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INTRCDUCTICH.

3-Glucuronidase,an enzyme present in
memmelian tissue, was discovered at the beginning
of this centusry. It is only recently that it has

been extensively examined end even yet its function

jo]

in the body is not known. @-d-Glucuronides,forme
in the body by conjugation of alcohols and phenols
with glucuronic acid,are hydrolﬂsed in vitro by
glucuronidase. 1Tt therefore seems likely that
glucuronidase must play some part in the metabol-
ism of glucuronides 1in vivo.

In IS08 F.Roehmann found that a chloro-
form-water extraect of dog liver was capable of
destroying menthol (3-d-glucuronide. This observat-
ion was extended to other glucuronides by Sera(I9I5)

who used other animals as well as the dog and
other organs besides liver. Both workers simply
measured changes in the rotation of the glucuron-
ides snd they were therefore not able to show the
nature of the reaction.

It was not until some twenty years later
that two Japanese worxers demonstrated the presence
in tissue extracts of an enzyme system catalysing
the hydrolysis of glucuronides. In 1934 llasamune

found that @-glucuronides were hydrolﬁsed,presum—

ably at the oside link,by an alcohol-water extract




of ox-kidney. The enzyme," (3-glucuronidase”or " 3 -
glucuronosidaes’ ,was found to be highly specific
with respect to the hydrolysis of [3 -d-glucuronides.

411 (@ -d-glucuronides tested were found to be

| hydrolysed by the enzyme. o -d-Glucuronides and db -

or (3 -glucosides wewe unaffected,by the emsyme with

the exception of phenol @ -d-glucoside. Later

| workers have,however,found that phenol @-d-glucoside

is unaffected by pure preparations of glucuronidase
(Graham,1946). Oshima (1934,19%36) characterised

the enzyme further and studied methods of extraction
and purification., He also examined the kinetics of
hydrolysis of several bilo-synthetic glucuronides

and the distribution of the enzyme in the tissuesof

the dog and the ox. (3-Glucuronidase was found to

| Dbe widely distributed throughout the body, the high-

est concentration being in spleen and liver.
Masamune prepared the enzyme by incubating

minced tissue with saline for three days. This was

| followed by extraction with alcohol and water. The

| solution thus obtained was very impure and low in

activity. Oshima (1936) obtained a slightly purer
preparation by adsorbing the enzyme on keaolim and
eluting with sodium phosphate. In 1939 Fishman
described a method involving ammonium sulphate pre-
cipitation of a partially purified mince,giving
over 1l00-fold purification of the enzyme. Although
he obtained a concentrated enzyme solution he re-

c »0 =] 1 . w
overed only 20¢ of the original activity in the

|
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! tigsue extract. Graham (1946),after removal of in-

‘active protein from an acetone washed mince,also

' used ammoniwmn sulphate fractionation,to obtain a
pure and concentrated enzyme solution. He pointed
out the pH of the soluyion affected the separation

| of active Ipom inactive prouvein and that preliminary
!incubation of the mince caused an increase in the

| enzyme activity. This improved method retained
'about 80f, of the original activity in the tissue
extract.

In nearly all the early work on glucuron-

idase the activity of the enzyme was estimated Dby

| measuring,by means of its reducing power for ferri-
icyanide,glucuronic acid liberated from menthol-gluc-
‘uronide. Levvy (1946) has shown that while very
{small quantities of glucuronic acid can be detected
[in this way the resaction is not specific enough for -
‘raliability in the enzyme assay. During incubation
‘of the enzyme itself there is an increase in reducing
.power,as was pointed out by Graham (1946). Levvy
I(lQéG) has shown that this is not due to hydrolysis
lof' endogenous glucuronide. He has alsc shown (Levvy‘
|1948) that the action of the enzyme is,in fact, con-
fined to the rupture of the oside link,as had been
lassumed previously. Fishmen (1939),in kinetic studisg
estimated oestriol,by means of the Kober colour

reaction,after hydrolysis of oestriol-glucuronide.

Wihile this method avoids the errors inherent in the

;educing method,the scarcity of oestriol -glucuronide

|



| renders it unsuitable for routine estimations. Using

| the substrate fairly easily prepa#red,it is to be

phenolphthalein-glucuronide as substrate,Talalay et
al.(1946) were able to measure the aglycone liberat-

ed colorimetrically. As this method is specific and

preferred to any of the ecsrlier methods of estimat-
ion., Prior to the appearance of the Work of Talaliay
et al. a similer method,using phenol-glucuronide,
was developed in Edinburgh as described below.
It was assumed by phe early workers that,

in vivo, (3-glucuronidase catalysed the condensation |
of glucuronic acid with hydroxy compounds to form
(3-§—glucuronides. Formation of conjugated glucuron-
ides is known to occur in maeny animals and in man,
but the enzyme system involved in the process has
not yet been identified. Florkin,Crismer and
Duchateau (1942) claimed to have observed conjugat-
ion when borneol in saturated solution was incubated
for several days with glucuronic acid in high con-
centration in the presence of beef spleen glucuron-
idase. Conjugated glucuronic acid was estimated by
the Tolléns reaction after the removal of free
glucuronic acid by copper lime. Only a very small
amount of conjugated acid was detected and these
authors conclude that such & process could hardly

be responsible for the bio-synthesis of glucuronides.
The work of Lipschitz and Bueding (1939) on glucuron-

ide synthesis by surviving liver slices suggested

that glucuronidase was not involved since the procesg




was stimulated by ceftain C3 compounds,but not by

free glucuronic acid. De lMseio and Arnolt,also using

surviving slices,found that glucuronic acid could

reverse the inhibition of phenol conjugation by

| iodoacetic acid and that feeding bornsol &r phenol
‘to rats increased in vitro conjugation by liver and
| kidney. They consider that glucuronides are formed
‘by direct condensation of glucuronic acid with the
aglycone. Gonjﬁgation was estimated by seixd measur-
ing the phenol liberated by acid hydrolgsis from the

conjugates. Phenol-glucuronide,however,is not hydro-

| lysed under their conditions,so it mey be assumed

that whatever they were measuring it was not conjug-

ation with glucuronic acid. (Levvy and Storey,private

communication).

i The first in vivo experiments with B-gluc-
uronidase were carried out in 1940 by Fishman who

considered the enzyme to be responsible for glucuron-

ide synthesis. He beleeved that he could measure,by
means of an in vitro hydrolysis,the adaptation in the
' body of (3-glucuronidase to excess substrate,in the
form of glucuronidogenic compounds. Following re-
peated feeding of menthol to mice he obtained an in-
icraasa in glucuronidase activity in liver,kidney and
spleen compared with organs from normal animals.

ISimilar were obtained in the organs of a few dogs fed

with bormeol. Glucuronidese activity in uterus and

other sex organs showed no change in either species.




Oestrogens were,however,found to cause an lncrease
| in activity in the uterus of ovariectamised mice,
| but not in liver,kidney or spleen. Fishman and
|Fishman (1944) then postulated a specificity of the

enzyme in its synthetic action,according to its

location,for different groups of substrates. No such|

| specificity was,however,observed in its hydrolytic
‘action in vitro,menthol-glucuronide being used in the
iassay of uterine glucuronidase under conditions
:found optimsl for hydrolysis by spleen preparestions.
‘There were many other inconsistencies in the theory.
!In these experiments Fishman determined the activity

of the enzyme by cerimetric estimation of glucuronic
|

‘acid,a method open to meny sourees of error,as shown

Ibelow.
|

‘ The present work was started with a view
{to elucldating more fully the function of ﬂ—glucurn
!onidase in the body. It was found possible to adapt
the method of King and Armstrong (19%34) for phosphat-
ase determinations to the assay of @ -glucuronidese
using bio-synthetic phenol-glucuronide (Williams,
private communication)as substrate. The develope-
ment of this method and its application to routine
assays is described.

For routine estimations a simply prepared

enzyme was required which reflected as accurately as

possible the activity of the enzyme in the tissus.
|

This wes obteined by using a slight modification of
|

1 L = £ m
the methoq of Talalay ot al.(1946),n0 loss in activity




| peing noted during the purification of the enzyms. '
The kinetics of hydrolysis by the enzyme prepared in
this way from mouse liver,kidney,spleen and uterus
were fully studied using phenol-glucuronide as sub-
strate.

An attempt was made to repeat Fishmen's
| (1940) findings following the administration of

menthol to mice, The effects of menthol and other

agents,some definitely nonglucuronidogenic,on the
(3 -glucuronidase activity of mouse liver,kidney,and
spleen sme weexas ars reported. A comparative study

was also made of the action of steroid hormones and

other agents on glucuronidese in uterus &nd other

organs., IHrom the results obtained it was possible

to deduce @ close correlation between the glucuron-
| idese activity and the degres of cell proliferdtion
lin & tissue. Some interesting observations,inciden-
ital to the mein work,were made regarding the actions

‘of oestrogens.

| The report is divided into the following
sectionsg-

| A. Preparation of the enzyme,the method of

{ estimation and the kinetics of hydrolysis of
| phenol-glucuronide,

‘ B. The effects of various agents on (3-glucuron-
| idase activity in liver,kidney and spleen.

] C. The effects of various agents on (-glucuron-

ldase activit.y in uterus and other organs.




D. The effect of various growth inhibitors on
B-clucuronidase activity.
E. The (3-glucuronidase activity of several

tissues from various species.




SECTICHN A.

Preparation of the enzyme,the method of
estimation and the kinetics of hydrolysis

of phenol-glucuronidse.




Prepapation and Assay of (3—Gluouronidase.

The method of King and Armstrong (1934) for
Iphospnatase determination was adapted to the estimat-
Iion of free phenol liberated during the hydrolysis of
'bio-synthetic phenol-glucuronide by (3-glucuronidase.

ipreparation of phenol-@-d-glucuronide. Dr.Williams

|kindly supplied details of the technique for obtain-
1ng this compound from rabbit urine. The glucuronids

was obtained from the urine of rabbits fed with

phenol by the general procedure described by Williems |

(1945) for the isolation of the aminophenol-glucuron-

=

'ides. Before use,it was dried at 80' for l0hrs.over

s}

P 0 n vacuo. Analysis showed it to be free fronm

{,.L
lsolvent of crystallisastion. (One sample:-theoretical
E0-52.9*’!,_'.,:&1—5.uJ,a‘:or.nzzd C-52.74,H-5.64.1{.P. 162" corr.)
! As blo-synthetic methods of preparation
iwera tedlious 1t was decided to investigate the
Ipossibility of oxidising phenol-glucoside to the
:&Lucuron1de with N, Op Maurer and Drefahl (1942)
Istate that,under the eppropriate c.onc?u‘.*t:i.ons,I-I:O,‘F
preferentially oxiddses the primary alcoholic group
in glucosides.

Phenol (3-d-glucoside,(2g.),from the labor-
Iatory store,was suspended in 100ml.dry chloroform

and the mixture saturated with dry N04 - The whole

'was then shaken for 20 hrs.at room temperature. At
!
Ithe end of this period the chloroform wes distilled

' off and the residual solid well wasned witin clesn




| solvent. The residue was recrystellised from waber
and purified further,as for blo-syathetic glucuron-

- . "

jde,with aleohol end benzens. L yield of D.46g.was

obtainea oi & waite crysteline solid(M.P.lél!corr.)
which wes hydrolysed by (3 -glucurcnidsse. Repetit-
ion of this method,using phenol-glucwsémide prepared

from glucose by the method of Fisher (1916) and

Helferich (1933) resulted in failure in a great many

ettempts. In one instance only wes any phenol~gluc—_|
|

uronide isolated (10 mg.). Time was not available ‘
|

for further investigation of the conditions for this

resction and it was decided to continue the use of ‘
rabbit urine as the sourse of phenol-glucuronide for ‘

|
‘assay purposes,despite obvious disadvantages. I

' The colour reaction for free phenol. Dr.A.F.Graham
|

| showed that free phenol could be determined,in the

‘presence of excess phenol-glucuronide,with the reag-
ient of Folin and Ciocalteu (1927). The colour inten-
| ity was measursd with a Spekkar photoelectric absorp-

| thometer,using Ilford No.602 blue filters. Free

glucuronic acid did not interfere in the reaction. i

|Phenol-glucuronidein high concentration gave a faint
|colour,probably due to traces of free phenol (less !
then 0.2% of the total weight),since it varied from ‘
one sample to another. ‘

Preparation of the enzyme. Preparations from mouse

ﬂliver,kidn&y,spleen and uterus were studied separately

in these experiments. The organs were broken up in ‘

glass homogenizers (Umbreit,Burris and Stauffer,lgéﬁ)J



Unless stated to the contrary,the enzyme was partial-
y purified following a modification of the method of
malaley et al.(1946). The homogenate was brought to

pH 5.0 or 5.2 with acetate or citrate buffer. Prot-

| ein which separated after 30 mins.at 37' was removed

by centrifuging and the volumes of the supernatant
liquid and the precipitate noted. The enzyme in the
supernatant was precipitated by adding a suitable
volume of saturated ammonium sulphate (S.A.5.) and
the precipitate dissolved in a convenient volume of
water. It was assumed that the enzyme was equally
distributed between the inactive protein precipitate
and the supernatant liqulid. No change in the total
activity of the enzyme was noted‘after purification
in this way,when correction was made for the fraction
in the inactive protein. The initial high enzyme
blank was considerably reduced by this treatment.
The process whereby substances giving the colour

reaction on incubation of enzyme a&ieme in absence of

| substrate was reduced to small proportions. The

guantity of substances liberated in this way was
found to vary with pH,as illustrated in Fig.l.
Inactive protein,which coagulated at 5?‘ and pH 5.2,
was removed from the homogenate by centrifuging and
the supernatant used in the next stage without
further treatment. O0.4ml of this solution was
incubated for lhr.at 37' with O.2ml.citrate or dcet-

ate buffer,ranging from pH 2.6 to 4.5,and 0.2ml.

| water. Protein was removed and the colour developed

11.
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as desecribed below. Since the reaction varies with

pH it is probably enzymatic.

12.



Procedure.

Macro-method. During the preliminary work on the ‘
kinetics of hydrolysis of phenol-glucuronide by the |
enzyme and in much of the subssequent work on liver, |
kidney and spleen it was found convenient to use !
this procedure. In constructing the calibration |
|
curve for this method,(see Fig.2),0.2nl.citrate
buffer,pH 5.2,was added to O.6ml.standard phenol
solution followed by 2ml.of a 1l:5 dilutlon of Folin
and Ciocalteu reagent. After mixing,2ml. of the
solution were transferred to a tube containing 4ml.
N Na,CO, solution. The contents of the tube wers
| mized and the colour developed by incubating for 20
mins.aet 87'. Citrate,acetate or formate had no
| effect on the colour reactlon,and the colour pro-
duced was stable for a considerable period.

Spleen and kidney. The dissected was organ was

weighed in a chilled homogenizer tube and homogenis-
ed in dml.water. The cell free homogenate was trans-
ferred to a graduated tube using 1lml.wash water.
Liter the addition of 0.5ml.0.3M citrate buffer,pH
O.2,the tube was maintained at 37' for 30mins.
Coagulated protein was separated by centrifuging for
15mins.,the volume of precipitate and supernatant
'noted,and the latter transferred to & second graduat-
-ed tube. For total enzyme precipitation,an ecqual

volume of S.A.S5.was added and the tube centrifuged

for s0mins. The supernatant was discarded and the

residue dissolved in water and made up to 2ml. This
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: added to 0.2ml.0f 0.1 buffer and 0.2ml.substrate in

| buffer and substrate were warmed to 37°'. Aftar
| incubating the hwdrolysis mixture for lhr. at 37',

| 2m1.0of the diluted Folin and Ciocalteu reagent were

concentration of enzyme was such that,in normal
animals,0.4ml.of the solution gave readings of 20 to
40ug phenol after correcting for enzyme and substr-

ate blanks. This volume of the enzyme solution was

a stoppered 1lOml.centrifuge tube. When high activit-
ies were expected greater dilution of the enzyme was

made. Prior to the addition of the enzyme,the

measured into the tube . Proteln was removed by
centrifuging for omins.,and 2ml.of the supernatant
transferred to & 10ml. stoppered centrifuge tube
containing éml.iazcﬁ; solution. The colour was
developsd and read against reagénts alone. Assays
were carried out in duplicate.
Liver. The procedure was exactly as described above
except that ,at certain stages,the volumes of reagent
used differed. :rHomogenization was done in 5ml.
water and 3ml.of water were used in transferring the
homogenste to the first graduated tube. In adjusting
the pH,lml.0.3M buffer was used. The enzyme solution
after S.A.S.precipitation,was made up to 4ml.,this
volume giving readings of 20 to 4Qug.phenol,with
livers from normal animals,after correction for blanks

Micro-method. In order to avoid lengthy incubation

periods wishk during the estimation of (3 -glucuronidase

14,



acthivity in a single mouse uterus,the above method
lof estimation was modified for use with the micro-
‘cells of the Spekkar absorptiometer. This procedure

| was used for all estimetions on uterus and was exten—l

ded to other organs,the enzyme solution being pre-

| pared as above and diluted appropriately.

‘Uterus. Before weighing,the dissected organ was freed |

!from intrauterine fluid by pressing between pieces of

|filter paper. The figure thus obtained was found to |

bear a constant relation to the weight after drying

at 110" for Zhrs. for all states of the ateris.(Resulg

. |
|see table.) No error was thus introduced into the i
|

assay since intrauterine fluid contained no detectable

!
‘amounﬁs of glucuronidase, |
+ Table 1. |
‘ Treatment. ﬁ loist Dry Dry wt, o
| ' weight. weight|FoIst wt.
| - — %
| Normal female. 221.2 (6) 47.6(8) 21.5
Ovariectomised 2.7 (6) 7.8(6) 25.8
i female.
|
Ovariectomised % 228.8 (6) 50.3(6) 22 .0
| oestrone(l.7mg/keg)
|
Ovariectomised 3
| oestrone(0.3mg/kg] 98.35 (6) 21.8(6)] @ 22.4
Ovariectomised+ | 106.2 (3) | 24.1(8)| 22.7
| testosterone(3.3mg.
i kg.) F
Ovariectomiged,B8dys4 112.6 (3) 20.3(3) 18.2

after partial hepa-
tectomy(see text).

No.of animels in group shown in brackets.)
The uterus was homogenized in 1.5ml.water and O.5ml.

used in transferring the homogenate to a graduated

15-



tube. 0O.5ml.of 0.3 buffer was added to the mixture

and it was incubated at 37'. After maintaining at i

this temperature for 30mins. coagulated protein was |
removed by centrifuging and the enzyme precipitated

with S.A.S5. The precipitate was made up to a suit- ‘
| |
!

| able volume in water so that 0.2ml.of this solution

| gave readings of 2 to 4ug.phenol after correction for

' bleanks. This volume of enzyme solution was added to

0.lml.substrate and 0.lml.0.1M citrate buffer at the |

|
appropriate pH. After incubation for lhr. at 37!,

0.5ml.of @ 1:5 dilution of Folin and Ciocalteu reagent
;was added. ©Protein was removed by centrifugation and |
:0.5ml.of the supernatant transferred to a tube con-
itaining 0.5ml.1.53N Na,C0q. The colour was developed |
!as deseribed above and the result read against a

}graph constructed with standard phenol solution put

through the same procedure.Fig.2A.

Controls. Every assay was controlled by incubating
\mixtures of enzyme and buffer with water in place of

‘substrate,in the ratio of 2:;1:1. The purified enzyme

|showed a small rise in blank during incubation. Ko

mention is made by Mills (1948) of an incubated i
enzyme blank in his work on the hydrolysis of phenol-
!glucuronide by the two enzyme fractions in besf spleen

His results may therefore have to be corrected for the

‘increase in enzyme blank during incubation.
|

|
were also carried out at frequent intervaels the solek-

Controls for free phenol in the substrate
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ution being incubated with buffer and water in the

ratio of 1:1:2. Since there appeared to be a small
: |
but perceptible increase when substrate was incubated

in buffer,this procedure was considered preferabls

to that in which substrate was added to the enzyme

after incubation,(Talalay et al.l946).

l'?'



| Recovery of phenol from the incubation mixture.

The recoveries obtained in a series of
| experiments in which 0.Bml.standard phenol solution
iwas added to 0.2ml.0.1) buffer and 0,.,4ml.enzyme
;solution (spleen and liver mixed) are shown in Teble
‘2. In one case the mixture was incubated,while in
;the other Folin and Ciocalteu reagent was added
| immediately. Each figure is the average of two
|
determinations after correction for the enzyme blank

(5.2ug unincubated and 7.7ug.incubated).

In a series of 80 determinations in which
| 81l.4ug.phenol was addedto enzyme and bufrfer as aBove
|and determined at once,the mean recovery was 31.5ug.
1(100.3() and the standard deviation of a single

| )
determination from the mean was 0.l9ug.(0.6%).

‘ Table 2,

] Phenol Phenol récovaﬁed Phenol fecovared

‘ added, (unincubateds. (incubated).
(ug). ~ ug. % ugs | %

i 3.9 | 5.7 95 &1 105
% .9 8.0 101 8.0 101

' 157 15.6 99 15,8 101

e Blad 8l.1l 99 BL.2 99

. 105.0 | 105.0 100 104.9 100

| 1

18.



Kinetics of the Hydroiysis of Phenol-glucuronide.

In order to find the pptimal conditions
for the assay of ﬂ?—glucuronidase from liver,kidmey,
spleen and uterus the kinetics of the hydrolysis of
phenol-glucuronide were studied for each organ,using
the method of estimation Just described. It was
found that the pH-activity curve for mouse liver,
kidney and spleen showed two distinct optima,suggest

ing the presence of two enzyme fractions. This
possibility had been noted by Dr.Graham in the
hydrolysis of menthol-glucuronide by glucuronidase
- from ox spleen tprivate communication). The presence
| of two distinet fractions in ox spleen glucuronidase
was also observed by Mills (1947) with menthol-gluc-
uronidse. 1ills succeeded in separating the fractions
in ox spleen preparations,and his procedure was
| subsequently applied to the separation of the fract-
ions in mouse liver and kidney. The effect of pH
' and of substrate doncentration on the initial rate
| of hydrolysis of phenol-glucuronide was studied with

:total enzyme and with each fraction separately.

