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SUMMARY

Lethal doses of methotrexate in mice cause a prolonged
inhibition of proliferation in the epithelium of small intestine.
As early as 6 hr after such doses, a few karyorrhectic cells are
present in the proliferating zone of crypts, but by 24 hr the
crypt epithelium is atrophie. It fails to recover before the
animals die at 4 days after injection. Doses of the agent equal
to 0.1 X 50% lethal dose (LD50) also severely damage crypts
during the first 24 hr, but the region recovers by 72 hr. Few or
no pathological effects are seen after doses of 0.01 or 0.001 X
LDS0. Nevertheless, doses as low as 0.001 X LD50, i.e., 0.5
mg/kg, markedly inhibit folie acid reducÃase in the intestine
within the first 8 hr after injection, and the inhibition is as
extensive at 24 hr. Moreover, studies of the uptake of the drug
by intestine and liver show that shortly after injection of such
low doses methotrexate is present in concentrations that are
greatly in excess of the amounts required to bind all of the
reducÃasein these tissues.

The incorporation of tritiated deoxyuridine into the DNA
of small intestine is inhibited by more than 90% within 30 min
after injection of 0.001 X LD50, and recovery does not begin
until 2 to 4 hr later. Higher doses, 0.01 and 0.1 X LD50,
induce even greater maximal inhibitions lasting 4 to 6 and 16
hr, respectively. At 30 min, even after LDSO doses, thymidine
incorporation into DNA is unaffected, a result consistent with
the induction by methotrexate of a selective block in the
methylation of deoxyuridylic acid. That DNA synthesis is
depressed is shown by a concurrent inhibition of the
incorporation of 32P-labeled orthophosphate into DNA.

In spite of the early inhibition of DNA synthesis,
methotrexate induces relatively few degenerating cells in the
proliferative crypt epithelium during the first 6 hr. By
contrast, selective inhibitors of DNA synthesis such as
hydroxyurea or 1-ÃŸ-D-arabinosylcytosine destroy all S-phase
cells within the first 2 to 4 hr. It is therefore concluded that
inhibition of DNA synthesis by methotrexate in mouse
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intestinal crypts is not selective but is balanced by concurrent
inhibition of RNA or of protein or of both.

INTRODUCTION

The in vivo cytotoxicity of Mtx3 is generally attributed to

the inhibition of thymidylate synthesis and a resulting state of
unbalanced growth wherein there is cessation of DNA
synthesis without concomitant interruption of RNA and
protein synthesis (18). The block in thymidylate synthesis is
usually considered to be the consequence of inactivation of
folate reducÃaseby Mtx (18, 32), although direct inhibition of
thymidylate synthetase has recently been proposed as an
alternative proximate action of the agent (5, 25). Mammalian
cells in culture have, in fact, been shown to lose reproductive
capacity when treated with Mtx under conditions that ensure
selective inhibition of thymidylate synthesis through the
provision of exogenous sources of purines and essential amino
acids (26). It is not known whether these in vitro findings are
applicable to the response of proliferating cells in vivo.

Selective inhibitors of DNA synthesis, such as hydroxyurea
and ara-C, are known to induce lesions in proliferative systems
within a few hr after injection into intact animals, (19, 23)
and, if Mtx acts similarly, it should induce cell damage in a
comparable manner. However, this report will show that,
although Mtx can induce prompt inhibition of DNA synthesis,
cytotoxic effects do not ensue unless relatively large doses are
given. Even after large doses, the cytotoxic effects are more
delayed in onset and follow a different course than those
induced by hydroxyurea or ara-C. The proliferative system
that is the object of this study is the mouse small intestine. It
has been used to relate uptake of Mtx, inhibition of folate
reducÃase and of DNA synthesis, and palhological changes al
different times after the injection of varying amounts of drug
spanning a 1000-fold range of doses.

MATERIALS AND METHODS

Mix was oblained Ihrough ihe courlesy of Ihe Lederle
Laboralories (Pearl River, N. Y.). Drug for injeclion was
dissolved in pyrogen-free, siedle, 0.9% NaCl solulion by

3The abbreviations used are: Mtx, methotrexate; ara-C,
1-0-D-arabinosylcytosine; TdR-3H, thymidine-methyl-3H; UdR-3H,
deoxyuridine-6-3 H; LDSâ€ž,50% lethal dose.
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addition of 2 equivalents of sodium bicarbonate. Mtx for use
in thÃ©enzyme titrations was further purified by column
chromatography following the method of Oliverio (21). The
purified Mtx was stored at -20Â° until used. The UV

absorption spectra of the drug used for injection and of the
purified Mtx were in close quantitative agreement with that
reported by Seeger et al. (27).

Male Swiss mice of the CD/1 line (Charles River Breeding
Laboratories, Wilmington, Mass.) were used when 5 weeks old,
24 to 27 g. All animals had been observed for a period of 5
days and then randomized before use. Injections, in a volume
of 0.01 ml/g, were made via the tail vein between 7 and 11
a.m. Control animals received 0.9% NaCl solution. For
lethality studies, mice were given injections of single or
multiple doses of Mtx or 0.9% NaCl solution and observed for
a period of 2 weeks. Animals used for histological examination
of duodenum were killed by cervical dislocation. Segments,
1.5 cm long, beginning 1.5 cm from the pyloroduodenal
junction, were prepared for observation of mitoses and
degenerating cells as previously described (19).

