and products of insufficient 
purity. The procedure was much simplified when it was realized that the major fraction 
of the metabolite was present in the discarded insoluble urine sediment. 

The following procedure was used to isolate the metabolite. The collected urine 
portion (100--200 ml) was centrifuged immediately after thawing, the sediment 
washed once .with cold acetone, resuspended in 10-20 ml of 0.05 N NaOH; and the 
supernatant separated by centrifugation. This step served to bring the metabolite 
into solution and to separateit from the bulk of insoluble inorganic matter. Glacial 
acetic acid was added dropwise to the clear, slightlY yellowish supernatant, resulting 
first in precipitation of a bright yellow material which redissolved on further addition 
of glacial acetic acid. Crystallization of the metabolite occurred within a few minutes 
when the samples were adjusted to pH of about 2.0 but continued to give increasing 
yields when kept overnight at 5 °, Optimal conditions for uniform crystallization were 
obtained with the addition of 0.8 ml glacial acetic acid/ml supernatant. The crystals 
were separated by centrifugation, washed twice in cold acetone, and dried in a 
desiccator. RecrystaUization involved solubilization in a few ml of 0.05 N NaOH 
followed by addition of glacial acetic acid as described. 

With the described procedure about 80-150 mg of the crystallized metabolite cas~. 
be obtained from the urine of a rabbit receiving 400-600 mg methotrexate. 

Isolation of the metabolite from incubation samples of methotrexate with liver tissue 
Incubation was conducted as described, and the sample was cooled in an ice-water 

bath at the end of the incubation period. The pH was adjusted to approximately 
8.2 by dropwise addition of 1 N NaOH, and the sample was centrifuged for 15 rain 
at 0 ° and 24i000 g; the sediment was discarded. The supernatant was heated for 
4 min in boiling water, cooled, and the precipitated protein fraction removed by 
centrifugation. The pH of the supernatant was readjusted to 5.0 by dropwise addition 
of glacial acetic acid, and the resulting reddish-brown precipitate was collected 
by centrifugation. The precipitate was redissolved in a few ml of 0.05 N NaOH, 
again precipitated with glacial acetic acid as described, washed with cold acetone, 
and dried in a desiccator. The brown residue was suspended in a few ml of 3.5 
(v/v) Perchloric acid, resulting in the precipitation of an associated protein fraction 
with the metabolite remaining in solution. Sodium hydroxide (I.0 N) was added 
slowly with stirring until precipitation of a yellow amorphous substance was observed. 
The Precipitate was separated by centrifugation, dissolved in a few ml of 0-5 N NaOH, 
and brought to crystallization by adding 0-8 volume of glacial acetic acid. 

With the described procedure, about 4-5 mg of the metabolite can be obtained 
from an incubation sample containing 11 g liver and 22 mg methotrexate. 

Characterization of the metabolite 
Both fractions of the methotrexate metabolite were obtained as bright yellow 

crystalline substances. The spheric discoid shape of the crystals is shown in Fig. 2. 
The metabolite is insoluble in water (pH 7.0) but is readily soluble in alkaline solutions 
where a marked change in color from bright yellow to faint yellow occurs when the 
p H  is increased above 8.9. The metabolite is almost insoluble in tile pH range 3-6 
but shows a tendency (especially in higher concentration) to form a gel at pH 4.2. 
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The substance is stable to heating in 0.05 N NaOH solution (5 rain, t00 °) but deo 
composes slowly when kept for a few months in a desiccator at room temzperamre 
exposed to light. The melting point of the purified metabolite couM not be establis/aed; 
gradual decomposition occurred with continuous heating. Elementary analysis of a 
recrystallized sample (dried in high vaca-am) was conducted by Dr. Alfred Bernhardt, 
Max Planck Institute, Mtilheim, Germany. Analysis: 

Calc. for C20H22NsO~ (7-hydroxy derivative of methotrexate): C, 51.06; H, 4.7I; 
N, 23.82; O, 20.4i ; 

for C20H2zNTO7 (4,7-dilaydroxy derivative of methotrexate): C, 50.95; H, 4.49; 
N, 20-80; O, 23.75. 
Found: C, 49.71; H, 5.22; N, 20.95; O, 23-98° 

