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SECTION 1,

INTRODUCTION.

The group of disorders characterised by disturbances of
porphyrin metabolism pose many fascinating problems., The druge
induced porphyrias in animals provide a model ﬁhereby these
préblems may 5e.investigated by techniques which cannot pe
applisl tc man., o

Thelconsumption of aleccholic beverages or other chemical
substances has been assogiated with the development of por-
phyrinuri& and porﬁhyria, but it is controversial whetherithase
agéhts are of'primary aetiological importance, or vwhether they
precipitate the disease in genetically predisposed individuals.

The Turkish epidamic of porphyria has shown conclusively
that this disease may oeccur 25 an acquired condition in man,
© and a variety of compounds has been shown to be capable of ine
ducing porphyria in animals.

It is a far cry from the drug-induced porrhyrias in
animals to the inherited porphyrias iﬁ man, and there are obe
vious limitations to the extent to which the two corditions may
be usefully compared. Many points of similarity are neverthe-
less apparent. ‘

In the so-called "hepatic" foyms of the disease - and it is



nainly with these forms that this thesis is concerned -
haemotological disturbances have not been significant in
either.

Gastro-intestinal and neurological disturbances are
prominent in both, although precise manifestations may differ,
Although cutaneous lesions have béen deseribed in the
rat, photosensitivity has not been a feature, and it is of in-
terest that whereas it was a pronounced symptom in the Turkish

epidemic. hexachlorcbenzene (HCB)-induced porphyria in
animals has NOT had this association. As regards the in-
Vherited forms ofv porphyria, photosensitivity has been noted in
certain fomms, énly. in man, and in cattle,.but not in pigs.

Such differences may be as 2 result of different
mechanisms of the disease process, or may reflect speéies
variability. A consideration of the literature on the drug«
induced‘porphyrias revesls marked species differences as
regards their biochemical and c¢linical manifestations, ard also
a significent influence of the nature of the drug used,

One important common feature is shared. In both experi-
mental and naturally occurring porphyria there is an excessive
excretion of haem precursors. IThis alone is $ﬁfficient jus=-
tification for stuvdying animals with the drug-induced disease
in the hope that a pattern of metabolic abnomality would

emerge to serve as & basis for a rational approach to research



on the disease in man, and which might contribute towards an un-
derstanding of the pathogenesis of the porphyrias.,

Barly studies in the field of experimental porphyria were
directed principally towards documenting the patterns of por-
phyrin é.nd porphyrin precursor accumalation and excretion, and
the elinieal and pathological cfx-anges which occurred + Other
varameters have also been investigated, and biochemical de-
rangements have been demonstrated which have no apparent direct
relationship to haem synthesis,

The existence of an inverse relationship between “the level
of dietary carbohydrate and the clinical and/or biochemical
severity of the porphyric state in both allylisopropylacetamide
(AIA)-induced (219), and acute intermittent porphyria(340) has
peen cne such observation,

The present investigation was stimulated partly by this
finding, and partly by demonstrations of the influence of various
substrates of the centml glycolytic pathuway,; the citric acid
cyele and certain amine aecids on por;&lyrin metabolism in_vitxo,
The activities of some of the enzymes concerndl in carbohydrate,
protein, citric acid cycle and porphyrin metabol:ism»have béen
measured in the livers of rats rendered porphyric with several
drugs. These have been compared with levels obtaining in con-
trol groups of animals,

A summary of the parameters studied is shown in Figure 1.
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comprised a measurement of:-
Urinary excretion of ascorbic acid.

Liver glucose-6.phosphate dehydrogenase (G-6-P.0.)
acg tiVity.

Liver pyruvate kinase activity.
Liver lactic dehydrogenase activity.
Liver isocitric dehydrogemase (I.C.D.) acti&itf;

Liver glutamic-oxaloacetic transaminase {G-0.T.)
activity.

Oxidation of glycine-l-cla and glycine-z-cll* by liver
homogenates.

Ammoacetgne synthesis by isclated liver mitochondria.

delta-Aminolaevulic acid (ALA) synthesis by isolated
liver mitochondria,

Liver delta-aminolaevulic acid dehydrase activity.
Oxygen .consumption by liver ‘hdnogenates respiring on
endogencus substrate, and by isolated liver mitochondria
respiring on exogenous substrate.

Liver catalase activity.

Liver porphyrin concentrations were measured as

an index of the development of the porphyric state. .

' Three drugs known to be capable of indueing porphyria were

used initially. These were dicarbethoxydihydrocellidine (DDC),

ATA, and HCB.

The levels of activity of a number of these enzymes were

also measured in the livers of several patients with perphyria.



The findings are presented in the full awareness that
measurement of enzyme activity in vitre may in no my‘ reflect
the physiological conditions obtaining within the cell.

However, there do seem to be grounds for believing that such
measurements may be relevant to metabolic processes m

Moog (209) demonstrated that a decreased activity of cyto- _
chrome oxidase in embryonic tissues was associated with a |
decreased oxygen uptake by the intact embryo, and she cited
several examples suggestive of a relationship between measure
ments of enzyme activity in vitro and function in yivo,

Many of the examples of changes in enzyme actiw_tity des-
eribed consequent upon various dietary regimes seem to bs
logically. predictable on a functional basis. Hepatic Gu6-P.D., -
hexokinase, and the ',j—pho‘sphoglycemtej-pymvate span were |
diminished in activity with fasting, or a low carbohydmte diet
(325) - vhen the supply of glucose was diminished. G-0.T. and
glutamic-pyruvate transaminase (G-P.T.) activities, conversely,
were increased with fasting (250) - when tissue proteins were
being catabolised. ‘

Moreover, increased levels of ALA synthetase activitj asb
measured in vitro have been asséciated with the accumulation of .