To obtain tissues for studies of Mtx and enzyme content,
animals were etherized and killed by exsanguination from the
dorsal aorta. Blood was collected in heparinized tubes. The
entire small intestine from 1 cm distal to the pyloroduodenal
junction to 1 cm before the ileocaecal junction was obtained
in several ways. For whole intestine, the ends were tied with
silk to prevent loss of lumenal contents; for washed intestine,
the organ was removed, placed in iced sucrose (see below), cut
into 5- to 7-cm portions, opened longitudinally, and washed
sequentially 4 times in iced sucrose. Livers were washed in
sucrose after removal of gallbladders. Skeletal muscle (gluteal
and ham) was trimmed of fascia. Tissues were pooled from 2
animals and homogenized in 2 (intestine, liver) or 3 (muscle)
volumes of iced 0.25 M sucrose containing 0.001 M EDTA, pH
8.0 (30), with a smooth-walled glass tube fitted with a Teflon
pestle and immersed in crushed ice. The homogenates were
centrifuged at 37,000 X g for 160 min in a refrigerated
centrifuge (30, 33). The supernatants were removed; placed in
acid-washed tubes which, if not used immediately, were frozen
in an ethanol:Dry Ice mixture; and stored at -20Â°.

Enzyme Assay. Folate reducÃasewas assayed in liver by the
titration method of Werkheiser et al. (30, 33) which was
modified by inclusion of a TPNH-generating system and by an
alteration in the sequence of addition of reaction components.
The generating system contained isocitric acid dehydrogenase
(Type IV, highly purified, from pig heart, solution in 50%
glycerol, Sigma Chemical Company, St. Louis, Mo.) and
DL-isocitric acid (trisodium salt, Type 1, Sigma). Each tube
received 50 n\ of 1.0 M 3,3-dimethylglutarate buffer, pH 6.1;
10 jul of 1.0 M MgCl2; 10 A<1of 4 mM folie acid; SOjul of
0.05 M isocitric acid; and sufficient isocitric acid
dehydrogenase to produce 5 mjumoles of TPNH per min.
Purified Mtx and water were added so that the final incubation
volume would be 600 jul. The tubes were preincubated at 37Â°

for 5 min and then chilled in ice. Liver supernatants were
added, and the tubes were incubated at 37Â°for the desired

time. The intestinal reducÃase assay was similar except for
addition of 50 jul of l M nicotinamide and substitution of 1
M MnCl2 for MgCl2. The titer of enzyme was calculated as
equivalents of Mtx per g of tissue.

The entire washed intestine was used herein for assay of
folate reducÃase whereas Werkheiser et al. used mucosa that
had been stripped from the intestine (30, 32, 33). In
preliminary experiments, the enzyme content of expelled
mucosa was compared with that remaining in stripped residue.
In 1 such study, the mucosa and residue contained 38 and 62%
of the enzyme, respectively. Histological examination revealed
that the stripping had left the crypt epithelium essentially
intact while removing most of the villi. In another experiment
with more vigorous stripping, the expelled mucosa and the
residue contained 75 and 25% of the total reducÃase,
respectively. Histological study showed that most of the
epithelium had been expelled, although some crypts remained.
These findings indicated that most of the folate reducÃaseof
intesline is localized in Ihe mucosa.

Drug Assay. Mtx concentration in tissues was measured as
previously described (33) with liver supernatants as the source
of titrating enzyme. Tissue extracts from control animals had
appreciable inhibitory activity (Charts 4, 5, and 6). The blank
values were directly proportional to volume of tissue extract.

Precursor Incorporation into DNA. TdR-3H and UdR-3H

were obtained from New England Nuclear, Boston, Mass., and
orthophosphoric acid-32P from E. R. Squibb and Sons, New

York, N. Y. The purity of Ihe tritiated precursors was checked
by Ihin-layer chromalography in 2 solvenl syslems: (a)
isobulyric acid:concenlraled ammonium hydroxide:water,
66:1:33; and (b) waler-saturated l-butanol:15 N ammonium
hydroxide, 100:1. Reference channels conlained unlabeled
nucleosides (Schwarz BioResearch, Inc., Orangeburg, N. Y.)
with spectra matching available reference criteria (2, 10, 28).
For TdR-3 H, 98% of the radioactivity was recovered in the
reference zone in System a and 95% in System b. For UdR-3 H,

Ihe respeclive recoveries were 98 and 91%.
TdR-3H (20 pCi, 2 jumoles/kg) and 32P (1 mCi/kg) were

injected i.v. into mice. Intestinal DNA was extracted and
analyzed as previously described (19). Radioactivity for 3H

was delermined by liquid scinlillalion counting in Triton
X-100 scintillalion fluid (9) and for 32P by measuremenl of

Cerenkov radialion (14). Counting efficiency was determined
with each sample by addilion of inlernal standards and found
to average 13% for 3H and 18% for 32P. Specific activilies for

DNA were calculaled as dpm//umole of deoxyribose sugar. The
counting standard error was <2% in samples from controls and
<5% in samples from trealed mice and in background counls.

