
Biochemical Pharmacology, 1963, Vol. 12, pp. 241-250. Pergmmn Press Ltd., Printed in Great Britain 

LIVER TRANSGLUTAMINASE ACTIVITY UNDER 
VARIOUS EXPERIMENTAL CONDITIONS* 

IS&EL WAJDA, GEORGE AC&~ DONALD D. CLARKE anzf flEINRfCU WAELSSH 

New York Psychiatric Institute, and College of Physicians and Surgeons, 
Columbia University, New York, N.Y.. U.S.A. 

(Received 28 August 1962; accepted 25 October 1962) 

Abstr&--Bacterial endotoxins and ~~~~~~p~~~~~~~ perrass& vaccine were found to in- 
crease the activity of liver transglutaminase in mice, rats, and guinea pigs. Enzyme 
activity increased also in the spleen of the injected mice, whereas no significant changes 
were found in the thymus, the lung, and tbe brain. The enzyme activity in adrenalecto- 
mized mice increased in the liver. Pretreatment of the animal with cortisone antagonized 
the rise in liver transglutaminase after endotoxin administration. The enzyme obtained 
from the liver of endotoxin-treated mice has the characteristics of transglutaminase ob- 
tained from the livers of normal mice. Mice and rats have a tow enzyme activity in the 
liver and show a considerable increase upon administration of LT. perfussis vaccine and 
purified endotoxins. Guinea pig liver, which is the richest source of transglutaminase 
so far found, shows a significant increase only upon the administration of high doses of 
endotoxins but not of pertussis vaccine. 

SOME time ago we described an enzyme system occurring in mammalian tissue which 

catafyzes the exchange of protein amide groups with primary amines, such as cada- 
verine, putrescine, histamine, serotonin, glycine amide, and so forth. Hydrazine, 
ammonia, or hydroxylamine may also serve as replacing amines.3* 4 Liver, brain, and 
other tissues contain proteins that may act as acceptors of the amines in this Ca2-- 
dependent enzymatic reaction: in addition, a number of purified proteins, among them 
&GactogIobuiin, c;- and &serum globulin, and insulin, are efficient amine acceptors5 
Further studies with casein, insulin,” and synthetic peptides’ showed that the amide 
group of protein-bound glutamine, but not of asparagine, was the site of replacement. 
The enzyme was therefare named transglutaminase. The E-amino group of protein- 
bound lysine may also act as the replacing amine. s, 8 Transgiutaminase catalyzes not 
only the exchange of the amide group of protein-bound glutamine by primary amines 
but ako its hydrolysis.” 

Since the discovery of transglutaminase, considerable efforts have been expended to 
ascertain whether or not the action of this enzyme could be demonstrated in ciro. 
W-labeled cadaverine or putrescine when administered to mice, with and without 
amine oxidase inhibitors, gave counts in Xiver proteins that indicated an insignificant 
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These resuIts were disappointing since it had been reported that significant in- 
corporation in uit:o of “4C-mescaline into liver proteins af normal mice can he easily 
demonstrated.1° These data will be discussed in more detail in the subsequent paper 
which deals with the jncorporat~on i~z Gco of h~s~~~~ne into protein. It sbouid be 
noted that the enzyme system assumed by Block and assoc~at~sl* to be res~?o~s~b~e 
for the ~~cor~or~t~o~ into proteins of rn~sca~~ne and ~-phe~y~$th~~am~~e difFers from 
tra~sg~~tarn~~ase since the former enzyme system is oxygen-dependent, heat- and 
tyramjIle-activated, and shows different pH optima and no significant dependence 
on C%“‘, 

Since an i~~~~~~r~~~~~ ofaminm into the liver protejn~ of mice has not been dcmon- 
strated ifi &V with ~erta~~t~, ~r~~irni~~r~ experiments were carried out to ascertain 
whether or not transgl~t~mj~ase might catalyze the exchange of free ammonia 
(ljNMJ with protein-bound amide groups. Data obtained so far in cat+ and mice 
are equivocal and might be explained by incorporation of the glutamine or asparagine 
as such in the course of protein turnover. The possibility of a biological: function of 
transglut~m~nase in the e~~~~~atjc form~tjon of a ~~~k~~e of the +amino group of 
protein-bound Iysine to the ~-carboxy~ of ~rote~~~-bound g~uta~~jc acid3, 8 has not been 
explored up to now. 

