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Further studies on histamine catabolism in vivo
MARGARET A. REILLY anp R. W. SCHAYER

Research Center, Rockland State Hospital, Orangeburg, New York, USA

Summary

1. Histamine catabolism in vivo was studied in mice and rats; tissues from
animals killed 2-5 min after intravenous injection of **C-histamine were assayed
for **C-histamine and total 1*C. Aminoguanidine, a diamine oxidase inhibitor,
and methylhistamine, an inhibitor of the histamine methylating enzyme, were
used to evaluate the roles of these enzymes in individual tissues.

2. Mouse liver and lung appeared to catabolize exogenous histamine rapidly
and completely by methylation. In vivo histamine methylating activity was
also found in mouse muscle, heart, kidney and lymph node, but not in stomach
or intestine.

3. Inrats **C-histamine was inactivated more slowly than in mice. Catabolism
was most rapid in intestine where both diamine oxidase and methylating activi-
ties were found. Liver had only diamine oxidase activity. Heart showed no
catabolism but had extraordinary ability to extract *C-histamine from blood.

4. The in vivo evaluation of histamine methylation by individual mouse and
rat tissues agrees closely with in vitro findings by another laboratory.

5. Aminoguanidine reduced uptake of blood *C-histamine by some tissues
presumably by occupying sites where histamine is normally bound.

6. The marked differences between tissues of mice and rats in destroying **C-
histamine support earlier evidence that there is no apparent relationship between
histamine catabolism and function.

7. Urine from mice with both major catabolic pathways blocked showed
evidence of an abnormal excretory product of *C-histamine. Paper chromato-
grams of urine of male and female mice showed no evidence of a sex difference
in catabolism of injected **C-histamine.

8. A procedure which may permit evaluating contributions of individual tissues
to histamine formation in vivo is presented.

9. Pretreatment of mice with antihistamines, or with a histamine analogue,
betahistine, did not significantly affect the rate of in vivo *C-histamine
inactivation.

Introduction

We previously published data on the catabolism of injected *C-histamine in mice
through the two major pathways, methylation, and oxidation catalysed by diamine
oxidase, and reported methylhistamine to be the first effective in vivo inhibitor of
histamine methylation (Reilly & Schayer, 1970). In this paper we have used
inhibitors of histamine catabolism in an attempt to evaluate the contributions of
individual tissues of rats and mice to in vivo formation and destruction of histamine.
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Methods

Albino CF-1 mice, female and male (17-21 g) and female CFN rats (approxi-
mately 100 g) from Carworth, Inc., New City, New York, were used. “C-Histamine,
specific activity 54 mCi/mmol was purchased from Amersham/Searle, Des Plaines,
llinois.

For intravenous administration of *C-histamine, rats were anaesthetized with
pentobarbitone and injected in the femoral vein. Mice, unanaesthetized, were
injected in a tail vein.

TABLE 1. 4C-Histamine and total *C in tissues of mice 2-5 min after intravenous infection of *C-
histamine. Experiment 1, effect of antihistamines chlorpheniramine and pyrilamine. Experiment 2, effects
of betahistine and of non-isotopic histamine

1 2 3
Tissue and UC.Histamine Total 14C 14C.Histamine
treatment (d.p.m./g) (d.p.m./g) (% of total 4C)
Liver
A. Control 1 9844 16 145,000+ 5,360 0-68+0-033
B. Chlorphenir. 1,010+ 35 98,500+ 4,450* 1-0340-045*
C. Pyrilamine 942+ 34 134,000+ 4,380 0-704-0-017
D. Control 2 973+ 82 179,000+ 11,900 0-5440-036
E. B-histine 1,230+ 115 179,000+ 7,490 0-68 +0-046
F. Histamine 5,070+1,080% 161,000+ 4,090 3-124+0-578 ¢
Intestine
A. Control 1 3,370+ 501 93,5004 3,200 3-5940-49
B. Chlorphenir. 3,060+ 356 85,1004+ 3,710 3:564-0-30
C. Pyrilamine 2,590+ 258 86,800+ 3,920 2994024
D. Control 2 3,480+ 311 112,0004- 2,840 3-1440-33
E. B-histine 3,250+ 324 112,000+ 5,520 2:904-0-15
F. Histamine 9,130+1,570% 113,0004- 2,270 8-03+1-26t
Muscle
A. Control 1 1,220+ 45 19,900+ 1,280 6-254-0-59
B. Chlorphenir. 1,370+ 40§ 21,900+ 470 6-294+-0-30
C. Pyrilamine 1,180+ 75 20,400+ 542 5-814-0-45
D. Control 2 1,750+ 297 23,5004+ 1,380 7-51+1-31
E. B-histine 1,640+ 36 25,900+ 953 6:36+0-33
F. Histamine 11,500+1,310* 26,400+ 2,560 43-3 42-26*
Lung
A. Control 1 3,820+ 426 55,600+ 3,900 6-89+0-66
B. Chlorphenir. 3,830+ 87 50,800+ 865 7-554+0-24
C. Pyrilamine 2,580+ 207§ 58,600+ 3,740 44140251
D. Control 2 3,040+ 474 51,8004 2,010 5-814+0-74
E. B-histine 3,100+ 495 51,000+ 6,090 598+0-36
F. Histamine 17,20041,390* 42,800+ 2,070§ 40-3 12-95*
Blood
A. Control 1 11,500+2,630 40,300+ 3,300 277 +373
B. Chlorphenir. 11,100+ 562 40,500+ 829 27-3 +1-51
C. Pyrilamine 11,500+1,370 41,3004 1,730 277 +2-16
D. Control 2 9,860+ 488 45,900+ 969 21-5 +1-41
E. B-histine 9,4504+ 882 46,600+ 2,600 202 40989
F. Histamine 21,6004+ 937* 49,100+ 2,100 442 4-1-34%

