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Abslracl High diamine oxidase (DAOI and histaminase activily are present in rat intestine, thymus 
and adrenals, and a close correlation exists between the two activities in these tissues (Biochem. Pharmac. 
24. 979 1197511. The distribution of histaminase in normal and germ-free rat tissues and ihc release 
of this enzymc from intestine, thymus and adrenals was investigated in further detail with a tritium- 
release assa~,. ('oinrary to pre,<ious reports, histaminase activity was detected in brain, in the hypo- 
thalamus, thalalnus and medulla but not m cortex and cerebcllum. The enzyme was released by' heparin 
into blood from intestine and adrenals but not from thymus. In high doses, hcparin produced almost 
complctc (><v,0 pcr cent) dcplction of thc enzyme in intestine within 1 hr. The enzyme actixity re- 
appeared and rcturned to normal levels by 24 hr. Prior administration of cycloheximide prexcnted 
the repletion of enzyn/e activity. The time course of the responses to the drugs suggested that DAO 
is synthesized contilmously at a relatively rapid rate (t - l0 hr). Studies in ritro indicated that DAO 
unlike monoaminc oxidase diffuses fi'om the mucosal surface into the lumen of the gut. DAO max 
therefore have a role in deaminating diamines of bacterial origin in the intestinal contents. 

The enzyme diamine oxidase (diamine, 02 oxido- 
reduclasc [dcaminating]. E.C.I.4.3.6)catalyzes the 
dcamination of both histamine and diamincs, such 
as putrcscine and cadaverinc [I].  Along with hista- 
mine-N-methyl transferase, it is responsible for the 
metabolism of histamine in the body, and in some 
species inchiding the rat [2 4], diamine oxidase plays 
thc major role in the degradation of histamine. The 
highest Icx, cls of enzyme are lbund in the intestine 
[5]. thymus [6] and. in some species, kidney [5]. The 
enzyme is also produccd by the placenta [7. 8], and 
increasing levels of the cnzyme appear in plasma dur- 
ing the course of pregnancy [9 11]. 

An interesting property of the enzyme is that it 
is released into circulation by the administration of 
heparm in man [12, 13], rat [14], rabbit [14], 
guinea pig [14, 15] and other vertebrates [16]. In 
lnan, the phisma enzyme levels increase after rela- 
tivclx, small doses (I0 units kg) of hcparin [17]. The 
enzyme appears within minutes and then disappears 
from plasma in an exponential fashion [13. 17]. The 
kinetics of this response suggests that the release of 
enzyme is immediate and short-lived. Kobayashi and 
Maudslc~ have shown there is no response to heparin 
in ral once thc intestine is rcmoved. Tiffs indicates 
that the major source of the enzyme appearing m 
plasma is the intestine [18]. 

Thc purpose of the present stud} was to identify 
tissues with high diamine oxidase activity in rat and 
to determine which of these tissues are depleted of 
cnzxme activity bv administration of heparin, and 
secondly, to study the turnover and release of the 
enzwne m one organ, the intestine. The turnover rate 
was detcrmmed by measurement of the rate of reap- 
pearancc of enzyme after depletion with heparin and 
the rate of disappearance after inhibition of protein 
synthesis with cvclohcximide. The release of intestinal 

DAO was also investigated in ritro and compared 
with that of monoamine oxidase, which coexists with 
DAO in the gut. 

M A T E R I A L S  A N D  M E T H O D S  

Male, Spragu~Dawley rats lTaconic Farms), 
18(>220 g, were fed Purina rat chow and distilled 
water ad lib. Germ-free rats (Sprague-Dawley) were 
obtained from the Division of Research Resources, 
N.I.H., and were used immediately. 