19



The effect of pH

! The pH for optimal hydrolysis was determined
Iover the range .0 to 6.5 at a substrate concentrat-
:ion of 0.01) in citrate buffer. To 0.2ml.0.l1M buffer
and 0.2ml.0.C4Msubstrate ,warmed to 37',0.4ml.enzyme
;solution was added and the mixture incubated at 37!

| for lhr. The initial effect of substrate and enzyme
on the pH offthe buffwr was determined electrometrical
'ly. No change in pH occured during incubation.

'Liver and spleen., The curves for variation in

Ihyc‘irolysis with pH using purified enzyme are shown in

|

Fig.d,after correction for blanks which were of the
|order of 200ug.phenol/g.with spleen and 100ug/g.with
liver,compared with hydrolysis values at the peak of

843ug.and 602 ug/g.respectively. Homogenates from

|five mice were pooled for sach organ so that all
ipoints on the curve could be determined simultaneous-
ily.

!Tidney. Neither crude nor pﬁrified kidney-enzyme
‘gave a blank which varied with pH. The pH-activity
1curve for purified enzyme from both male and female
mice is given in Fig.4,after correction for blanks.

Using the micro-method of estimation,it was found

possible to use enzyme preparations from & single

animal for a complete curve. No sex difference was

|
| SR A
(found in the average composition of the enzyme.

20
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In all three organs the hydrolysis curve
will be seen to rise to a peak at pH 4.5,Tall again
iat about 4.75 and rise to a second peak at pH 5.2,
| suggesting the presence of two fractions in the
| enzyme preparation. At this time Mills (1947) re-
}portad that beef spleen glucuronidase could be sep-
?arated into two fractions having slightly different
'pH optima for the hydrolysis of menthol-glucuronide.
;His technique was applied to the separation of the
Ifractions in mouse liver and kidney. After removal

rofesn
of inactivef{which coagulated during incubation at 37!

i
iand pH 5.2,for 30mins.,the supernatant was made 31.5%
‘saturated with ammonium sulphate. The precipitate
| thus obtained was devoid of glucuronidase activity.
On bringing the preparation to 38.5 saturated with
ammonium sulphate,one fraction of the enzyme was
@reéipit&ted (fractlon A),whilst all residual activit)
was removed from the solution by bringing the
ammonium sulphate concentration to 50y, saturation
(fraction B}.

The separation of the two peaks in the pH-
activity curve for liver and kidney achieved in this
way 1s illustrated in Fig.5. In the case of liver
la single animal was used and the homogenate halved,
one part being brought to 509 saturation with ammon-
ium sulphate,and the other to 38.5 and then 50%
saturation. For kidney itwas necessary to pool homog-

enates from two animals.

i

g
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Uterus. Using the micro-method of estimation the
variation in activity with pH was measured for
uterine enzyme. Organs Irom four or more mice were
pooled in order that all points on the curve might

be determined simultzneously. A low and constant

blank was obtained with both crude and purified
enzyme. From the curve shown in Fig.6a it would
eppear that uterus lacked one fraction found in
glucuronidase preparations from liver,kidney and
spleen. THat no fraction had been eliminated by
purification was shown by using a crude homogenate,
Fig.6b. Enzyme prepared from the uterus of ovari-
ectomised mice also gave a pH-activity curve
symmetrical about pH 4.5,Fig.6c. Uterus therefore
appears to contain only fraction A.

For routine estimations of total enayme
activity from liver,kidney and spleen, pH 5.2 was
adopted as the optimal pH. This pH was also used in
determinations of fraction B alone. TUterine-enzyme
and fraction A in liver and kidney were estimated in

citrate buffer at pH 4.5.

22,
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Fractionation of glucuronidase pregarations.

Fractionation of homogenates from mouse

liver or kidney with ammonium sulphate,after

coagulation of inactive tissue debris,gave the

following results in citrate buffer.

Percentagé'saturation
with ammonium sulphate.

Glucuronidase activity,

Q = 31,5
5 = 38.5
38,5 = 44,0
44,0 - 50.0
above 50.0

Absent.
Present.
present
Absent
Absent

Recent repetition of this work by Levvy

and Karuniaratnam (private communication),using

acetate buffer in the enzyme assay, gives similar

results.(cf. Mills , 1948).

23.



The effect of substrate concentration.

The effect on the rate of hydrolysis,at
constant pH,of varying concentrations of substrate
was studied using enzyme preparations from liver,
spleen and uterus. Hydrolysis with separated fract-
ions A and B from liver was also studied. As the
addition of enzyme had little effect on the pH of the
mixture in this region,substrate and citrate buffer,
0.l1,were brought to the desired pH previously.
Substrate blanks were estimated at various concen-
trations.

The average result for three experiments
using total enzyme from liver and spleen and estim-

ated at pH 5.2 are shown in Fig.7. Results obtained

\with liver fraction A,estimated at pH 4.5,and liver

‘fraction B,at pH 5.2,are given in Fig.8,and with

iuterine enzyme,estimated at pH 4.5,in Fig.9. In all
icases homogenates from two or more mice were pooled
:for each organ and all points on the curve obtained

'simulteneously.

lMarked inhibition by ex@éess substrate was

found in all cases and an optimum velocity of reaction

|
‘was reached at a substrate concentration of about

i0.0lM. No great difference was seen between the
}various preparations. Because of the high substrate
Iinhibitiom the results do not lend themselves to an
%accurate calculation of the llichaelis and ljenten
Fonstant,Km,using the appropriate formula of Line-

weaver and Burk (1934). IT,however, the logarithm of

24 .
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the substrate concentration (log S ) is plotted
against the relative initial velocity (v),a constant
|value is obtained for the substrate concentration at
Iwhioh half the observed maximum velowity is reached.
| #ig.10 shows this calculation with total enzyme and
| fraction B,from liver,both estimated at pH 5.2. A

| value of 0.0032 may be taken as Im for both. The

| graphs for fraction A from liver and uterine enzyme
l(Fig.ll),both estimated at pH 4.5,give values of
0.0031 and 0.0034 respectively. Ffrom these results
it would appear that & figure of about 0.0035M may be
Itaken as the substrate concentration at which half
the maximum velocity of reaction is reached in all

|cases. The true Km for the reaction might be exzpect-
!ed to be larger as the meximum theoretical velocity
‘is never reached in these exXperiments due to substr-

ate inhibition. For estimation of enzyme activity in

all organs a substrate concentration of ¢.01l5M was
|taken as suitable,using 0.1l citrate buffer at the

appropriate pH.

2.
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The effect of enzyme concentration and the time of

incubation.

3

he amount of phenol liberated in 1 hour
at 37'C in citrate buffer from 0.0Cl3M phenol-glucur-

| onide was found to be directly proportional -to the

| enzyme concentration. Experiments under similar

conditions,but in which the incubation period was

 varised and the enzyme concentration kept constant,
showed the reaction velocity to be constant for 3hrs.

| Enzyme preparations from liver,spleen,kidney and
uterus were examined and the results are shown in

Figs.l2 and 13 respectively.

The effect of buffer.

As already noted,the colour produced by &

i known quantity of phenol was identical in citrate

| and acetate buffer when read against the apprppriate
\ reagent blank. Hydrolysis of phenol~-glucuronide,at
| pH 5.2,by the enzyme was also found to proceed at

practically the same rate in both buffers.(Table 3 ).

| Table 5.
! Citrate buffer pH 5.2. Acetate buffer pH 5.2
.Qeaoti n 1 g Reécti n
i mixture.} Phenol(ug.) mgzture. Phenol(ug.)
Buffer | 0.0 Buffer 0.0
Pure phenol Pure phenol
+ buffer 16.2 + buffer 16.2
Phenol,buffer Phenol,buffer
4$ enzyme. 42 .4 + enzyme. 42,9
iEnzyme,buffer Enzyme,buffer
4+ substrate. 55.5 + substrate. 58.6
| Blanks 33.0 Blanks 33.6
|Phanol by Phenol by
| hydrolysis. 22.6 hydrolysis 23.0
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Discussion.

Phenol-glucuronide is a convenient substr- |
ate for the estimation of (3—glucuronidase using the
reagent of Folin and Ciocalteu. The colorimebric

| determination of free phenol by this reagent is
' simple and the wWas found to be very steble. As
| already noted,the use of citrate buffer did not
sppear to have any effect on the colour reaction,
Icontrary to the findings of some workers. AsS com~
pared with phenolphthalein—glﬁcuronide (developed by
|Palelay et al.,1946),substrate inhibition seems to be
'more marked and a higher concentration required for
.0ptimum hydrolysis,with phenol-glucuronide. The
'kinetics of hydrolysis of phenolphthalein-glucuronide
were,however,worked out using enzyme prepared from a
fpooled homogenate of several organs., Experiment has
shown the Folin-Cilocalteu colour reaction to be
.extremely sensitive and recovery of free phenol to be
ilOO%. By using a modification of the procedure of
{Talalay et al.(1946) an enzyme preparation was obtain-

!ed without loss in activity and with a blank of less
|

|than 10% of the total phencl liberated. It may also

jbe assumed that the enzyme .has not been altered
bhysiologically.
i

From the results obtained on the kineties

i
iof the..hydrolysis oﬁ phenol-glucuronide,it would

%ppear that the enzymes present in liver,kidney and
|

spleen are very similar. Uterus differs only in lack-




ing one fraction present in the other organs. It

seems clear from the pH-activity curves shown above
that there are two distinct enzyme fractions present
!in mouse liver,kidney and spleen,and that these can
| be separated by the difference in solubility of the

|
| protein in ammonium sulphate solution,as shown by

1
uills (1947) for beef spleen glucuronidese.

Despite this difference in composition of
the enzyme no evidence of the specificity of action
suggested by Fishman and Fishman (1944) was found.
iPhenol—glucuroniﬁe was hydrolysed identically by
Ienzyms prepared from liver or from uterus. The
possible bearing of the fact that liver,spleen and

kidney contain both fractions A and B and uterus

only fraction A on the physiological function of the

ed are reported in Section B.

Good agreement with the figure obtained for
the pH of optimal hydrolysis,pH 5.2,1is found in the
work of Masamune (1934). Estimating,by means of its
reducing power,glucuronic acid liberated from phenol-
glucuronide by enzyme prepared from ox spleen by more
vigorous methods,he obtained a maximim between pH 5.3

and 5.6,in citrate buffer. Recent resulfs by Mills
(1948) also give pH optima for hydrolysis of phenol-
glucuronide by his two fractions from beef spleen
which correspond exactly with those for mouse liver,

kidney and spleen found above.

enzyme was,however,investigated,and the results obtain

28.



A table collecting the daté so far avail-
able on the hydrolysis of various substrates by

,(3-gluouronidase prepared from the organs of several

| species,may be useful.

Table 4.
oubstrate. Organ. pH Km. Author.
Optimum,
' Menthol- Ox kidney{ 5.3 CY - Masamune (1934)
glucuronide.|0x spleen [5.0-5.24Y - Oshima(1936)
0x spleen 5.0 A0.004 [rishman(1939)
0x spleen 4.5,5.0A - Mills(1947)
| Borneol-
glucuronide.|0x spleen| 4.4 A 0.0l Fishman(1939)
Cestriol-
glucuronide.|Ox spleen| 4.3 A [0.0005 | Fishman(1939)
| Phenolphth- |liouseliven,
alein- kidney & 4.5 A |J0OCOO0DH Talalay et al,
glucuronide.|spleen. (I9456)
0z spleen |[4.5,5.2A - Mills(1948)
| Phenol-
glucuronide.|0x kidney [5.3-5.6C - Masamune (1934)
4,9,0.24 - Mills(1948)

——

0x spleen

It will be seen that phenolphthalein-gluc-
uronide is the most satisfactory substrate for
glucuronidase assay so far tested,having the great-

est affinity for the enzyme,oestriol-glucuronide,a
"physiological glucuronide",coming second.

|
| tThe above values may,however,have to be reinvestigat-

|
;fc —;ncubat?on carried out in citrate buffer.
‘A ~ilncubation carried out in acetate buffer.
|
|
|

ed in view of the most recent work of Mills.

Lany of

29,



SECTION B.

The effect of various agents on @-glucur-

onidase activity in liver,kidney and spleen.




| than after repeated feeding,and by varying the tine

| found that increases in enzyme activity were confined

Introduction.

It was decided to try to determine,as far

&s possible,the exact function of B-glucuronidase in
the body. All previous work on the enzyme suggested
that it acted hydrolytically. As already pointed
out,there appeared to be no reason to believe that

(3 =glucuronidase could catalyse the synthesis of
glucuronides either in vivo or in viteo. It is be-
coning increasingly obvious that,in general, the

reversibility of a hydrolase is possible only in

theory and in very "unphysiological" in vitro exper-
iments. I
An attempt was made to repeat'Fishman's

(1940) findings following repeated feeding of uenthol|

to mice. Much larger increases in activity were

obtained in liver-enzyme after a single injection

interval a rise in kidney-enzyme was also found. In

no instance,however,was any change in spleen-glucur-
onidase detected. It was noted that the livers of
menthol treated mice were abnormal 1in their gross
appearance and histological examination revealed
extensive damage to that organ and at a later stage |
to kidney also. Various agents,toxic to either or |

both liver and kidney,were Administered and it was

to the organ damaged. A rise in glucuronidase

activity appeared to be associated with repair follow-



ing demage and to have no direct connection with the
compound administered,many of which were nonglucur-
onidogenic. |
| The close correlation of enzyme activity i
land the degree of cell proliferation in an organ was
ifurther studied in livers of mice subjected to '
Epartial hepatectomy and in the organs of young animals
High activities were obtained in all cases, In young |
animals the glucuronidase activity in liver was found
to follow roughly the growth curve as described by
? lledawar (1941). , |
During earlier work only changes in the '
total enzyme sctivity were measured,using a citrate
buffer at pH 5.2. A possible specificity of responee

o extrinsic agents of either fraction A or B was

|
ithen investigated since uterus was later found (section

%} to contain only 4 and the distribution of the
different fractions might in some way influence the
?r63ponss by the glucuronidase activity of an organ.
Ehe enzyme was separated using the method described
%y Mills (1947) and the activity of each fraction
Lnd the total enzyms determined at their respective
PH optima. No specificity in response was found with
?ny of the compounds administered.

i Results are expressed as G.U./g. moist
#issue,where one G.U.(glucuronidase unit) liberates [
lug.phenol from 0.0l5M phenol-glucuronide in 1 hour

at the appropriate pH. Wherever possible in the




following tables of results,the standard error is
given. Although in many cases it 1s based on tco
small & group of animals toc have any stetistical
significance it shows individual varistion in s
convenisnt form. The number of animals in the group

is shown in braclkets after each result.



Histology. All histology reported was done by Dr.Jd.
G.Camphbell,the Poultry Research Centre,Edinburgh.
Portions of organs from animals used for
enzyme assay or whole organs from other animals treat-
ed similarly were fixed immediately in Susa and taken |
:in the usual way through the ethanols to a mixture of
chloroform and cedarwood oll and finally cleared in !
!pure cedarwood oil. After embedding in paraffin wax,
lsections were cut at 8u and stained with Mayers |
5haemotoxylin and eosin. The distribution of fat was
studied in frozen sectlons prepared from tissue rapidly
fixed by heat in formal saline and stained with
heemotoxylin and Sudan III. |
| Damage ,repair and cell division,as reported
ito us by Dr.Campbell,are shown in the following tables
by an arbitrary system of X signes. In the case of
damage, ® indicates that while present it was neither
Fxtensive nor severe and XXX that it was at its
animum for the agent in question. The course of
Fepair is measured likewise, XXX indicating that the
;eplacamant of damasged cells by normal cells was \
£ractically complete. TUnder cell division an estimate
is given of the number of nitotic and amitotic figures
and hyperchromatic nuclei in excess of normel. Since a
deviation from normal could never be distinguished

in spleen no histological findings a®e reported for

| that organ.
| |

33.




Results.

Total enzyme activity at pH 5.2. .

Normal animals and controls.

Average values for (3 -glucuronidase activ-

ity in liver kidney and spleen were the same,within

experimental error,for normal adult mice (B5 to 35g.)
of both sexes and drawn from several different

colonies. In the course of the work pure strain A,

CBAs,and C57 mice,inbred mice from Schofield liousery
and mice from our own heterozygous colony were used,
each experiment being controlled,as far as possible,
with mice from the same colony. All results ase
Igrouped together in the normal values given in the
following tables. Spleen showed a wider deviation

-

|
|
|
|
| in its normel enzyme activity then did either liver 1
or kidney. Intraperitoneal or subcutaneous¥sy inject-|
:ion of relatively large amounts of 0.9% saline,olive 1
0il or nut oil,the vehicles used for administration
| of the toxic agents,had no effect on the glucuronid-
|

ase level in any organ examined after an interval of

1l to 7 days. The results are shown in Table 5.

| Table 5. |
: ]
Agent. Dose., Days. G.U./g. moist tissue.
, Liver. Spleen, Lidney.
| wone. L omii. | o= | 273tas (23) e36t70 (23) [B63%24 (11)
b.9% saline| 1 mlL.Tpi. | 2 | 203131 (3)| 585t6l (3) [325t26 (5%
0.2ml.Sei. | 7 | 298t11 (3) 2 555417 (3)
ut oil 1 ml.Ipi. | 2 | 253t15 (3)| 557t40 (3) [B55%14 (3)

Clive oil Lomd Tol. | 2 R49%19 (3) | 526%47 (3) Boltle (3)
C.2ml.S5ci. 7 28817 (3) | 672¢52 (3) ps2+2g (3)




|
Chenges in B-glucuronidase activity and histological
|

findings after aduministration of L-menthol.

Intra_peritoneal injection of 333mg. 3

L-menthol/kg. caused a rapid rise in the total liver-|
|
glucuronidase activity,reaching a maximum sfter 24

l
hours and persisting for 7 days. Greatest liver

demage was observed after 24 hours,but repair process*
es were not perceptible at this time. After 14 days, |
when repair was almost oompléte,the enzyme activity ‘
had returned to its original value,although cell |
division still sesmed to Dbe slightly in excass of |
normal. During the first 2 days kidney was noﬁmﬁl in |
lenzyme activity and structure,but after 3 days damage
| -
|

was evident. The figure for glucuronidase activity

'had risen after 7 days. Kidney was normal in all

respects at the end of 14 days. No effect on spleen-
iglucuroniﬁase was observed at any stage and no deviat7
iion from %khe normal could be detected in the struct-
%ure of this organ. The results obtained with liver
and kidney were not influenced by the sex of the

| » = o~ . o
lanimals used. Table 6 gives flgures for enzynme

lactivity,with histological findings when available,
I

for liver,kidney and spleen.
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As no details of & toxic action of L—msnthol.
lcould be found in the literature & brief description
of the changes found by Dr.J.G.Campbell in liver and
kidney mey be of interest. In the liver the first
devietion from normal was a cloudy swelling,followed
by fatty degeneration and necrosis sumounding the |
Esntral vein and extending about one third of the way
into the lobule. The nuclei showed hypertrophy and :
hyperohromatism. Many binucleate cells appeared
(amitotic division) and at a later stage mitotic
division became evident. The Kupfier endothelial
pells were swollen. In the case of kidney the damage

waes not severe being confined to the distal portions

gf the convoluted tubules and to some glomeruli,the
Fndothelium of which was swollen and in places necrot-
?c.

Intraperitoneal injection of mice with a
ilarge dose of menthol (700mg./kg.),caused prolonged
:depression of respiration and unconsciausness. NoO

‘attempt was made to determine the lethal dose.
' |
|

S7.



Ghanges in @—glucuronidase activity after repeated

administration of L-menthol and L-menthol @ -d-

glucuronidse,

Results for 63—5lucuronidase activity in

liver,kidney and spleen after intraperitoneal inject-

ion of mice with L-menthol or its glucuronide twice
or thrice daily for varying periods were similar to

those described above after a single injection of

| menthol. The glucuronide was injected as a neutral

olive o0il. Neutral solutions of acid compounds in
0.9, saline were prepared as described by Chance,
Lrow ford
Cxewess and Levvy(l945).

Repeated oral administration of menthol in

olive oil,in doses totalling 1.2 to 2g./kg.,produced

increases in liver-glucuronidase of the same order as

| did the injection of 333mg./kg. If the dose were

increased to 9.3g./kg. & barely perceptible rise was

' produced as seen from Table 7. The latter was,how-
\ever,as great as that found by Fishmen(1940),and was
!found to be statistically significant (P-0.01). In
feeding the larger dose,the experiment was carried
!out exactly as deseribed by Fishman,using the 0dell,
8kill end Marrian(1937) technigue,except that three

|
|of the mice in the group were fed a solution of

i
menthol in olive oil instead of as a suspension in
soap solution. The change in vehicle had no effect

on the enzyme response .

| No histology was done on the organs of mice
|

|

| solution in 0.9% saline and menthol as a solution in |

38.



receiving menthol in these experiments. Changes in
liver and kidney after injection of menthol-glucur-
onide were found to be similar to those following a
single injection of menthol. No deviation from the
normel glucuronidase level or structure was observ-

ed in spleen during these experiments.
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| poisens,were studied., The changes in enzyme activity

| in spleen were relatively small with wide variation ?

Changes in(3-glucuronidase activity in liver,kidney

and spleen produced by single injection of various|

substances. ‘
|
|

The changes in glucuronidase activity and

' histology in liver,kidney and spleen after injection

of various substances,some known liver or kidney

in individual figures so that no definite conclusions
could be reached. As before no deviation from the
normal histological picture was observed in spleen.

Subcutaneous injection of 5.3g.carbon
tetrachloride/kg.in olive oil caused severe fatty
degeneration and early necrosis in liver within 24
hours. After % days damege was extensive but repair
processes had commenced,and after 7 days repalr was
far advanced. A marked increase in liver glucuron- 5
idase scpivity occured within 24 hours and was main-
tained for seven days,falling again to normal as
repair was completed at 10 days,(Table 8). Doses of
0.5 to 2g./kg. caused similar changes in liver-
glucuronidase sctivity. There was no change in
kidney-glucuronidase activity at any stage nor was |
there any in the peathology of kidney.

The changes in liver after subcutaneous
injection of chloroform in olive oil resembled those
produced by carbon tetrachloride,increases in enzyme

activity being found after injection of as little as

200mg./kg. Results with up to 2g./kg. are shown in

1



Table 8. Kidney,however,showed an interesting sex

specificity in the response of the enzyme to chloro-
form. In agreement with the observetion tkat of !
ischenbremner (1944) this compound was found to '
cause renal necrosis in mele but not in female mice.