Expt. 1, saline, chlorpheniramine 200 pg, or pyrilamine 200 ug, injected intraperitoneally; Expt. 2,
saline, betahistine 200 ug, or histamine dihydrochloride, 200 ug base, injected subcutaneously;
approximately 20 min later all mice were injected intravenously with 4C-histamine, 0-5 uCi. Values
are means -1-5.E.M. of four assays per group. * Differs from controls, P<0-001; + P<0-01; { P<<0-025;
§ P<0-05; others NS.
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For tissue analysis, the pooled tissues of three mice, or of two rats, were homogen-
ized in cold 0-4 M perchloric acid. Aliquots were assayed for total **C by direct
count, and for *C-histamine by isotope dilution as benzenesulphonylhistamine as
previously described (Reilly & Schayer, 1968; Schayer, 1968).

For examination of urine by paper chromatography, mice were injected intra-
peritoneally with various inhibitors, and approximately 20 min later injected
subcutaneously with **C-histamine, 2-0 pCi. The combined urine was collected by
gentle squeezing of the mice hourly for 3 hours.

Aminoguanidine sulphate, chlorpheniramine maleate and pyrilamine maleate were
purchased from K & K Laboratories, Inc., and 1-methyl-4 (8-aminoethyl) imidazole
(referred to in this paper as methylhistamine) from the Regis Chemical Co. Beta-
histine beta-histamine analogue with a weak histamine-like pharmacological action
(Hunt & Fosbinder, 1942) was kindly provided by Unimed, Inc., Morristown, New
Jersey; it is B-(2-pyridyl) ethylmethylamine hydrochloride.

Results

Effect of antihistamines, betahistine and non-isotopic histamine on
catabolism of **C-histamine in female mice, in vivo

Cohn & Wynn (1968) reported that a wide variety of antihistamines competed
for the active sites of histamine-catabolizing enzymes and inhibited partially purified
histamine N-methyl transferase and diamine oxidase. In experiment 1, two rela-
tively specific antihistamines, chlorpheniramine and pyrilamine, were tested; in
experiment 2, betahistine, a histamine analogue, and non-isotopic histamine were
tested (Table 1). Chlorpheniramine reduced total **C of lung thereby increasing
1C-histamine (% of total *C), while pyrilamine reduced **C-histamine in lung;
otherwise there were no significant effects. Betahistine had no discernible influence
on *C-histamine metabolism, but in mice pretreated with non-isotopic histamine.
*C-histamine concentrations were strongly increased in all tissues.

Catabolism of “*C-histamine in female mice;
effects of aminoguanidine and methylhistamine

Mice were pretreated with aminoguanidine, methylhistamine, or both, and then
injected with *C-histamine; experimental procedures and findings are shown in
Table 2. (To reduce the number of assays, heart, lymph node and intestine, for
which Saline vs Aminoguanidine data had been published (Reilly & Schayer, 1970)
were examined only for effects of methylhistamine in the presence of aminoguani-
dine; liver, which had been fully studied, was omitted.) Aminoguanidine had rela-
tively minor effects in tissues other than intestine while methylhistamine produced
a strong rise in *C-histamine concentrations in all. Methylhistamine also increased
total *C in kidney. With both inhibitors, 1*C-histamine levels did not rise above
70% of total 1*C.