Preliminary experimenls were conducled lo delermine Ihe
periods during which Ihe precursors were incorporaled inlo
inlestinal DNA al linear rales. On Ihe basis of resulls shown in
Charl 1, a 10-min pulse was chosen for Ihe Irilialed
nucleosides. The incorporalion of 32P inlo inlestinal DNA was
323, 608, and 786 dpm/iimole of deoxyribose for 20-, 30-,
and 40-min pulses, respectively (each value is the average of 2
animals). A 30-min pulse time was chosen for 32P.

RESULTS

Mtx Lethality. The median lethal dose was found lo be 430
mg/kg as shown in Table 1. In animals receiving 500 mg/kg,
weighl loss was evident within 1 day; by the 4th day, it
averaged 23% of initial values. Diarrhea began at 2 days and
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DEOXYURIDINE-6- H
40/iCi, 2/imoles/kg

40

Chart 1. The incorporation of TdR-3H and UdR-3 H into intestinal

DNA. Each point is the mean Â±1 S.D. for the number of mice enclosed
in parentheses. The numbers along the ordinate must be multiplied by
1000 to obtain observed values for specific activity. Note the relatively
constant variance of values obtained with TdR-3H and the greater
variation with UdR-3H.

Table 1
Toxicity of Lv. doses ofMtx

No. of Total
successivedosedaily

injections(mg/kg)1

500250125635

250125633216Mortality9/152/151/150/1514/1510/152/151/150/15Day

of death
tn3-79217521'"508-14

(mg/kg)4307

1055

deaths occurred between 3 and 4 days after injection. These
findings are similar to the observations of Ferguson et al. (7).
Lethally intoxicated animals given doses lower than the
median lethal dose, i.e., 125 and 250 mg/kg, followed a similar
course. Animals receiving 63 mg/kg, a nonlethal dose, had no
diarrhea, lost an average of 10% of body weight by 1 to 2 days
after injection, and recovered thereafter.

When Mtx was administered in a multiple dose schedule, the
median lethal dose was found to be 105 mg/kg, i.e., 5 X 21
mg/kg/day (see Table 1). Signs of terminal intoxication were
similar to those seen in animals receiving single lethal doses,
but the time of onset was delayed by 1 or 2 days. The mean
day of death was 7 with a range from 4 to 13 days.

Ferguson et al. (7) found the single median lethal dose for
Mtx, given i.p., to be 94 mg/kg, a dose about one-fourth of

that found in this study. The discrepancy may be due, in part,
to the presence of significant amounts of aminopterin in the
samples of Mtx used in the earlier studies (D. J. Hutchison,
personal communication, 1970).

Intestinal Lesions. The doses chosen for histological study
were 500, 50, 5, and 0.5 mg/kg. The highest dose was
expected to induce intestinal pathology. The next dose, 50
mg/kg, although nonlethal when given only once, was fatal
when given on several successive days (see Table 1). The dose
of 5 mg/kg is in the range of total doses commonly used in the
treatment of mouse leukemia. The lowest dose, 0.5 mg/kg, was
chosen to be approximately equivalent to the concentration of
folate reducÃasein liver and intestine.

Histological changes were studied in 2 experiments. In the
1st, dealing with the initial effects of Mtx, pairs of animals
were killed at 1,2, 4, and 6 hr after each of the 4 doses;
controls were sacrificed at similar times. In the 2nd study,
dealing with later effects, the animals were given either 50 or
500 mg/kg and were killed at 6, 24,48, and 72 hr. In addition,
controls given no food, but water ad libitum, were killed at the
same times to determine the extent of the histological change
associated with starvation.

At 2 hr, as shown in Chart 2, mitotic activity was depressed
in crypts in all treated animals to an extent that appeared dose
dependent. By 4 and 6 hr mitotic activity was in the normal
range in animals given 0.5 mg/kg but still lower than at 2 hr in
mice given 50 and 500 mg/kg. Mitosis in animals receiving 5
mg/kg was depressed at 4 hr, but by 6 hr the animals had begun
to recover. At 1, 2, and 3 days, the mitotic activity in crypts
of animals given 50 mg/kg had recovered. Depletion in crypt
population and other structural alterations in the intestines of
mice receiving 500 mg/kg (see below) made quantitative
measurement of mitotic indices impossible at 24 hr and later;
few, if any, intestinal crypts could be found that satisfied the
criteria for crypt counting. Nevertheless, no mitoses were
evident in what remained of the crypt epithelium. The starving
controls had normal mitotic indices at 1 and 2 days (2.1 to 2.5
mitoses per crypt section) and approximately a 50% reduction
by Day 3 (0.6 to 1.3 mitoses per crypt section).

o

t
CE
O

in
UJ
</>
8 1

4 6
HOURS

24 48 72

Chart 2. Effects of different doses of Mtx on mitotic activity in
duodenal crypt epithelium. Each symbol represents a single animal. *,
0.5 mg/kg; o, 5 mg/kg; Â»,50 mg/kg; A, 500 mg/kg; X, 0.9% NaCl
solution-treated controls; e, average of all (16) controls Â±2 S.D.
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The crypts studied above were also examined for the
appearance of necrotic cells. Significant numbers above that
seen in controls (0 to 0.2 per crypt section) were not observed
in the treated animals at 1,2, and 4 hr (Fig. 1). By 6 hr, the
crypts of mice receiving 5, 50, and 500 mg/kg had
karyorrhectic cells; the maximal number was 2 per crypt
section in animals given 50 and 500 mg/kg (Fig. 2) and 1 per
crypt section in those treated with 5 mg/kg. Degenerating cells
were still found in crypts at 1 and 2 days after the lethal dose
of 500 mg/kg (Fig. 3) but not in mice given 50 mg/kg (Fig. 4).