The rise in glucuronidase activity which was confin-‘
ed to male mice,as seen from Table B8, was not found ‘
in the early stages of damage but was evident after |
8 days by which time repair was extensive. Further
data on the sex specificity of chloroform poisening
in kidney and the associated changes in glucuronidasé

activity are reported later (p 56)-

42.
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Mercuric nitrate,given as a neutral sol-
ution in 0.9€ saline,had no marked effect on liver-
glucuronidase eactivity or histology but caused severs

cortical necrosis,with hyeline casts, in kidney with-

| in 24 hours. KXidney enzyme showed no rise at this

Ainitial drop in the enzyme activity to 1/3rd. of the

-

stage but after 3 days,by which time repair was
practically complete,it was more than twice its
normal value (Table 9). |
Yellow phosphorus, injected subcutaneously !
in olive oil, had no evident effect on kidney enzyme
or histology but produced extensive damage to liver
in the form of congestion,fatty degeneration and
necrosis. From the results shown in Table 9 it
appeared that no rise in glucuronidase activity
occured in an organ when damage was at its height.
Not until repair was evident was the rise perceptiblel

In the case of phosphorus there was an unmistakable

normal value. At the end of 5 days,when repair was
well under way,the enzyme level showed the usual
increase,only to fall again as repair was completed.
0f the remaining substances tested ether

and pregnanediol had no effect on glucuronidase
activity and produced no pathalogical changes in
either liver or kidney. Pregnanediol-glucuronide
also had no effect on the enzyme activity but was
not examined for histological effects. Ether was

given by inhilation and pregnanediol and its glucur-

onide were injected intraperitoneally as suspensions
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!in olive oil.

Sulphathiezole caused cloudy swelling in
' liver after subcuteansous injection of 43g./kg. as &
|
neutral solution in 0.8% saline. There was a small
‘but significant rise (P-0.C5 to 0.02) in liver-gluc-

‘uronidase activity. This compound was without action

on kidney.

| Sodium sulphapyridine given similarly to

'sulphathiazole caused fatty degeneration and necrosis
in liver accompanied by some cell division but there
was no appreciable change in the enzyme activity. In
éome animals there was evidence of slight damage to
Lidney,again without any rise in the glucuronidass
%ctivity. Results for all the above compounds are

given in Teble 9.
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Table 9. .
Chenges in glucuronidase activity in spleen,liver
and kidney after administration of various agents.
. Inter upléeﬁ. 5 Liver _ :
v g 1 3 ] oy 2 Kidney
Asgent and dose. val. | S9ex Dam= | CoIll T 5o s J e _
Ag g ) Bz ANz o il L= Dan-| Cell Re-
( days ) LAY . LIAYHO . | age. d.?.l.Vl— pair. BNZYyne- age, divi- ljaiej_ei ]
840D sion|
None . - | 1i.F| cse¥r0 (25])] 273EL5 (23] _ - | - |sestze (11)
] o - L= -
llercuric nitrate, 1 M - 456t28 (2)] 5 - = ol
= o ] : ) * O 2 1 8E4 “ '@ )
(20!11{5./1€g.). (s il 80749 (4) 469%29 (5) 0 5.6 O 888*65 Efj% Aaﬁx. i .g&%.K
Yellow phosphorus, | 2 M | Boo®e4 (B) | 91%23 (8)|ocx o 0 seitus (o1l :
= 1 A e 30 ) - [ o a ? }
(7.5mg./kg.) . 5 jZa'm:;ua (5) 744:” (Siary | T S e Lo2t09 %3% % 8 E
10 i | 578%2e (3) |429%*80 (3)] o o x| z09%52 (3) | o o ¢
Bther,(deep aneas- | 17 [U.F - 265%30 (4)] ¢ 0 0 e |
thesia,40mins.) . 369265 (3) | O G 0
Pregnanediol, €37 7 |10c0¥47 (3) | 287265 (3)|g 0 G 521264 (5) |G 0 -
(B35mEefKEe) .
Pregnanediol- @-4 | 1.7 | F | 6271124(3) | 24136 (3)| 4 5 - |zeatis (3 |- 5 5
glupuro%ida,{SCOm@; !
kg.). ¥
Sulphathiazole, 3 i | 5e1t30 (8) [46029 (3)| x 0 o |ss8t13 (3) |o 0 o
(4.3g./kg.) .
Na-sulphapyridine- | 2 M.E| 636k171(4) | 327#17 (7) | xx X X 362£11 (7) |xo o 0
mono-hydrate, (18-
368./Kg. )

## Pregnane-3(d):20 (k) ~diol glucuronidic acid free

from pregnane-3(d)-ol-20-one glucuronidic acid,

(Sutherland and Marrian,1947).



{ 1
The effect of uranyl acetate on (B3-glucuronidase

activity in liver and kidney. |

Results for glucuronidese activity in liver
| and kidney after subcutaneous injection of uranyl
acetate,as a neutral sclution in 0.9 saline,illus-
trate further the point that an increase in the doéel
| of the toxic agent may retard the rise in enzyme
activity in the early stages of damage. A drop in
activity was often observed. Each point on Fig.l4
' 1s an average of three male mice killed 2 days after
.injection. The enzyme activity in both liver and
kidney will be seen to fall steadily from the elevat-
ed value following the injection of the smallest
dose,to a figure of about half that found in normal
animals,with the largest dose. In kidney severe
tubuler "nephrosis" was noted after 2 days with all
4 doses. (ell proliferation was observed with all
'but the largest dose (l60mg./kg.), becoming more
merked as the dose was reduced to 7mg./kg.. In the
|case of liver,the histological findings were more
'difficult to interpret as damage was transitory and
rapidly succeeded by intense cell activity. Only |
ithe latter response was noted after injection of 7mg./
kg. 1In general damage was greatest and repair pro-
|cessas slower to appear as the dose was increased. In
!both liver and kidney repair was complete 10 days
2after the injection of the smellest dose and the

|
‘anzyme level had returned to normal.
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lThe effect of phenglarsenoxide on (P-glucuronidase

activity in liver and kidney.

Phenglarsenoxide was injected as a neutrsl
|solution in 0.9% saline. Results showing the changes
Ein liver- and kidney-glucuronidase activity at
:various stages in different degrees of poisening are
!representad graphically in Fig.l5. Each point is an
| _
average for a group of three mele mice except in the

cage of the 1 day figure with a dose of lmg./kg.
which is based on sgix results. Phenylarsenoxids

| caused peripherel lobular necrosis and fatty degener-
‘ation in liver,and diffuse nephritis in kidney.
|Damage was intense in both orgens with no signs of
.repair 1 day after injection of lmg./kg. After 3
|days,repalr processes had become evident and an

|
|increase in glucuronidase activity was seen. Replace-

ment of damaged tissue was well advanced in 5 days
iwhen the enzyme level was at 1ts height. At the end
of 10 days liver and kidney enzyme were again normal
'and repair was almost complete. With a dose of 0.2
‘mg./kg. the glucuronidase activity in liver and
|kidney was found to be high on the first day and to

\have returned to normal after 4 days. Cell prolifer

Iation was marked in both organs after 1 day and
|
‘repair was well advanced by the fourth day. Phenyl-

arsenozide produced similar chenges in both male and

|female mice.
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The effect of partial hepatectomy on @—glucuronidase

activity in liver.

The glucuronidase level Was high and cell

| division very active in the remaining lobes of liver,

o to B days after subtotal hepatectomy. After 10
days when regeneration of tissue was complete,butcell
division still marked the enzyme activity was found

to have dropped and by 12 days to have returned

almost to normal. One anilbel was comatose and appar-

ently about to expire when killed & days after the

| operaetion. As expected the remaining fraction of

liver showed no increase in weight,in cell prolifer-
atlon or in enzyme activity. .

In preparing the animals,40 to 60% of the
liver was removed by cautery or by ligature under
ether anaedthetic,the whole operation taking less
than 10 mins. There was no.difference between the
alternative techniques or between the sexes in the
response of liver-glucuronidase.

A few of the results guoted below were
obtained with ovariectomised mice at a later date
than the main experiment. These were controlled by
animals ovariectomised for the same period. No
difference was found between these results and those

obtained esrlier.
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Table 10.
The effect of partial hepatectomy on glucuronidase

activity in liver.

Days after pperation. G.U./g.moist tissue.
None. SNBELB. (23]
& 572%53  (3)
3. 951%115 (86)
5 geztaz  (3)
5 106562  (9)
10. 8573435  (3)
185 42441 (3)

(Results expressed as in Table 6.)

50.



The [3—glucuronidase activity in liver,kidney and

spleen of young animals.

Figures Tor the glucuronidase activity in
the liver,kidney end spleen of mice ranging in age
from 1 to 19 days are shown in Table 1ll. A much high-
er activity was found in gll organs,including uterus
(Ssection C), than in those of normal adult mice.

From the pH-activity curve of enzyme from the liver

of & day old mice,Fig 17,1t is seen jphat both fract-
ions A4 and B show an increase in activity. This is

also true for kidney.

Glucuronidase activity in liver was studied
during the period of active growth up till the age
of 4 weeks. The enzyme level was found to remain
fairly constent at a value & times that found in
adults during the Tirst week. During the second and

third weeks the activity fell steeply to beconse

constant around the thirtieth day. From Fig.lo it
will be seen that the age-glucuronidase activity i
curve resembles a ppecific growth curve as ﬁascribe&l
by ledawar (1941}. Glucuronidase activity was found
to be a function of age rather than pf weight. Ths
liver weight was also found to be a function of age,;
but to construet a specific rate of growth curve for
this organ it would be necessary to kill a very
large number of pure strain mice at various ages in
order to assertain the true weight increment. ﬁith
our heterozygous mouse colony this was not possible,

Groups of pure strain mice,strain A5057

ol.
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and CBA, between the age of 14 end 15 days were

compared with adults of the same strain,and our own

| inbred mice were examined at two different stages in

|this work. No difference was observed between the

strains used,as is seen from Table 12.

Table 1l. Glucuronidase activity in liver,kidney

and spleen of young mice.

Age. Glucuronidase activity.
[ days) . U
Spleen, Liver. Kidney.
Adult. | 63670  (23)| 273t13 (23)| BZest2a (11
il 2100 3 1370 25 881 {5
5 2670 2 1294 3 702 2
5 3820 (2). | 1438 (2) | 883 (2)
13 1521 (2) | 2218 (2) | 806 (2)
15 516942823 (3) 125949 (3) 7272108 (3)

(Results expressed as in Table 6).

| _Table 12. Glucuronidase activity in liver of young

mice.
age Strain of mouse. G.U./g. moist

Rays) tissue.
1 Own colony  Aug.l947 1370 (3)
4 it Li Peb.1949 1240 (3)
5 " " Aug.1947 1363  (3)
7 5 " Feb.1949 1545  (3)
15 - S Aug.1947 2218 (2)
1é CBA pure strain 1121 (4)
14 A pure strain 1090 (4)
15 Own colony  Aug.l947 1239 (3)
15 n " Feb.1949 1043 (3)
15 G 57 pure sbrain 1171 (4)
19 own colony  Feb.1l949 627 (3)
20 1 n " 1 673 (3)
21 i ft i "oy 607 (3)
2 n i n 1 636 (5)
213 I n # " 4350 (3)
28 " i 1 1 298 (:j)
29 f 1] " i 282 (5)
30 n (] 1 T 248 (5}
2 1 1 1 1 2609 (3)
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i
| The effect of various substances on the enzyme assay |

in vitro.

!
411 the substaences exemined for their effect

'on (3-glucuronidase in vivo,with the exception of |
3 |
|pregnanediol-glucuronide,were also examined for their|
|

effect on the enzyme assay in vitro in a councentrat-
ion of 0.1% (w/v). A solution,in the medium used

| for injection,was added to citrate buffer and the !
, |
mixture vigorously shaken. In no case did the i
presence of the agent in the incubation mixture affecﬁ

| the activity of (3-glucuronidase from normal mouse

‘livsr.




Total enzyme activity at pH 5.2 and the activity of

|

the separated enzyme fractions 4 and B at pH 4.5 and

5.2 respectively.

The effect of administration of many com~
pounds Tound To cause an increase in total enzyme
activity in liver or kidney was also examined for
their effect on the separated fractions of the enzyme
from these organs. Initially it wasifound that the

general shape of the pH-activity curve for enzyme

from liver or kidney was not effected by changes in
lenzyme activity following the injection of carbon-
tetrachloride. Both fractions A and B showed an
increase in activity in approximately the same ratio
as was found in normal enimals,Flg. 18. The pH-
activity curve has already been shown to be unchanged
in shape with glucuronidase preparations from young
animals,Fig. 17.

Notwithstanding these results a systematic
examination was. made of changes in fractions A and B.
The homogenate was divided into two parts. From one
fractions A and B were separated,using ammonium
sulphate,and estimated at their respective pH optima,
PH 4.5 and 5.2. The second part was used in determin-
ing the total activity of the organ et pH 5.2. The
micro-method was used during this work to allow
single organs to be fully exemined. Since fraction 4
was determined at pH 4.5 and the total activity at pH

5.2 the figures for the latter shown in the following

o4,
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tables do not equal the sum of the two fractions.

The value for total kidney-enzyme in control animals
will be seen from the tables to be slightly lower
then that quoted sarlier. As thés was found consis-
tently in these experiments 1t must be assumed that
the difference was due to some slight alteration in

technique. The distribution of glucuronidase activit

between fractions A and B appears on the average, to
| be the same in either liver or kidney Tfor normel male
and female mice. Castration 9 to 4 weeks before
'sacrifice had no marked effect on the results in
either sex. Enzyme prepared from liver and kidney

of treated and untreated animals was found to show
ivariation in the ratio of the two fractions. Occas-
ional animals showed a complete lack of fraction A or
B in one of the organs with no compensatory increase
in the activity of the fraction present. When this
occured the size of the group was reduced by one in
calculating the average and the standard error for
the fraction in question,as indicated in the tabls.
The distribution of enzyme activity between the two
fractions in either liver or kidney was found to be,

on the average,the same in treated and untreated

animals.




The effect of various agents on fractions 4 and B in

B-glucuronidase in liver and kidney.

Following the subcutaneous injection of
2omg./kg. mercuric nitrate,as a solution in 0.9¢
saline,fraction 4 and B in kidney were found to rise
and fall together as repair processes became active

and were completed. Liver was not studied in these

| without effect on that organ.

|
|
|
|
experiments as mercuric nitrate had beem found to be
|
Results obtained during the prolonged rise
in glucuronidase activity in liver which follows the
subcutaneous injection of carbontetrachloride showed
no differentiation between fractions A or B. Kidney
is not affected by carbon&etrachloride. Except for
a slight suggestion that fraction A returned to
normal more rapidly than fraction B,similar results
were obtained during the increased activity in liver |

|

|

after injection of chloroform,Table 13. |
Many interesting results were obtained

|

| regarding the effect of chloroform on glucuronidase

;activity and histology of the kidney of male,female

and castrated mice. Eschenbrenner (1944) found that |
chloroform caused renal necrosis in male but not in i

|
female mice and it was later shown by Eschenbrenner I

and Miller (1945) that the effect on males could be

|

|
prevented by castration at an early age. The sex-

i

|

| linked nature of this response was associeted with a

| difference in the structure of Bowmen's capsule (Crab-



|

i tree,1948). OChloroform necrosis involved the con-
voluted tubules,but did not extend to the capsule '
itself.

; In the previous section it was seen that
changes 1n enzyme activity and histology in kidney
dus to chloroform was confined to male mice. From

-

the figures for kidney-glucuronidase activity given

in Table 128 it appeared that castration 3 weeks

before treatment abolished this response. There was
no necrosis and Bowmers capsule had bscome predomin- ‘
antly femele in character. In ovariectomised mice a |

small but significant rise (P-0.02 for results 1 day

after injection;P~-0.01,grouping all results) in

kidney enzyme following injection of chloroform was !

| found,associated with necrosis and repair. Extending

the period between ovariectomy and injection from 3 |
to 15 weeks did not appreciably effect the results,
| but in the interval a change towards the male type

of epithelium became more pronounced. The fact that

normal mice showed no change in composition of the

!two enzyme fractions corresponding to changes in
lkidney morphology and that the rise in enzyme activity
in male kidney appeared to be confined to fraction B
|may reflect an unequal distribution of the enzyme
throughout the kidney with predominance of fraction B
in the convoluted tubules. Friedenwald and Becker

(1948) ,using histochemical techniques,showed a greatex

concentration of activity in rat kidney tubules than

in the glomeruli when hydrolysis of a suitable




glucuronide by glucuronidase in unfixed frozen

sections was allowed to procesd at pH 5.0.

38.



Table 13.
The effects of various agents on fractions

A and B in glucuronidase in liver and kidnsey.

Inter- Liver. Kidney.

Agent and dose [Ival. |Sex. = e Tl e — = o
(days) fies B?li ; Toﬁal}fM Afﬁ ‘ B. = Total. =
lfone . ~ 1L |lo6%l7 (B3)| 223%12 (8) | 281%20 (6) |124%16 (6) 125358 (8) | 2=6¥SL (6)
" - oM |115%12 (B) | 247%38 (6) | 334%48 (6) | 109¢ 8 (6) | 118%16 (6) |:266%39 (9)
2 - F (127213 (&) | 217318 (6) | 301t18 (6) | 1%0t22 (&) | 194218 ¢6) 286220 (o)
" - oF |[1le*i2 (&) | 167247 (s) | 250%49 (6) | 113%10 96) | 130%22 (6) | 261%43 (6)
Carbontetrachlor- | 1 M |545%18 (3) 654240 (2;@ g0t62 (8) | 122827 (5) | 150461 (3) | 20928 (8)
ide,(5.%g./ke.) & I |564%58 (B) | 537227 (3) [ 765%65 (8) |118%t19 (3) 158218 (3) 5371}9 (S'}
4 oF [499%109(3) | 588%24 (3) | 66457 (3) |1R6*14 (3) | 158% 6 (3) ;353;5 (3)
7 cF |517%35 (3) | 568435 (3) | 693®31 (B) 127314 (3) | 186%70 (3) | 270%42 (3)
Chloroform, (2g./ 1 1L |54Btles (6)| 766t147(6) | 881L63 (6) 186819 (&) | 121%17 (6) | 206%19 (6)
ez )i 4 i |260%42 (3) | Selt4d (3) | 7eotdo (3) |128418 (5) | 254422 (3) aozg.z (5)
7 Il |184%29 (6) | 559438 (&) | 65072 (6) 125829 (6) | 595%54 () | 52458 (6)
A P |5o7%ed (6) | 410#194(6) | 812%01 (6) | 178410 (o) | 185% 9 (8) | 227123 (6)
4 F|271%45 (3) | 570252 (5) | c9etel (3) |126#19 (%) | 14835 (3) | 258427 (9)
7 I |151%42 (o) | 559#106(6) | 705264 (6) | 10816 (&) | 223478 (¢) | 510%55 (6)
it cE |453%39 (3) | 537225 (3) | 559#174(3) |119%13 (3) | 141417 (5) 221£38 (3)
7 CE. |152%20 (3) | 549242 (8),| o73%62 (B) |1%2%20 (3) | L24%22 (3) | 258430 (3)
1 cF |277%22 (2)°| 594232 (2)°| 575123 (B) |187%21 (B) | 256229 (&) 398167 (6)
4 oF |224%25 (3) | 510%20 (3) | 62026 (3) |189£L5 (3) | 247218 (3) | 552424 (3)
7 cF |359%150(5) | 569439 (5) | s57L78 (5) |1765%32 (7) | 2606y (&) | 359167 (7)
lercuric nitrate, | 3 M = - = 269135 (3) | 319455 (3) | 463459 (3)
(20mg./kg.) . 6 M = E = 122414 (3) | 158215 (2)®| 277219 (3)
3 F Ly _ = 224%24 (3) | 551%45 (3) | 491462 (sgL

6 iy - = = 122210 (3) | 124%26 (3) | 287%61 (B

X c-castrated.
XX One G.U.(glucuronidase unit) liberates lug.phenol

from 0.0 phenol-glucuronide in lhr.at 37! and
pH &.8B.

xXx0ne G.U.(glucuronidase unit) liberetes lug.phenol
from 0.08M phenol-glucuronide in lhr.at 37' and

pH &.2

¢ One animal in the group devoid of this fraction.




Discussion.

In the work just described Fishmen's

| results with menthol on liver and kidney glucuronid-
iase in mice were confirmed. That no rise in glucur-
| onidase activity was detected in spleen can be ex-
plained only by the wide variation normally seen in
Ithat organ,a variation which might be expected if

glucuronidase activity reflescts cell activity. After

repeated feeding of menthol to mice Fishman obtained

|
|
¢ Tise in enzyme activity that was only a fraction of
\that produced in the present work by a single sub-
‘cutanaous injection. In the experiments with uranyl
iéoetate etc.,reported above,normal or even reduced
ienzyme levels were found to be produced by an over-

| dosage of the toxic agent. Intense poisoning thus
appeared,by suppressing repair processes,to prevent
an early rise in enzyme activity. Severe damage by
repeated administration of menthol could therefore

account for the small rises found by Fishman, Since

many of the substances administered were nonglucur-

onidogenic,it would appear that the rise in glucur-

onidase activity provoked by menthol was associated

with increased cellproliferation following damage by

that compound rather than due to adaptation of a

| Synthetic enzyme to excess substrate.
f If glucuronidase acts synthetically in the
body no effect would be expected on the enzyme activ-

ity or histology of animals after administration of

|

G0



;compounds already conjugated with glucuronic acid.

| The increase in activity,as welloas the damege,in
!liver reported after injection of menthol-glucuronide
‘was preswnably due to hydrolysis of the glucuronide
by enzyme already present in the liver. This is
!further upheld in the experiﬁﬂnts with pregnanediol

'and its glucuronide. Pregnanediol,shown by Venning

and Browne (1936) to form a glucuronide in the body,
ihad no toxic action on either liver or kidnmey,nor did
!it cause a rise in glucuronidase activity in either
organ. Sulphathiazol,found by Thorpe and Williams
!(1940) to give rise to a hydroxy compound which may
be excreted as a glucuronide in rabbits and phenyl-
[arsenoxidewhich could conceivably form a derivative
conjugated with glucuronic acid. Only with the latter
|

Pompound which produced severs damage followed by

repair in both liver and kidney was there any apprec-
|

iable change in he glucuronidase activity. Sulpha-
%yridine,also known to form a glucuronide (Scudi, 1944)
was without effect on the enzyme or histological
Picture. It seems quite impossible for chloroformn,
karbontetrachloride,uranyl acetate,mercuric nitrate

or yellow phosphorus to give rise to a glucuronide in
the body and their action in stimulating glucuronidase
activity must thereflore be secondary to tissue damage
and repair. The maenner in which changes in glucuron-

idase activity parallel the response to chloroform

poisoning of the kidney further substantiates this

idea,




The close correlation between tissue pro-
liferation and glucuronidage activity was also found

in liver regenerating arter partial hepatectomy and

in the organs of young snimals where no chemical
stimulamt was present. It is,however,impossible to
| say from the experiments just described whether
; @-Eiucuronidase is essential for celldivision or
|merely reflects an increase in cell activity. BRBoth
éfractions A and B in liver and kidney were shown to
iresPond similarly to extrinsic égents.