Heparin sodium solution, 1000 and 10,0(X) units/ml 
(Upjohn Co., Kalamazoo, Mich.), was given intra- 
venously into the tail vein. Powdered sodium heparin 
USP (Hynson, Westcott, Dunning, Inc., Baltimore, 
Md.) was used to prepare solutions of higher strength. 
Cycloheximide (Calbiochem Corp., Sail Diego, Ca.) was 
administered in saline by intraperitoneal injection. 
The animals were killed by dislocation of the neck. 
Blood was obtained by cardiac puncture using 5-ml 
plastic disposable syringes which contained 5 units 
of heparin. Plasma was obtained by centrifugation of 
the blood at 2000 ,q for 20 min. The intestine was 
cut open and briefly rinsed by dipping into water. 
The mucosal surface was not washed vigorously to 
avoid loss of enzyme activity (see below). Tissues were 
washed in distilled water, blotted dry, then frozen on 
dry ice for storage at - 2 0 .  Brain sections were pre- 
pared for us by Dr. R. M. Kobayashi according to 
the procedure of Glowinski and h'ersen [19, 20]. 

The dose of cycloheximide used in these studies. 
2 mg/kg, was one that produced no apparent signs 
of toxicity over the course of 24 hr but produced 
maximum reduction in intestinal histaminase actbity. 
Preliminary experiments had indicated that smaller 
doses, 0.5 mg/kg, produced only partial depletion. 35 
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Table 1. Distribution of histaminase activity in rat tissues 

Histammasc aetixitx 
Tissue n (unils gl 

Placcnta* O 
Small intestine Imid-ilcum)+ 35 

germ fl'ec rats 5 
Thymus 15 

germ free rats 5 
Adrenals 1 l 
Stomach 

Membranous 2 
Glandular 2 

Pancreas 2 
Lung 5 
Spleen 5 
Bone marrow ffemur) 2 
Liver S 
Kidne~ 5 
Heart 5 
Plasma 13 
Skin (pawl 3 
Submaxillary gland I 
Testicles 3 
Whole brain S 

Cerebral cortex 3 
Cerebellum 3 
Medulla pons 3 
Thalamus 3 
Hypothalamus 4 

13,426 + 1.127 
5.3S4 ~ 37o 
S.130 + 475 

852 + 86 
726 + 105 
364 + 63 

167 
25(1 
41 
3 6 + 7  
28 + 3  
28 
10 + 2 
8 + 1  
e ~ ± 3  

3 .5±  1.1 
<2 
<2 
< 2 
<2 
• 2 

• 2 

3.5 ÷ 0.5 
4.3 + 0.5 
5.5 + 1.6 

19,()24 16.5t)0i 
[2.5S3 7,535) 
[6,970 9.750} 

[384 1,400i 
i467 9751 
I108 8201 

(166.1681 
1242,276~ 
(39,431 
125 57t 
126 361 
126.30) 
(3 161 
(5 11) 
(2 141 

11.6 7.51 

12.4 4.5~ 
13.O 4.4~ 
14.2 6.31 

* Placentas were obtained from female Sprague Dawlcy rats on the ~.0th to 23rd da? 
of pregnancy. 

4-The following values were obtained along the intestinal tract in one rat; duodenum 
3,160: jejunum 4,570" upper, middle and lower third of the ileum 5,220. 5,460 and 6,260 
respectiveb: cecum 7,800: and upper part of large intestine 5,4(X) units, g. In a second rat, 
~alues of 5,400, 8,200 and 7,420 units,g were obtained for the jciulmm, middle and lower 
part of the ileum respecti,~ely. 

Values arc means 2 S.E.M. Railge of values are shown ill parenthescs. 2 units g is the 
minimal detectable activity in tissues us discussed under Materials and Methods. 

per cent (n - 10, P < 0.025) of enzyme activity, 
and that doses of 5 mg/kg or greater produced death 
in some animals within 24 hr. 