Other pathological effects were observed in the intestines of
mice killed at 1 and 2 days after 50 mg/kg. Throughout the
crypt epithelium, there were numerous atypical cells with
irregularly shaped and unaligned nuclei containing enlarged
nucleoli (Fig. 4). By 3 days, the crypts were normal.

More severe, persistent changes occurred in the animals
given the lethal dose of 500 mg/kg. By 1 day, there was a
marked reduction in the total number of crypts, and of those
remaining most were small and highly irregular (Fig. 3).
However, the intestinal villi at this time were indistinguishable
from those of controls (Fig. 5). By 2 and 3 days, the villi
became blunted and the surviving crypts contained epithelial
cells varying widely in size and shape and having prominent
and enlarged nucleoli (Fig. 6). These histolÃ³gica! findings
correlate well with the gross signs of intestinal disturbance
observed in lethally intoxicated mice which die between 3 and
4 days after the dose of 500 mg/kg (see above). The intestines
of starving controls had no specific abnormalities except at 3
days when the total quantity of villar and crypt epithelium
appeared to be less than in untreated mice.

Intestinal DNA Content. The mitotic inhibition, necrosis,
and atrophy of intestinal epithelium in mice receiving
cytotoxic doses of Mtx were associated with significant losses
of total DNA. As shown in the experiment described in Chart
3, the injection of 50 or 500 mg/kg reduced intestinal DNA
content within 1 day to a value approximately 75% of
controls. During the 2nd day in mice given 50 mg/kg.
intestinal DNA began to recover, and by 3 days it was at
control levels. By contrast, lethally treated mice (500 mg/kg)
continued to lose intestinal DNA until by 3 days the values
were about 50% of controls. The injection of 5 mg/kg caused
no significant losses of DNA in agreement with the previous
findings that mitotic inhibition is more transient and necrosis
less marked after this dose than after the 2 higher doses. The
starving animals of Chart 3 showed steady losses of intestinal
DNA but at a rate lower than that found in mice given 500
mg/kg. Changes in body weight and in wet weight of intestine
paralleled changes in total DNA content (Chart 3).

Intestinal Mtx Concentrations. Shortly after injection,
significant amounts of unbound Mtx are present in blood,
tissues, biliary system, and the lumen of the intestine (15).
Free drug levels decreased rapidly as the result of renal and
intestinal excretion (15) until finally the Mtx remaining in
tissues is that which is bound to folate reducÃase (32). To
relate the amount bound to enzyme with cytotoxic effects and
with the inhibition of DNA synthesis to be described below, it
was deemed necessary to determine when significant amounts
of free drug were no longer available for further reaction with
the reducÃase. For this purpose, groups of mice were given
injections of 50, 5, or 0.5 mg/kg, and tissue concentrations of
Mtx were determined after the various intervals shown in

SAL SAL 5 50 50O NF

Chart 3. Effects of different doses of Mtx on body weight, intestinal
wet weight, and total intestinal DNA. Each column is the average of 5
animals with the height of T-bar equal to +1 S.D. DNA is represented
as Â¿imolesof deoxyribose. SAL, controls given 0.9% NaCl solution; 5,
SO, and 500, doses of Mtx in mg/kg; NF, mice receiving no food but
water ad libitum. Significance of difference from 0.9% NaCl solution-
treated controls is shown for content of DNA deoxyribose. *,p < 0.05;

**, p < 0.001.

Chart 4. At the earliest times studied, hepatic and intestinal
drug levels were found to be greatly in excess of those of plasma
and muscle. Such initially high levels have been observed
previously and have been attributed to the presence of Mtx in
intrahepatic bile and in biliary secretions in the intestinal
lumen (15). Drug concentrations in all tissues declined
steadily. In liver and intestine, the concentrations eventually
reached constant levels at times when negligible amounts
remained in plasma and muscle within the range of tissue
blanks. In animals given 50 mg/kg, the concentrations in liver
and intestine plateaued at about 18 hr at levels approximating
the folate reducÃasecontenÃof these tissues (see below, Charts
5 and 6). In mice given the 2 lower doses, intestinal and
hepatic concentrations reached constant levels at still earlier
limes.

Al 2 hr, drug concenlralions in muscle were 10 lo 20% of
those found in plasma as if Mtx were distributed
extracellularly (11). These findings disagree wilh
measurements of the dislribution of Iritialed Mix in muscle
and plasma on Ihe basis of which Mix was considered lo
equilibrate in tolal body waler (16).