" porphyrins in thé intact animal,

It is felt that these emm;ﬁleé. while by no means conclusive,

do justify the presentation of data obtained from measurements of

enzyme activity made in vitro,



| In Section 2 %hé porphyrin hi@éynthetic pathimy is con-
| sidered with specisl emphaszis on those of $ts a2spects with which
the pmse,nt inﬁesstiga-ti@n has been partiocularly concorned. -
Dot walating to this pathway which have ‘emergéi from this invése
tigation are presented, |
hspects of ageorbic scid and aminoscetone synthesis and
metabolims are alnd deseribed,

., In Section 3 the literature rolating to the drug-induced
porghyrias 35 reviewed., The various cempounds which have bewn
assoeié,teﬁ with the induction of porphyrinuria and porphyida
are ‘eenﬁiderc:i;,i and, in particulay, the influences of Sedoymid,
AlA, DDC, HCB and grtsesfulvin administretion on p@iphyzin
metabolism, and aspects of meteboliam in genersl, are &n&lys@;

The e‘xpat"i.ménml methods that have been used -are described
in Section b,

_ﬁeveml factors have been shown to influence levels of ene.
zyme activity as measured in yitro, and these factors, both as
yoported in the literature, and as they have manifested in the

‘ present inmétiga%i@n are congidered in Section 5.
Segtion 6 comprises & detailed presentation of the data
@bta.inef;i in these invesiigations.

In Seotion 7 the gipgnificance of the eyperimental findings



is discussa‘l; with partioular ssphasis on their contribution to

an understanding of the peathogenesis of the porphyrias.



SECTION 2,

Recent re#iews of this subject include those by Watson (329),
Shemin (284, 286), Rimington (239), Schmid (262), Eales (86),
Gibson et al (113), Bogorad (21) and Meuzerall (201).

1. BIOCHEMICAL PRECURSORS.

In 1945 Shemin and Rittenberg (294) wrote:- "The nature of
the precursors employed for the formation of the protoporphyrin
of ha'emeglobin has been the subject of much speculation”.

They then demonstrated by experiments with Nio- labelled .
glyeine, leucine and ammonia fed in the diet, that glycine was
utilised directly for haen synthesis.

In the same volume of the Journal of Biologiéal Chemistry,
Bloch and Rittenberg (18) had shown - while investigating the
metabolism of acetate and its relationship to cholestercl arnd
fatty acid metabolism - that the haemin isolated from the blocd of
rats fed deutericacetate contained significant amounts of deuterium.
They noted that condensaticns invelving acetoacetic ester aml
ammonia had been shown 40 yield pyrroles (Knorr synthesis).

With this knowledge, Shemin and Rittenberg (294) postulated in
their original arjt.icle on the subject that glycine might condense
with an acetic acid derivative in & Knorr type of synthesis to

yield pyrroles.



The role of gl:yci'ne waéu véan‘ﬁméd hy snhaequent work- i‘rom
this laboratcry (235. 295, 2.96. 31#») and by Huir and
Eeubarger (210 211)@ It waq shom that the nitmgem atoms of

haem ware all derived fmm glycine and were mt contrihuteﬁ to by

pmline, leucine. aanronia,. glu?‘f‘j c acid (2953 or ethanolamine :
,(21@) excem ﬁ.n g non—specific mamer' nd Grani.ck (131&) fcmzﬂ
- that. only glyc;flglycine and ethylglycinate eeuld replaee glyeine

in the s;mthesis of pratcporphyrin.

‘ The ‘initial s m:lieu were perfomei 3 7
and rah!?;‘o.t@. In 1918 Shemin e?' al (293) repartad the devaloment

. ef an t. system i‘cr the inves‘bigatmn of ha.em synthesis.

: They imubated red cella fmm t.he pempheml bload of dueks - j
- chosen because o; theiz' hzgh cmtent of nucleated cells, amﬂ, »
‘__accozﬁ:.ng ‘ho legem, | becnuse ef Shemin’s pax'tiali‘by far raast duck - )
- with Hls-glycine and demonstmt«ed its incorpuration mto haam. |
This experiment pravide& a pmtotype for much of the subsa:;ueﬂt mrk
‘on porphyﬂ.n metabe}.im. _ S |
"iﬁhmugh t.racar stmdz.ss and degradation techniques the alpm
'c_.rbon of glycine wae shown o contnbute 8 of tha 3 carhon atams
of protopemzyﬁn, while the carboxyl atmn wag not. utilised for
};orphyrin sy 'xthe"is (211. 235, 28!&. 286) These carbcm atoms were
‘ alm,y.s to be found in’ _the-mgfbhene bridges and in cormgfmﬁmg

positioms in each of the four pyrrole rings (284, 3u5).



_ The remaining 26 carbon atoms were shoun to be entirely de-
rived from acetic acid (299) amd for this purpose the methyl earbon
aton was more efficiently wtilised (211, 2599) « This work, ina
negative r;é.»tmer; confirmed the distribution of the carbon atoms des
rived from glycines : |
Radiocactive _strxd‘ieé ard caleulations pointed to acetate heing
u%iliseé through the 'trieath@lie acid eycle(37IThe distribution
of activity eliminated the dicarboxylic acids and pyruvic acid as
direct precursors, bu*i: wag in aceoﬁﬁ with that theoretically pre-
dicted should .alp!qa;ketcglutam;e be the“‘preeﬁ'rsor. ‘These siuﬁieﬁ ‘
suggested the v:g;az;ﬁieipatmn of ar ungymmetrical compaund ari s;ing
fr;m botﬁ alpha<ketogiutarie and suceinic actds. It ws necessary |
o _pést.vilate such a&erixrative in order to akpiai.h the axzéttem of
zadif.oactive distz’ibutzian unless the conversion of alphaeketog‘luﬁaric 7
acid to muceinic acid were reversible, and in mammals this haﬁ. heen
shét-rn not to be 0. Shemin and Wittenberg {(299) postulatéé that
this commund was probably a succinyl-noenzymed complex ~ an inter- |
medi.ata of the alpha-ketowlntamueasuocimte reaction, .
- Support for this concept was devived from the demanétm%ien
of the formation of succinyl-—eoenzymem from mlpmf-kew;gmtamée in
the presence of coengyme A and DPR (254) and from studies ’ey Shemim
and Rumin (291, 292) who showed by differential labelling of
. guccinate, and inhibition hy malénate, that sueeinate feme:l

' I_ succimyl-caenzyme A directly i‘mm succinate, and vi.a tha-



tricarboxylic aeid cycle théaugh* a‘l{ﬂaaaketegla;tamte. Several

years later, in 1958, Laver gt 21 (191) demonstrated ALA synthesis

from sueeinyl~coenzyme &, ard Kikuehi et al (196, 177) and Shemin

and ¥ikuchi (289) showed that the rate of synthesis of ALA in the
systems used ms-]gireater whﬁﬁ succinyl~coenzyme & gerved as sube
strate then it was when succinate, coenzyme A and TP did, from
waich theﬁ coricluded that "active" muccinate was the coenzyme=A-
compound . | v

Thus the concept emerged of an initial step in parpﬁyr'in'
bicsynthesis in which there ws a condensation of 8 molecules of
glyeine with 8 molecules of an acetic acid derivative - ,"’aéti&re»‘"

succknate, ﬂouevef. in 'tl;xe early 1950's there was doubt és té
%.he_'metl;ctad of this ccnﬂenéation and several suggésti@ns wené b
formard to aceoun‘b for the "extra®™ carbon atezhs of gly’cﬁihe - in
‘excess of the i+ nitrogen atoms - in the pfatc-parphyrin méleéﬁlm

In 1953, Shemin and Russell (297) demonstrated that "the éo:h—
}ao;m& delta~eminolaevulic acid could replace the two substrates,
Tactive" succinate and gl:g'cine. in porphyrin synthesis.