R was assumed that water of crystallization, possibiy associated with the metabolite, 
,has been removed by drying in ~igh vacl:.um, since concomitant heating to I45 ° did 
not yieId further reduction of weigl~tP 

T1~e ~.v. absorption spectrum of the metabolite is s]mwn in Fig. 3. The materia! 

g 201 
• g, 40 
E 

Go 

225 

80 t 

I 0 0 ~  
4oo 350 3b0 2go 

X, ,raft 
200 

Fla. 3. Absorption spectrum of methotrexate metabolite. A: Metabolite formed in viva (iso!a~ed 
from urine), concentration 6.25~g/ml in 0,05 N NaOH. B: Same as A but in 0.05 N HCI C: 
Metabotite formed in vitro (isolated from liver homogenale), concentration 5.20 t~g/ml in 0.05N 

NaOH. Numbers indicate position of absorption peaks. 

from urine (A) was identicaI with that isolated from 1Nor incubation san,pies (C), 
exhibiting a shoulder at 340 mff and absorption peaks at 308, 259, and 223 mt~ in 
0.05 N NaOH. In 0.05 N HC1 (B) the two main peaks shifted to 302 and 217 mff 
respectively; the peak at 259 mff disappeared. 

Identity of both fractions was also verified by paper chromatography in phosphate 
buffers. The following Ry values of the metabolite were obtained (those for metho- 
trexate are given in parentheses): pH 9.00, 0.5i (0.56); pH 7.38, 0.5I (0.56); pH 6°88, 



FIG. 2. Crystalline form of the methotrexate metabolite, photographed in dark-field. Crystal size 
50-100 & 

facing page 430 
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O-50 (060). Trailing due to decreased solubility of the metabolite occurred at pH 
6.4 and 5.3. The compound was visible under Woods light as a dark bluish-black 
spot on the partially dried paper. 

Preliminary toxicity studies were performed with mice. The acute LDNJ of the meta- 
bolite was 900 mg/kg f 147 (1X animals, single i.p. injection), that of methotrexate 
172 mg/kg & 20 (46 animals). Death in both groups occurred with similar symp- 
tomatology on the third or fourth day after the injection. Loss of weight, inflammation 
of and secretion from the conjunctivae, diarrhea, drop in circulating white blood 
cells, and depressiqn of the bone marrow were observed as the most prominent signs 
in the lethal dose range. 

DISCUSSION 
The finding of a reduced susceptibility of the rabbit to toxic effects of folic acid 

antagonists must be considered as a quantitative rather than a qualitative phenomenon. 
Minnich et, al.1 injected five rabbits for periods up to 33 days with daily doses of 
2.5-6.2 mg aminopterinlkg and observed the death of two animals with development 
of diarrhea and loss of weight. Bone marrow changes consisted of hypolasia of all 
marrow elements without presence of megaloblastic cells. While the study with 
methotrexate showed only minor indications of toxicity, it must be realized that this 
compound <is less potent than aminopterin. 

The fact that ratibits are coprophagic and have been classified as “pseudo-ruminants” 
indicates that folic and folinic acid are available to them from bacterial synthesis. 
It is, hotiever, ~&likely from consideration of quantitative relationships that this 
mechanism can account for the lack of toxic response. The amount of folic acid 
contained,in the~food was estimated by the producet’ to be 2.93 ppm,* and the relative 
ineffectiveness of e;ven large amounts of folic acid to prevent or reverse the effects of 
the antagonists is tie11 known. 

The pSeseated; d&a support the view that the resistance is related to the rapid rate of 
degradation of @e drug. Work of Loo and Adamson4> 10 and Johns et al.11 showed 
that this $egra&tion involves only a minor chemical alteration of the compounds. 
Evidence #obtaGied~ so far indicated that the oxidation takes place at the pteridine 
moiety, ~+ulti& $robably in formation of the 7-hydroxy derivatives of the parent 
campounds. 