For more precise delerminalion of Ihe relalion belween
folale reducÃasecontenÃ and Ihe level of drug relained by Ihe
intestine and liver and for estimation of the exlenl lo which
enzyme was bound afler each of Ihe doses sludied, Ihe
experimenl described in Charts 5 and 6 was performed in
which washed rather than whole intestine was used for
analysis. At 8 hr, drug concenlrations in liver were above the
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Chart 4. Concentrations of Mtx in various
mouse tissues after different doses. Values are
given in ng/g of wet weight of tissue or ng/ml of
plasma. Whole intestine was analyzed, including
lumenal contents, as described in "Materials and
Methods." Each point is the result from a single

animal. Â»,0.5 mg/kg; o, 5 mg/kg; Â»,50 mg/kg.
Values in mice too large to fit in the chart were
after the dose of 50 mg/kg in whole intestine,
147,000 and 3,000 ng/g at 2 and 6 hr, respectively,
and in liver, 4,970 ng/g at 2 hr. After the dose of 5
mg/kg, whole intestine contained 21,300 ng/g at 2
hr. The means and ranges of blank values in tissues
from 5 control animals given 0.9% NaCI solution
were: whole intestine, 68 (52 to 90) ng/g; liver, 68
(21 to 94) ng/g; muscle, 20 (11 to 27) ng/g;
plasma, 7 (3 to 14) ng/ml.

16 20 24 O

HOURS

12 16 20 24

1310
960

LIVER INTESTINE

'OCfcCÃœ

500

400soo200l'.

.â€¢

=5O
:Â«=0

DRUG-1

1.
t ' 8A

. 1 . . 1 . . 1Dmg/kÃ§

>mg/kg
5mg/kgENZYME-

Â»Zcr-2<Ti

24 46 72 0 24 48 72
HOURS

Chart 5. Drug and folate reducÃaseconcentrations in liver after
different doses of Mtx. Concentrations of drug and enzyme are
expressed as ng/g, wet weight, and ng equivalents/g, wet weight,
respectively. Each point is the result from a single animal. Â»,0.5 mg/kg;
o, 5 mg/kg; Â»,50 mg/kg. The average and range of drug blank values in
livers of 10 controls was 62 (41 to 76) ng/g. The average folie reducÃase
level of 10 control mice Â±2 S.D. was 417 Â±44 ng equivalents/g.
Boldface horizontal line, control average. Enzyme concentrations that
were detectable but less than 2% of the control average are plotted
arbitrarily at the value designated by trace (TV?),on the right ordinate.

reducÃase levels of control tissue in agreement with the 8-hr
values in the experiment of Chart 4. From 16 to 72 hr, the
Mtx concentration of liver remained constant at a level
equivalent to the enzyme content of control livers (Chart 5)
and consistent with the long half-life of drug in this tissue
reported by Werkheiser (32) and Fountain et al. (8). Drug
concentrations in intestinal tissue (Chart 6) were within the
range of the enzyme content of this organ at 8 hr in animals
given 0.5 mg/kg, at 16 hr after 5 mg/kg, and at 24 hr in those
receiving 50 mg/kg. From 16 hr onward, the Mtx content of
the intestines of animals given 0.5 and 5 mg/kg decreased but
there was no change in mice given 50 mg/kg.

JOOr-

20C

- V, iÂ«jÂ«4

ENZYME

IOC

24 72 0
HOURS

Chart 6. Drug and folate reducÃaseconcentrations in intesline afler
differenl doses of Mtx. Concenlralions of drug and enzyme are
expressed as in Charl 5. Washed inlesline, devoid of lumenal contents,
was analyzed as described in "Materials and Methods." Â»,0.5 mg/kg; o,

5 mg/kg; Â»,50 mg/kg. The average and range of drug blank values in
intestines of 10 controls was 42 (25 to 70) ng/g. The average folate
reducÃase level of 10 control animals Â±2 S.D. was 156 Â±38 ng
equivalents/g. Boldface horizontal line, control average. Enzyme
concentrations that were deteclable bul less lhan 4% of the control
average are plotted arbitrarily at the value designated trace (TR), on the
right ordinate.

Intestinal Folate ReducÃase Concentration. The above data
have shown that Mtx is present in intestine and liver for
extended periods of time for all doses studied in amounts
greater than the quantity necessary for complete inhibition of
folate reducÃase.This was true even in mice given the minute
dose of 0.5 mg/kg (0.001 X LD50). The results of Chart 5
show thai at 8 hr, enzyme aclivily was negligible in liver.
Presumably, free drug was siili present which in all likelihood
was broughl inlo contact with unbound enzyme during the
homogenization procedure. By 16 hr, when free Mtx was
probably no longer present, there were low but significant
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hepatic enzyme levels in animals receiving the 2 lower doses.
At later times, hepatic reducÃase concentrations remained
between 15 and 21% of control in animals receiving 0.5 and 5
mg/kg and at an even lower constant level in those given 50
mg/kg. The lack of significant resynthesis of the enzyme
during the 3-day period is consistent with the relatively static
nature of cell turnover in liver and with the slow rate of
enzyme recovery observed previously by Werkheiser (31 ).