The possibility that the increased activity

'in the enzyme found by Fishmen and Fishman (1944) and

FPishmen (1947) after treatment of mice with oestrogeng

could be explained on the basis of increased cell
Idivision in uterus ié discussed in Section C. It was
suggested by Fishman and Anlyan (1947) that in some
|cases of human carcinoma the twuour showed a higher
glucuronidase activity than did the corresponding
normal tissue. In view of the high rate of cell
pooliferation in tumour tissue this might be expected,
The high blood-glucuronidase. levels reported by 0Odell
(1948) during pregnaency disorders may perhaps be open

to & similar interpretation.

From this work it is no longer necessary

Ito postulate & synthetic role for glucuronidasg in the

body to explain its response to agents such as mentholl

62,



SECTION C.
The effects of various agents on (8-glucuronidase

activity in uterus and other organs.




Introduction.

|
|
‘ It has just been shown that the @ -glucur-
!onidase activity of mouse liver,kidmey and spleen
reflects the degree of cell proliferation in the
|organ and it seemed possible that the increased

enzyme activity in uterus found by Fishman and

Fishman (1944) after administration of oestrogens to
lovariectomisad mice could be explained on the basis
iof increased growth in that oggan. In 1947 Fishmsn
|

'published results on the effect of testosterone

|

propionate and oestradiol benzoate,separately and in
combination,on uterine weight and glucuronidase
activity. Iﬁ these experiments testosterone was nojp

!
[found To antagonise the actlon of oestradiol in

and Fishman interpreted this as "a unique type of
specificity by the oestrogen! At the dosage level of
'androgen used testosterone,by itself,caused an in-
crease in uterine weight and enzyme activity. Admin-
Iistration of the androgen along with the ocestrogen
did not prevent an increase in the wet weight of the
uterus. Fishmen's results therefoee seem entirely
compatible with the view that an increase in enzyme
1aotivity in uterus,as elsewhere,reflects increased
growth. His failure to observe antagonism between
the oestrogen and the androgen resulted from the use

|of too large an excess of the latter.

A comparative study of the effects of

causing a rise in the glucuronidass activity in uterus




| several of the gex hormones on the glucuronidase
activity and histology of uterus,liver and kidney

‘has been made. This has led to the discovery of new

facts concerning the actions of these compounds. '

Four days after the injection of oestrone into

ovariectomised mice,in addition to the expected rise

\in uterine weight and enzyme qetivity,a marked

‘increase in the enzyme level and in cell division

|
'in doses without action on either liver or uterus,

was observed in liver. Testosterone and progesterons,

lantagonisad the effect of oestrone on emzpme activity
!and cell proliferation in both organs. OQOestradiol,

oestriol},and oestriol-glucuronide did not effect liver
|glucuronidase activity and the two former sgents had

only a slight stimulatory action on mitosis. The

glucuronide was not examined for this effect.

. One week after injection of ovariectomised
;mice with chloroform or carbontetrachloride,in add-
:ition to the expected changes in liver glucuronidase,
|an increase in the enzyme activity of uterus was
observed. This was accompanied by an increase in wet
welght in that organ. These results were not due to

@ direct toxic action of these compounds on the uterus

but were secondary to liver regeneration since partial
hepatectomy also stimulated uterine growth and enzyme
|

:activity. Testosterone and progesterone antagonised
ﬁhese changes in uterus without influencing the rise

|- A y L3 L) 7 11
'in liver glucuronidase activity associated with

!Tegeneration of this organ.

l
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Results.

The [ -glucuronidase activity of uterus.

The glucuronidase awtivity of uterus in
normal mice has been shown to be confined to fraction
A (see Section A). This suggested a difference in

function of uterine glacuronidase compared with that

of liver,kidney or spleen which contains both

fractions A and B. The possibility of a change in

| composition of uterine enzyme occuring active growth

' wag investigated. The pH-activity curve for enzyme
prepared from the uteri of ovariectomised mice three
days after subcutaneous injection of l.?mg.oeétrone/

| kg. a dose which produced full oestrus,was studied.

:Tha curve was again symmetrical about pH 4.5. This

| was also Tfound to be the case with enzyme from ten
day old mice. Tig. 19 compares the pH-activity

| curves found with uterine preparations from normsl

| mice,mice three weeks after ovariectomy,oestrone
itreated mice and infant animals of ten days old. The

. shape of the curve will be seen to be the same in all
instances. 1In order that all points on the curve

might be determined sinmultandéously homogenates from

three or more mice were pooled.

During the subsequent work uterine glucur-
!onidase was precipitated at 50% saturation with
iammonium sulphate and the total enzyme activity

| measured at pH 4.5 in citrate buffer. After each new
treatment of mice estimations were also carried out
‘at pH 5.2. In no instance was any enzyme detected

other than fraction A at pH 4.5.
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| The effect of various sex hormones on B-glucuronid-

iase activity in uterus,liver and kidney.

‘ Four days after injection of ovariectomisedi

mice with 1.7mg.oestrone/kg.the uterine gluouronidase'
| |
activity and weight wege much greater than in untreat-

| |
|ed controls. The effect of O.Smg.oestrone and 3.3nmg. |
| testosteronse/kg. were alike in that there was a ‘

| comparatively small rise in uterine weight and enzyme

activity (P-0.l1 and 0.2 respectively at the time of

\meximum response). In a smaller dose of 2mg.testo- |
sterons/kg. no action on uterus was noted but a {
complete antagonism of the effect of the"standard® |
dose of oestromne (l.7mg./kg.) on the enzyme activity ‘
Iand weight of that organ was obtained. Progesterone,

in a dose of 1l.8mg./kg.,also antagonised the action of
!oestrone on uterus. Taking the dose which antagonised

'the standard dose of oestrone as a basis for comparisoh

progesterone was found,unlike testosterons,to have no
|
effect on either the uterine welght or glucuronidase

Lctivity when the dose was increased threefold.

In these experiments the glucuronidase
activity of liver and kidney was also determined as
Well as that of uterus. In ovarisctomised mice a
marked increase in liver-glucuronidass activity, pre-

ceeding that in uterus,was observed after injection of

1.7ng.0oestrone/kg. This effect was also seen in
i -
inormal and castrate males but was absent in normal

‘female mice even when the dose was increased to 4.9

mg./keg. Table 14. This effect was abolished by '
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reducing the dose to 0.9mg./kg. Histological exam-
inetion, by Dr.J.G.Campbell,revealeq intense mitotie
gctivity with little evidence of damege in the livers
of castrate male and female mice, In normal males
the effect was on mitosis was Slight but there was a
merked increase in the number of binucleate cells,
Testasterone ,2mg./kg. ,and progasterqne,l.&mg./kg.,
both without action on liver,antagonised the effect of
oestrone on glucuronidase activity ang mitosis in that

organ,Table 14,
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Table 14,

The effects of oestrone,testosterone and progesten

one on glucuronidase activity in liver,kidney &and

c8.

uterus.
lntirﬁi- ; G,U./g.moist | tissue. Uterine
Lpgent and dose. val. | Sez. =7 e — Weight,
(days) Livexz, hidneyf” ‘Uterasf“x (mz?}
lone . - F poatis (6)| z266%59 (6)] 533453 (6) | 284456 (6)
5 cf [p50T49 (6)| 261%89 (6)| 1745 (6) 34118 (6)
- M 8120 (6(| 206231 (8) > v
L el [301%i8 (6)]| 286%20 (6) = b
oestrone, (1.70g./ 1 F |365t60 (3)|#225%47 (8)| zeetus (3) | B20%24 (3) |
KE. ) . % F [ze7%26 (B)| 253%41 (3)| 441%87 (3) | 253t31 (3)
1 7 las1tas (3)]| 313+17 (3)| 300t54 (3) 2625 (3)
2 oF [4B81*34 (3)| 275%67 (3)| 343%47 (3] 478 (3) |
4 oF |569%t73 (6)| 281%33 (6)| 548%106(6) | 211%#20 (6)
& ¥ [399%67 (3)| 35652 (3)| 34681 (3) 52810 (3)
8 cF |315%18 (3)| 299423 (3)| 2z3¥le (3) 4625 (3) |
1 M |879%98 (8)| 283195 (3)|| - -
& 1 {s0382 (6)| 221¢50 (6) - =
i cll |[359#43 (3)| 324%t22 (3) = £
4 cli [se2¥58 (3)| 333%52 (3) = .
Qestrone, (4.3mg./ i F |258%39 (3) |370%353 (3) | 46324l (3) | le7¥es (33
keo) ' 4 T (244132 (3) | 357%44 (3)| 430%65 (3) | 19276 (3)
gestrone, (0.3mg./ 1 | oF [271%51 (3)| 359%72 (3)| 181%L3 (3) 51£10 (3)
KSei)ie 2 ol 27434 (3)| 321433 (3)| 247438 (3) 4722 (3)
4 | cF [269%34 (B)| 52761 (9)| 22654 (3) | 102215 (3)
6 | cF |256%38 (3)| 05122 (5)| 181136 (3) 6329 (3)
| !
Testosterone, 1 | CF |253%54 (3)| 345+k6 (3)]|156%31 (8) 32813 (3)
(2mg./kgs ) . 4 oF |2b9t1B (3) | 345%25 (3-| 154T31 (3) 3982 (3)
Testosterons, 1 cli (271153 (%) | 1L72+14 (3) - -
(3.3mg./k&.) 4 ¢l [311236 (3) | 201#23 (3) = 2
1 ¥ |254%32 (5) | 297420 (3)| 289227 (3) | 172t54 (3) |
4 | F (27280 (B) | 243#48 (3)| 32619 (3) | 193835 (3)
1 cF 236462 (3) | 339138 (3)| 199€20 (3) B7H12 (3)
L cF |B89#34 (35) | 319#586 (5)| 200€L4 (3) | 1lolzxlo (3)
2 CF [284425 (5) | 563%46 (3)| 1855 (3) 4ate (3)
4 cF |251M8 (3) | 32646 (B)| 189¢39 (3) S5E11 (3) |
Progesterone, 1 | oF |277#19 (3) | s79%18 (3)| 172812 (3) | B35 (5)
(5.4 mg8./k&.) 4 | oF |272#19 (3) | 372E18 (3)| 189+ 7 (3) 3p®  (3)
| i |
Testosterons, 1 |oF [266%51 (6) | 379%28 (6}1mg4za (6 46412 (6
(2ng./kg.) and 4 [ |cHF 27920 (5) | 340%56 (5 gagggi:(' -—Eﬁi-
oestrone,(l.7mg./ 3 i [elE20 (3) | 814451 (5] w e
kga) o & M [2o5t78 (3) | B23%64 (5_\ £y — -
Progesterone, 1 |oF [e66%24 (3) | 38024 (3)msaei4 (5) 3414 (3)
(1.8mg./kg.)and 4 |c¥ 28922 (6) | B74€19 (6)174813 (6) 2435 (8)
oestrone, (l.7m8./ ' ,
}.{5-). = \

X c~-casgtrated.
% 0ne G.U.(glucuronhdase unit) liberates lug.phenol
from 0.Ul5l phenol-glucuronide in lhr.at $7' and
pH 5.2
%%x One G.U.(glucuronidase unit) liberates lug.phenol

from O.0Ll5M phenol-glucuronide in lhr.at 57' and

PH 4.5.
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The action on liver of oestradiol and
Ioestriol,in doses wh?ch produced effects in the
}utarus comparable to those shown for the "standard"
‘dose of oestrone,was studied. Neither oestradiol nor
|oestriol had any effect on liver-glucuronidase
!activity even when the dose was increased to three-
‘fold. The ability of these sterdids to stimulate
'mitosis was slight compared with that of oestronse.
|oesrriol-glucuronide,found‘to cause only a small rise
in enzyme activity and weight in the uterus even in a
-}large dose(see Table 15),wes also without effect on
iliver—gluouronidase activity. The glucuronide was

|
lnot examined for histological seffects on liver.
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Table 15

The effect of various oesrtogens on glucuronidase

activity in liver,kidney and uterus.
Inter- 1l G.U./g.moist | Tissue. Uterine
hgent and dose, val. | Sex — = weight.
(days) Liver* Kidney." | yterus®* (ng.)
Wone = oF [250%49 (6) | 261%43 ()| 17atas () 1% s
M 481 20 (6) | 266%31 (6)]| = =
Cestrons, ks ci lad1tiz (3) 31317 (3)] POC254 (3) 2545
(1. ?gr.,hb.; “ cy' 156973 (6) | 281%33 (o)l sa8%106(6) | 211220
1 I (879298 (9) | 283%£95 (9)] = -
4 11 1303%13 (6) 221250 (86) = =
Oestradiol, 1 cF |277%1¢ (3) | 385%17 (3)| 257%36 (3) | 11627 (3)
(6mg./kg.) 4 i 1287%20 (3) | 542¢22 (8)| 398423 (3) | 273%*10 (3)
X M (292219 (3) | 352#13 (3)| . =
4 M |279%13 (3) | Z8ati7 (3) £ =
Oestradiol, 2§ cF [289%15 (8) 375812 (3) || 231412 (3) 5282  (3)
(2Zmg./ke. ). = o (501%15 (B) | 368%l7 (3)| s3s57t15 (3) | 201%a (3)
Leﬁbrl l i cF |[289R22 (3) 338133 (3) || 451838 (53) 275486 (3
(5mg./ke. 4 cF |279%36 (3) [ S67%26 (3) | sostsl (3) | 2981 (3
it M |281K17 (3) | s78tis (3) ] < 2
4 M 295218 (3) 3681420 (3) | o =
Oestriol, 1 cF [281l#17 (3) | 351%22 (3) | o011 (3) 5786 (3
(2.5mg./kg.) . 4 cF (306122 (3) 376826 (3) | 305415 (3) eo7EE] (5
Oestriol- B-a- 2 cF |341t22 (3) | 361427 (3) | szsmi4 (3) 7538 (3
b1lucuronide, (£3.8 6 el 273815 (3) 372%19 (3) | 30987 (5) 11480 (5
'ﬂb./l}.r__l). : L
[ 177320 (3) 45% (3
Costriol=@-d- 2 cF 268425 (5) | 354134 (3) | 299%12 (3) 8ot11 (3
glucuronide, (4.6 4 cF |273%17 (3) | 373%30 (3) | 31920 (3)| 105%7 (3
m{,./llb Yie & off (279219 (3) | 87631 (5) 4

I'ootnote as for Teble 14.
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| _
| The effect of liver regeneration on {8-glucuronidase

iaotivity and weight in uterus.

An enhancement in the potency of administered
|oestrogen has been noted by several workers in animals
ipoisone& with carbontetrachloride or in animals after
ipartial hepatectomy. They consider this to be due to
F disturbance of the normal metabolism of the oestro-

gen in the liver. In these eXperiments the animrls

were treated with an oestrogen or alternatively the
ovaries were still present. It was therefore with

|

surprise that increases in glucuronidase activity and

weight in the uterus were observed 7 days after treat-

Fent of ovariectomised mice with carbontetrachloride
or chlofoform,Table 16. At the end of 10 days the
ﬁeight and enzyme activity had fallen considerably
}towards the normal valueé.

} This effect was not due to a direct action
iof the toxic agent on the uterus but was secondary to
iliver regeneration. This follows from the finding
?that 8 days after pubjecting ovariectomised mice to
partial hepatectomy there was a similar rise in

uterine glucuronidase activity and weight. With all

methods of treatment the tise in uwkerus uterine

Meight at its greatest was statistically significant
HE—0.00I). By 12 days when liver repalr was well
?dvanced the enzyme level and weight of the uberus

bad fallen again.

|
|

e

.



i
These compounds were given as single sub-
|

 cutaneous injections of & solution in olive oil and

any veriation in the strain of mouse controllsd by

comparison with untreated eeanszeis mice.

As before,all substances examined for their

}effects on glucuronidese activity in vivo were also
i

|tested Tfor their effect on the enzyme assay in vitro

in a concentration of 0.1% (w/v). No change in

activity was observed with enzyme from normasl animals.
|




The effect of liver regeneration on uterine

Table 16.
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.In a separate group of © mice the uteri were
examined histologically by Br.J.G.Campbell 9 days i
after partial hepatectomy. uetoestrus,pro-oestrus andl,
Iin one case, fill oestrus were observed,as compared
with diocestrus in ovariectomised controls.

. Vaginal smears from ovariectomised mice were
examined during much of the treatment described above. |
On the basis of the llarrian and Parkes Criteria, a
ilooﬁ positive response was obtained after injection
!of l.7mg.oestrone/kg. while only 754 were positive

after treatment with the smaller dose of cestrone
i(O.Bmg.fkg.) and 50% after the larger dose of testo-
istarone (3.3mg./kg.). The combined dose of oestrone
. smaller

and testosterone and the ie=ser dose of Bestosterone
| alone produced completely diosstrus smears.
By comparison with the smears from the
:oestrone treated mice,those taken during the eight
days following partial hepatactomy or injection with

| S :
chloroform or carbontetrachloride were only very

weakly positive. In 60% of those examined,leukocytes

were present along with cornified cells or mucus,and

nucleated cells were observed. Only in one instance

|was a truegly positive smear noted (after treatment
with chloroform).

| Professor Marrian kindly examined several

smears from mice during liver regeneration and he has |

come to the Tfollowing conclusion ;-

| "The smears are not positive on the basgis of

the Marrian and Parkes Criteria. In many smears thered

4,



|
|
\was a lack of leukocytes and considerable mucific-
‘ation. In some there was a lack of leukocytes and

| nucleated epithelial cells were present while in

‘others cornified cells end leukocytes were observed.

T

|_hs action appeared to bs similar $o that observed

{with a dose of oestrogen just below that recuired for

|
'a positive smear on the basis of the larrian and

Parkes @Uriterial

Smears were taken from untreasted control
|

|ovariectomised mice for eight days. In no case was a

|
positive response observed.

19



| It will be seen from Table 17 that these agents had

| no effect on the enhanced liver enzyme accompanying

As these changes in uterus could be expl-

i
ained by the action of an extra-ovarian oestrogen, i
it was thought that testosterone and progesterons ,

|

might antagonise the effects. Testosﬁerone,E.cmg./kg,
and progesterone,l.B8mg./kg., injected on the first
and fourth day after partial hepatectomy,both preven-

ted any increase in uterine weight or enzyme activityl.

proliferation of the remsining fragment of that organ.

The increase in weight of the uterus during liver
|
regeneration is not so great as that produced by the

"gtandard" dose of oestrone but rather of the order

found with 0.3mg.oestrone/kg. This might be expected

from a comparison of the vaginal smears. |
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Discussion. |
|

The glucuronidase activity in uterus as ini
other organs,such as liver and kidney, may be taken ‘
as an index of the state of growth of the tissue. i
No specificity of response of the enzyme,as suggested
by Fishmen (1947), is needed to explain the increases

|
in activity observed after injection of the cestroge%s

An increase in enzyme activity was accompanied,in |

every case, by an increase in growth of the uterus,

i as measured by an increase in weight. By adjusting

the dose of testosterone to a2 level itself without

any oestrogenic activity,it was possible to antagon-

ise the action of oestrone in stimulating both
 uterine growth and enzyme activity.

’ The action of cestrone in stimulating

mitosis in liver in normal and castrate male and in

iovariectomieed mice,and the antagonism of this by
| testosterone,is in accordance with the finding of
Bullough (1946). From a systematic study of the

‘aotion of oestrone on mitosis,he concluded that the

effects of such hormones were more widespread through-
out the body than was generally recognised. Bulloughi
using normal femgla mice,observed no action on liver,
confirming our results. This might suggest some form |
of control of the liver by the ovary.

The increase in weight and glucuronidase
activity in uterus following partial hepatectomy or

the injection of chloroform or carbontetrachloride,

and the antagonism of this by testosterone and




progesterone can be explained only on the basis that
the body 1s capable of producing an extre-ovarian
oestrogen. Increased activity on the part of the
pituitary is eliminated as this gland acts indirectly
through a stimulation of the ovary and only ovari-
ectomised mice were used.

Carbontetrachloride poisoning was shown by
Talbot (1939) to cause an increase in the weight of
the uterus in immature rats,end Pincus and Martin
(1940 ) ‘to ehhance the effectiveness of administered
oestrone. Partial hepatectomy causes a similar
increase in potency of administered oestrogen ,
(Segaloff,1946). It appears from the work of Roberts
and Sgego (1947) that the increase in sensitivity to
oestrogens occurs during active liver regeneration
rather than during the initisl stages of damage. A4S
already stated,the animals were treated with an
oestrogen or the ovaries were stillpresent in these
experiments. In view of our observations in ovari-
ectomised mice,in the absence of administered
oestrogen,it would seem that thses results should be
reinterpreted. The action of carbontetrachloride gnd
chloroform on uterus and of oestrone on liver complets
ly rules out Fishman's view of a distinction between
uterine glucuronidase on the one hand and the enzyme
in liver on the other.