Horsvoer, Ald was shown to be the decarboxylated product of
‘alpha_amino-betaaketcadipie acid, & substance fommed from the cone
densation of ‘active succinate with glycine. \

Neubsrger and Scott (.glﬁ) set out in 1952 "to synthesise a

number of products formally depivable from glycine condensed with

11



ane or two moleculss of e&ecir;ié. éxc‘:ﬁﬂ which might be intermediate
in the conversion of glycine and succinate derivatives to
p@rph;mﬁns"'s ~ One guch product was alphaafamﬁ.noabem}akeﬁoaﬁpm
acid and it ws thought that thie compourd would undergo |

ciecar‘sm;ylatmn to yisld AL&,

The condensation of Magtive" succinete and glycine “ils mlieveﬁl
| 1o be enzyumtiealiy controlled by the enzyme ALA synthetase, which
catalyses the veastiont |
Suceinyl«coenzyme A + Glycine - alpha-&ﬁine«_%eta—kemadipie_éc‘iﬁ +
coenzyme A, ‘ »
élphaaamiﬁeabetaakatoadipic acid is then ihaught to undergo
spontaneous déaarhmquation to delta«aminclaevulic aei&i and carbon
dinx‘i&ec. This enzyme is though‘t to be present in all cella cons
taining either haemsprteins or chlorophyll (113). |
6ntil the work of Laver, Reuberger and Udenfriend {191),
- evidence for the existence of thxs enzyme and knm:ledge of the
faetars influencing its activity wWas largely indirect and in-
s:,'st.sms produced very

farential-. as all the available in viiro

1ittle AlA and metabolised it s¢ rapidly tha‘b it sould not be
measured, HWork was thus mainly concerned with factors a ffecting
haem and wvorphyrin synthesis, N

In 1958 Laver gt 21 (191) showed that the supernate of read

ecll haeémolysates from chickens treated with pheuylbydrazine and



acetyl-phenylbydrazine, had, after centrifugation at 3500 g. for

30 minutes, only 10f of the activity of the whole homogenate for
- haenm synthesjjis. The washed particles separated by centri-

fugation could synthesise ALA from glyﬁine ard succinate, and it
was not metabdlise;‘i further.

In 1954, Shemin, Abramsky and Russell (287) had shown that &
soluble, cell-free extract of duck exythrocytes could synthesise
protoporphyrin from ALA, but that on hbmogenisa‘ti.an of the cells
the functional activity of the enzymes snvolved in the conden

- sation of succinate with glycine was lost.

E That ALA s actually synthesised in yivo was suggested by
the observation of Granick ahd Vanden Schrieck ‘(1143) who i.:séla-‘bed
ALA fyom the urine of & @.tient with acute porphyria - an . |
observation which has since been repeatedly confimmed.

{al). ] |

Granieck {13%) and Granick and Mauzerall (138,) considered that

since €lectron iransport systems, oxidative phosphorylating systems,
and eitric acid cycle enzymes were concernad in &LA synthesis, and
since mitochondriz had been shown to be concerned with these
‘a.spects of metabolism, mitochondria must be active in ALA synthesis,
Granick and Urata {142) were able to synthesise ALA using
mitochondria from thé livers of guinea pigs acutely polsoned with
ﬁﬁc. - Miyakoshi and Kikucni (208) ‘detected enzyme activity in

ritochondria from the livers of AlA-poisoned rats, Ginshurg and
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965@1@ {116) demonstrated IsLA ssynthétaé@ activity in mitochondris
from m)&-po:.smed rat livers?@v and émyme activity has been detecs
ted in the liver mitochondris of HCBe and Rﬂ-,p@iécne& mts‘;-\(this
thesis). | |

Laver gt al (191) could find no evidence to show that
erythrocytes contained mitochondrie, and they did not k‘ncm whethey
‘enzyme activity was associated with eell nuclel, cell mmbmne or
sone other cell Ic@nstituent which might be present in the nueleay
fraction. Sano gt al (op cit 257) have since described distinet
mitochondria near the miclear membrane of chicken erythrocytes.
| Brown (27, 28) denonstrated encyme activity in the centrie
fugate of washed, lysed fowl red cells, centrifuged 2t 1800 g for
15 minutes and Granick (13%) showed that when frozen and thawed
solutions of chick red celle were centrifuged for 1 hour at 20,000
g. the sﬁpemaﬁant solution could not form porphyrins from glycin,ef

Kikuchi gt gl (177) concluded that the enzyme systen i'eﬁ?fm-
sible for ALA gynthesis in a cfentzﬁ'.:mge& extract of ‘
Rhedﬁpseudomms spheroides wes present in very small pé:rtieles in
the supefnate, but in oither communications this group (196, 289)
demonstreted the synthesis of ALA by pa“r-‘eﬁ.cle-free extmets.o‘f R,
_ spheroides ;anéi of Fhodospirillum rubrum. Shemin &t al {290) |
demonstrated ALA synthetase activity in the supermate of an Re

spheroides preparation centrifuged et 100,000 g for 30 mimutes.
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Figure 2. Effects of excluding & variety of components from
the incubating medium on delta-aminolaevulic acid synthesis
in vitro by intact mitochondria from the iiver of a rat
treated with DDC for 6 days.

R *
Factor lacking. None  Citrate Glycine Pyr.ph. DPN. _ATP

ALA formed * .2 16 1.2 21.6 26 27

*  mumoles/2hours/mg. mitochordrial N,

4 ATP added to usual medivm. {see Section 4).



Lescelles (169) and Cibeon (111} alsc demonstrated enzyme

activity in cell-free extracts of R. spheroides.