Xt had been suggested in an earlier cumm~n~cation that proteins into which amine 
had been j~corpo~ted by the action of trans~~utam~nase may have ant~gel~ic proper- 
ties. I3 Since vaccine ~~~~~~atj~l~s suclt 85 f-f_ r~~~~~~s~~ vaccine not only increase the 
sensitivity of mice to histamine but also great& en~an~ immune responses,n8 a study 
of the eRect of pcrtussis vaccine and bacterial endotoxins on ~r~~~sg~utaI~i~~se activity 
in mouse organs under various conditions irr riro was undertaken. This investigation 
was followed by a study9 of the effect of such sensitization on incorporation of hist- 
amine into the liver proteins of the mouse irz L.~LYL 

~~~~~~~ mstlfi Tra~~~g~uta~~~~~ase was assayed in tissues with the f~~~~~~~ of a 
tryptic casein b~dro~ysate sohrble in 80% ethanol as amide-accepting substrate and 
byd~oxy~ami~e as the re~~acjn~ amine, according to My& and Waelsch.@ The initial 
rate ofh~dro~n~~c acid formative was measured. A sample of a single liver or booed 
pieces from severaf livers were homogenised with three parts of 0.25 M sucrose 
solution. The ~~~lo~~~a~~ was ~eiltr~fug~d at ~~~0~ x R and the s~perna~n~ 
solution used for the enzyme assay. Previous experiments have shown that trans- 
glutaminase is present mainly in soluble protein fraction 

To 1 ml of the casein hydrolysate (300 mg/ml) were added 0* 1 ml of O* 1 M CaCI,, 
04 ml of 0.2 M g~utat~io~e (ptl 7), 0~2 ml of neutralized 0.5 M hydro~yia?n~ne, 
0~3 ml of Tris buffer (@2 M, pH 7%), an aliquot of the supern~tant fraction of the 
ho~~#gena~e of the organ to be assayed for tra~~sg~u~rni~as~ activity, and water to 
bring the finaf volume to 2 mI, After 10 min at 37”, 1.5 ml ferric chloride-tricl-rlor- 
acetic a& rcager@ was added and the developed cotor measured at 525 rnp (Co~e~~~an 
3r. spectro~hotometer)_ Protein was determined by the biuretJG or the mod~~ed Folin 
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A number of bacterial lipopolysaccharides was tested in male mice in two con- 
centrations and at two time intervals after a single administration (Table 2). Although 
all the endotoxins tested increased the transglutaminase levels in mouse liver, the 
greatest increase was found after the lipopolysaccharide fraction from S. fyphosa. 

After the administration of S. typhosa endotoxin, changes in body temperature were 

TABLE 1. TRANSGLUTAMINASE ACrrvrrv IN THE LIVER OF NORMAL MALE AND 

FEMALE MICE AFTER ADMINISTRATION OF H. JWiUSSiS VACCINE 

Determination, 
Exp. No. of No. of No. of vaccine days after last Transglutaminase 
no. mice Sex determinations* administrations vaccine adm.7 specific activity: 

I 40 
F” 

I5 20.4 -~ I.4 
2 59 :: 242 :: 0.9 

: 22 F 1 I6 0.7 0.7 to to 9 3 40.7 660 :~ 2 3.5 
5 3 ? 6 ; 3 0.7 55.3, 70.3, 49.2 

* Number of determinations in experiments I and 2 refers to determinations partly on 
single and partly on pooled livers. Experiments 3 and 4 represent determinations on single 
livers. In experiment 5 each figure represents pooled material from six animals. Enzyme 
and protein determinations were carried out in duplicate on two aliquots ofeach homogenate. 

t Experiment 3: determination of enzyme 16 to 216 hr after vaccine administration. 
Experiment 4: Enzyme determination 20 to 72 hr after second vaccine administration: 
interval between first and second vaccine administration 48 to 216 hr. Experiment 5: interval 
between first and second vaccine administration 9 days; determination I6 hr after second 
injection. 

$ (Absorbance at 525 m~)/(O~OOOl \/ incubation time in min ,< mg protein per assay) :: SE. 

DAYS AFTER ONE INJECTION OF ‘VACCINE 

FIG. 1. Time curve of transglutaminase activity in the livers of mice after one injection of H. pertussis 

vaccine; l -- 0, female mice, x-- x , male mice. Each point on the curve represents two 

assays. 

measured during the period of the determination of the activity; a latent period of 
about 6 hr was found after the intraperitoneal injection of lipopolysaccharide before 