In a study of the oestrogenic activity of
meny compounds Lmmens (1943) found that they could bs

divided into two groups,ttrue"oestrogens and "pro-

79,



| oestrogens™. Pro-oestrogens,unlike true oestrogens,

were no more effective when administered locally
than when given systemlcally. Substances with a
feebly oestrogenic activity,such as pro-oestrogens,
must bB suspected of acting through liver mediation.
The fact that a true oestrogen is excreted in the
urine following administration of these compounds,

does not excluds the possibility that they acted

primerily on the liver. In view of the effect of

. . . - . . - g . . |
oestrone in stimulating mitosis in liver,it 1s inter-|

esting to spsculate how far its action on the uterus

is of a secondary nature.
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SECTION.D.
The effectof growth inhibitors on (3-glucuronidase

activity in liver,kidney and uterus.




Introduction.

Q—Glucuronidase activity has been shown
to parallel cell proliferation closely but it was not
possible to say whether the action of the enzyme was

gssential for division of the cell or whether it

merely reflected an increase in specialised activitiel
| of the cell. It was thought possible that some
| indication of the rdle of glucuronidase might be
| obtained by studying the effect on the enzyme of
'various substances known to inhibit growth in some
manifestation or other.

Colchicine has been shown to cause inhibit-

ion of cell division in normal tissue and to prevent

growth of pathelogical tissue, (Litz,1938). The effect

of the oestrogens in stimulating growth of the uterus
an be prevented by colchicine,(Williams,1941). In
normel adults colchicine,in the dose used,did not

affect the enzyme level in liver,kidney or uterus,

but several interesting observations were made when
|

ithis compound was administrated to animals in which
:mitoéis had been stimulated.

‘ In 19493 ledawar et al. isolated an unsatur-
| ated lactone,hexenolactone,from malt which they went
on to show to be capable of causing a selective

-

inhibition of growgh in connective tissue. The close-

|

‘ly related compound,sorbic acid,has been found to
| ’ ;
iinhibit growth in young animals and its actlon on

iglucuronidase has been studied.

| - -
; Substituted stilbenes and anilines of the

81.



activity in vivo under the conditions studied. The

 found to be without action on the enzyme. This

in pethelogical tissue had no effect on glucuronidase

type found by Haddow and Kon (1947) to inhibit growth|

Lederle Laboratory antifolic acid factor was also

compound is an analogue of folic acid with an extra

methylene group in the linkage to the pteridyl group.

Xanthopterin,found by Lewisohn (1944) to
inhibit growth in tumours,produced no change in the
enzZyme activity in normal a@ult liver but caused a

Irise in kidney when injected over a period of several
days. The increase in ki&ney—glucuronidase activity
could be prevented by sorbic acid. Haddow (1948) has

found that xanthopterin caused hypertrophy in mouse

kidney.

Saccharic acid was shown by Karunairatnam

and Levvy (194€9) to cause almost complete inhibition

of the in vitro hydrolysis of phenol-glucuronide Dy

might inhibit the enzyme in vivo was investigated.
In normal animals no depression of the snzyme legvel
in liver,kidney or uterus was observed even when
saccharic acid was given in a very large dose over a

|considerable period of time. It was,however,found to

cause a depression in the elevated value of liver

‘enzyme obtained aiter pestisl hepabeetomy treatment

\of ovariectomised mice with oestrone or normal mice

with menthol-glucuronide. As this was also observed

‘when an equal quantity of glucose was substitated for

@-glucuronidase. The possibility that this compound

BZ.



‘ the saccharic acid it may be assumed to be due

simlpy to a protective action on the part of these

\ compounds for liver tissue.

B83.



|
|
‘ Results.
|

| The effect of certain growth inhibitors on R-glucur- |
| !
onldase activity in wvitro.

|
It was thought possible that compounds ]

;known to cause an inhibition of mitosis might also ,
have an inhibitory action on the in vitro hydrolysis i
of phenol-ghucuronide by glucuronidase prepared from |
normal tissue. Of the substances tested nons had any!
effect on glucuronidase activity in vitro when added
to the incubation mixture in the concentrations shownﬂ
.Golchicine and z2'methyl4é-dimethylaminostilbene gave ai
colour with the phenol reagent but corrections for |

ithis were made in calculating the inhibitory effect.

I
|
|
i ‘
| |
i

| Table 18.

T s [fydrolysigInhibitor | Percentage
Inhibitor. UORC.{ué'phenol} blank. inhibition.
(%) (ug.phenol)

Nons - 9.55 - -
Xanthopterin | 1 9.985 - (o]
Sorbic acid 1 9.35 - 0
NN-di(chloro-
ethyl)aniline [0.1 9.04 - 0
2'methyl-4-di-
methylamino- i

stilbens. o.1 10.46 1.19 0
Colchicine 4, 11.48 2.10 0
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The effect of colchicine on the (3-glucuronidase

|activity of liver,kidney and uterus.

‘ A single subcutanscus injection of 1.5mg.
| colchicine/kg.,as a neutral solution in (0.9% saline,
was found to have no effect on the glucuronidase

activity of liver,kidney or uterus in normal animals.i

|When this dosse was injected into ovariectomised mice
along with our "standard" dose of oestrone no increass

i
|in uterine weight or enzyme activity was observed I
'and the increase in liver-glucuronidase activity was |

'much less marked than with oestrone alone (see Section

'C). Thus by inhibiting the growth of the uterus, .
colchicine had prevented any rise in enzyme activity. |
A very definite increase in enzyme aotivity|
hes been shown to occur in liver following partial
ihepatsctomy,(Section B). This rise was not seen iff
colchicine was injected 6 hours after the opsration

|
and the animals were about to expire when killed

on the fourth day. If,however,the interval between
!operation and injection was increased to 24 hours the
!enzyme level wag found by the fourth day to have risen
and regeneration to have commenced. Colchicine in &
dose of lmg./kg. was found by Scheifley and Higgins
I'{3.‘.‘:14.-0} to arrest regeneration of rat liver after
partial hepatectomy only if given in the initial

stages of recovery.
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groups,one receiving a dose of lmg.colchicine/kg. by

an equal volume of saline by the same route. Both

| glucuronidase activity in the livers of the colchiciné

' controls after about one week. Results for two sep-

'arate experiments are shown in the table.

| treated animals was less than half that found in the

The erfect of colchieine on the rate of
growth of young mice was studied. Litters were

removed from their mothers and divided into two

subcutaneous injection every second day and the other

groups were weighed daily and the percentage changs
in weight calculated over the period of treatment.
&8 expected colchicine prevented any growth in the

nice and they were about to eXpire when killed. The

Table 0.

Lge at Days “increa-| G.U./g.liver
Treatment. Start of under se in at snd of
experim, |treatmentl body treatment.
(days) weight.
Colchicine 9 9 -1.5(4) 547
Controls 9 9 25.0(4) | 673
Colchicine 10 5 -1.0(4) 310
Controls 10 5 13.5(4) 1043

(Mo.of animals in group given by figuge in brackets)
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| The effect of sorbic acid on B-glucuronidase

activity in liver,kidney and uterus.

Since sorbic acid might be expected to
| behave like hexenolectone,it was studied for its
| effects on glucuronidase activity in vivo. It was

injected as a neutral solution in 0.9% saline.

Following a single subcutansous injection
of either 120mg.or 160mg. sorbic acid/kg. imyo
| normal mice no change in the glucuronidase activity
of liver,kidney or uterus was observed and the
animals were normal in gross appearance. Histologic-
ial examination,by Dr.J.G.Campbell,of organs from
animals receiving the larger dose revealed slight

damege,cloudy swelling and mitosis in liver while

kidney was normal. When the dose was increased still
| :

| further,to 240mg./kg.,there was a dpop in the enzyme
'level in liver and kideny,in some cases to zero.

I

|

This was not seen until the fourth day. Uterine

glucurohidase was unaffected at any time. Histolog-
ical.axaminatioﬁ showed slight damage in liver with
‘little sign of repair while in kidney there was no
gevidenoe of damage. Uhen a dose of 360mg./kg. was
hused the amiﬁals did not survive the second day.
Estimation of the glucuronidase activity in such
'animals,killed during the first two days, showed
inormal enzyme levels in liver,kidney and uterus but
histological examination showed severe necrosis
without repair in liver and very slight nephritis in

kidney. There was evidence of an arrest of mitosis

8Ya.



‘ 88
throughout the body. It should be noted that the ‘

| dose of 240mg./kg. had no effect on the enzyme level

in any organ after 2 days. |
i /e have previously seen (Section B) how an \
‘over dosage of the toxic agent may prevent a rise za
[or may even cause a fall in the glucuronidase activitj

of the organ dffected. Overdosage of the toxic agent

| could explain the effect of 240mg. sorbic acid/kg.

on the liver enzyme but the effect on kidney can be

explained only on the basis of an arrest of mitosis .
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The effect of a cumulative dose of sorbic
acid was tried. In normal adult mice 160mg. sorbic
acid/kg. produced no effect on the glucuronidase
activity of liver,kidney or uterus when injected
daily for periods up to 10 days. This dose did,
however, prevent growth in young animals. Litter
mates,l0days old,were removed from their mother and

divided into two groups,one receiving sorbic acid and

the other saline for 12 days. At the end of this

'period the sorbic acid treated animals showed only a
|

' 9¢. increase in weight as compared with 6&, in the

icontrol animals. The glucuronidase activity in liver
|

|was one third of that in the control animals. Several

£
of the sorbic acid injected mice were moribund when

killed. Only slight damage with no cell division was

| :
|observed histologically in liver,and the kidney was

‘undamaged. Increasing the dose of sorbic acid to
|240mg./kg. ,but injecting this dose only every third
fday,oaused no alteration in the growth rate of two

|

weeks old mice over a further period of two weeks.

9l1.



Table 29.

The sffect

young mice.

of sorbic acid on the growth rate of

) Age at | Days Ziner- |G.U./g.liver

Treatment. start .| under ease in at end of
of expt| treat- body treatment.
(days) | ment. weight.

Sprbic acid, 14 14 9 156 (4)

(240mg./ke.)

gvery o days.

Controls. 14 14 9 298 (4)

Sorbic acid, 10 12 9 286 (8)

(160mg./kg. ) “

daily.

Controls. 10 12 66 605 (8)
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I Répeated daily injection of 1é0mg. sorbic
| = o - | 1. . L) . -

| acid/kg. was also found to be without sffect on the l
' high glucuronidase activity seen in liver after

|
injection of carbontetrachloride or in liver and

enzyme was noted with this dose of sorbic acid after

|
|
uterus after oestrone. A definite depression in live&
|
‘ partial hepatectomy. The rise in uterine weight and

i

enzyme activity associlated with liver regeneration

‘(Saction C) was also absent in ovariectomised p&rti&l#

ly hepatectomised micse.

A deily injection of 240meg. sorbic acid/ke.|

killed the animals. No reduction in glucuronidase

activity was observed when this dose of sorbic acid

wes injected every second day and the animals

‘partially hepatectomised or injected with oestrone or

carbontetrachloride on the third day of treatment.

As with colchicine,the time interval between sorbic

[t .
| acid administration and the other treatment sesms to |
|

| be important.
| It is apparent that sorbic acid acts like

colchicine but that the dose cannot be increased to
la level necessary to inhibit all the stimulatory .

actions studied without death supervening due to the

toxicity for liver and other organs.
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The effect of other "growth inhibitors" on (@-gluc-
[
' uronidase activity in liver and kidney.

The effect of certain other growth inhibit-
| ors on the glucuronidase activity of liver and kidney

in vivo was studied. The ihnibitory saction on tissuse

growth of such compounds as 2tmethyl-4-dimethylamino-
:stilbene and IN-di(chloroethyl)aniline was described |
|by Haddow (1947). Saturated solutions of these
;compounds in 0.9% saline were injected daily into
adult mice and the glucuronidase activity of liver
‘and kidney estimated sfter 6 and 12 days. No change
in the enzyme activilty was observed after either
'period.

| The important part played by folie acid in
‘normal growth 1s now well known. In 1948 ILederle
iLaboratory produced an antagonist to the vitamin
iwhich wag found to produce liver necrosis,a decrease
lin body weight and eventually death in animals fed a
!diet conteining this substance (Franklin et al.1948).

Mice were fed 14 antifolic acid factor (kindly supplisl

by the Lederle Laboratory) in the diet for periods up
!to 5 weeks. The livers and kidneys of these animels
were normal in gross appearance and enzyme activity,

!as is shown in Table 26.
|
|

6.
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| The effect of xanthopterin on (3-glucuronidase
|

lactivity in liver and kidney.

According to Lewisohn et al.{1944) this
| compound inhibits tumour growth. Haddow (1948) has
observed that after repeated administration &t causses
hypertrophy‘of the mouse kidney. Dailly subecutansous
injection of 200Qug. xanthopterin/kg.,as a neutral
solution in 0.9% saline,for 14 days had no effect on
;liver glucuronidase activity but caused an increass
in the activity of the enzyme in kidney. Sorbic acid
:(lbOmg./kg.ﬁailj) counteracted the action of xanthop-

‘berin on the kidney enzyme activity,Table 27.

Table 27.

G.U./g.moist tissue

Treatment. Days. s =
Liver. Kidney.

[Xanthopterin(200ug./
kg.Sci.deily) 14 | 280%15 (6) | 490233 (6)

Zanthopterin(200ug./
kg.Sei.daily) and
sorbic acid(1l60nmg./
kg.Sci.daily) 14 | 117%430 (3) | 287#51 (3)




The effect of saccharic acid on (3-glucuronidase 5
| activity in liver,kidney and uterus. '

In view of the inhibitory action for gluc-

| uronidase activity described by Karunairatnam and |
|

|Levvy (1949) many experiments were carried out by ﬁhei
|

| author and Mr.Karunairetnam in an attempt to show en

|actlon of this compound on glucuronidase activity in

B

ig}gg. Some of the more recent and most interesting
Iexperimﬁnts carried out by the author are described
in this section.

Saccharic acid was given by subcutansous
|injection of a neutral solution of the'mono—potassiumi
|salt in 0.9% saline. Injection of B.5gm.K-H-sacchar- |
|ate/&g. thrice daily for periods up to 10 days had no |
;effect on normal glucuronidase activity in liver,
:kidney or uterus. An earlier dosage level of 0.dgmn. !
fKaH-saccharatefkg. thrice daily was also without effec%
| Antagonism of measures stimulating glucuron-
|
idase activity in liver,and in some cases uterus, by
saccharate was studied. These measures were partial

hepatectomy or administration of carbontetrachloride

or oestrone,as previously described. The response of

glucuronidase activity in liver and uterus to carbon-

tetrachloride or partial hepatectomy was unaffected by|
| |

either of the above dosage levels of saccharate. The

Fffect of oestrone on the glucurcnidasse activity in
|
the liver of ovariectomised mice was antagonised Dby

| the smaller dose of saccharate while the uterine

ir63ponse and enzywme activity was unaffected. It was

99,



| With a dose of saccharate of 2.5g./kg. thrice daily

of glucuronidaese activity in liver can be explained

|
|
with surprise that the higher dose of saccharate Was |

found not to prevent the rise in glucuronidase |
activity after oestrone administration,and no explan-

ation can be offered Tfor this @anomolous result. i

Glucose and KCl,in egulvalent dose to the
saccharate, (C.3g./kg.thrice daily), also antagonised‘

the effect of oestrone on liver glucuronidase with-

|
On the assumption that hydrolysis by gluc-

uronidase initially present in the body is necessary |

out affecting the uterine response to the sterasd

hormone.

for any change in the activity of the enzyme after ‘

administration of a glucuronide saccharate might be

expected bo prevent the rise in liver glucuronidase

o

activity produced by menthol-glucuronide (Section B).

this was found to be the case. The substitution of

an eguivalent amcunt of glucose and XCl for the sacc-
harate had,however,the same effect. '
It would appear that the two antagonistic

actions of saccharate noted ageinst the stimulation

las a simple protective action for the organ rather
‘than an inhibition of glucuronidase,since glucose

gbehaved similarly. Glucose hes a slight inhibitory |
!effect on glucuronidase activity in vitro but this is
!of a much lower order than that of saccharate. A ldﬁ%
;solution of saccharate causes 50¢; inhibition of hydroll

|

ysis while the same concentration of glucose only 20%1

100,



inhibition.

By increasing the concentration of the

. o PR T TSI
saccharate to 101l almost complete innibitlon was

noted but glucose,at this steength,only reduced the

l hydrolysis by 30¢%. ‘

Menthol-glucuronide has been shown to

cause necrosis in liver.

Histologicel examination,

| ing saccharate or glucose-ICl after menthol-glucur-

onide revealed little evidence of damage.

Table 2%.

The protection of liver by saccharate and glucosg

" | by Dr.J.G.Campbell,of thelivers from animals receiv—'

101.

Inter- G.U./g.moist tissue |Uterine
Agent and dose. val. |sex* = T welght.
(days) Livers™ | Uterus®™®Z (ng.)
L-menthol-glucur-| 2 cHF 704361(3) [ 19186 (3) | 5289 (3)
onide, (2.58./kg.) .
and saccharate, L ct 526138 (3)| 189321 (3) 4885 (3)
(2.5g./kg.thrice
daily) .
and glucose-KCl b odatd]l (95) - -
Oes“)crone,(l.vfngx 4 cF | 569%73 (B)| 548%106(8) | 211%20(8)
kg.
and saccharate, b oF 333220 (6) 286%47 (B) 20319 (8)
(0e38./kg.thrice
daily).
and glucose-K@1l. 6 CH S43R32 (§) 37141 (8) 20918 (9)

Footnote as for Table 14,




Table 28.

The effect of saccharic acid on glucuronidase

activity in liver,kidney and uterus.

_ fnter— - GeUs/g.0lst tissue. Uterine
hgent and dose. val. |Sex. : —— e weight.
(days) Livert=® Kidney. Uterus, (ng.)
None., = 7. 334t48 (6)| 266259 (6) 355253 (B)| 234258 (6)
- |er | 250%49 (5)| 261%43 (8)| 1745 (5)| 54218 (6)
Saccharate9(0.3g./kg. ) . 1.5 | F | ze7#47 (3)| 215%19 (3)| Bol#27 (3)) 221#30 (3)
saccharate, (2.5g./kg.) . 4 |oF |2358%10 (3)| ©90%20 (8)| 184%24 (3)| Bokl2 (3)
Saccharate,(2.5g./ka.), 16 |eF 573t56 (5) | 955827 (3) | 544254 (3)| 104%le (3)
and partial hepatectomy ‘
op 2nd.day.
Saccharate,(2.5g./ke. ), 9 cF 758349 (3) | 859%40 (3) | 837%45 (3)| 111%19 (5)
and GalDOﬂbthaCthTidﬁ,
(S5.98./k8.)0on 2nd.day.
Saccharate,(0.3g./ke.) 6 |er |333#20 (B) | 352246 (6) | 286447 (6)| 203215 (6)
and oestrone sbds Tm@./ug )
on 2nd.day.
$ :

uhccnazabe (2.58./ke.), 6 |cF 459441 (3) { 548#26 (8) | 495419 (3)| 215%#8 (3)

nd osstlonb ,(1.7ng, /Lg.
un 2nd .day .
Saccharate,(2.5g./ke.), 4 |eF 580254 (6) | 950%22 (6) | 241238 (6)| 5ok (8)
and L-menthol-glucuron-
ide,(l.98./kg.) ,on 2nd.
day.
Saccharate,(2.5g. /kg.) , 4 |cF 326838 (3) | ©57#B2 (3) [ 187217 (3)| 48%0 (3)

and L—menthol -glucuron~
ide,(2.5g./ke.) on 2nd,
day. @@

Footnote as for Table 1l4.
@-A11 injections of sacchatate given thrice daily.
@8 -Dose divided into two injections.



The inability to detect any inhibition of

glucuronidasge activity in vivo by saccharate might be

'due to loss of the inhibitor during the preparation

'harate (2.5g./kg. thrice daily).

‘were also treated with oestrone.

and purification of the enzyme.

That this was not so

was shown by two experiments with crude homogenate of

livers from mice on the higher dosage level of sacc-

The results are

shown in Table 29. In one case the animals were

treated with saccharate only and in the other they

In both cases the

enzyme activity was identical to that seen when the

assay was carried out in the usual way.

Table 29.

Treatment.

Liver enzyme

activity.
GJU./g.m0ist tissud

None (nommal assay)

Saccharate(2.5g./kg.thrice
daily. Crude homogenate)

Cestrone(l.7mg./kg.)
Oestrone(l.7mg./kgjand

saccharate(2.5g./kg.thrice
daily. Crude homogenate).

275813 (23)

27811 (3)

431242 (8)

422431 (3)
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| the wnzyme level in normal animals. Colchicine was

. that changes in the enzyme activity could give rise

| apparently able to protect the liver against the

| effect of oestrone suggests that the nutritional

Discussion.

Taking the results reported above &s &
whole it appears to be the case that a fall in gluc-
uronidase activity in an organ is secondary to an
inhibition of mitosis. Repair was arrested when the |
anzyme actiﬁity was reduced to normel by doses of a
growth inhibitor which sometimes had no effect on

|
without efifect on the organs of untreated animals
but prevented an increase in activity in regenerating
tissue by arresting mitosis. The very low enzyme
activity found in liver and kidney after sorbic acid
treatment can be explained ewd¥ on the basis of an

arresting of normal mitosis rather thah of a direct

inhibition of the enzyme itself., It seems unlikely

to a depression of mitotic activity. Changes in

=

glucuronidage activity may therefore be the result of|

changes in cell proliferstion and not the causs.

One might imagine that the state of nutrit-|
|

ion of the liver would affect its response to endog-
enous and exogenous poisons and the findings with
glucuronidase activity are in accordance with this

view. The fact that saccharate and glucose were

state of the animal may modify the endocrine balance.

This might be expected if the rdle of glucuronidase

is one of regulating a balance between the free




| 105.

active sterilod hormone and the inactive conjugate
| with glucuronic acid.

| Williems (1949) has suggested that animals

on a diet too low in protein content may be more

| susceptible to external hazards such as benzene

.

Ipoisonin{_{,. In an experiment with animals on low and
high pootein diet thers was no evidence that the
glucuronidase activity in liver was effected by the
change in diet. One group of mice was fed a diet
containing 7.5 protein and the other 25j protein.for.
'a period of four weeks. No change from the normal
glucuronidase level in liver was observed at any time
.with either group. The number of animals was,howevarﬁ
too small for any definite conclusion to be drawn.
| Xanthopterin was found,under the conditions?
employed,to stimulate mitosis in kidney. It is
finteresting td speculate how widespread fhroughout
the body this action may be in view of the fact that
‘xenthopterin occurs in milk. i
_ The action of saccharate and glucose could
!have an alternative explanation. During cell prolif-

leration one might expect the supply of carbohydrate .

rrequired for some aspect of carbohydrate metabolism in
‘ the dividing cell to be increased. The liberation ofi
:glucuronic acid from endogenous glucuronides by gluc-
iuronidase could be & source of this carbohydrate w’ﬂichj
?was bypessed if the tissue was flooded with compopnds?
}such as glucose. As against this view thers 1is the
| )

|

fact that the livers from animals on the glucose



|
itraatment after administration of menthol-glucuronids |
ishowad less evidence of damage than did controls
irecelving only menthol-glucuronide.