For the assay of enzyme activities, tissues were 
homogenized freshly in 9 vol of ice-cold sodium phos- 
phate buffer, 0.1 M (pH 6.8). Plasma was used undi- 
luted, 

Histaminase activity* was measured by the tritium 
release assay of Beaven and Jacobsen [21] in which 
[fi-3H]histamine is deaminated with quantitative 
release of the •]-tritium to form tritiated water. In 
this procedure, the sample is incubated with [fl--~H]- 
histamine (0.1 pCi, 14 pmoles) in phosphate buffer, 
pH 6.8 (total wfl 0.2 ml) and water is collected by 
sublimation in glass Thunberg tubes. Assay blanks 
were prepared by incubation of tissue homogenate 
or plasma in the presence of aminoguanidine, 2 × 
10 5 M, a specific inhibitor of diamine oxidase [22]. 
Enzyme activity is expressed as units/ml or g of tissue 
where 1 unit equals 1 pmole of [[]-~H]histamine dea- 
minated/hr of incubation. In the usual assay• an ac- 
tivity of 2 units/g tissue or 0.2 units/ml plasma yielded 
about 7(1 dpm of ~H above a blank value of 300 dpm 
3H and was the minimal detectable activity. 

*In this present work, histaminase activity is considcrcd 
the same as diamine oxidase activity and the two lerms 
are used interchangeably. See Discussion. 

Monoamine oxidase activity was assayed by a 
modification of the method of Robinson et al. [23]. 
The concentration of substrate, [u.->*C]benzylamme, 
was 10 ~' M (100 nCi/ml). Activity is expressed as 
units:ml or g where 1 unit equals 1 nmole [>I'~C]- 
benzylamine deammated/hr  of incubation. 

For the studies m citro, 2- to 3-cm segments of 
ileum (wt about 1 gl were used. These were either 
inverted or left uninverted and were made into closed 
sacs by' tying both ends of the segments with cotton 
thread. The sacs wcre incubated at 37 for varying 
periods of time in a shakmg incubator which was 
set at 40 oscillations/min. At the end of the incubation 
the bath lluid and tissue were assayed for enzyme 
activity. 

R ESt I,fs 

DistributioJl (?~l histaminase activity in rat tissue.s. 
Apart from placenta, the highest levels of histaminase 
activity as measured by the tritium release assay were 
found in small intestine, thymus and adrenals (Table 
1). High activity was t%und m intestine and thymus 
in both normal and germ-free animals• Stomach con- 
tained moderate amounts of activity. There was also 
some activity in pancreas, king, spleen and bone mar- 
row, Io~ activity in liver, kidney, heart and plasma, 
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and no activity could be detected in skin, submaxil- 
lary gland, testicles and whole brain. When enzyme 
activity was assayed in various parts of brain, no ac- 
tivity was found in cerebral cortex and cerebellum. 
Traces of activity were present, however, in the 
hypothalamus, thalamus and medulla pons with the 
highest levels being present in the hypothalamus. In 
all cases, tritium release was suppressed by amino- 
guanidine, which specifically inhibits DAO activity 
but not monomaine oxidase. Along the gastrointes- 
tinal tract, enzyme activity appeared to increase and 
was highest in the terminal portion of the ileum and 
in the cecum. Beyond the cecum, activity was lower 
(Table 1L 

E~,('t o[heparin on tissue histaminase actirity. His- 
taminase activity increased in plasma, decreased in 
ileum and adrenals and remained unchanged in thy- 
mus after heparin. These changes were dose-depen- 
dent (Fig. 1). After large doses, 40,000 units/kg of 
heparin, the ileum was depleted almost completely 
of enzyme activity. In adrenals, enzyme activity de- 
creased markedly (by 76 per cent) with small doses 
of heparin, but the decrease was less marked (35 and 
50 per centt with larger doses of heparin, duc possibly 
to the higher circulating levels of enzyme in plasma 
with these doses {Fig. I I. 

Additional doses of heparin did not further de- 
plete the intestine. For example, after a single dose 
of 4000 units of heparin, i.v.. enzyme activity was de- 
creased by 57 per cent in one experiment and 51 per 
cent in another. The iniection of tip to four additional 
doses o1 hcparin. 30 mm apart, did not deplete intes- 
tine of activity by. more than 62 per cent (n = 4), 
whereas the same amount of heparm given in a single 
dose of 20,000 units'kg depleted the intestine by up 
to g6 per cent. 