In comp+ring, the absorption spectrum of methotrexate with that of the metabolite, 
the disappearance :of the peak at 374 rnp of the former compound in dilute alkali 
a@d the dcc$re;fice of the shoulder at 340 ml” in the latter are strongly reminiscent 
of the hysdcroinjlt: shift from 364 rnp for 2,4-diamino-6-methylpteridine to 338 rnp 
for 2,4+&minb-Tkhydroxy-6-methylpteridine .I@ 1% 13 The ultraviolet absorption 
charact&Mcs df t&e described metabolite are in close agreement with the compound 
isol~ted~dqi iotis &t aZ.ll from incubation samples of methotrexate with a purified 
ralibit Ii& +!r&n~~ fractibn by means of column chromatography on DEAE-cellulose. 
The spe&tFti dbiates, however, from that of a synthetically prepared sample of the 
7-liydro?iy ;deriva;tite of niethotrexate.? Elementary analysis of the purified metabolite 
also’ do& not tiu@ort the 7-hydroxy structure but is in good agreement with the 

; Eals@~ ++in+‘Co., St. Louis, MO. 
I Lk LOO; M. D. Anderson Hospital, Houston, Tex., personal communication. 



4%dihydroxy derivative. This configuration was pretioazsly proposed for the oxida- 
tion product of dkhloromethotrexate, isolated by LOO and ~damo# &-om liver 
homogenates. These aztthors have recentIy reported the isolation of a metabo&e s_’ 
dich?oromethotrexate from rabbit urine, identifying it as the 7-.lqy&-oxy derivative 
of the parent drug.lQ While the 4,7-=dihydroxy structure could not be fUy exch~ded, 
it was assumed that deamination at the 4-position of the first described compound 
was probably due to the drastic procedure used in their eariier degradation study, 
The 4-amino group of the 2,4-diaminopteridines is comparative$ labile and easily 
undergoes hydroHysis.14 The finding that a practice&r identical ultraviolet absor$;or. 
spectrum of the metabolite is obtainable after Simple extraction of the insoluble urine 
fraction with mild alkali renders it un!ikely that kkamination of the methotrexate 
metabolik is likewise glnspecific and due to the procedure of isolatioar. 

The fact that the main portion of the metabolite is found i.n the insoiubie urine 
fraction is of interest, especiaIly s-n. i c::: sabbi”i urine lasual%y has an alka:ine FIX The 
possibility that t^his insoluble material represents a chelation product with a, heavy 
metal was considered after it was observed, that the metabolite is easily precipitated 
by zinc ions. Methstrexate, which is found mainly in the soluble urine portions 
forms also heavy metal complexes and can be isolated ir, high purity fkorn urine by 
fractional precipitation with zinc sulfate_ 

No eRortS have been made to isolate the enzyme system responsible for the oxidatisa 
of methotrexate. Such studies ha.ve been carried out by Johns et al.“3 II <witI~ rabbit 
liver. T%ese authors obtained a partially puri5ed preparation wbi& in specifk acti%ty 
and susceptibility to different inhibitors appeared to be identicaI with the pm&&y 
described enzyme aldehyck oxidase. ISa IE While the elementary ane!ysis cannot be 
considered as fina! identifkatim, recognitim of t3e 4,7-dihydroxy st:mctme fsr 
the described m_etabolite would require a more complicated. enzymatic rzacti,tion 
involving multiple steps Ht is also n.ot possible to ex&dc nonenzymatic 4-dean&atlon 
which might take place dmir,g inmbation or in the process used to iso&& ihe 
metabolite. 

The pattern of crystallization, kaitrav~olet absorption spectrums and I+ values leave 
little doubt that the metabolite formed in v&o and the one formed iif vitro me idt~~tk& 

it is t&&ore unl&el~ that its formath. is mxeiy r&ted to degradation by intestina! 
bacteria, taking place during enterohepatic circulation of the drplg.l? 

The toxicity studies indicate tb.at the metabolite is a prodact of det~~%cati~~~ wit-h 
reduced toxiciey for mice. It is, however, not totally devoid of antifo!ic ZX~IV~:J’. T~SX 

findings corl;eqmnd wd with the sbsew~.tions of Johns et LJ~.,$ who described that the 
metabolites of methotrexate and aminopierin formed during incubation with 2. 
purified rabbit liver enzyme fraction had a reduced ability to inhibit dihydro%kGe 
reductase, as compared with the respective parent 93, 

Ac,&ow&$ge~e~~-Tk au:Jmr as grakful fisr advice and information !$ven by DEL T-i Li LoQ and 
D. 83. Johns. The competent technical as&tame rendmed by Mrs. Do:~thy S. Amos is ackt?Owledgeds 
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