- Such effects as could be observed with
!saccharate in vivo could be explained by a protective
action for liver arrising out of the similarity in

|
'structure to glucose. It has been shown (Carr 1947) |
:that prolonged administration of this compound to ratJ
;for several generatiocns caused no change in the |
structure of any tissue nor in the growth of the
animals. The failure in this work to observe any
effect on the glucuronidase activity in vivo may be
‘due to the fact that saccharic ascid will be rapidly
;metabolised or excreted in the body and a sufficientlﬁ
‘high concentration therefore never obtained. An !

|
‘inhibition of the enzyme might be observed using a
|

substituted acid less easily metabolised.




SECTION E.
Tha @-glucuronidasa activity of several tissues

from various species.




‘ The (3-glucuronidase activity of seversl tissues

from various species.

. In addition to the organs of the mouse @

examined in the course of the present work several !

people have asked for glucuronidase estimations to be|

carried out on various tissues from different animals

|
| The tigsues were treatsed as described for routine |

enzyme assay,the estimation being carried out in !

|

citrate buffer at pH 5.2 except in a few instancss ‘
A ; 5

when an gditional estimstion at pH 4.5 was also made,

In few cases was the number of animals in the group

jlarga enough for any stress to be laid on the results
ibut 8 collected table may be of interest.

| The high figure for enzyme activity in the
|{1livers of young rats confirms the above findings for
young mice. Tumour tissue also showed a high enzyme

activity as was Iirst suggested by Fishman (1949). |
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Table 30.
The average glucuronidase activity

tissues from various speciés.

in several

Animal.] Sourcs. Tissue. ‘G.U./g.@issua..
PH 4.5|pH S5.2.
Mouse. |0wn colony.|Liver.(adult) - 273(24)
2 3t Kidney. - 363 n
i i Spleen W - 636 n
o 2 Uterus(normal) 535 - (8)
L\ .1 Uterus(castrate) 174 - (6)
" = Breast. - 78x%
u - Lung (adult). - 185(3)
n L Lung (infent). - 316(3)
llouse Mr.Riley, Breast tumour. - 630 x
w (Surg.Dpt) |Carcinoms 2146. 697 751(6)
" L Crocksr sarcoma
No.180. 596 429(6)
Ret. Dr.Walpole, |Liver(adult). - 1380(4)
(I&G nIc )
" rharmacol, |Liver(adult). - 1471(4)
Dept. Liver(infant). - 2977(4)
Horse. |Dr.Alexan- |Intestine. 406 64(2)
der, (R.V.Cy
Fowl. |Dr.Campbell [Liver. - 228(1)
n (P.R.C.) Liver tumour '
G.l{iC.I‘I. T ,?85(14)
= i Liver carcinonma,
(virus.). - 312(1)

Number of tissues
x-0nly a very small

was available for

shown by figure in bracksets.

portion of tissue from one animal

this estimation and the figure may

therefore he erronsous.

108



GENERAL DISCUSSION.

As a result of the present work it is no
longer necessary to say that the function of (3~5lu07
uronidase in the body is to catalyse the condensatiog
of hydroxy compounds with glucuronic acid during the
formation of conjugated glucuronides. In every
i instance when & change in the glucuronidase activity |
of an orgen was observed it was possible to show a !
change in the amount of cell proliferation in that
orgen. During active cell division following the |
administration of such compounds as menthol,oestronéﬂ
or carbontetrachloride or in the tissues of young |
|

animals a much higher enzyme activity was noted than |

{ in the corresponding adult tissuss. Although the

: number examined was smell and no accurate control

| was available,the glucuronidase activity of tumours

was high,as might be expected from the rapid. rate of

growth of such tissue. Fishman (1947) published .

figures for the glucuronidase activity of certain

sarcomas and carcinomes from humen subjects and

although the tissue used for comparison was,in many

cases,not a strict control it was obvious that a

greater activity was found in the tumour than in the

control. There Was also a suggestion that the enzyme

|

|

i activity paralleled the malignancy of the growth. :
i

‘ The glucuronidase level in blood has been followed |

| throughout pregnancy and it has been suggested by

| licDonald and Cdell (194%) that it may be used in

‘ clinical diggnosis of pregnancy disorders. During
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pre-sclampsia and hypertension they have shawn that
the glucuronidase level rises to a value well above
the normal range. The increase msy be accounted for |

on the relationship of enzyme activity to cell pro-

liferation following damage to any organ.

Since a depression in the high enzyme

levels of tissuss in which mitosis had been stimulats .

ed was not found without a simultaneous inhibition

=h

of mitosis it may well be that & rise in glucuron-
idase activity is the result of an increase in cell |

proliferation and not the cause. This would eppear

to follow from the fact that mitesis inhibitors,
such as colchicine,were found to prevent the bise in!
liver enzyme associated with regeneration after
partial hepatectomy but were without action on
norﬁﬁl glucuronidase lsvels.

It is interesting to speculate as to the
funcetion of glucuronidase in the dividing cell. e |
may assume that the enzyme acts,at least to soms
extent,hydrolytically in the body as the effect of
free menthol could be detected in liver after the
administration of menthol-glucuronide. During
active cell division the concentration of nucleic
acid in the organ has been found to increése. One
could imegine glucuronidase hydrolysing an endogen-
oﬁs glucuronide with subsequent decarboxylation of

the liberated glucuronic acid to give a pentose.

This pentose,after rearrangement of the molecule,

could be built up into the nucleic acid. Since

1lo.



glucuronic acid occurs in mucoproteins the action of |
glucuronidase may be necessary as & source of this
carpbohydrate. : ‘
As certain steroid hormones give rise to i
glucuronides in the body,it is possible that glucur- |
onidase may regulate the action of these hormones if
one regardsithe formetion of a glucuronide as a
method of reduecing the toxieity or activity of the
steroid molecule or if glucuronide conjugation formsi
part of the transport or excretion mechanism. Changes
in glucuronidase activity produced by the steroid
hormones and more especially the newly discovered
changes in liver enzyme,which increases the scopeof
these compounds,suggests & close relation existing

between the enzyme and.the steroids. -




SULMARY.

1. Phenol-glucuronide is & convenient substrate for
the assay of (3-glucuronidase,using the Folin and
Ciocalteu (1927) reagent for the estimation of free
phenol.

2. (B-Glucuronidase from mouse liver,kidney and
spleen contains two fractions which may be separat-
ed by ammonium sulphate precipitation. Uterus
contains only one fraction. For total enzyme and
fraction B in liver,kidney and spleen a citrate
buffer at pH 5.2 was used in the estimation and for
uterine enzyme and fraction A in liver,kidney and
spleen a buffer at pH 4£.5. A substrate concentrat-
ion of 0.01l5M was used in all cases.

5. The mean recovery of added phenol in the assay
procedure was 100%,and the standard deviation of a
single observeation from the mean was 0.6%.

4, The eifect of menthol in increasing the glucur-

| onidase activity in liver and kidney is secondary to

repair following demege provoked by that agent
rather than dus to its glucuronidogenic properties.
This is confirmed by the changes in enzyme activity
observed after administration of many nonglucuronido-
genic compounds and by the manner in which the enzyme
activity reflected the sex-linked nature of chloro-

form poisoning in kidney.

5., The two enzyme fractions in liver and kidney

respond indifferently to agents causing changes in

1X2



the enzyme activity.

6. In uterus,as in other organs,changes in glucur-
onidase activity reflect changes in growth. The !
actlon of oestrone on the enzyme is antagonised by |

testosterone and progesterone.

7. Qestrone causes a marked increaess in glucuronides: :

ase activity in liver accompanied by an increase in
cell division. Both effects may be antagonised by 4
testosterone and progesterone. Cestradiol,cestriol i
and oestriol~glucuronide,in doses comparable to that‘
of osstrone, /are without effect on liver enzyme and !
thelr action in stimulating mitosis is slight. !
8. During liver regemneration,as after pesrtiasl hepa-
tectomy ,uterine weight and glucuronidase activity

increass.in ovariectomised mice in the absence of

administered oestrogen. Testosterone and progester-

one antagonise this effect.

9. Colchicipe,substituted stilbenes and anilines
|

and the antifolic acid factor,known to inhibit cell

.
prolireration,are without erffect on the in vitro
hydrolysis of phenol-glucuronide by glucuronidase.
Saccharate,an efficient inhibitor of glucuronidase
in vitro,is without effect on mitosis.

10, Sorbic acid is a most efficient inhibitor of
cell proliferation.

11l. A depression in the high glucuronidase level in

an organ in which mitosis had been stimulated 1is

only obtained after an inhibition of c¢ell division.

Jel
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(Reprinted from NaTure, Vol, 160, page 463, Ocfober 4, 1947.)

p-Glucuronidase and Tissue Damage

ArTER repeated feeding of menthol to mice,
Fishman' obtained results which on statistical
examination showed an increase in B-glucuronidase
in liver, spleen and kidney as compared with organs
from untreated animals. Similar results were obtained
in dogs fed with borneol. Since the compounds
examined are known to be exereted as the glucur-
onides in certain species, Fishman considered
B-glueuronidase to be responsible for glucuronide
synthesis 4n vivo, and that he was measuring adapta-
tion on the part of the enzyme in response to the
presence of excess substrate. The work of other
authors is not, however, compatible with the view
that the function of B-glucuronidase in the body is
other than hydrolytic?.4.

Using biosynthetic phenol B-d-glucuronide® for the
assay of glucuronidase®, an attempt was made to
confirm Fishman’s findings with menthol. Twenty-
four hours after intraperitoneal injection of I-menthol
in vegetable oil into mice there was a marked rise
in glucuronidase in liver, but not in kidney. It was
difficult to decide whether the spleen enzyme was
affected because of the great wvariation in normal
values observed ' with this organ. Average normal
values were the same in the case of each organ for
mice of both sexes and drawn from three different
colonies. The rise in liver glucuronidase was less
marked after repeated feeding of menthol than after
injection of much smaller doses.

It was observed that menthol caused gross damage
to the liver, but not to the kidneys, and it was
considered that this property, rather than the one
of giving rise to a glucuronide, might explain the
effect on liver glucuronidase. A variety of other
substances, known to cause damage to the liver or
kidneys, but with one exception unlikely to form
glucuronides, were therefore examined for their
effects on glucuronidase. - Compounds which are
relatively non-toxie, but which are known or con-
sidered to form glucuronides in the body, were also
examined. ' The substances were injected sub-
cutaneously or intraperitoneally in oil or aqueous
solution into groups of 3-9 mice, and the animals
were killed after 1-3 days. With several of the
substances, the organs were examined histologically
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by Mr. J. G. Campbell of the Royal (Dick) Veterinary
College, Edinburgh. As shown by the averaged
results in the table above, a significant rise in
the [-glucuronidase level only occurred when an
organ showed obvious, but not irreparable, damage.

Phenylarsenoxide had no effect on the glucuronidase
level in liver or kidney, while phosphorus actually
depressed it in the case of liver. Both substances,
however, caused eoxtensive damage. These results
favour the view that a rise in glucuronidase is
associated with tissue regeneration following moderate
damage rather than with the damage itself. A series
of experiments is in progress to settle this point. The
effects observed with menthol glucuronide were
presumably due to liberation of menthol by glucuron-
idase initially present in the body, and are difficult
to reconcile with Fishman’s views. The rise in liver
glucuronidase caused by carbon tetrachloride may
to some extent explain its enhancing action on the
effect of cestrogens?, since glucuronide formation
plays some part in the metabolism of the latter
compounds. It is interesting to mnote that both
carbon tetrachloride® and chloroform? are known to
produce hepatomata after repeated administration
to mice. The possibility of menthol behaving similarly
is under investigation. In a recent communication to
Seience, Fishman!'® gives figures showing that in
some cases of human carcinoma the tumour contained
much more glucuronidase than the corresponding
normal tissue. He suggests that this may be due to
exeessive local accumulation of cestrogens. In view
of the bearing of our results on this finding, it was
considered that an interim account should be
published without further delay.

Lynpa M. H. KErr
G. A. Levvy
Department of Biochemistry,
University of Edinburgh.
July 28.
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the press).

7 Pincus, G., and Martin, D. W., Endocrinology, 27, 838 (1940).
& Bdwards, J. E., J. Nat. Cancer Inst., 3, 197 (1941).

®* Bschenbrenner, A.-B., J. Nat. Cancer Inst., 5, 251 (1944).

10 Rishman, W. H., Secience, 105, 646 (1947).
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(Reprinted from NATURE, Vol. 160, page 572, October 25, 1947.)

p=-Glucuronidase and Tissue Proliferation

IN a previous communication® it was shown that
f-glucuronidase in liver or kidney rises following
administration of toxic agents to mice, depending
upon the organ or organs affected. It was suggested
that a rise in this enzyme is associated with tissue
repair rather than the damage itself. This view is
confirmed by results for kidney following administra-
tion of mercuric nitrate or chloroform to male mice.
In each case, the rise in the enzyme did not occur
in the early stages of poisoning, but was seen when
repair was well advanced.
That there is a relation between tissue proliferation
and f-glucuronidase is further borne out by the fact
that high enzyme contents were found in the livers
of adult mice following sub-total hepatectomy, and
in the liver, spleen and kidneys of baby mice. These
results, summarized in the table overleaf, may pro-
vide a simple explanation of the finding by Fishman
and Fishman® that administration of cestrogens to
ovariectomized mice causes a rise in uterine glucur-
onidase, and of the high figures for tumour glucuron-
idase recently described by Fishman?®. '
Lynpa M. H. Krr
G. A. LEvvYy
Department of Biochemistry, ;
University of Edinburgh.

J. G. CAMPBELL

Royal (Dick) Veterinary College,

Edinburgh.
! Kerr, L. M. H., and Levvy, G. A., Nalure, 1680, 463 (1947).

! Fishman, W. H., and Fishman, L. W., J. Biol. Chem., 162, 487 (1844).
* Fishman, W. H., Science, 105, 646 (1947). r
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(Reprinted from Nature, vol. 162, p. 219, August 7, 1948)

Sex and Organ Specificity in the Response
of g-Glucuronidase to Extrinsic Agents

It was considered that the correlation shown to
exist between the B-glucuronidase activity of a tissue
and the amount of cell proliferation in progress!
could explain the rise in uterine glucuronidase found
by Fishman and Fishman? to follow cestrogen admin-
istration to ovariectomized mice. In a preliminary
kinetic study of the enzyme in mouse uterus, the
pH-activity curve for the hydrolysis of phenol
g-d-glucuronide was found to be almost symmetrical
about pH 4-5. This is in contrast to the curves

>
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Fig. 1. pH-Activity curves for uterine glicuronidase

T, 10-day old mice; II, ovariectomized adults, 3 days after
subcutaneous injection of 50 pgm. westrone ; ITI, normal adult;
1V, ovariectomized adults

previously found for liver and spleen glucuronidase
in the normal mouse?®, with peaks at pH 5:2 as well
as at 4:5. Mills! has shown that beef spleen glue-
uronidase ean be separated into two fractions, 4 and
B, with slightly different pH optima for the hydrolysis
of menthol glucuronide. Since it seemed probable
that mouse uterus lacked a glucuronidase fraction
present in liver and spleen, it was considered necessary
to investigate the possibility that differences between
A and B in distribution and response to extrinsic
agents might in some way explain the selective
actions of such substances as carbon tetrachloride



and cestrone on liver and uterine tissue respectively.

As can be seen from Figs. 1 and 2, the pH activity
curves for liver and uterine glucuronidase were un-
changed in shape during active growth. The high
figure for uterine glueuronidase in infant mice sup-
ports the view that in this organ, as in others, the
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Fig. 2. pH-Activity curves for liver glucuronidase.

I, G-day old miece ; TI, adult, 1 day after subcutaneous injection
of 5 gm. chloroform/kgm.: III, normal adult; IV, the same
preparation as 111 after separation of 4 and B
activity of the enzyme is a measure of cell division.
The effect of carbon tetrachloride on liver does not
suggest any selection between the glucuronidase
fractions. Carbon tetrachloride is known to have no
effect on kidney glucuronidase®, in spite of the fact
that the pH activity curve has been found to have

the same general shape as that shown for liver.

In further experiments, fraction A was precipitated
by making the preparation 38-5 per cent saturated
with ammonium sulphate! at pH 5-2, and the two
fractions were then determined separately. All
uterine enzyme was found in fraction 4. The sep-
aration achieved is illustrated for a liver preparation
in Fig. 2. In the response of liver glucuronidase to
chloroform, and kidney to mercuric nitrate, 4 and B



were oqually affected. Ischenbrenner and Millers
found the production of renal necrosis in mice by
chloroform, seen only in males, to be prevented by
castration, and noted a correlation between kidney
morphology and its susceptibility to chloroform.
Morphological differences were confined mainly to
Bowman’s capsule; but this was not involved in
the necrosis. The response of kidney glucuronidase
to chloroform observed in the male mouse® was
abolished by castration. While figures for untreated
females, males and castrated males did not suggest
any differences in 4 or B corresponding to the varia-
tions in the structure of the kidney, the rise in kidney
glucuronidase after injection of normal males with
chloroform was confined to fraction B. This could be
explained on the assumption that the two glucuron-
idase fractions are unevenly distributed throughout
the kidney.  From the other results quoted above,
it appears that the response by glucuronidase to any
agent is independent of the ‘fraction’ present in the
cell affected. For the comparative study of the
effects of extrinsic agents on organs such as liver
and kidney, it would appear adequate to determine
the total enzyme activity at pH 5-2. The importance
of determining the pH-activity curve for each new
organ examined is, however, emphasized by the find-
ings for the uterus.
Lynpa M. H. KERR
G. A. LEvvy
Department of Biochemistry,
University of Edinburgh.

April 8.
! Kerr, L. M, H., Levyy, G. A., and Campbell, J. G., Nature, 160, 572
(1947).
* Wishman, W. H., and Fishman, L. W., J. Biol. Chem., 152, 437
(19445,

3 Kerr, L. M, H., Graham, A. V., and Levvy, G. A., Biochem. J., 42,
191 (1948).

1 Mills, G. T., Nature, 160, 638 (1947).

5 Levvy, G. A., Kerr, L. M. H., and Campbell, J. G., Biochem. J., 42,
462 (1943),

¢ Eschenbrenner, A. B,, and Miller, E., Seience, 102, 302 (1945).
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The Use of Phenol Glucuronide in the Assay of g-Glucuronidase

By LYNDA M. H. KERR, A. F. GRAHAM (Carnegie Teaching Fellow)
Anp G. A. LEVVY (Imperial Chemical Industries Research Fellow),
Biochemistry Department, University of Edinburgh

(Received 11 June 1947)

Our present knowledge of the distribution in the
body and the physical properties of g-glucuronidase
is derived almost entirely from experiments, in which
free glucuronie acid was determined by reduction of
ferricyanide after enzymic hydrolysis of a conju-

. gated glucuronide. Whilst it is possible to determine

very small amounts of glucuronic acid by means of
its reducing power (Levvy, 1946), the lack of
specificity in the reaction is a serious disadvantage
in the routine assay of glucuronidase. Unless the

. enzyme preparation has been considerably purified,

it may contain large amounts of materials other than
glucuronic acid which reduce ferricyanide (Levvy,
1948). Other impurities may interfere during the
actual titration, if this is cerimetric, obseuring the
end point and making it unstable. In studying the
enzymic hydrolysis of oestriol glucuronide, Fishman
(1939) determined free oestriol by the Kober colour
reaction. Its scarcity, however, renders this sub-
strate unsuitable for routine assays. Talalay, Fish-
man & Huggins (1946) have recently described a
method whereby the hydrolysis of phenolphthalein
glucuronide can be followed colorimetrically. This
method appears to avoid the difficulties mentioned
above in the determination of glucuronidase acti-
vities. It was found possible in this laboratory to
apply the method of King & Armstrong (1934) for

- phosphatase determination to the assay of glu-

curonidase, using biosynthetie phenol glucuronide
(Williams, private communication) as substrate.
(We are greatly indebted to Dr Williams for details
of the technique for obtaining this compound from
rabbit urine.) Results obtained in studying the
kinetics of hydrolysis of phenol glucuronide with
enzyme obtained from two different organs, and a
description of the procedure for the routine assay of

- glucuronidase in mouse tissues, are given below.

| —

EXPERIMENTATL

Preparation of phenol B-p-glucuronide. The glucuronide
was obtained from the urine of rabbits fed with phenol by
the general proecedure deseribed by Williams (1943) for the
isolation of aminophenol glucuronides. Before use, it was
dried over P,0; in vacuo for 10 hr. at 80°. Analysis showed
it to be free from solvent of erystallization (m.p. 162°
corr.).

The colouwr reaction for free phenol. Phenol was determined
with the reagent of Folin & Ciocalteu (1927). King &
Armstrong (1934) give full details of the technique for this
estimation. The colour intensity was measured with a
Spekker photoelectric absorptiometer, using Ilford no. 602
blue filter. Free glucuronic acid did not interfere in the
reaction. Phenol glucuronide in high concentration gave
a faint colour, probably due to traces of free phenol (less
than 0-29, of the total weight), since it varied from one
sample to another. Contrary to the findings of Folley &
Kay (1935), the reaction was not particularly sensitive o
the Na,CO, concentration and was complete in less than
20 min. at 37°. In constructing the calibration curve (Fig. 1),
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530 40 30 &
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Fig. 1. Calibration curve for estimation of phenol.

0-6 ml. standard phenol solution (Hawk & Bergeim, 1931)
was added to 0-2 ml. 0-1a-cifrate buffer (pH 5-2), followed
by 2 ml. of a 1:5 dilution of the Folin-Ciocalteu reagent.
After mixing, 2 ml. of the liquid were taken for colour
development as described below for enzyme extracts.
Citrate, acetate and formate buffers had no effect on the
colour reaction.