Kinetic studies showed that after the injection of 
heparin the decline in intestinal enzyme activity was 

[•] [ ~  Control 4,000 
I I ~ 4,000 U/kg 
H 

] l  m m  20,000 U/ks 
40,000 O/kg 

3,000 
a. 

2 , 0 0 0  

1 ,000 

0 

PLASMA ILEUM THYMUS ADRENALS 

Fig. I. Effect of heparin on histaminase activity in various 
rat tissues. Rats received 4000, 20000, or 40000 units..kg 
heparin i.v. as indicated and were killed 30 min later. 
Values are the mean + S.E.M. for tissues from 6 animals. 

PLASMA 

5OO 

31111 

100 

0 

3 H 

0 '0 a ,'= ~ ;8 

-:/=== 

6,000 

5,000 

4.000 

ILEUM 

3,000 

2,000 

1,000 

4 8 12 16 20 24 48 

HOURS AFTER HEPARIN 

Fig. 2. Time course of changes of histaminase activity in 
rat small intestine and plasma following the injection of 
a single dose of heparin. Rats received 4000 units/kg 
heparin i.v. and were killed at various times after the injec- 
tion. Values are mean ± S.E.M. for groups of 5 7 animals. 
The values are from 2 experiments as indicated by the 

open and closed circles. 

rapid and complete by 30 min to 2 hr. At this time, 
plasma levels of enzyme activity were at their highest 
(Fig. 2). Thereafter, enzyme activity reappeared slowly 
in the intestine and declined m plasma (Fig. 2). 
Plasma enzyme levels, in fact, fell to below their ori- 
ginal levels and did not return to normal levels until 
24 hr Inter (Fig. 2, insertt, at which time enzyme acti- 
vity had also returned to normal high levels in intes- 
tine. The period of low activity m plasma appeared 
to correspond with the period of low activity in intes- 
tine. 

Prior administration of cycloheximide prevented 
repletion of enzyme activity lifter depletion with 
heparin iFig. 3). Alone, cycloheximide in doses of 2 
mg/kg, i.p., depleted the intestine of DAO activity 
within 24 hr (Fig. 3). 

Release (!1 histaminase amt monoamine oxidase ac- 
tivities in vitro. Histaminase activity readily diffuses 
from ileum in i'itro. Studies with inverted and nonin- 
verted ileal sacs indicated that the enzyme diffused 
from the mucosal but not the serosal surface (Table 
2). The addition of heparin, 40 units/ml, to the bath 
fluid did not further release or enhance the diffusion 
of the dianaine oxidase activity into the bath fluid 
(Table 2). In contrast monoamine oxidase, which is 
present in high levels in the rat intestine, did not dif- 
fuse from the intestinal sacs tTable 21. Other studies 

}~.l'. 27:9 i 
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Fig. 3. Effect of cycloheximide on repletion of hisiaminase 
activity in rat small intestine after depletion by heparin. 
Rats were injected with cyclohcximidc (2 mg,'kg) or saline 
i.p., and 1 hr later were given hcparin. 4(Xlt) units kg, i.v., 
or saline. The animals were killed at various time intervals. 
Values for the individual time points were determined by 
separate experiments, each with its own control group. 
Values are expressed as per cent mrean ± S.E,M) of the 
control values laverage 4468 + 417 pmoles,,hr,,'g, n 151, 

had shown that the soluble monoamine  oxidase acti- 
vity in ileum, 522 (range 40(t663,  n - 4) units/g, was 
the highest in the body except for stomach. 876 
units/g, adrenals, 896 units/g tissue. 

DISCUSSION 

The present work provides more extensive data on 
the distr ibution of histaminase activity in rat tissue 
than is given by our earlier publicat ions [6, 21, 24]. 
The work also shows that the enzyme is released by 
heparin from intestine and adrenals but not from 
thymus. In intestine, the release is rapid and almost 
complete with high doses of heparin. This rapid 
release is in contrast  to a slow decline in histaminase 
activity after inhibit ion of protein synthesis with cyc- 
loheximide. The time course of these responses indi- 
cates that  the enzyme is synthesized continuously and 

at a relatively rapid rate in intestine. Wc shal l  return 
to these points later in the discussion. 