{b). Bature of
In a1l the in ¥itryo systems employed to étﬁ&y ALi-synthetase

activity,; certain essen:tml factors have had to be' pmvi.vi@d .v .

These rave inc"i,udeﬁ glycine, tricerboxylic acid eyele intermediates,

and a variety of ‘cofactors.

Brown (27) in 2 chick red cell system, showed that masximum
s;;mthesis of ALA cocurred with glycinesat a eonc»entifation of 30m-
M/L. Dresel and Falk (82) hag yréviouslgr shown that anove a
concentration of 56mM/Li. porphyrin sgrnrti:xesi; in = similar ‘Ey’:’si?em
was maximal, and independent of glyciné concentration, and in
another study (81) 15mY/L. wms regarded as the minimum concen~
tration for maximum activity, laver gt al (151) found the
optinum glyeine concentration for ALA synthesis to be 67 mM/L.-

. and showed mo iphibitien by excess of glyecine, Uoldberg gt al

(125) noted optimum haem synthesis at a2 glycine eoncentfatidn of
50 mM/L., | |
Oranick end Urata {1%2) used glye:ine in a eonc@ﬁﬁratim of
50 mM/L., as did Miyakoshi and Rikuchi (208). Izw the m.mlar
studies described in ihis' thesis, glycine was used in a concen=
tration of 86 rmM/L. V
In the absence of glycine from the medium, CGranick and

Urata (142), and Oibson (111) ecould detect no ALA formation, -and



in my om c#‘i‘.mliesa none was fo:med under t,hecse circums‘tances either.
(F:.gure 23
. (ii-)n kg o

Granick (134) found that in the presence of glycine all mem-
ber@ Qf the eit.ric acid cycle at 10 m M emcartrations, excep?.
oxaloaeetate, enhanced protoparphyrin famtion in hﬁ,s red cell
system_. _

Citrate and D-isocitrate were found by Brown (27) to result
$n the highe%t yields of ALA, and to be superior ta wuccmate and _
alpha-kato_glutazate as substrate. Other members of the eitrie |
a;zid c_ycie,si;udieﬁ - fumarate, mlate. and oxzloscetate - resulte’i
in the fomation of 5‘::1;»— minimal ameunts of ALA.

He ﬁsad’ succinaté in a 10 m ¥ ¢concentretion, and observed no
’ :inhibitoﬁ effect wnen it was present in excegs. ‘Gdléberg- et 51
‘ (125) could detect no influence of succinate upon haem syn‘tmeéijs
in a chick red cell system, while added scdium citrate at a 6 m M
- goncentration enhanced haem gynthesis by 1.19%.

Granick and Urata {142) found that succinate in high concen-
tration inhibited ALA fomation. When Brown added succinate as
a2 gecopd substrate, an inhibitory action sas noted [27) Fumarate,
malate and omlcacétate also de'pfessed ALs formation when so
. added - an effect ascribed to their suppression of oxﬂ.datiﬁe de-
carboxylation of alpha-ketoglutaric acid. |

~ Laver gt al (191) found alpha-ketoglutarate to be more

effective as & precursor of ALA synthesis than was succinate, but



observed an inhibitory effect &t high concentrations.
‘alpha-Ke‘ﬁleutamte was observed by several. éu%hcrs to inhibit
the condensation of succinyl-coenzyme 4 with glycine (27, 176,
177, 290).

Snecinyi’.coenzyme A it.se’lf_imd a sl‘ightly‘ inhibitory effeet
when added to an intact partiele system {112),, but was readily |
utilised for ALA synthesi:s by frozen and ‘bhaweﬁ particles 1(112-—.
142) - a system that was incapable of utilising other members of
the cycle for this purpose even in the presence of added coanzyme
A,

Brown {(27) found that when a ﬁﬁcarboxylic acid cycle inters
mediate was excluded fra_zﬁ *t-;?ne system, ﬁrﬁually’ nio ALA was fome@l
In my own investigetions I fourd that this reduced ALA formaticn
by only 50% ‘(F:‘igum 2) ~ which presumably indicates the pre‘sence
of endogencus substrate.

[

In 1957 Schulman and Richert (273) while studying the incor<
poration of radicactive glyeine; succinate, &LA ard PEG into haem

by avian cells in v

itro, showed that blecod samples' frem vitamin -
B6-deficient ducklings incorporated glyoine ard succinate into haem
- at a reduced rate, while ALA incorporation wmas essentiaily noemmal,

Addition of Wﬁdoxal phosphate, or pyridoxamine phosphaite restored
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the rate of incorporation té normal, Other pyridoxal compounds
were without effect.

The importance of pyridoxal phosphate in porghyrin metabolism
was ba}lao shown by Lascelles (188),who studied porphyrin synthesis
by cell-susgensicnz of Tetrehymena vorax {a protozoon), and by

Laver gt al (191) and Gibson et al (112), who demonstrated directly

its influence on ALA synthetase activity in chick haemolysate sys-
tems, Its role in chick haemclysate systems wms also demonstrated
by Granick (134) and by Browm (27), who showed that exwvlusion of
pyridoxal phosphate resilted in a 50F redustion in the yield of ALA,
Its importance in bagterial systems has been demonstrated too. |
(27, 111, 177, 289, 290).

In mammalian systems ite significance was demonstrated by
Granick and Urata {it2). The absence of added pyridoxal phosrhate
resulted in a 37% redﬁction in tho amount of ALA synthesised, X
found a reduction of 29% in ALA formation when py'ri;dbxal phosphate
was excluded from the medium. {(Figure 2). |

The mechanism of participation of pyridoxal phosphate was

discussed extensively by Kikuchi et sl (175), Neuberger (216) amd
also by Gibson et al. {112, 113). Added pyridomal phosphate is
50 bounfi_ that it is not removed by dialysis. It 4s believed that
it combines with a specific eﬁzyme protein - possibly through its
phdsphate group - and that it can react with the amino grauié of

glycine to form an aldimine { or Schiff's base ) which can then
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react with suceinyl-coenzyme A to form a new C-C bond.
{ii) Sther B group vitamins

These were studied as regards their influwence on porphyrin

synthesis by Lascelles (187, 188) who showed that the addition

of any of nicotinic acid,k thiamine, riboflavine, pantothenic acid,
folie acid,. thioccetic acid amd pyridagal, vith the exception of
pyridoxal, 4id not increase porphyrin synthesis. Houever; s de—
ficieney in riboflavine resulted in decreased porphyrin synthesis
from both glycine and &LA. Deficiencies in rentothenate, nicotinie
acid, thiamine and thioctic acid resulted in some reduwetion 'i':i:‘n
porphyrin biosynthetic activity from glycine, but not frem ALA, -
an effect most marked in pantothemate deficiency. No effect wms
observed in folie acid deficlency. | |

Biotin was at one stage regarnded by .ﬁeubergerv(’zlé} .as .
faetor exercising an effec:l‘. on ALA synthetase activity, but de-
crsaéed p@rpﬁyrin éynthesis‘hy biotin-deficient organisms (187,
190), wes subseguently shown to be unrelated to ALA synthetase aeg-
tavity. (113).