Catabolism of “C-histamine in female rats;
effects of aminoguanidine and methylhistamine

In rats the major pathway of histamine catabolism involves diamine oxidase;
studies of urinary excretory products of **C-histamine show that methylation does
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occur to a small extent in the female and somewhat more in the male (Schayer,
1959, 1966). Rats were pretreated with aminoguanidine, methylhistamine, or both,
and then injected with **C-histamine; experimental procedures and findings are
shown in Table 3. The results differ from those obtained in mice and can be better
interpreted after a discussion of the mouse data.

Paper chromatography of urine of mice injected with **C-histamine;
effects of aminoguanidine and methylhistamine

Blocking of major catabolic routes for a substance may tend to increase its cata-
bolism through a normally minor pathway. To test this possibility the effect of
aminoguanidine, 200 pg, plus methylhistamine, 6 mg, on excretory products of
1C-histamine by female mice was tested (Fig. 1). In urine from normal mice,
chromatogram A, the usual three peaks occur; peaks 1 and 2 contain imidazoleacetic
acid, free and conjugated, and methylimidazoleacetic acid; peak 3 includes histamine
and methylhistamine, but no other known metabolite in significant quantities. In
urine from mice given inhibitors, chromatogram B, peaks 1 and 2 are markedly
suppressed and virtually all “C falls in peak 3. When urine from mice given
inhibitors is developed in a solvent mixture known to separate histamine and
methylhistamine (Snyder, Axelrod & Bauer, 1964) three peaks are obtained
(chromatogram C). These chromatograms provide evidence that at least one minor
histamine catabolite may be formed in larger quantities if normal catabolic channels
are blocked. The substance has not yet been identified.

To test for a sex difference in histamine catabolism by mice, similar experiments

were made with male mice; all chromatographic patterns so closely matched those
obtained with females that no further work on this matter was done.

Discussion
To interpret the results of the in vivo experiments, the same working assumptions

stated previously (Reilly & Schayer, 1970) are used. Briefly, they are (a) a low
ratio of *C-histamine to total C in a tissue may indicate the presence of one or more

40F

% of 'C on paper

Position on paper

FIG. 1. Paper chromatograms of urine collected for 3 h after injection of mice with 14C
histamine. (A) normal mice, no inhibitors of histamine catabolism (solvent 1); (B) mice given
aminoguanadine and methylhlstamme (solvent 1); (C) mice given aminoguanidine and methyl-
histamine (solvent 2). (Solvent 1 is butanol, 80 parts, ethanol, 10 parts and concentrated
ammonium hydroxide, 30 parts. Solvent 2 is ethyl acetate, butanol, acetic acid and water in

equal parts).
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histamine catabolizing enzymes; (b) a marked increase of *C-histamine in a tissue,
resulting from aminoguanidine or methylhistamine pretreatment, may indicate the
presence of diamine oxidase or the histamine-methylating enzyme, respectively.

The data of Table 1 concern the effects of drugs on the rate of destruction of
1C-histamine; no attempt was made to identify the catabolic pathways involved.
As chlorpheniramine and pyrilamine had no common effect, there is no evidence
that antihistamines, as a group, significantly influenced the rate of histamine cata-
bolism. Betahistine had no detectable effect; it inhibits pea seedling diamine oxidase
(Werle & Palm, 1953). As expected, pretreatment of mice with non-isotopic hista-
mine caused a pronounced increase in *C-histamine concentrations of all tissues;
presumably the non-isotopic histamine occupied enzyme sites so that “C-histamine
was excluded to some extent. Nevertheless, *C-histamine destruction was still
relatively rapid in liver and intestine.

Evidence on the contribution of various tissues to catabolism of exogenous hista-
mine in mice is found in Table 2. Aminoguanidine increased 1*C-histamine con-
centrations (groups A-B and C-D, columns 1 and 3), but concentrations relative to
blood “C-histamine (column 4) were all reduced by aminoguanidine (significant for
lung C-D, P<0'5; kidney A-B, P<<0-05; stomach A-B, P<0-01). Aminoguani-
dine may occupy histamine binding sites in tissues and reduce uptake of histamine
from blood; further evidence on this point will be given later. Diamine oxidase
does not seem to participate significantly in histamine catabolism in mouse lung,
muscle, kidney or stomach. Our earlier evidence indicated the presence of diamine
oxidase in intestine, heart and lymph node (Reilly & Schayer, 1970).