In the past, there has been controversy as to 
whether histaminase and diamine oxidase are the 
same enzyme (for example, see discussion by Zeller 
[1]). The term histaminase was first used by Best and 
McHenry [25] to describe a histamine-destroying 
principle in dog kidney. The term was subsequently 
adopted by other workers to describe a similar princi- 
ple in hog kidney [26], human  placenta [7] and 
plasma of pregnant women [27]. Zeller and his as- 
sociates showed in a series of studies that these same 
tissues deaminated aliphatic diamines and that hista- 
mine and the diamines competed for deamination.  
This work has been reviewed by' Zeller [28,29]. ftc 
proposed that u single enzyme was responsible for 
the deaminal ion of histamine and diamines, and hc 
introduced the term diamine oxidase to describe this 
enzyme. Subsequent work has supported Zeller's con- 
tention. Highly purilied preparat ions of enzyme from 
hog kidney [30 33] and, more recently, placenla 
[34, 35] have been shown to deaminate both hista- 
mine and diamines. An exact correlat ion between his- 
iaminase and diatnine oxidase activities has been 
observed also in plasma during the course of preg- 
nancy [10]. In the latter study, histaminase activity 
was assayed by biological assay by measurement el  
the rate of histamine destruction, and diamine oxidasc 
activity wets measured by a modification of the pro- 
cedure of Okuyama and Kobayashi  [36] in v~,hich 
[~4C]putrescine was used as substratc. 

In contrast  to the above studies. Kapeller-Adler 
and McFar lane  [37,38], using different analytical 
procedures, obtained puritied preparat ions of enzymc 
from hog kidney and human placenta which appeared 
to deammate  histamine but not diammes. Thcsc 
authors  concluded thai histaminase and diamme oxi- 
dase were separate enzymes. Zeller later at tr ibuted 
the inability of these aulhors to demonstra te  dea- 
ruination ofd iamincs  to an artefact in their assay pro> 
cedure [I] .  Although we have shown limt there is 
a close correlation between histaminase activit3, us 
measured by the dcaminat ion of [ /#3It]his tamine,  
and diamine oxidase, as measured by the deaminai ion 
of [ ' aC]put resc ine  [24], we have cont inued to use 
the tern1 histaminasc in otu studies [6, 24, 39 4411 in 

Table ,." Diffusion of histaminase and soluble monoammc oxidasc aclivit'~ from inxcrlcd 
and noninverted segments of ral ileum 

l : l l / \ ,n lc acli~il} 

Bath ttuid 

Tissue 
F'reparal ion* n (units'g) 

wi thoul  hcpati l l  with hcparin 
ItLnits 1()ml btilh i]uidl 

Hismminase actix.ity 
Nonin,~erted sac 5 5822 13374 90721 104 (40 1601 112 143 290~ 
Inverted stlc 5 5175 13951 6314) 834 (410 1030) 740 (686 900) 

Soluble monoammc oxidase activity 
Noninverted sac 2 537 (541.533) 0 l< 1) 
Inverted sac 2 657 (655,658) 0 (< I) 

* The preparations consisted of small noninvertcd or inverted ileal segments, lied at each 
end. These segments were incubated in 10 ml Tyrode ringer with or without added heparin 
j2,000 units/incubation) for 30 min as described in Materials and Methods. Monoaminc 
oxidase was assayed in the supernatant fraction. (500 ,q for 10 mini, oF the tissue homogenate. 
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reference to activity measured by the tritium release 
assay. Other enzymes are capable of deaminating his- 
tamine, for example, pig plasma benzylamine oxidase 
[45] and human serum monoamine oxidase [46], and 
these could contribute to the histaminase activity in 
certain tissues. There are differences also in the dea- 
mination of histamine and diamines as far as the 
effects of substrate concentration and pH are con- 
cerned, both with purified enzyme and crude tissue 
extracts. These differences and the mechanism of tri- 
tium release have been discussed in detail in an earlier 
paper [24] and in the publications of Bardsley and 
co-workers [35, 47]. 