Preparation of the enzyme. Preparations from mouse liver
and spleen were studied separately in these experiments.
The organs were broken up in glass homogenizers (Umbreit,
Burris & Stauffer, 1945). Unless stated to the contrary, the
enzyme was partially purified following the method
described by Talalay ef al. (1946). The homogenate was
brought to pH 5-0 or 5-2 with acetic or citric acid. Protein
which separated after 30 min. at 37° was removed by
centrifuging, and the enzyme in the supernatant liquid
precipitated by adding an equal volume of saturated
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(NH,),S0;4 solution (SAS). The precipitate was dissolved
in a convenient volume of water. No change in the
amount of enzyme present was noted after purification
in this way.

The effect of pH. The pH for optimum hydrolysis
was determined over the range 3-6-5 at a substrate
concentration of 0-01M in citrate buffer. To 0-2ml. of
0-1x-buffer and 0-2 ml. of 0-04M-substrate warmed
to 37° was added 0-4 ml. enzyme, and the mixture
was incubated at 37° for 1 hr. The initial effect of
substrate and enzyme on the pH of the buffer was
determined electrometrically. No further change in
the pH occurred during the incubation.

With erude homogenates of liver and spleen, con-
siderable amounts of substances giving the colour
reaction were liberated in absence of substrate. It
would appear that an enzymic process was re-
sponsible for the production of these compounds
since the amount formed varied with the pH, with
an optimum at 3-6-4-6. Partial purification of the

e \

Phenol liberated (ug./g. tissue)

b
=
T

; pH
Fig, 2. The variation in hydrolysis rate of phenol B-p-
glucuronide with pH. Resulfs expressed in terms of

phenol liberated/g. moist tissue. x— x spleen enzyme;
e—e liver enzyme.

homogenates as described above made the blank
much smaller and very nearly independent of the
pH. With purified enzyme from liver and spleen,
the curves for wvariation in hydrolysis with pH
assumed the shapes shown in Fig. 2. Homogenates
from five mice were pooled for each organ before
purifying, and all points on the curve were deter-
mined simultaneously. Corrections were applied for
the enzyme blank at the appropriate pH (corre-
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sponding to about 200 pg. phenol/g. for spleen and
about 100 pg./g. for liver) before plotting the points.
From Fig. 2 it can be seen that for enzyme from both
sources the rate of hydrolysis rose to a maximum at
pH 5:2 as the pH was lowered. After a drop at
pH 4-75, the velocity again rose slightly at pH 4-5
and then fell off rapidly. The subsidiary peak at
pH 4-5 was seen in other experiments when the pH
inerement was made small enough. A possible
explanation of the shape of the curves in Fig. 2 is
given by the work of Mills (1947), who found that
B-glucuronidase from beef spleen could be separated
into two fractions with slightly different pH optima
for the hydrolysis of menthol glucuronide. In
acetate buffer, some results were obtained which
suggested the pH optimum to be lower than in
citrate, but this point was not further investigated.
It was decided that for the routine assay of the
enzyme the hydrolysis of phenol glucuronide should
be done at pH 5-2 in citrate buffer.

Relative activity

y
0-3
(1574 o |
L

ot
0:0025 00005  0-01 0:02  0-04

Substrate concentration ()

Tig. 3. The variation in initial hydrolysis rate with sub-
strate concentration. Results expressed as fraction of
maximum observed activity. x-—x spleen enzyme;
e—e liver enzyme.

The effect of substrate concentration. The effect of
varying the substrate concentration at constant pH
is shown in Fig. 3. The citrate buffer and substrate
solutions were adjusted to pH 5-2. Addition of
enzyme caused no appreciable change in pH. Three
experiments were done with enzyme from each
source and the averaged results are shown in the
figure. It will be noted that inhibition by excess
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substrate was marked in both cases. The substrate
optimum for spleen (0-025m) was greater than for
liver (0-01a1). The results did not lend themselves to
the accurate calculation of the Michaelis-Menten
constant, I, , by the method of Lineweaver & Burk
(1934), but the value obtained graphically from
Fig. 3 by finding the substrate concentration at
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Fig. 4. The relation between enzyme concentration and
phenol liberated under standard conditions. Enzyme
concentration in arbitrary units. x—x spleen enzyme;
o—e liver enzyme.
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fig. 5. Phenol liberated after varying incubation periods.
x— x spleen enzyme; e—e liver enzyme.

thich half the observed maximum velocity of
ydrolysis was developed was approximately the
ame (0-0035) for enzyme from either source. The
ifference in shape between the curves for liver and
pleen may be due to the presence of interfering
ibstances in the tissue extracts rather than a
nalitative difference in the enzyme system. A
ihstrate concentration of 0-015m was adopted for
rther worlk with enzyme from both sources.

The effect of varying the enzyme concentration and
e duration of hydrolysis. As shown in Fig. 4, the
mount of phenol liberated in 1 hr. at 37° and
H5-2 (citrate buffer) from 0:015um-phenol glucuro-
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nide was directly proportional to the enzyme con-
centration. Hxperiments carried out under the
same conditions, but in which the incubation
period was varied and the enzyme concentration
kept constant, showed the reaction velocity to be
unchanged after 3 hr. (Fig. 5).

% il The assay of B-glucuronidase
Citrate buffer. (a) 0-3», pH 5-2 (glass electrode);
(b) 0-1m, prepared from 0-3 .
Substrate solution. 0-06M-Phenol glucuronide ad-
justed to pH 5-2; stored in the refrigerator.
Folin-Ciocaltew  reagent. (a) Stock solution
(British Drug Houses Ltd.); (b) Stock solution

- diluted 1 to 5 and prepared daily.

N-Sodium carbonate solution.
Saturated amimonium sulphate solution. Adjusted
to pH 5-2.

Procedure

Spleen. The dissected organ was weighed in a
chilled homogenizer tube and homogenized with 3ml.
water. The cell-free homogenate was transferred to
a graduated centrifuge tube, using 1 ml. wash
water. After addition of 0:5 ml. 0-3m-buffer, the
tube was maintained at 37° for 30 min. Coagulated
protein was separated by centrifuging for 15 min.
The volumes of precipitate and supernatant liquid
were noted and the latter was transferred to another
graduated centrifuge tube. An equal volume of SAS
was added and the tube centrifuged for 30 min. The
liquid was discarded, and the residue dissolved in
water and made up to a volume of 2 ml. The con-
centration of enzyme was then such that, in the ¢ase
of normal animals, 0-4 ml. of the solution gave
readings of 20—40 ug. phenol after corrections had
been applied for enzyme and substrate blanks. This
volume of the enzyme solution was added to 0-2 ml.
of 0-1m-buffer and 0-2 ml. substrate in a stoppered
10 ml. centrifuge tube. Prior to addition of the
enzyme, the substrate and buffer were warmed to
37°. After incubation of the hydrolysis mixture for
1 hr. at 37°, 2 ml. of the diluted Folin-Ciocalteu
reagent were measured into the tube. Protein was
removed by centrifuging for 3 min. and 2 ml. of the
supernatant transferred to a 10 ml. stoppered centri-
fuge tube containing 4 ml. Na,CO, solution. The
contents of the tube were mixed and the colour
developed by incubating for 20 min. at 37°. Assays
were carried out in duplicate.

Liver. The procedure was exactly as described
above except that at certain stages the volumes used
differed. Homogenization was done with 5 ml. water
and 3 ml. of water were added in transferring the
homogenate to the first graduated tube. In
adjusting the pH, 1 ml. 0-3m-buffer was used. The
solution of the enzyme after SAS precipitation was
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made up to 4 ml., this volume giving readings of
20-40 pg. phenol in the assay after correction for
blanks with livers from normal animals.

Controls. Every assay was controlled by in-
cubating mixtures of enzyme and buffer containing
0:2 ml. water in place of substrate. The purified
enzyme shows a small rise in the blank during in-
cubation. Controls for phenol in the substrate were
also done at frequent intervals, 0-2 ml. of the
solution being incubated with 0-2 ml. buffer and
0-4 ml. water. Since there appeared to be a very
small but perceptible inerease in the reading when
the substrate was incubated at pH 5-2, this pro-
cedure was considered preferable to that in which
substrate is added to the enzyme after incubation
(ef. Talalay et al. 1946).

RESULTS.

The recoveries obtained in a series of experiments in
which 0-2 ml. standard phenol solution was added
to 0-2 ml. 0-1m-buffer and 0-4 ml. enzyme (spleen
and liver mixed) are shown in Table 1. In some
experiments the mixture was incubated whilst in
others the Folin-Ciocalteu reagent was added at
once. Each figure shown in the table is the result
of a determination carried out in duplicate and the
results have been corrected for the enzyme blank
(5-2 pg. unincubated, 7-7 ug. incubated).

Table 1. Recovery of phenol added to buffered enzyme

Phenol recavered Phenol recovered

Phenol hefore incubation after incubation
added , — < 2
(pg.) (pg.) (%) (pg.) %.
3-9 37 95 41 105
79 80 101 80 101
15-7 15-6 99 158 101
31-4 31-1 99 31-2 99
62-9 631 100 63-0 100
105-0 105-0 100 104-9 100

In a series of 30 determinations in which 31-4 ug.
phenol were added to enzyme and buffer as above,
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and determined at once, the mean recovery was
31:5 pg. (100-3 9%), and the standard deviation of
a single determination from the mean was 0-19 ug,
(0-6 %).

DISCUSSION

From the results given above it can be seen that
phenol glucuronide is a convenient substrate for the
assay of B-glucuronidase, using the reagent of Folin
& Ciocalten for estimation of phenol liberated by the
enzyme. As compared with phenolphthalein glu-
curonide (Talalay ef al. 1946), a much higher con-
centration of phenol glucuronide is required for
optimum hydrolysis, and inhibition of the enzyme
by excess substrate is more pronounced.

It has been generally assumed without any experi-
mental justification that the conditions for optimum
hydrolysis by B-glucuronidase are always the same
no matter the source of the enzyme. The data
obtained in this work for mouse liver and spleen
glucuronidase support the assumption. Masamune
(1934), in his pioneer work on glucuronidase, found
hydrolysis of phenol glucuronide by beef kidney
extracts, determined by estimation of glucuronie
acid, to be at a maximum at pH 5-3-5-6 in citrate
buffer. This is in good agreement with our own
figure of 5-2 for mouse liver and spleen extracts.

SUMMARY

1. Phenol glucuronide is a convenient substrate
for the assay of B-glucuronidase, using the Folin &
Ciocalten (1927) reagent for the estimation of free
phenol.

2. In the procedure adopted for assay of glu-

curonidase in mouse liver and spleen, hydrolysis

of phenol glucuronide was carried out in citrate
buffer at pH 5-2 and a substrate concentration of
0-015m.

3. The mean recovery of added phenol in the
assay procedure was 1009, and the standard
deviation of a single observation from the mean was
0:6 %.
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After repeated feeding of menthol to mice, Fishman
(1940) obtained results which, on statistical ex-
amination, showed an increase in f-glucuronidase
activity in liver, spleen and kidney, as compared
with organs from untreated animals. Similar results
were obtained in dogs fed with borneol. Glucuroni-
dase in uterus and other sex organs was unaffected
by menthol and borneol. In Fishman’s own inter-
pretation of these important experiments, g-glucu-
ronidase is assumed to be responsible for glucuronide
synthesis in the body. A synthetic role for the
enzyme has, however, still to be demonstrated,
its physical properties and distribution in the
body having been studied solely by means of its
hydrolytic action on conjugated glucuronides. Since
menthol and borneol have been proved to be ex-
creted as the glucuronides in, e.g. the dog, and may
conceivably behave in the same way in the mouse,
Fishman suggested that in his experiments he was
measuring adaptation by glueuronidase in response
ItrO the presence of excess substrate for its hypo-
thetical synthetic action. Later this theory was
extended to explain the elevation in uterine glucu-
ronidase observed after administration of oestrogens
to ovariectomized mice (Fishman & Fishman, 1944;
Fishman, 1947). Oestrogens did not affect the
enzyme in liver, spleen and kidney, and the addi-
tional assumption was required, and made, that the
enzyme is speeific in its synthetic action, according
to its source, for different groups of substrate. No
such specificity was, however, observed in its

* Preliminary accounts of parts of this work have been
published elsewhere (Kerr & Levvy, 1947; Kerr, Levvy
& Campbell, 1947), and the principal findings were
described in a paper read to the Biochemical Society on
27 September 1947 (Levvy, Kerr & Campbell, 1948).

hydrolytic action in witro, menthol glucuronide
being used throughout in the assay of uterine
glucuronidase under conditions found to be optimal
for hydrolysis by spleen preparations.

Fishman determined the activity of his enzyme
extracts by measuring, by means of its reducing
power, glucuronic acid liberated from menthol
glucuronide (Fishman, 1939). Sources of error in
this procedure, arising largely from its lack of
specificity, have been pointed out by other authors
(Graham, 1946 ; Levvy, 1946, 1948), and have led to
the development of more satisfactory methods of
assay (Talalay, Fishman & Huggins, 1946; Kerr,
Graham & Levvy, 1948).

Using phenol glucuronide as substrate in the assay
of glucuronidase (Kerr ef al. 1948), an attempt was
made to confirm Fishman’s findings (1940) with
menthol. Within 24 hr. of a single intraperitoneal
injection of L-menthol into mice, there was a marked
rise in glucuronidase activity in liver, but not in
spleen and kidney. Liver damage was observed and
confirmed histologically, and it was subsequently
shown that a rise in B-glucuronidase in liver or
kidney, dependingupon the organ or organsattacked,
followed administration of a variety of toxic agents
to mice. A more extensive examination of the
action of menthol revealed, in addition to the effect
on liver, delayed damage to kidney, followed by an
inecrease in glucuronidase activity in this organ also.
An increase in the glucuronidase activity of an
organ was found, in general, to be associated with
active cell proliferation provoked by injury, rather
than with the injury itself, and high values were seen
in the livers of adult mice after sub-total hepatec-
tomy, and in the liver, spleen and kidneys of infant
mice.
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EXPERIMENTAL AND RESULTS

Enzyme assay. In the assay of kidney glucuronidase it
was assumed that the conditions for optimum hydrolysis of
phenol B-p-glucuronide would be the same as those pre-
viously found to hold for spleen and liver preparations
(Kerr et al. 1948). All preparations of the enzyme were
diluted to final volumes giving readings of 20-40 pg. phenol
in the assay, after correction for blanks, The results are
shown in the tables and figures in terms of glucuronidase
units (G.U.)/g. moist tissue, where 1 G.v. liberates 1 pg.
phenol in 1 hr. from 0-015n-phenol glucuronide at 38° and
pH 5-2. The standard error is given wherever possible.
Although frequently based upon too small a group of
animals to have any statistical value, it shows the variation
in the individual figures in a convenient form.

Histology. Portions of organs from animals used for
enzyme assay, or whole organs from other animals treated
similarly, were fixed immediately in Susa and taken in the
usual way through the ethanols to a mixture of chloroform
and cedarwood oil, and finally cleared in pure cedarwood
oil. After embedding in paraffin wax, sections were cut at
8 p. and stained with Mayer’s haematoxylin and eosin. The
distribution of fat was studied in frozen sections, prepared
from tissues rapidly fixed by heat in formol saline, and
stained with haematoxylin and Sudan I1II.

Damage, repair and cell division are shown in the tables
by an arbitrary system of -+ signs. In the case of damage,
+ indicates that while definite it was neither severe nor
extensive, and + + + that it was at its greatest for the
toxic agent in question. The course of repair is measured
likewise, + + + indicating that replacement of damaged
tissue by normal cells is practically complete. Under cell
division, an estimate is given of the number of mitotic and
amitotic figures and hyperchromatic nuclei in ewvcess of
normal. No histological findings are given for spleen since
deviations from normal could never be distinguished in this
organ.

Normal mice and vehicle controls. Average values
for B-glucuronidase in each organ were the same for
normal adult mice (30-40 g.) of both sexes and
drawn from three different colonies, and all the
results are grouped together in the tables. Spleen
showed greater variation in its normal glucuronidase
activity than did liver or kidney. Intraperitoneal
injection of relatively large volumes of 0-9 9 sodium
chloride solution, olive oil or nut oil (the vehicles
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used for administration of toxic agents) had no
effect on glucuronidase in any of the three organg
examined after an interval of 1-2 days. These
results are not shown. The relatively small nunber
of experiments in which nut oil was used as a vehicle,
olive oil being unobtainable, are included in the
tables with those done with the latter as medium.

Elffects produced by a single injection of L-menthol.
Intraperitoneal injection of n-menthol (Table 1)
caused a rapid rise in liver glucuronidase activity,
reaching a maximum after 24 hr. and persisting for
7 days. Greatest liver damage was observed after
24 hr., but repair processes were not perceptible at
this time. After 14 days, repair was almost com-
plete ahd the enzyme level had returned to its
original value, although ecell division still seemed to
be slightly in excess of normal. In the first 2448 hr.,
kidney was normal in structure and in its enzyme
activity, but after 3 days damage was evident and
the figure for glucuronidase had risen after 7 days,
At the end of 14 days this organ was normal in all
respects. No effect of menthol on spleen glucuroni-
dase was observed at any stage. Sex did not in-
fluence the results obtained with liver and kidney.

Mills (1947) found beef spleen glucuronidase to
consist of two fractions with slightly different pH
optima, for the hydrolysis of menthol glucuronide,
and the pH activity curves for hydrolysis of phenol
glucuronide by enzyme from mouse spleen and liver
(Kerr et al. 1948) had subsidiary peaks at pH 4:5,
An experiment was done in which spleen, liver and
kidney glucuronidase activities, 24 hr. after in-
jection of menthol, were compared with normal at
pH 4-5 instead of 5-2. The change in pH had no
appreciable effect on the results compared with those
shown in Table 1.

No details of the toxic action of menthol could
be found in the literature. A brief description of the
changes seen in liver and kidney may be of interest.
In the liver, the first deviation from normal was
cloudy swelling, followed by fatty change and
necrosis surrounding the central vein and extending
about a third of the way into the lobule. The nuclei
showed hypertrophy and hyperchromatism, many

Table 1. Changes in B-glucuronidase and histological findings after injection of mice with T-menthol

(333 mg. Menthol/kg. injected intraperitoneally in olive oil. Average enzyme activity and standard error expressed s
G.U./g. moist tissue (see text). Number of animals in group shown by fizures in brackets.)

Liver Kidney
r 2> N s == o
Interval Spleen Cell Cell J
(days) enzyme Enzyme Damage division Repair Enzyme Damage division Repair
Untreated 636470 (23) 273413 (23) - — == 363424 (11) £ == =
0-125-0-5 72063 (9) 46724 (9) — — — 38140 (9) S = =
1 69044l (3) 8231135 (3) +++ 0 0 285+46 (3) 0 0 9
2 738586 (3)  884+74 (6) 25 L Sl S garentiayi — —
3 903208 (3) 95339 (3) T+ + A+ + o + -+ 0 0
7 G646 -4+-86 (6) 775446 (7) + + 4 + + 603-£52 (7) 0 + + 4+
14 60014 (3) 318417 (3) + o+ + + 337123 (3) 0 0 ksl

H D 2D e DR g0 = T M et D B e e A Geie el
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binucleate cells appeared (amitotic division), and
at a later stage mitotic division became evident.
The Kipffer endothelial cells were swollen. In the
case of kidney, the damage was not severe, being
confined to the distal portions of the convoluted
tubules and to some glomeruli, the endothelium of
which was swollen and in places neerotic. Intra-
peritoneal injection of mice with large doses of
menthol (about 0-7 g./kg.) caused prolonged de-
pression of the respiration and unconsciousness. No
atternpt was made to determine the lethal dose.
Repeated administration of v-menthol and n-men-
thol B-p-glucuronide. Results for B-glucuronidase in
spleen, liver and kidney, after intraperitoneal in-
jection of mice with n-menthol or its glucuronide
twice or thrice daily for varying periods (Table 2),
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Changes produced by single injections of a variety of
substances. The changes in B-glucuronidase activity
and histological findings in liver and kidney after
injection of various substances, some of them known
liver or kidney poisons, are summarized in Table 3.
Spleen was also examined in these experiments.
Since any changes in glueuronidase in this organ
were relatively small, with wide wvariation in in-
dividual figures, the results are not shown.

Subcutaneous injection of carbon tetrachloride in
olive oil caused severe fatty degeneration and early
necrosis in liver within 24 hr. After 3 days, damage
was extensive, but repair processes had commenced,
and after 7 days repair was far advanced. A marked
increase in liver glucuronidase activity occurred
within 24 hr., and this was maintained for 7 days.

Table 2. Changes in B-glucuronidase after repeated administration
of T-menthol and T.-menthol B-D-glucuronide

(Results expressed as in Table 1)

Interval
after 1st

Agent and mode of Total dose administration

administration (g./kg.) (days)
Untreated — —
r.-Menthol, orally 1:2 3
2:0 1
9:3 5
L-Menthol, intraperi- 0-8 2
toneally 1-2 3
L-Menthol g-p-glucuronide, 2:3 1-5
intraperitoneally

were similar to those obtained after a single in-
jection of n-menthol. The glucuronide was injected
as a neutral solution in 0-9 9 sodium chloride solu-
fion and menthol itself as a solution in olive oil. (For
the preparation of neutral solutions of acid com-
poundsin 0-9 9 sodium chloride solution, see Chance,
Crawford & Levvy, 1945.) Repeated oral admini-
stration (Odell, Skill & Marrian, 1937) of menthol
produced an increase in liver glucuronidase activity
of the same order as the injections, except in mice
receiving a total dose of 9-3 g./kg. in which the rise
was barely perceptible. The latter was, however, as
great as that obtained by Fishman (1940) and
proved to be statistically significant (P = 0:01). This
experiment was carried out exactly as deseribed by
Fishman except that three of the mice were given
a solution of menthol in olive oil instead of an
emulsion in soap solution. The change in vehicle had
no effect on the response of the enzyme, and only
solutions in oil were used in the other feeding
experiments (total dose 1-2 and 2:0 g./kg.). No
histology was done in the experiments listed in
Table 2, except in the case of menthol glucuronide,
which produced changes similar to those seen after
a single injection of menthol.