Hicotinamide had previously been shown {8L) to exert no
influvence on porphyrin éynthesi.si ard thiocctic aecid was shown by
Brown (27) to increage the synthesis of ALAwhen alpha-
ketoglutarate or isocitrate served as the substrate, but to .haﬁre. -

no effect whon succinate was uvsed,



In 1954 Dresel and Falk (B1) had demonstrated an enhanced
synthesis of Cu't protoporghyrin asster on the addition of boiled
-yeast extract to thelr system, and this may have reflected - in

part at least - an influence of B group vitamins upon 8LA syn-

thetese activity.

ATP was shown to stimalate the synthesis of porphyrins (81},
» ,

It ws fourd to stimulate ALA synthesis when succinzte served as
the substrate, but to produce siight, yet reproducible inhibition
when alvha-ketoglutarate dr isovitrate wvere used asg sz;hs‘tmt;eéi
(27). . Increased synthesis of ALA by bacterial systems in the
presence of added ATF was observed by several authors. (176, 177,
269, 290). |

I observed a slight decrease in ALA synthesis on the aﬁditiop
of ATP to the medium, citrate serving as the snbetrate. {Figure 2).

{iv) Coenzyme 4, |

Coenzyme 4 was shown by Brown (27) to stimulate ALA synthesis
from each of the Krebs' cycle intemmediater and its stimulatory
effect was also observed by others. (111, 134, 191, 283).

Granick and Urata (142} did not add it to their system, and
1 have also not used additional coenzyme &..
{v) Diphosph

Dyesel and Falk (81) observed no effect on porphyrin for-

mation ob the addition of DFN to their chick red ccll system,
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] '1‘hes first peir of celwmns showq the effect of
excl\:dirg EDTA from the medium, when the amount of ALA gyne
thesiced by intact mitochendyia froam the liver of an animsl
poisuned with AXE for 24 hours, was refuced from 86 to 31
mumcles/mg. mitochondrial ¥, (2«hour incubation period).

The second pair of columns shows the lack of effect of
incubating the system in an atmospheve of nitrogen. 119
mumoles ALA wera synthesised in air, zmd 122 in nitrogen -
per mg. mitochondrial %/2 hours.

{Two separate experiments).



Gibsen gb.al (112) could demonstrate only a emsll effect of added

DPR,- alth@ugh uith frozen and thawed particles it r& tored some- »
what Aheir ability to utilise alnhauketoﬁ,lutamte. An enhancing
effect. was demonstrated by Granick. (13!&)& I was é-ble to demone-
sﬁz*eftev only & very small reduction in activity on excluding DPH
from the me‘_dium::- (Figure 2).

(vi) Yaenesiums

::riagnesmm chloride was Shom. by Dresel and Falk {81) to 5
exert no effect on porphyrin .s’ynthe:sis;, but Mghtions have |
repesiedly boen Shown o stmula-te'm,a synthesis(176, 187, 19_3.«:,%
?89) and were aaaea to their media by Oranick and Urata (142} and
by Gibison (111). Additonal Mg**mns were suuplie& tc the pre= .
pamtiei:s in the present study too. ‘

Gibson et _al (112) could detect no activation by Mg*'ions fm

@ frozen and thawed red cell system..

Laver g_t_,_gl (191) showed EDTA to cauce considerable aé‘ti;
Kfa»tien of 4l.A synthesis by an intact red ceoll system. hu‘t, only.
slight activaticﬁ s ohserved by Glbson gt al (112) in a pi.*_eav |

paration where the eells had beefn frozen and thawsd, - 'Gi-aniék
| and Urata (142) ﬁmonstmted a marked stimulatory effect mf mTA
on the f&é,‘synthetas@ activity of guinea pig liver mtgehcnarlai
and I have demonstmated a similap vronounced effect on the ac-

tivity of mt liver mitochondria. (Figure 3). Miyakoshi and
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Kikuchi (208) found the exclusion of EDTA from a rat li,var mito
chondrial prezaamti.on to refuce the yield of ALA by 70%

EDTA is thought to act through maintaining the structural
integrity of the mitochondria, and experimental evidence in
sup;zort of this'posi:ulaﬁte wae discussed by Gmnick and Urata(inz).

(viid) Iron, | |

The role of iron is somewhat contenticus. | Lasceil@s? (188)
demonstrated almost complete inhibition, by iron ,sal‘ﬁs, of
porphyrin synthésiﬁ from glycinve and alpha-ketoglutarate by R.

" spheroides, while such synthesis fmm ALA was not pmv&vxted..f She
also showed that iron increased baéteriéchlafephyll synthesis but
diminished porphyrin synthesis, by R, spheroides grown aerchically
in the light (189). With Tetrahymens vorax preparations, iron
salts decreased, but did mot abolish, porphyrin synthesis frem
both glycine gnd ALA.(188), ” |

In a later article Burnham and Lascelles (35) suggesteﬂ that
the inhibitory effecta of ircn might be mediated through the for-
mation of an imn—porphyﬁn complex. which through sueh an effect

on ALA synthetase aetivity might prevme for a biologieal eontrol

mechanism of porphy rin synthesis. ‘
Drescl and Falk (82, 83) showad that belcm a concentration
of 2 x 10°3 B, ferrous sulphate resulted in some increase ﬂ.n haen

production, but with an eguivalent fall in the amount of free



protoporphyrin formed by an intact chick red cell system. At
higher concentrations complete agglutination of the cells
occurred.