As in liver, intestinal reducÃase activily (Chart 6) was
negligible al 8 hr bul al low, significanl levels al 16 hr in
animals given 0.5 and 5 mg/kg. Thereafter, inleslinal enzyme
aclivily recovered in Ihese mice so lhat by 72 hr il was nearly
al conlrol levels. These data are similar to previous
observations and are consistent with Ihe dynamic nalure of
cell lurnover in inleslinal crypl epithelium (31,32). However,
in animals treated with 50 mg/kg the recovery of enzyme
activity was slower and less uniform. This dose induces severe
intestinal injury such as prolonged inhibition of milolic
aclivity (Charl 2), necrosis, decrease in total DNA (Chart 3),
and persisling cylological alleralions (Fig. 4).

Intestinal DNA Synthesis. The presence of high
concentrations of free drug in tissues al early limes afler giving
Mix conlravene the eslimalion of in vivo reducÃaselevels by
procedures lhal involve admixlure of lissue conlenls. Indirecl
means were iherefore used lo delermine Ihe onset and extent
of enzyme inhibition in vivo, by measuring the effect of
different doses of Mtx on the incorporation of UdR-3 H into

inleslinal DNA. The results of Charl 7 show lhal as early as
0.5 hr after giving Mix, UdR-3 H incorporation into DNA was

maximally inhibited by 90, 95, and 99% for doses of 0.5, 5,
and 50 mg/kg, respectively. Afler Ihe lowesl dose, inhibilion
remained maximal for aboul 2 hr and then decreased
thereafter. After the larger doses, the periods of maximal
inhibition were more prolonged; they occurred 4 lo 6 hr afler
5 mg/kg and as long as 16 hr afler 50 mg/kg.

4r-T-
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Thai Ihe above resulls were a specific measure of inhibilion
of Ihe conversion of deoxyuridylic acid lo Ihymidylic acid is
supporled by the resulls shown in Table 2 in which TdR-3 H

was used as the DNA precursor. At the earliesl lime sludied,
0.5 hr, Ihe incorporalion of TdR-3 H inlo inleslinal DNA was

unimpaired. The Irealment did not alter the kinetics of
thymidine incorporalion al 0.5 hr as shown by resulls
oblained in pairs of animals lhat received 500 mg/kg or 0.9%
NaCl solution and then were given precursor al 5 or 10 min
before killing. Specific activities of the DNA after the 5-min
pulses were 890 and 1050 dpm/jumole deoxyribose in conlrols
and 850 and 1140 in Irealed animals; afler Ihe 10-min pulse,
Ihe respective values were approximately doubled, 2170 and
2030 in controls and 2390 and 2030 in drug-trealed animals.
At the laler times shown in Table 2, the incorporalion of
TdR-3 H remained undiminished in animals given 0.5 mg/kg, a

transient inhibition was observed in those given 5 mg/kg, and
more prolonged inhibitions developed in animals given 50 and
500 mg/kg. None of the delayed inhibitions were of the
magnitude oblained with UdR-3H, and they may have been

indirect consequences of pathological changes and dislurb-
ances in proliferalive aclivity or of depression in pools of
purine deoxynucleotides or of bolh.

The changes in Ihe incorporalion of UdR-3 H presenled in

Chart 7 probably reflecl inhibition of DNA synthesis. This was
supported by a study in which Mtx treated animals were given
orthophosphoric acid-32P and Ihe incorporalion inlo inleslinal

DNA was measured as described in Table 3. Inhibilion of Ihe
incorporalion of 32P at 1 hr afler Mtx averaged 70, 77, and

82% in mice Irealed wilh 0.5, 5, and 50 mg/kg, respectively.

DISCUSSION

Seleclive suppression of DNA synthesis consequent to Ihe
inhibilion of thymidylate synlhesis is generally Ihoughl lo be

Chart 7. The effect of differe.nl doses of Mtx on the
incorporation of UdR-3H into intestinal DNA. All animals were
killed 10 min after receiving UdR-3H (40 /jCi/Mmole, 2

jumoles/kg). Each point is the result from a single animal. *, 0.5
mg/kg; o, 5 mg/kg; â€¢,50 mg/kg; and X, 0.9% NaCl
solution-treated controls.Oat zero hr, average Â±1 S.D. of the 13
control animals. The numbers along the ordinate must be
multiplied by 1000 to obtain observed values for specific
activity.

6 '^8 12
HOURS

16 2O
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Table 2
The effect ofMtx on the incorporation ofTdR-'H into intestinal DNA

Mice were given various doses of Mtx or 0.9% NaCl solution and were killed at different
times after injection. Ten min before killing, they received TdR-3H (2 ^moles/kg; 10
MCi/iimole). Each value is the average specific activity of the number of mice shown in
parentheses. Specific activity in DNA is expressed as (dprn/jumole of DNA deoxyribose) X10~3; each value must be multiplied by 1000 to obtain the actual specific activity. The mean

specific activity Â±1 S.D. for the 20 control mice given 0.9% NaCl solution was 2.31 Â±0.40.

Time after
injection(hr)0.5

1
2
4
6Average

specific activity after following dose ofMtx0.5

mg/kg2.30(2)

2.34(2)
2.36(2)
2.57(2)
3.17(2)5

mg/kg2.35(1)

2.18(1)
0.92(1)
2.01(1)
2.35(1)50

mg/kg2.59(4)

1.66(3)
1.31(3)
1.43(3)
2.15(2)500

mg/kg2.17(2)

1.84(2)
0.77(2)
1.04(2)
1.22(2)0.9%

NaClsolution2.10(2)2.27(5)

2.52(5)
2.24(5)
2.29 (3)

Table 3
The effect ofMtx on the incorporation oforthophosphate-Ã¬2P

into intestinal DNA
Mice received various doses of Mtx or 0.9% NaCl solution at O min

and at +30 min received orthophosphate-32 P. They were killed at +60
min. Each value is the result from a single animal. 'Calculation of
inhibition is based on the average specific activity of the controls.