The contribution of the histamine-methylating enzyme is adjudged by the effect
of methylhistamine (groups A-C and D-B, Table 2). Methylhistamine pretreatment
increased **C-histamine concentrations, but had little effect on total *C, except in
kidney; the additional kidney ‘C can be entirely attributed to *C-histamine. In
column 4, an increase from A-C, or B-D, is considered evidence that histamine
methylation normally occurs in the tissue, and that its inhibition increases tissue
“C-histamine relative to that in blood. An alternative possibility, that methyl-
histamine might increase **C-histamine concentrations of tissue by enhancing uptake
of blood *C-histamine, is unsatisfactory; blood concentrations were increased, not
decreased. Other possible explanations of the data seem even less plausible. By
the foregoing procedure, we infer that in vivo methylating activity occurs in all
mouse tissues listed in Table 2 except stomach and intestine. Brown, Tomchick
& Axelrod (1959) found ir vitro histamine methylating activity in mouse kidney,
lung, liver, stomach, heart and muscle; intestine was not reported. Only for stomach
is there a discrepancy between the in vivo and in vitro findings. Stomach forms
histamine at a rate much greater than any other mouse tissue ; if catabolic enzymes
were present, they would be exposed to high concentrations of newly formed
endogenous histamine, and might not be detectable by testing changes in catabolism
of injected *‘C-histamine. Obviously relative rates of histamine methylation
obtained by the in vivo and in vitro methods are not comparable, for in the latter,
S-adenosylmethionine, coenzyme, was added to incubates.

Histamine methylation by lung appears to be rapid and extensive. If lung con-
tains 30-35% blood virtually all lung **C-histamine (columns 1 and 4) could be in
the blood perfusing it. The same conclusion can be drawn from lung and blood
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data of Table 1 (controls 1 and 2). Liver seems to be even more effective (Table 1,
controls 1 and 2). Assuming liver to contain 15% blood, its **C-histamine is much
less than that calculated from its blood content. Evidently mouse liver cells avidly
extract histamine from the blood perfusing its sinusoids and methylate it quickly.
From this data it seems doubtful that exogenous histamine can remain unchanged in
liver cells for a significant time.*

Data for rat tissues (Table 3) show liver **C-histamine to be increased by amino-
guanidine and by methylhistamine. Total *C is abnormally low in liver of rats
treated with aminoguanidine (A-B and A-D, P<<0-001) ; as a similar phenomenon
has been observed only for mouse intestine, a tissue with in vivo diamine oxidase
activity (Reilly & Schayer, 1970), the drop in total *4C in rat liver may be evidence
for diamine oxidase activity. In column 4 A-B tends to confirm the presence of
diamine oxidase activity, but B-D shows no evidence for histamine methylation.
A-C is anomalous and might be due to weak inhibition of diamine oxidase by
methylhistamine; this postulate receives some support from mouse data (Table 2)
for in column 3, the A-B difference is greater than that of C-D.

Rat intestine data indicate the presence of both diamine oxidase and the histamine-
methylating enzyme, mainly the latter. In group D, column 4, only 34%, of the
total 4C is histamine; this low value may reflect an abnormally large uptake of a
circulating “C-histamine metabolite(s) by rat intestine. Rat heart data are consistent
with the absence of both histamine-catabolizing enzymes. The lower values of *4C-
histamine in groups B, C and D, relative to A, suggest that both aminoguanidine
and methylhistamine reduce the normally large uptake of circulating histamine.

Of these three rat tissues, ir vitro tests for histamine methylation by Brown et al.
(1959) showed intestine to be positive, liver negative, and heart to contain a trace.
As with mouse tissues, there is substantial agreement between the two types of test.

For several rat tissues only group A was assayed. As the values did not indicate
potent histamine-catabolizing ability, no further assays were made.

The marked differences between mice and rats in catabolism of histamine, Tables
2 and 3, contrast with similarities in some other histamine-related phenomena. For
example, both species are relatively insensitive to the effects of injected histamine, both
can undergo large changes in histidine decarboxylase activity, in both, mast cells
contain 5-hydroxytryptamine as well as histamine, and in both, 5-hydroxytryptamine
released from mast cells produces a histamine-like action.

The species difference in histamine catabolism relates not only to the major
pathway, a fact long knewn (Schayer, 1959), but also to participation of individual
tissues. For example, liver is far more potent in mice than in rats in histamine
inactivation. Heart, which in mice is one of the most active histamine-destroying
tissues, seems devoid of such activity in rats; such observations suggest a lack of
an evident relationship of histamine catabolism to histamine function. However,
in rats uptake of 1*C-histamine by heart is remarkable, the concentration in controls

* The tissue blood volumes were derived by consulting the papers by Friedman (1955, 1959,
1960), Kaliss & Pressman (1950), and Wish, Furth & Storey (1950). To obtain conservative
estimates we selected the lower values and then reduced them by one-third to correct for blood
lost after decapitation. Corrections for blood volume of tissues other than lung and liver
are negligible for interpreting the data on histamine catabolism.
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being 11 times that of blood under our conditions; possibly rat heart may  inactivate ’
excess histamine by loose binding and release it at a later time.