the increase in transglutaminase activity (Fig. 2). During this 6-hr interval the body 
temperature fell significantly. 
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In preliminary experiments transglutaminase was measured also in brain, lung, 
thymus, and spleen of male mice injected either with endotoxin or with pertussis 
vaccine. The animals were killed 16 hr after the administration of S. ryphosa lipopoly- 
saccharide, which was given i.p. in doses of 5 mg/kg. Two doses of 6 x log organisms 
of H. pertussis vaccine with a time interval of 10 days were administered, and the 

TABLE 2. EFFECT OF BACTERIAL ENDOTOXINS ON LIVER TRANSGLUTAMINASE 

ACTIVITY IN FEMALE MICE* 

Organism 
Transglutaminase specific activity 

Days after Endotoxin 
administration 2.5 mg/kg 5 mg/kg 

E. coli 

s. 1~phosn 
s. r,,urcescenS 
s. ~,II,Yel,s 
Control value 

: 41 51 
30 36 

:. 46 50 5”: 

I 41 54 
I 43 46 

24.2 & 09t 

* Two female mice were used for each experiment; duplicate determina- 
tion of two aliquots of homogenate. 

? From Table I. 

-100 

2 -95 
4’ 1 

E 0 2 4 6 8 IO 12 14 16 

HOURS AFTER INJECT!ON a,?F E’!;‘C’-C’I:; 

FIG. 2. Time curve of transglutaminase activity and body temperature in male mice. Each point on 
the temperature curve represents the average value from four animals. Enzyme levels were measured 
in pooled livers from two mice. S. typhosa endotoxin (5 mg/kg) was administered by the intraperitoneal 

route; - - -, body temperature; -, transglutaminase activity. 

mice were killed 16 hr after the second dose of vaccine. After endotoxin administra- 
tion transglutaminase activity was increased in the spleen, whereas the enzyme levels 
did not change in lung, thymus, and brain. 

Animals other than mice were also tested for changes in transglutaminase activity 
after pertussis vaccine or endotoxin adminstrations. In both male and female rats 
an increase in liver enzyme was found, but this increase was not so pronounced as in 
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mice and was not maintained for more than 3 or 4 days after one injection. In guinea 
pigs, in which the normal concentration of enzyme is a~proxinlate~y five times that 
of the mouse liver (specific activity approximately 130), transglutaminase activity 
increased only slightly after pertussis vacine administration. On the other hand, 
administration of the S. fyphosa preparation led to doubling the enzyme concentration 
in the guinea pig liver (130 to 260). 

The effect of agents other than vaccines and endotoxins on transglutaminase activity 
in the livers of mice was tested. Reversible degeneration of hepatic ceils and hypo- 
glycemia, together with decrease in hepatic glycogen. is known to occur in animals 
after administration of hydrazine, which was therefore given to mice by the intra- 
peritoneal route in doses of 50 mg/kg. Transglutaminase activity in the liver 16 to 20 
hr later did not differ from that in normal animals. Thioa~etamide has been reportedI 
to increase calcium levels in rat livers 65-fold when given subcutaneously in doses up 
to 200 mg/kg. Since transglutaminase is a Ca 2+-dependent enzyme, the effect of 
thioacetamide on the liver enzyme was tested. Mice were injected with 200 and 400 
mg/kg of thioacetamide, and 24 hr later the enzyme activity was recorded; no increase 
was found in repeated experiments. Epinephrine in oil, in doses of I and 2 mg/kg, was 
given intramuscularly to mice: two animals were used for each dose. Liver trans- 
glutaminase activity recorded 16 hr later was found to be the same as simultaneously 
tested enzyme levels in the livers of normal animals. A mixture of two enzymes, 
streptokinase-streptodornase, marketed under the name of Varidase, is known to have 
antigenic properties. I8 Streptok~nase was reported also to increase local vascular 
permeability and refease hjstamine when given intraderlnaliy to rats.‘!’ The intra- 
peritoneal administration of Varidase in 50,000 and 100,000 units/kg, in single and 