Dose(mg/kg)0.9%NaCl

solution0.55.050Radioactivity

in DNA"483394141123991008477Inhibition(%)68727777SI83

0 Specific activity in dprn/fimole of deoxyribose.

the mechanism of cytotoxic action of Mtx in proliferating
tissues in vivo. The inhibition is usually attributed to the
depletion of tetrahydrofolate derivatives in susceptible tissues
that results from irreversible inactivation of folate reducÃase
(3), but it has also been proposed that Mtx directly inhibits
thymidylate synthetase itself (5, 25). Inhibition of either
enzyme could give rise to the "thymineless" suppression of

DNA synthesis which has been shown to be lethal in
Escherichia coli (6) and has been considered to account for
loss of viability in mammalian cells treated in vitro with Mtx
(26). However, we have found that inhibition of DNA
synthesis, as measured by suppression of the incorporation of
UdR-3H into DNA, is not necessarily associated with

cytotoxicity in mouse small intestine. Animals receiving the
lowest dose of Mtx, 0.5 mg/kg, had no discernible intestinal
lesion, although there was rapid inhibition of DNA synthesis
which was maximal for at least 2 hr (Chart 7). Moreover, the
doses of 5 and 50 mg/kg induced marked inhibition for 6 or
more hr (Chart 7) but only minimal numbers of degenerating
cells (about 1 to 2 per crypt section) within the first 6 hr after
injection. Even the lethal dose of 500 mg/kg did not induce
greater numbers. Such findings differ appreciably from results
obtained with the selective inhibitors of DNA synthesis,

hydroxyurea and ara-C. When these agents are given in doses
that inhibit DNA synthesis maximally for as short a time as 2
hr, maximal numbers of degenerating cells appear in crypts
within 2 to 4 hr after injection, i.e., about 8 to 10 per crypt
section or approximately equal to the number of S-phase cells
in mouse duodenal crypts (19, 22).

The difference in the response of proliferating crypt cells to
Mtx and to other suppressors of DNA synthesis suggests that
Mtx may induce a more balanced inhibition as the result of
interference with the activity of folate reducÃase. The rapid
onset of the inhibition of Ihe incorporation of UdR-'H into

DNA (Chart 7) implies an equally rapid decrease in inteslinal
tetrahydrofolates. If so, the synthesis of purines and amino
acids that are dependent on tetrahydrofolate-containing
coenzymes would be impaired and a concurrent inhibition in
the synthesis of protein or of RNA or of both could be
expected. Under these conditions, Ihe rapid breakdown of S
phase cells that follows selective inhibition of DNA synthesis
may be prevented. The prolonged state of balanced
inhibition may, however, account for the slowly developing
and persistent alterations induced by high doses of Mtx (Figs.
3,4, and 6).

An analogous difference in response to Mtx and to
inhibitors like hydroxyurea or ara-C has been observed in
vitro. When exposed in the S phase to concentrations of
hydroxyurea or ara-C that induce marked inhibition of DNA
synthesis, L-cells lose viability rapidly (1, 13). The same cells,
however, resist loss of reproductive capacity for many hr when
treated with concentrations of Mtx that induce an immediate
block in thymidylate synthesis (5). It has been suggested that
the concurrent inhibition in the synthesis of purines and
essential amino acids prevents the efficient cell killing by Mtx
that would otherwise be expected to result from suppression
of thymidylate synthesis (4).

The relation between the inhibition of folate reducÃasein
mouse intestine and that of DNA synthesis is not clear.
Significant inhibition of enzyme activity persists for at least 16
hr in animals given Mtx in doses of 0.5 or 5 mg/kg (Charl 6),
although the incorporation of UdR-3H into DNA recovers to

50% of control by about 5 and 10 hr, respectively (Chart 7).
After the dose of 50 mg/kg, the recovery of enzyme aclivily is
even slower and less uniform while the incorporation of
deoxyuridine is 50% of control by 18 hr. It appears that the
recovery of DNA synthesis progresses in the face of negligible
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reducÃaseactivity, a discrepancy which has also been observed
in LI 210 leukemia in mice (25). Possibly, measurements of
folate reducÃase activily provide spurious results since they
require Ihe prior homogenizalion of lissues which may free
drug bound lo other sites in vivo for reaction wilh Ihe enzyme.
It is also possible lhal only a small fraction of lolal lissue
enzyme is essential to support thymidylate synthesis at normal
rates. It would seem that changes in the rate of incorporalion
of deoxyuridylate into thymidylale and inlo DNA provide
more reliable eslimates of Ihe functional disturbances caused
by Mtx in cells and tissues than does measurement of folate
reducÃaseaclivily.