Brown (28) felt that ivon vas important and necessary for ALA
synthesis and cited several arguments in favour of this point of
view, namely:i- that Duesberg had shown a decreased porphyrin ex-
cretion in patients with iron deficiency; that Heilmeyer and
Flottner after intravenous injection of ferrous ascorbate had
demonstrated a synthesis of haemoglobin in excess of that cal-
~ culated for complete utilisation of the ire‘ﬁ supplied; that
-Pappenheimer had demonstrated a stimulatory effect of added
ferrous sulphate on porphyrin synthesis by C. diptheriae, although
it had' been inhibitory in excess; and that imn was known to be
necessary for chlorophyll synt&xesis in plants, although chloro-
Fhyll did not contain this metal. _

‘Brown himself demonstrated an inhibition of ALA synthesis by
ad;iaﬂ iron, salts in freshly prepared systems, but in aged pre-
parations (stored for more than 24 hours), ferrous salts caused

significant stimulation. From these observations he concluded
that ferrous iron was used at some stage in the synthesis of ALA -
, possibly in stabilising the Schiff base fommed between glycine and
pyridoxrl phosphate, He eoncilude_:l that vhen in excess these
fsaltsv proved inhibitory, but when, with aging,. the endogenous

iron ‘had‘ been oxldised to the ferric form, addition of ferrous

oD
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iron - or of a reducing agent - restored the activity of the
proparation. '

An inhibitory effect of 4-«'- dipyridyl, a potent ferrous
iron chelating agent, uwas felt to emphasise the significance of
these ions in the reaction. |

Patwardhan (231) démonstrated a role for ferrous iron in
enzgymatic transaminations - reactions also dependent upon

pyridoxal phosghate as cofactor.

These were found to be stimulatory in frozen and thawed pre-
parations (112), an effect believed to have been due to the
enhancement of the formation of DFN and glutamate from DPRHp amd
alpha-ketoglutarate. Increased amounts of DFN were believed then
to favour the conversion of élpha-keboglutarate to succinyle
coenzyme A, | _

This may also explain the stimulatory effect of added DEN
observed in these preparations.(112).

Ammonium ions were shown to be important by Lascelles.(187).

(x) Buffer. |

The nature of the buffer employed in the preparation has
been shown to be of very great significance. Laver ﬁts_gl(lgl)
demonstrated optimum formation of ALA when phosphate buffer was
used, and showed that replacement by borate, barbitone, or Tris
buffers reduced the ambunt of ALA formed, The superiority of

oD
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Eiguye b, Influence of the nature of the buffer on ALA
synthetase activity of mitochondria from a rat poisoned with
DBC for 6 days.

The shaded columns show activity in phosphate buffey, and
“the ¢pen columns in Tris huffer. '



~ phosphate buffer was also demonstrated by Oibson et al (112).

I studied the influence which the buffer might have upon ALA
synthesis and have confimed the inhibitory effect of Tris buffer.
(Figure 4). Oranick and Urata (142) on the other hand employed
Tris buffer in all their studies and showed 8 decreased ALA
synthesis - in atmospheres of nitrogen « at high inorganic phos-
rhate concentrations, Miyakoshi and Kikuehi (208) fourd the
exclusion of inorganic phosphate to inecrease the yield of Mby
60% under anaerobie conditions, but under aerobic conditions the
yield of ALA was highest when inargariic éhdsmate was present. '

. {xi) Oxvzen,

An absolute reguirement for é;qrgen was demonstrated’ (112'.13!;.
191) for the synthesis of ALA, and anaerobiosis prevented protce
porphyrin formation, (82, 188),

. Contrary to these findings, in the preparation that I used,
ALA synthesis procesded nommally in an atmosphere of nitrogen
(Figure 3), while Granick and Urata (142) demonstrated enhanced
ALA synthesis in nitrogen. Miyakoshi and Kikuchi (208) reconded
a slight reduction of ALA synthesis under anaercbic conditions.
Gibson (112) found that frozen and thawed mitochondria did not
require oxygen for ALA synthesis, and Shemin (285) stated that
uging & crude preparation of duck red blood cells both
ket.ogl\_xtaric-acid and succinate were converted to haemin‘in an ét—

mosphere of nitrogen. Lascelles (190) found that ALA-synthetase



synthesis and activity were ihhibi_.ted by oxygen in cultures of
Rfspheréiées grown in the 1ight, and Falk et al {94) found ihat
the biosynthesis of ptatopex'plmyrin and haan in chicken erythro—
cyte preparations appeared to bo regulated by oxygen tension, '.
and showed. increased Bynthés.ié with rising ténsions o & magimum,

and then a diminished 'esynthesiré‘ with further increases.

.+ (1) Freess
~ The effect of freezing and thawing the mitochondria has been
-;1nvéstigat.ed by Gibson et al (112), by Granick (13&35 by Grantek
and Urata (142) and hy Granick ard Mauzerall (138). | ,
| Frozen an&. thawed mitochondria lost their ability to syn-
thesise ALA from glycine and alpha-ketoglutarate or succinate,
but were able t0 do so when suceinyl-coensyme & was employed as
substrate, Intact mitochondrde were unable to utilise suceinyle
c¢oenzyme & for this purposs. |
It was suggested (138, 138) that steps in :the’ synthesis of
ALA from glycine might require coengymes and other substances
which became diluted out on damaﬁe to the cell membrane, or might |
require enzymes readily damaged in the process of freezing and |
thawing. | ' |
That the inability of frozen and thawed particles to syn-
thesige ALA from glycine, and succina‘té or ‘al‘-p‘ba-ketéglutamte
‘was due to ensyme defects in the frozen particles was shctm. by

" the restoration of activity on the addition to the medium of



either bacterial succinic thiokinase, or alpha-ketoglutaric
dehydrogenase, glutamic dehydrogenase and ammonia (to preoxidige
reduced DEN). (112).

| The inability of intact mitochondria to utilise added
‘succinyl-coenzyme A was attributed to péme%ability barriers.(142),
(d). Inhibitors.

Studies involving the inhibition of ALA and pcarphyrnin synh-
thesis by various compounds have added to a knowledge of the
biéchemiétx:y concerned. ‘

Several amino acids have been shown to inhibit the synthési.s
of pratopérphyrin from glyeine (134, 138). Grenick {(134) con-
sidered that this might provide for :a céntml meghanism of ALA
‘synthesis. He postulated that a partial block might be removed
when these aminc acide reached a low cfmmtmtien in the cell
 relative to glycine. Such a mechanism might have been a factor
in the increased excretion of porrhyrins observed by Lascelles(187)
in aged cultu‘res of R. spheroides - when amino acids were probably
depleted in the mediunm.