repeated doses (8 to 10 days) did not increase the transglutatninase levels in the liver. 
Similar results were obtained after subcutaneous injections of ~-~actogiobliiin in 
doses of 500 mg/kg. In some experiments subcutaneous doses of /3-iactoglobufin were 
followed by intraperitoneal injection of the p-lactoglobulin after a period of 10 days. 
Transglutaminase activity was not increased in any of those experiments. 

Adrenalectomized mice are 100 to 1,000 times more sensitive to lethal doses of 
bacteria1 endotoxins;20 the levels of trallsglutaminase in such animals were therefore 
determined (Table 3). 

Significant increase of enzyme activity was found in adrena~e~tomi~ed mice: 
however, large ind~vid~a1 variations were always encountered. Sham-operated mice 
did not differ from normals. Cortisone adrnil~istrat~oil anta~onized the increase in 
transglutaminase activity due to S. r.~~~~~~s~ endotoxin treatment. Mice treated with 
cortisone alone did not differ from normals in their transgl~taminase activity. 

Since the test for enzyme activity was routinely carried out with hydroxylamine as 
the replacing amine, it appeared desirable to ascertain that the increased activity was 
due to an enzyme with the same properties as those established for transglutaminase 
in the preceding studies. The supernatant fluid (after centrifugation of 100,000 x g) 
of the sucrose homogenate of mice livers after the second pertussis administration was 
therefore tested for transglutaminase activity with hydroxylamine and with l*C- 
l~ethylam~ne as the replacing amine (Table 4). As may be seen, the ratios of enzyme 
activity tested with two replacing agents did not differ greatly, a fact which indicates 
that we are dealing with an increase of transglutami~se with the properties of the 
enzyme present in untreated animals. 
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It may be asked whether the increase of transglutaminase could be due to the 
accumulation of an activator and not to an increase of the enzyme itself. Therefore, 
24 hr after the second pertussis injection, which was given 6 days after the first, the 
pooled livers of four mice were subjected to the enzyme purification procedure de- 
veloped in this laboratory .5 Transglutaminase simultaneously was purified from the 

TABLE 3. EFFECT OF ADRENOCORTICAL HORMONESON TRANSGLUTAMINASE 

LEVELS IN THE LIVERS OF MALE MICE" 

Exp. no. Treatment 

Normal 
Adrenaiectomy 
Sham-operated 
Cortisone 
S. typhosa LPS: 
S. typhosa LPS and 

cortisone 

No. of Transglutaminase 
animals specific activity 

8 18.0 I” 2.01 

is 25.3 f 2.1 

12 18.7 f O’S 
8 17.9 + 2.0 

6 50.4 :k 6.2 

10 24.9 I- 2.3 

* The number of animals in each experiment represents the number of 
enzyme assays. Cortisone, in doses of 2.5 mgjmousc, was injected subcutane- 
ously for 4 consecutive days before administration of endotoxin. The enzyme 
was assayed 16 hr after i.p. injection of endotoxin, which was given simul- 
taneously with the last dose of cortisone. 

f SE of the mean; 0.05 > P > 0.025 for experiments 1 and 2; P <O,OOl 
for experiments 5 and 6. 

$ Su/~~o~~//ff t_rphosa iipopoiysaccharide. 

TABLE 4. TRANSGLUTAMINASE ACTIVITY TESTED WITH TWO AMINES IN THE 

LIVER OF PERTUSSIS-TREATED AND CONTROL ANIMALS 

_ 

Enzyme &&$ Counts per min/ Pertiissis 
activity mg protem Control 

- ~- 
Replacing amine NH,OH 
Normal (2) 

'JCH,NH,* 
15.7 760 

3.9 3.3 
After 2nd pertussis injection (2) 61.5 2,500 

* Two ml contained 0.1 ml of 0.2 M Tris buffer fpH 7G3), 0.2 ml of 0.1 N CaCI,, 10 mg 
~-lactoglobulin, 0.1 ml of 0.2 M glutathione (pH 7), and 10 pmote of l~C-methylamine 
(0.05 &/~mole). Two aliquots of the enzyme solution were tested and the determinations 
carried out in duplicate. 

livers of four untreated control animals. The ratios of the activities of the approxi- 
mately tenfold purified enzyme of the pertussis-treated to that of the control animals, 
when tested with hydroxylamine and with methylamine, were 2.4 and 2-6 respectively. 