There is a closer relation between the duration of inhibition
of DNA synlhesis and the intervals during which significant
concenlrations of free Mtx are presenl in Ihe inlesline
(compare Charts 4 and 7). The total drug in whole intestine
(including lumenal contents) is greater than twice the
reducÃaseconlenl for aboul 7, 10, and 15 hr after injection of
0.5, 5, and 50 mg/kg, respeclively (Chart 4). Significant
inhibitions of DNA synthesis persist for about the same
inlervals. A parallel between free Mtx concentration and
inhibition of DNA synthesis has also been observed in LI 210
leukemia (25).

Werkheiser has proposed lhal loss of enzyme-bound Mtx
from cell populations is "due lo dilution resulting from
increase in tolal cyloplasm or cell division" (32). In accord

wilh Ihis view, Ihe steady losses of Mtx which were observed
in animals from 24 to 72 hr after doses of 0.5 and 5 mg/kg
(Chart 6) seem consistenl wilh the known rate of epithelial
cell lurnover in mouse small inlesline (20). However, in mice
given 50 mg/kg, Mtx concentrations remained essenlially
unchanged during Ihe same period, even Ihough milolic
aclivily and DNA synthesis had returned lo conlrol levels by
24 hr (Charls 2 and 7), and total DNA increased between 24
and 72 hr (Charl 3). As with drug loss, Ihe recovery of folate
reducÃaseaclivily from 24 lo 72 hr is more complete in mice
receiving the 2 lower doses lhan in Ihose given 50 mg/kg. Il
seems likely lhal the slower rates of drug loss and of enzyme
recovery are related lo the greater disorganization of Ihe
crypls during the 1st 24 hr after injection of Ihe high dose.

The course of intoxication in mice given lethal doses of Mix
suggests lhal dealh is due lo failure of inleslinal epilhelial cell
renewal. Microscopic examinalion of Ihe small inlesline in
animals receiving single doses grealer lhan the LD50, i.e.. 500
mg/kg, reveal suppression of mitolic aclivily and Ihe presence
of degeneraling cells in crypls beginning 4 to 6 hr after
injeclion and persisling unlil the time of death. Wilh Ihe
prolonged arresi of proliferative aclivity in crypts, epilhelial
cells losl by physiological lurnover are not replaced.
Consequenlly, Ihe villar epilhelium becomes alrophic with
eventual denudation of Ihe mucosa. In animals receiving 50
mg/kg, Ihe milolic inhibilion, Ihe number of degeneraling cells
in crypls, and Ihe quanlily of DNA losl during Ihe Isl 24 hr
are as great as lhal caused by lelhal doses. By 24 hr, however,
milolic aclivily is again normal and degeneraling cells are no
longer presenl. During the nexl 2 days, the total cell
population increases as shown by recovery of tolal DNA; by
Ihe 3rd day, Ihe inlesline is hislologically normal. The daily
repelition of such a dose would eventually prove lelhal, for
there would be insufficient time between successive injections

for repair of lesions. This may account for the great
enhancement of toxicity lhat occurs when Mtx and
aminopterin are given daily (7, 24). It may also account for
the fact lhal leukemic mice lolerale much larger lolal doses of
aminoplerin if Ihey are treated at 2- to 4-day intervals rather
than by daily injections (12).

The degeneraling cells in crypl epithelium which have been
observed in this work are similar in light microscopic
appearance to those seen in human jejunal crypts oblained
from palients trealed wilh i.v. doses of Mtx (29). Electron
microscopic study has revealed lhal Ihe affected jejunal cells
conlain inlracyloplasmic inclusion bodies laden with
degenerating cyloplasmic organdÃes and nuclear debris (29).
Degenerating cells in duodenal crypts of X-irradialed mice
have a similar appearance by both lighl and eleclron
microscopy, and il has been suggesled lhal the
inlracyloplasmic inclusion bodies (cytolysomes) of the
inteslinal slem cells are Ihe expression of an uncommon
melhod of defense by undifferentiated cells (17).
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Fig. 1. Duodenum from a control mouse 6 hr after receiving 0.9% NaCl solution. H & E, X 350.
Fig. 2. Duodenum from a mouse 6 hr after Mix, 500 mg/kg, illustrating the maximal damage observed wilh doses of 50 and 500 mg/kg. Noie

the karyorrhexis in crypts (arrows). H & E, X 350.
Fig. 3. Duodenum from a mouse 24 hr afler Mix, 500 mg/kg. There is loss of inlestinal crypts and those remaining are markedly irregular. Note

the presence of karyorrhexis. H & E, X 350.
Fig. 4. Duodenum from a mouse 24 hr after Mtx, 50 mg/kg. Along the lenglh of Ihe crypl, Ihe epithelial cells are atypical, the nuclei are

irregularly shaped and unaligned, and the nucleoli are enlarged. Atypical cells are also observed 2 days after Mtx, 50 mg/kg. H & E, X 350.
Fig. 5. Duodenum from a control mouse 2 days after 0.9% NaCl solution. Both crypts and villi can be seen in this low-power micrograph. H & E,

X 175.
Fig. 6. Duodenum from a mouse 3 days after Mtx, 500 mg/kg. The loss of villar pattern and of villi is extreme. Epithelial cells within remaining

crypts vary greally in size and shape; their nucleoli are especially large and prominent. H & E, X 175.
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