Pyruvate has also been shown to have an inhibitory effect
(113, 134, 284, 290) - an effect that was completely overcoms by
the a&&iﬁim of Aalph'a-ketoglutamte {134) or by other members of
the citric acid cycle. (284). It was suggested that the effect
might be a competitive one, pyruvate competing with succinate to

form aminocacetone; or that there might be competition between



pyruvate and alpha-ketoglutarate for coengymes. Similar
mechanisms may be active in the inhibition observed by alprha-
ketobutyrate and parxaPyruvate. |

Inhibition of porphyrin synthesis by inbibitors of the ¢itric
acid cycle emphasiﬂes the role of this cycle in porphyrin biosyn-
thesis. Oranick (13%) showed inhibition by tﬁnsaqonitaté (‘whic};
inhibits cis~aconitase), by malonate (eucecinic dehyrh"ogemse).} ard
by 'ﬂueéoacetate which is thought te owe its inhibitory action to
fluorocitrate formation and inhibition of aconitase. Brown (27)
alsc démonstrated inhibition by fluoroccitrate, and Goldberg et 3l
(125) and Wriston gt al (347) have demonstrated inhibition by
ralonate, Arsenite (134) is believed to combine with lipoie
acid and so inhibit aflpha«-keté-acid cm.dation -~ and Laseelles(l%)
demonstrated & reduction in porphyrin synthesis when the system
wvas deficient in lipoic acid. |

Factors which iﬁhihit pyridoxal phosphate activity have been
shown to inhibit porphyrin and Al synthesia also., These include Lo
penicillamine (112, 113, 142, 191), cysteine (llé. 113, 134, 177).
cyanide (112, 113, 191, 208) and isonicotinic hydrazide (134).
In this context it is interesting that ﬁiddlebmoﬁ (206) noted that
isoniazid - resistant tubercle bacilll were catalase deficient; and
that ’Fisheé (99) reported that isoniazid might affect the
porphyrin metabolism of the mycobacteria . Talman (316) could

demonstrate only a slight effect of isoniazid on porphyrin



metaboli=m in chick embryos. These compounds are thought to re-
act with the aldehyde group of the coenzyme and so prevent the
formation of an aldimine, |

Inhibition by 2 : L dinitrophenol (81, 82, 13%) indicates the
necessity for an oxidative phosgmeﬁvlating system,; but sueh in-
hibition was not always demonstrated (191), nor inhibition by
sodiun azide (191). |

Nece.;ssity for coenzyme A is suggested by tﬁe inﬁibiti@n of
ALAw and. Férphyﬁn-s&nthesis by compéunés Is;nch és p.‘ chloro-
mercuribenzcate and iodaacetamid:e. (112, 191).

That ALA synthetase may be a sulphydryl enzyme is mgge‘sted
by the inhibition of AL4 formation vy o-pﬁemntbwline {3111) and
p-chloromercuribenzoate. ‘(112).:

‘Lead may also exert an inhib‘ltc;xy effect - at least in part -
on ALA synthetase activity but conversely, Chisolm (49) clited ‘Sanc
as showing that haemoclysates fram the blood of lead-poisoned
animals synthesised excessive amounts of protoporphyrin from

glyecine.

Experimental evidence is available in support of the role of

AlA as an intermediate in porphyrin synthesis:-
It could replace "active" succinete and glyecine as substrates
in the synthesis of porphyrins and served as the source of all the

nitrogen and carbon atoms of protoporphyrin. (297). The delta



carbon of ALA was shown to have the same distribution in the
porphyrin molecule as did the slpha carbon of glyeine (287) and
4LA « 1 : & - C¥ resulted in the same C1¥ protoporphyrin dis-
tribution pattern as did suecimate - 1 ¢ 4 - GLY {260, 261).

ALA exerted a dilution effect apon the radicactivity of
haemin derived from labelled succinate or glycine. (78, 84, 297).
That this was not due to inhibition was evidenced by the simil
tanecus use of N15 labelled ALA, when there was a large
incorporation of NiJ into the porphyrin. Dresel (78) regérde&
this observation as fairly coﬁzclusiva of the role of AlA as an
obligatory intermediate in the pathway of haem biosynthesis.

" In in vitre systems labelled ALA formed haem containing the
radicactive isotope in many times the concentration of that formed
from labelled glycine (80, 218,” 287, 297), although when given to
rats either orallybr mtxa-pentoneauj. or to man orally, while
some labelling of haemin occurred, this was 5 - 7 times lower than
with an equivalent dose of N5 glycine. (16, 17, 218, 282). “In J
the intact duck, however, ALA was utilised 2} times better in the
synthesie of both haemin and purines than was glycine. (215, 281&.)
Shemin {284) ascribed the poor utilisation of ALA in the intact
animal to its possible rapid destruction of o ité tmns’fomaﬁion
to eomf}omﬂs not effective as porphyrin precursors; té its

failure tc penetmte to haemopoietic sites; ,aﬁd to ite rapid



excretion. Scott postulated a smaller ALA than glycine pool in
the body with a conseguent inability to administer a true tracer
dose. (282).

Dresel ard Falk (82) demonstrated a ready conversion of AL4
by chick vhole blood and washed cell piepa‘mtﬁ.ons to protopor-
phyrin, and traces of ureporphyrin amd copmﬁ@yﬁ&. Its
" conversion to rorphyrins and haem in in vityo systems has fre-
queﬁtfly beer: demenstrated. (8o, 82, 83, 91, 131, 186, 188, ‘273}.

Granick and Varden Schﬂeck (11_1»3) demonstrated that on the day
following &n intraperdtoneal injection of 20 mg of ALA into a white
rat, the urine ¢contained 3 small e;mount of pigment which appeared
to be a zine-porphyrin eomplex.‘ and Scott (282) found that within
half an hour of administering a dose of ALA to a rat, the bile
fluoresced a deep red and contained a large excess of protopor- .

phyrin and a slight excess of coproporphyrin. He also éhcaed an

| increase of‘ ﬁavacal‘ porphyrin excretion following a dose of ALA,
According to Oibson gt al (113) it 1= now generally accepted

that ALA provides all the carh:en'and nitrogen atoms of haemaglobin,

myoglobin, cathlase, peroxidase .énci the v&rions eytochromes, and

probably also of the dihydroperphyrin of chlorophyll and the tetra-

hyd roporpayrin .of ‘bacteriochlorophyll.