Average enzyme activity and s.E. (6.U.[g. moist tissue)
A

r

Liver
273413 (23)
741 4-146 (3)
895--77 (6)
369440 (6)
1149--136 (3)
869458 (6)
1104222 (3)

Kidney
363424 (11)

Spleen
636470 (23)
8431-185 (3)

26042 (2)

49948 (6)
954438 (3)
590+42 (6)
995495 (3)

295413 (3)

There were no marked pathological changes in

. kidney at any stage, nor was there any rise in

glucuronidase in this organ. Intraperitoneal in-
jection of ecarbon tetrachloride (0-5-2 g./kg.) pro-
duced a change in liver glucuronidase similar to that
already described for subeutaneous injection.
Mercuric nitrate given subeutaneously in 0-9 9,
sodium chloride solution had no very marked effect
on liver, but produced severe cortical necrosis with
hyaline casts in kidney within 24 hr. Kidney
glucuronidase activity showed no rise at this stage,
but after 3 days, by which time repair was practically
complete, it was more than twice its normal value.
The changes in liver after subcutaneous injection
of ¢hloroform in olive oil resembled those produced
by earbon tetrachloride. Kidney, however, showed
an interesting sex specificity in the response of the
enzyme fto chloroform. In agreement with the
observation of Eschenbrenner (1944), this com-
pound was found to cause renal necrosis in male, but
not in female mice. The rise in kidney glucuronidase
activity, which was confined to male mice, was not
seen in the early stages of the damage, but was
evident after 8 days, by which time repaif was
extensive. An increase in liver glucuronidase
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Table 3. Effects of various agents on liver and kidney
(Results expressed as in Table 1)
Liver Kidney
— A - — A —
Agent Interval Cell ! Cell
and dose (days) Sex Enzyme Damage division Repair Enzyme Damage division Repair
None — 2.8 213+13 (23) — = == w8632 (1) i = =
Carbon tetra- 1 & 1138.£148 (3) + + + 0 0 13949 (3) +(?) 0 0
chloride
(53 g./kg.) 7 5 927448 (4) + 4 Ei s ++ 323145 (4) 0 0 0
Hg(NO,), 1 3 436128 (2) + 0 0 208442 (3) +++ 0 0
(20 mg./ke.) 3 3 469129 (5) 0 + 0 808461 (5) 0 + b
Chloroform 1 & 93904+90 (7) +++ r=y 0 194416 (6) 4 + + 0 0
(2 g./kg.) 8 a  TI1+£34 (3) + R gagSET gy S + + gt
1 Q@ 583427T* (3) — —. . OBTR(8) 0 0 0
8 Q  B0S+44 (3) + AR end BIE3Y 0 0 0
Yellow phos- 2 a8 91423 (3) +++ 0 0 338.+35 (3) +(?) 0 ]
phorus 5 3 744137 (3) + + 4 4= 462489 (3) 0 0 0
(7-5 mg. /kg.) 10 3 429180 (3) 0 0 F+ 4+ 309£382 (3) 0 0 0
Sulphathiazole 3 a 46029 (3) -+ 0 0 368413 (3) 0 0 0
(43 g./kg.)
Pregnanediol 17 Q 2874065 (3) 0 0 0 321464 (3) 0 0 0
(333 mg. [kg.)
tPregnanediol f- 1.7 2 241436 (3) — — — 264419 (3) - e -
D-glucuronide
(800 mg. [kg.)
Ether (40 min. 175 2,8 265130 (4) 0 0 0 309463 (3) 0 0 1]
deep anaes-
thesia)
Sodium sulpha- 2 2,3 327+17 (T) ++ + + 362411 (7) + (?) 0 0

pyridine mono-
hydrate (18-
36 g‘!kg')

* Results for glucuronidase in liver obtained after intraperitoneal injection of 0-5 g. chloroform/kg. L
T Pregnane-3(2):20(x)-diol glucuronidic acid free from pregnane-3(«)-ol-20-one glucuronidic acid (Sutherland & Marrian,

1947).

activity was observed after injection of as little as
0-2 g. chloroform/kg. subcutaneously.

Yellow phosphorus, injected subcutaneously in
olive oil, had no marked effect on kidney, but pro-
duced profound and extensive changes in liver (con-
gestion, fatty degeneration and necrosis). From the
results of experiments dealt with above it will have
been noted that there may be no rise in glucuroni-
dase activity in an organ when damage is at its
height. In the case of phosphorus, there was an
unmistakable initial drop in the activity of the
enzyme, to one-third of its normal value. When, at
the end of 5 days, repair was well under way, the
enzyme level showed the usual increase, only to fall
again when repair was complete.

Of the remaining substances listed in Table 3,
ether and pregnanediol produced no pathological
changes and had no effects on glucuronidase in either
liver or kidney. Pregnanediol glucuronide re-
sembled the parent compound in its effects on the
enzyme, but was not examined for histological
effects. Ether was given by inhalation, and preg-
nanediol and its glucuronide were injected intra-
peritoneally as suspensions in olive oil. Sulphathia-

zole caused cloudy swelling in liver after subeutan-
eous injection of a very large dose as a neutral
solution in 0:99, sodium chloride solution. There
was a small, but significant (P =0-05-0-02) rise in
liver glucuronidase activity. This compound had no
effect of any kind on kidney. Sodium sulpha-
pyridine, given in the same way as sulphathiazole,
caused fatty degeneration and necrosis in liver,
accompanied by some cell proliferation, but without
appreciable change in the enzyme level. In some
animals there was slight damage to the kidneys,
again without any rise in glueuronidase activity.
Uranyl acetate. Results for glucuronidase in liver
and kidney after subcutaneous injection of mice with
varying doses of uranyl acetate in 0:9%, sodium
chloride solution (Fig. 1) illustrate the point that
increasing the dose of a toxic agent may retard the
rise in glucuronidase activity in the early stages of
poisoning, and may even cause an initial drop in
the enzyme level. Bach point in the figure is an
average for a group of three male mice, killed 2 days
afterinjection. Severe tubular ‘nephrosis’ wasnoted
at this stage with all four doses of the toxic agent.
Cell proliferation could also be seen after all but the
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largest dose, becoming more marked as the dose fell.

In the case of liver, the histological findings were -

more difficult to interpret as the damage, which was
mainly subcapsular, was transitory and rapidly sue-
ceeded by intensely active cell proliferation. Only
the latter response was observed after injection of
the smallest dose of uranyl acetate. In general,
however, damage was greater and repair processes

7001
E 600
9 Liver
S
;‘3’ 500
]
‘= 400
2
g 30— Normal
a
= 200
100~
1 1 1 1 1 1 Il
0 50 100 150 0 50 100 150

Dose (mg./kg.)
Tig. 1. Liver and kidney glucuronidase activity 2 days after

subcutaneous injection of mice with varying doses of
uranyl acetate. Mean4-s.5. shown for each point.

slower to appear as the dose was increased. Ten days
after injection of the smallest dose of uranyl acetate
repair was finished in both liver and kidney, and
their enzyme levels had returned to normal. No
change in spleen glucuronidase was produced by
uranyl acetate.

The possibility that in a severely damaged organ
an apparently normal value for glucuronidase may
be observed at a certain stage, even though cell
proliferation may have commenced, probably ex-
plains the fact that only small rises in the liver
enzyme were observed after prolonged feeding of
menthol (total dose 9-3 g./lkg., Table 2) or sub-
cutaneous injection of sodium sulphapyridine
(Table 3).

Phenylarsenoxide. Results obtained with this
compound (Fig. 2) show the changes in liver and
kidney glucuronidase activity at various stages in
different degrees of poisoning. Phenylarsenoxide
was injected subcutaneously as a neutral solution in
0-9 9 sodium chloride solution. Each point in the
figure is an average for a group of three male mice,
except in the case of the 1 day figures with the
larger dose, which are both based on six resulfs.
Phenylarsenoxide caused peripheral lobular necrosis
and fatty degeneration in liver, and diffuse nephritis
in kidney. Damage to both organs was intense 1 day
after injection of 1 mg./kg., with no signs of repair.
After 3 days, repair processes had become evident,
and replacement of damaged tissue was well
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advanced after 5 days. At the end of 10 days,
kidney was entirely normal and liver repair was
almost complete. With the smaller dose (0-2 mg./
kg.), cell proliferation was marked in both organs
after 1 day, and repair was far advanced after 4 days.
Phenylarsenoxide had no effect on spleen glucuroni-
dase, and the histological changes produced in liver
and kidney were similar for both sexes.

258

g

8

Enzyme units/g. tissue
g g

g

1
2 4 (] 8. 100 0 7 4 6 8 10
Days after injection

Tig. 2. Liver and kidney glucuronidase activity at varying
periods after subcutaneous injection of mice with phenyl-
arsenoxide. , 1 mg./kg.; ——, 0-2 mg.[kg. Mean
+8.8. shown for each point.

Effects of various substances on the enzyme in vitro.
All the substances examined for their effects on g-
glucuronidase activity in vivo, with the exception of
pregnanediol glucuronide, were tested for their effect
on the assay in vitro in a concentration of 0-1 9, (w/v).
A solution in the medium used for injection was
added to the citrate buffer and shaken vigorously.
In no case did the presence of the agent in the
incubation mixture affect the activity of B-glueu-
ronidase from normal mice.

Infant mice and partially hepatectomized mice. As
shown in Table 4, glucuronidase activity in spleen,
liver and kidney was much higher in young mice,
ranging in age from 1 to 15 days, than in normal
adults. The remaining lobes of liver in adult mice
(male and female), 3-8 days after sub-total hepat-
ectomy, were hypertrophied. The glucuronidase
level was high and cell proliferation was very active.
In preparing the animals, 609, of the liver was
removed by cautery or ligature under ether anaes-
thesia, the whole operation taking less than 10 min.
There was no difference in the final result between
the alternative surgical techniques, nor at the
various times of examination. One animal (result
omitted from Table 4) was comatose and apparently
about to expire when killed 3 days after operation.
As expected, the remaining fraction of the liver
showed no inerease in weight, in the glueuronidase
activity nor in cell proliferation.
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Table 4. B-Glucuronidase after sub-total hepatectomy and in infant mice
(Results expressed as in Table 1)
Average enzyme activity and s.E. (6.U./g. moist tissue)

Age ) A X & 3
(days) Treatment Spleen Liver Kidney
Adult None 636--70 (23) 273-+13 (23) 363424 (11)

1* None 5100 (3) 1370 (3) 881 (3)

5% None 2670 (2) 1204 (2) 702 (2)

b* None 3820 (2) 1432 (2) 883 (2)

13% None 1521 (2) 2218 (2) G606 (2)

15 None 516942820 (3) 1239149 (3) 727108 (3)
Adult Partial hepatectomy —- 1046-£88 (10) —

3-8 days previously

* Each organ pooled before enzyme assay.

DISCUSSION

Our own results with menthol confirm Fishman'’s
(1940) findings in so far as the enzyme in liver and
kidney is concerned. It seems, however, that Fish-
man suppressed repair processes by overdosage with
menthol, and thus obtained a rise in glucuronidase
which was only a small fraction of that provoked by
the first doses of the compound. No explanation can
be offered for our failure to observe the rise in the
activity of spleen glucuronidase in menthol-treated
mice reported by Fishman, unless the discrepancy
has its origin in the wide variation in its glucuroni-
dase level normally shown by spleen. This variation
one might expect if glucuronidase activity is a
measure of the amount of cell proliferation in pro-
gress.

The present work shows that the effects of men-
thol on B-glucuronidase activity n wivo bear no
relation to its glucuronidogenic property, but are
secondary to its hitherto unsuspected toxic action
on liver and kidney. It seemsimpossible that chloro-
form, carbon tetrachloride, mercuric nitrate, phos-
phorus or uranyl acetate should give rise to a
glueuronide in the body, and yet all these substances
have been found to cause striking changes in glucu-
ronidase activity. Of other substances which caused
a rise in glucuronidase, phenylarsenoxide could con-
ceivably form a derivative conjugated with glucu-
ronic acid, and evidence has been obtained that
sulphathiazole is partially excreted in rabbits as the
glueuronide of a hydroxy derivative (Thorpe &
Williams, 1940). In spite of the very large dose
injected, sulphathiazole caused only a relatively
small rise in glucuronidase activity in mice, and this
was confined to liver. No change in glucuronidase
was observed after injection of two compounds:
which are known to be glucuronidogenic, pregnane-
diol (Venning & Browne, 1936) and sodium sulpha-
pyridine (Seudi, 1944). Itshould be pointed out that
a change in experimental conditions might reveal an
effect of sulphapyridine on glucuronidase in liver,
since it produced some damage in’ this organ. The
effect of menthol glucuronide on liver glueuronidase

was due presumably to menthol liberated by the
enzyme initially present. Fishman’s theory (see
p. 462) provides no explanation for a change in
the enzyme brought about by administration of
a compound already conjugated with glucuronie
acid.

On the basis of the experiments described above
it is not possible to decide whether 8-glucuronidase
is actually coneerned in cell proliferation, or whether
the increases in activity observed merely reflect an
increase in metabolic activity. It is interesting to
note, however, that the rise in the enzyme level
occasionally slightly preceded the first appearance
of cell division which was definitely in excess of
normal. Whatever the cause of the parallelism
between the glucuronidase activity in an organ and
the amount of tissue growth in progress, it provides
a straightforward explanation of the changes in the
enzyme in liver and kidney which follow admini-
stration of menthol and other substances to mice. It
seems possible that the same explanation can be
applied to the effect of ocestrogens on uterine
glucuronidase (Fishman & Fishman, 1944; Fish-
man, 1947), and to a recent observation (Fishman &
Anlyan, 1947), which suggests that in some cases of
human carcinoma the tumour contained more
glucuronidase than the corresponding mnormal
tissue. The possible bearing of our results with
carbon tetrachloride on the finding (Pincus &
Martin, 1940) that, in liver poisoning produced by
this compound, the physiological activity of oestrone
is enhanced is of interest.

It is no longer necessary to speculate on the
probable role of glucuronidase in the body in order
to explain the changes in activity produced by
extrinsic agents. The citation by Fishman (1947) of
the work of other authors in support of his contention
that the enzyme acts synthetically, however, makes
it necessary to consider their results from this angle.
Florkin, Crismer, Duchateau & Houet (1—94?)
obtained evidence for the condensation of glucuronic
acid with borneol in the presence of g-glucuronidase,
but the percentage conjugation was very small under
extreme conditions, and they concluded: ‘Quant &
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savoir si cette synthése enzymatique correspond au
mécanisme rdéalisé in vivo, e'est évidemment une
autre affaire.” In the work of Lipschitz & Bueding
(1939) and Crépy (1946) on the formation of con-
jugated glucuronides by surviving liver slices, there
is no suggestion that the enzyme concerned is -
glucuronidase. De Meio & Arnolt (1944), who
studied conjugation of phenol by surviving tissue
slices, found that gluecuronic acid reversed the in-
hibition of this process produced by iodoacetate.
They also found that feeding phenol and borneol to
rats increased phenol conjugation by liver and
kidney in vitro. Their results are difficult to interpret
since it is known that phenol may be conjugated
with either sulphuric or glueuronie acid. Even if De
Meio & Arnolt are correct in thinking that, contrary
to the views of Lipschitz & Bueding (1939), glueu-
ronides are formed by direct condensation of the
‘aglucurone’ with free glucuronie acid, there is no
reason to believe that B-glucuronidase is responsible.
With regard to De Meio & Arnolt’s second finding,
there is, in view of our own work, na need to
postulate adaptation by the enzyme or enzymes
responsible for conjugation of phenol, since both
phenol and borneol may have caused liver and
kidney damage in their experiments. Results
obtained by Bueding & Ladewig (1939) in studying
the effect of chloroform poisoning in guinea pigs on
glueuronide synthesis by liver slices are of interest
in this connexion. Not only did the liver slices from
the poisoned animals show the usual increase in
glucuronide synthesis on addition of lactate, but
they were apparently more active in forming
borneol glucuronide than slices from mnormal
animals. The latter aspect of their results is not

G. A. LEVVY, L. M. H. KERR AND J. G. CAMPBELL

468
touched upon by the authors. While there is thus
some evidence to suggest that, following damage to
an organ, there may be an increage in its ability to
form conjugated glueuronides, it is at present im-
possible to say whether or not this is due to the rise
in B-glucuronidase activity observed when repair is
in progress, nor is it certain that the glucuronides are
formed directly from free glucuronic acid.

SUMMARY

1. The effect of menthol administration to mice
in increasing the B-glucuronidase activity of liver
and kidney is due to its toxic action on these organs.
The rise in enzyme activity is associated with an
increase in cell proliferation following injury. Men-
thol had no effect on spleen glucuronidase.

2. Among other substances examined, the fol-
lowing eaused changes in glucuronidase in liver or
kidney in an analogous fashion to menthol: chloro-
form, carbon tetrachloride, mercuric nitrate, yellow
phosphorus, phenylarsenoxide, uranyl acetate, men-
thol glucuronide and sulphathiazole. The effect of
chloroform on kidney glucuronidase was confined to
male mice.

3. Livers from adult mice after sub-total hepat-
ectomy, and spleens, livers and kidneys from infant
mice showed high glueuronidase activities.

The authors wish to express their gratitude to Prof. G. F.
Marrian, F.R.S., for the enthusiasm with which he has
encouraged this work, and for a gift of pregnanediol and its
glucuronide, to Dr F. Alexander and Dr A. L. Walpole for
advice in carrying out sub-total hepatectomies in mice, to
May and Baker Ltd. for a gift of crystalline sodium sul-
phapyridine monohydrate, and to Messrs D, Love and R.
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B-Glucuronidase as an Index of Growth in the Uterus and other Organs. By Lyxpa M. H. Kerr
and G. A. Levvy. (Department of Biochemastry, University of Hdinburgh)

The B-glucuronidase activity of mouse liver or
kidney has been shown to reflect the degree of pro-
liferative activity (Levvy, Kerr & Campbell, 1948),
and it was considered that a similar relationship
would explain the rise in uterine glucuronidase
observed by Fishman & Fishman (1944) after treat-
ment of ovariectomized mice with oestrogens.
A comparative study has been made of the effects on
the glucuronidase activities of mouse liver, kidney
and spleen of various measures causing proliferative
changes in one or more of these organs. In uterus,
as in the other organs examined, an increase in the
activity of this enzyme appeared to be associated
with increased growth. A high uterine glucuronidase
activity was observed in infant mice as compared
with normal adults, and the action of oestrone on the
enzyme in ovariectomized mice could be antagonized
by testosterone (c¢f. Fishman, 1947). The value of
glueuronidase figures as a biochemical index of
growth was illustrated by the discovery of new facts
relating to liver and uterus, and it is with these
that the present communication is particularly
concerned.

Afterinjection of ovariectomized mice with 1-7mg.
oestrone/kg., there was a marked rise in liver
glucuronidase. This effect, which was also seen in
normal and castrate males, but not in normal females,

was antagonized by testosterone, itself without any
action on the liver. Histological examination re-
vealed great mitotic activity, with little evidence of
damage, in livers showing the response to oestrone.
Bullough (1946) found that oestrone stimulated
mitotic activity in many organs in the female mouse.
His experiments were, however, confined to normal
fernales, and no effect was seen in liver.

One week after injection of ovariectomized mice
with CHCI,; or CCl,, increases in uterine weight and
glucuronidase activity were ohserved. That this
effect was secondary to liver regeneration provoked
by the toxic agent was shown by further experiments
in which ovariectomized mice were submitted to
partial hepatectomy, with similar results. These
results can only be explained on the assumption that
the body is capable of producing an extra-ovarian
growth hormone for uterus. In this case, there is
obvious need for care in interpreting certain experi-
ments (for example, see Roberts & Szego, 1947) in
which the action of liver damage and regeneration
in enhancing the effectiveness of administered
oestrogens is claimed to be due to a disturbance of
their normal metabolism. In view of the effect of
oestrone on liver, a hitherto unsuspected complica.
tion must be looked for in the action of this com-
pound on the uterus of the ovariectomized mouse.
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Increased B-Glucuronidase in Response to Tissue Injury. By G. A. Levvy, Lyxpa M. H. Kerr

and J. G. CampBELL (introduced by G. F. MARRIAN).

(Department of Biochemistry, University of

Edinburgh and Royal (Dick) Veterinary College, Edinburgh)

Fishman (1940) found that repeated feeding of
menthol to mice caused statistically significant
increases in f-glucuronidase in liver, spleen and
kidney. He postulated this enzyme to be responsible
for glucuronide synthesis in wvivo, and suggested
that he was measuring adaptation by the enzyme
in response to the presence of excess substrate.
Menthol is known to be excreted as the glucuronide
in certain species, but it has not been established
that B-glucuronidase acts synthetically.

Using a new method for assay of the enzyme
(Kerr, Graham & Levvy, 1947), an attempt was
made to confirm Fishman’s findings. Twenty-four
hours after intraperitoneal injection of l-menthol
in oil into mice, there was a marked rise in glucu-
ronidase in liver, but not in kidney and spleen.
Gross liver damage was noted, and it was considered
that this might explain the rise in the enzyme.
On histological examination, fatty degeneration,
necrosis and evidence of repair were seen in the
" liver, while the kidneys and spleen showed little
deviation from normal.

A wvariety of substances known to produce liver
or kidney damage, but in most cases unlikely to
form glucuronides, were injected into mice and liver,
kidney and spleen were examined histologically

‘menthol in their effects.

and for their glucuronidase content. Carbon tetra-
chloride and I-menthol-g-p-glucuronide resembled
Chloroform behaved in
the same way as menthol with regard to liver and
spleen, but produced severe damage in kidney
unaccompanied by any rise in the enzyme. Mercuric
nitrate produced profound damage in kidney,
followed by rapid repair and a rise in glucuronidase.
It had little effect in either respect on liver and
spleen. Phenylarsenoxide and yellow phosphorus
caused severe liver damage with little evidence of
repair. The former had no effect on the glucu-
ronidase level in liver, and the latter depressed it,
favouring the view that a rise in the enzyme is
associated with repair rather than damage. The
results obtained for kidney after injecting chloro-
form could be explained likewise.

A further series of experiments was carried out
with relatively non-toxic compounds known or con-
sidered to give rise to glucuronides in vivo. Neither
pregnanediol, sulphathiazole nor pregnanediol-8-
D-glucuronide affected the glucuronidase level-in
liver, spleen or kidney. No pathological changes in
these organs were observed after injection of the
first two compounds.
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