Intestine is the most active histamine-catabolizing tissue of those tested in rats.
Yet in this predominantly non-methylating species intestine does methylate while
in mice, a predominantly histamine-methylating species, intestine shows no methy-
lation but destroys injected histamine through the oxidative pathway.

Lung of rats contained considerable injected **C-histamine even after correction
for blood content and was not examined further. We had previously concluded
that mouse lung did not destroy histamine rapidly (Reilly & Schayer, 1970) but at
that time were not aware of its high blood content; our present view is that mouse
lung destroys injected histamine rapidly and perhaps completely.

Aminoguanidine appears to have at least two effects on catabolism of blood-
borne histamine; first, by inhibiting diamine oxidase, it tends to increase histamine
concentrations in tissues containing this enzyme, and second, by occupying hista-
mine receptors it tends to reduce the concentration of histamine in tissue. Both
effects tend to increase the blood concentration, the former by transfer of unchanged
histamine from tissue to blood, and the latter by reducing removal of blood histamine
by tissue.

After considerable experience with in vivo studies on histamine catabolism and
formation in mice, we feel it may be possible to estimate the contribution of
individual tissues to formation of histamine in vivo by comparing the concentrations
of *C-histamine in tissue (% of blood *C-histamine) in (a) animals administered
YC-histamine, with (b) those administered “C-L-histidine. The process is illustrated
in Table 4. Some data are from this paper, and some from previous ones, but all
are from experiments done under standardized conditions. Values in the first
column indicate how each tissue handles blood-borne *C-histamine. Values in
the second column depend on two factors. First is the ability of the tissue to extract
14C-histamine from blood and catabolize it; second is the ability to decarboxylate
circulating “C-L-histidine. The difference between values in the two columns
should provide a rough measure of the ability of each tissue to form histamine. For
example, in mice injected with *C-L-histidine, stomach contains about 370 times
as much *C-histamine as can be accounted for by uptake from blood; clearly,
stomach is forming histamine in vivo. Brain takes up no blood histamine (Schayer

TABLE 4. Tissue ' C-histamine, expressed as 7, blood '*C-histamine, in mice injected intravenously
with 4C-histamine or **C-L-histidine

Tissue 4C-histamine (; of blood *C-histamine)

—
Exogenous; *C-histamine Endogenous; 14C-L-histidine °
Tissue injected* injected*
P R, \ p — A _—
Stomach 38 mt 18,200 ®)
Brain 0 ) 578 2
Liver low 3) 380 (5)
Lung low 3) 475 6)
Intestine 80 “) 650 )
Muscle 32 (6)) 281 (&)
Lymph node 28 “) 152 )
Heart 55 (4) 104 o)
Kidney 197 1) 426 5)

* Mice killed 2-5 min after injection of 4C-histamine, 1-0 uCi, or 10 min after ¥C-L-histidine

approximately 19 pCi. 1 Data are from several comparable experiments; numbers in parentheses

identify the source: (1) Table 2 of this paper; (2) Schayer & Reilly, 1970; (3) Table 1 of this paper:

g:)s’l‘gble 2 ;);6léeilly & Schayer, 1970; (5) Table 1 of Reilly & Schayer, 1971; (6) Table 2 of Reilly
chayer, .
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& Reilly, 1970) and liver and lung retain very little in unchanged form (Table 1);
therefore, these tissues probably make virtually all of their histamine. For intestine,
muscle and lymph node, the relatively high values in the second column suggest
that these tissues make most of their histamine. Only for heart and kidney are
the two values fairly close. Obviously the two types of experiment cannot be made
equivalent ; one involves a single injection of histamine before being killed 2-5 min
later ; the other involves histamine newly formed from its precursor during a 10
min period. Hence, only large differences can be interpreted. Heart and kidney
extract considerable histamine from the blood (see Table 2, total **C values). In
vivo histamine formation by heart and kidney cannot be proved by the present data,
but as both tissues show a low but definite histidine decarboxylase activity, it may
occur.

To our knowledge, the attempts in this paper to evaluate under fully in vivo con-
ditions (a) the presence of catabolic enzymes in individual tissues through injection
of inhibitors, and (b) participation of individual tissues in formation of a substance
from its precursor, are novel. If these approaches are valid, they may be of more
general applicability and of considerable value.
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