This result appears to exclude an increase of an easily dissociable activator owing to 
the pertussis treatment. The results taken together support the view that the administra- 
tion of the vaccine causes an increase of the same enzyme, transglutaminase, present 
in the liver of the normal animal. 
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It seemed of interest to ascertain whether, concomitant with increase of this enzyme 
activity, other enzymes increase as a result of pertussis administration, particularly 
since it had been shown that histidine decarboxylase activity increased in various 
stress situations2’ and also after pertussis vaccine. 22 In preliminary experiments 
glutamine synthetase, measured as glutanlotransferase,2” and proteinase, estimated by 
cleavage of hemoglobin, did not show any increases when transglutaminase had 

increased significantly. 

DISCUSSION 

The administration of pertussis vaccine and of endotoxins leads to an increase in 
transglutaminase activity in the liver of the rodents tested, (i.e. mice, rats, and guinea 
pigs). The extent of this rise appears to be related to the normal level of enzyme activity 
of the liver in the particular species. Mice and rats have a low enzyme activity in the 
liver and show a considerable increase upon the adnlinistration of pertussis vaccine, 
whereas the liver of guinea pigs, which is the richest source of transglutaminase so far 
found, shows a significant increase only upon the administration of S. ryphosa 

endotoxin, an agent also more effective than pertussis vaccine in mice. In contrast to 
mice and rats, guinea pigs show a higher sensitivity not only to histamine but also to 

endotoxins. 
Among the experimental conditions tested, only adrenalectomy led to an increase in 

transglutaminase activity in the mouse liver. Cortisone, on the other hand, suppressed 
the increase of transglutaminase activity found after endotoxin administration. It 
appears that the control of the synthesis of transglutaminase is removed by the absence 
of adrenocortical hormones. It is known that some of the adrenal hormones influence 
protein synthesis and suppress the formation of antibodies. In order to assess the 
specificity of the effect of the adrenal insufficiency and of adrenal hormones on 
transglutaminase and its increase by endotoxins, other enzymes will have to be in- 
cluded in the investigation. In preliminary experiments, neither glutamine synthetase 
nor proteinase activities increased in the liver of pertussis-treated mice when a sig- 
nificant rise in transglutaminase activity could be shown. 

Because of a very large spread of individual variations in transglutalllinase, a 
considerable number of animals was included in the group of adrenalectomized mice. 
In spite of many experiments, individual variations remained rather persistent. This 
observation may find an explanation in the suggestion that bacterial endotoxins 
derived from the intestinal flora remain in the circulation and produce toxic effects 
in the host tissue when the defense mechanisms against these endotoxinsare changed.24 

The effect of bacterial endotoxins and pertussis vaccine on various other enzymes 
has been reported; a decrease in succinic dehydrogenase25 as well as in histanlinase,26 
respectively, has been claimed. In conjunction with our findings of the increase of 
transglutaminase activity as a result of the administration of these agents, the observa- 
tions of Schayer and Ganley2rF 22 are of particular interest. These investigators found 
that stress situations, among them the administration of vaccine, endotoxin, and 
epinephrine, or exposure to cold, led to a significant rise in the activity of histidine 
decarboxylase in various organs of mice. It should be noted that, in contrast to trans- 
glutaminase, this enzyme occurs in high concentrations in lung and skin, whereas 
liver shows a very low activity only. Decarboxylase increased in all organs studied in 
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