The present studies confirm our earlier findings in 
rat that high enzyme activity exists in placenta, intes- 
tine, thymus and adrenals and lesser amounts in other 
tissues. Unlike in other species, there is little activity 
in rat kidney. In intestine and thymus, high activity 
was found in both normal and germ-free rats. 
Although these two organs are important components 
of the immune system, exposure to bacteria does not 
appear to be an important factor in determining the 
levels of enzyme activity. 

No activity could be detected in whole brain, as 
was reported previously [-21]; however, when discrete 
areas of the brain were analyzed, histaminase activity 
was observed in hypothalamus, thalamus and pons. 
Tiffs distribution appears to be similar to that 
observed for histamine N-methyltransferase, histidine 
decarboxylase and histamine in brain [48]. There has 
been discussion on whether histamine has a role in 
the CNS and whether deamination is an important 
route of metabolism for the amine in brain (for 
example, see article by Schwartz et al. [49]). Although 
DAO activity has been demonstrated previously in 
fish brain [50], the present finding is the first 
demonstration that histaminase activity exists in 
mammalian brain. Earlier studies had not been con- 
clusive about this point. Studies by Zeller and 
coworkers [51] and Burkard and associates [50] had 
indicated that DAO activity in mammalian brain was 
low or less than the sensitivity of the procedures used. 
It is difficult to assess the importance of the enzyme 
in brain. Its activity is low, but it is possible that 
the enzyme is present in high levels in highly localized 
areas. The fact that the distribution of diamine oxi- 
dase appears to parallel that of the other histamine- 
metabolizing enzymes may be significant. The inabi- 
lity to detect the diamine oxidase in whole brain is 
probably due to dilution of midbrain with cortex and 
cerebellum, which are devoid of this enzyme. 

The studies with hcparm indicate that the enzyme 
is not released fiom all tissues. The intestine, because 
of its size. is likely to be the major source of the 
enzyme appearing in plasma after the injection of 
heparin, as was suggested earlier by' the experiments 
of Kobayashi and Maudsley [18]. The intestine may 
also be the major source of enzyme in plasma. 
This is suggested by the findmg that plasma 
histaminasc activity is lox~ when the intestine is de- 
pleted of enzyme and that the plasma levels return 
to normal when thc levels of enzyme in intestine are 
restored 24 48 hr after the heparin injection. Studies 
in this laboratory have shown that plasma histami- 
nase levels are low in patients with certain disorders 
of lipid metabolism [17]. These patients also give an 

abnormally small rise in plasma histaminase activity 
in response to heparin. Whether the small response 
in these patients was a reflection of low levels of 
enzyme in intestine could not be determined [17]. 

The mechanism of release of histaminase by 
heparin is unknown. The highly ionic nature of 
heparin might suggest that the mechanism is by ionic 
displacement, although simple displacement could not 
be demonstrated in vitro with heparin. The fact that 
the extent of release is dependent on initial dose 
rather than cumulative dose of heparin suggests that 
the phenomenon is dependent on blood levels of 
heparin. The release is also immediate and short- 
lived, and kinetic studies in humans suggest that his- 
taminase is released directly into the blood stream, 
perhaps from vessel walls [17]. A rapid release of 
DAO activity has been observed previously in guinea 
pig. In this species, the major source of the enzyme 
is liver, and an 88 per cent release of liver DAO acti- 
vity was noted within 5 rain after a large dose of 
heparin [52]. 

The ability to release the enzyme from rat intestine 
has allowed us to study the turnover of the enzyme 
in this organ. Histaminase appears to be continually 
produced with a turnover time of about 10 hr. A con- 
tinuous production and release of diamine oxidase 
has also been observed with perfused human placenta 
[53]. The studies in vitro indicate that a substantial 
part of the release is into the gut lumen. These results 
suggest that the enzyme has a role in deaminating 
diamines of bacterial origin in the lumen of the gut. 
However, monoamine oxidase, which is also pre- 
sumed to play a role in inactivating amines of bac- 
terial origin, is not released into the gut lumen. 
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