4, OTHER METABOLIC PATHWAYS OF ALA.
When Shemin and Russell (297) first described ALA and its
possible role in porphyrin synthesis they also postulated the
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. existence of a "succinate~glycine® cyele through which the delta
carbon of ALA - and consequently the alpha carbon of glycine -
could be utilised for the éynthesis of methyl groups, formates,
and the ureido grotips of purines, and could provide the carbon atom
for the beta carbon of serine. They auggest}ed .ﬁzat ALA mi.ght 'bs
deaminated to form ke‘talglutamldehyde; ite delta carbon .then being
utilised as deseribed, while the & cerbon atom residue was recon-
. verted to succinate. Ketoglutaraldehyde might also be directly
oxidised to alpha-ketogluteric acid. | | |

Shemin and his gmuxi (298) subsequently demonstrated that the
mothyl, group of methiocnine and the beta carbon of serine were radioe
- active after the injection of ALA..g-Cl"" into a duck:: while the
injection of AL&~5-C1* into a rat resulted in the excretion of
highly redicactive formic acid. They also showed that alpha-
ketoglutarate contoined e activity after iméubation of a duek
red-ccll haemolysate with ALA-5-CLYe

In 195? this group {215) published results of radicactive
stnﬁies showin(, that the delta carbon of ALA was utilised for the
synthesis of the ureido groups of purines, and was converied m
‘formie acid, while the succinyl moiety of ALA gave rise to
suceinate. Wnhen rats wore injected with MA-1-C* and the
metabehm of succinate inhibited by mlonate, succinic acid from
the urine was found tc be highly radiosctive.

Uric acid synthesis from ALA-5-C1% s demonstrated in the

_pigeon.
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The role of ketoglutaraldehyde as an intermediate was
mapportéd by the finding of radicactive formate in rat urine, and
radioactive uric acid in pigeon exereta after inaecti:m of
ketoglutaraldehyde - 5 - C3¥,  Tnic was greater than when either
glyeine or ALA were‘ used, _ |

Ketoglutaraldehyde could net be converted to ALA, contrary to
the initial euggestiocn made, when the reversibility of the cyele
was postulated as a mechanism whereby formate migjht be converted
%o haem. _

This eycle was shown to m-avide a pathway for the conversion
of zlycine to GOz (298) - through d_eﬁcarbo:«wlatien ‘of alpha amino -
beta-ketcadipie, aclid,when the c‘arﬁaxyl eaybon was @zidised: while
the alpha earboh was.convért‘a’i to €0p subseguent to the conversion
of AL& to alpha-ketogluﬁarate; which upon bxidaiﬁive decarboxylation
liberated a molegule of COp,

CL40; gerived from glycine - 2 « C* was more redicactive than
that 'éerived from ALA « § - gt indicating other pathuways éf
 metabolism of glycine than through this cycle.

ALA has aleo been showm to be utilised in the synthesis va_f

cyanocobalamin (55).
5. ALA DEHYDRASE,

Shemin et al (297) and Neuberger et al (218) considered the
theoretical possibility that two molecules of ALA might condense



in a Knorr type of synthesis to form & pyrrole heving the same
structure as that proposed for porphobilinogen (52, 53).

Dresel and Falk demonstrated the in witro conversion of ALA
to PBG (80), and Weliky end Shemin (339) chowed that administration
of ALA gave rise to the urineyy exoretion of FBQ, Earlin ot al '
(16, 17) and Scott (262) reported eimiler findings.

In 1950 Gramick {133) isolated an extract from ‘chich.: ary~
throcytes that converted IL';A ﬁo B3, srd CGibson M (s
,:;tetécteﬁ similar activity in aquecus extracts of an acetons powder
of ox liver. | |

Engyme aativity has been detected in chicken emnmvtes(a&}.
in duck erythracytes (271), in pigeon liver (300}, in many micro- |
organisme - excluding yeast - (118, 115), in pian&é {115) and in a
wide variety of mammalian tiesues. {3, 110, 114, 15, 116, 139,
143, 164, 227, 321).

I have demomtmtﬁ ALA dehydmae aatﬁvity in rat anﬂ hwnan
liver namagmtal. {this thesis).

Thig enzyme hag been javlated and pﬁrﬂally purified by pro-
oipit«aticn techniques (119, 1114. 115, 300) and by pone
. electrophoresis. (139). It hae the praperties of a euglahulin
(115), anﬁ ial belioved to be a sulphydwlaconm&niag enzyne {110,
114, 115, 139) « it was inhibited by p.-chloromercuribenzcate and
iodoscetamide (114, 115) and by c.-phenanthroline (1564); metsls



inhidbited youghly in order of the solubility products of their
sulphides (115, 139): and reduced glutathions or cysteine were
necessary for activation of the purified emzyme. (114, 115, 139).

The inhibition of enzyme activity by lead (49, 83, 115) tends
to confirm its thiol nature, but Roike (oited by Chisholm {(49))
reported that in lesd-poiscned rabbits there was no reduction in
ALA dehydrase activity in preparations izolated from liver, spleen,
bloed and kidney. |

The encyme was shown to be specific for ALA as substrate, and
no Ehrlichereacting cuspound was formed when ALA dehydraze was ifle
cubated with smincacetons, alpha-~deite-diaminclaevulic acid or
S-amino-S-oxchexanoic acid. (114, 115). Its mole of action was
vdiscussed by Oranick (133) and Granick and Mauserall (139)
who concluded that there was probably a single ensyme only, which
éatalyseﬁ an aldol eorﬁensatim between two carbon atoms, and that
a ketimine condensation then occurred spentanecusly. Gibson (110}
suggested a similar mode of action.

No loss of activity accompanied diaiysis, from which Granick
(133) conciuded that no loosely-bound coensyme was involved.
Gibson (110) suggested that the enzyme had mo rejuivements for any
metal, but Iodice et nl (164} chowed that it contained copper, ard
demonstrated that copper-deficiency states resulted in the

lowering of the activity of this enzyme in the livers of rats, and

o
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in the blood of ducklinge. Anderson and Tove (5) shweéi that
copper wag necessary in the synthesis of haen from glyeine in
¥itro, but suggested more than one site of acticn. Bu'mham and
Lascelles (35) rscorded & x-equimaent. for K¥ Sone for mctﬁ.vatian.
Inhibition by EDTA (115, 139. 16&) msy also indicate a metal
rejuirement.

| Ensyme: aetivj.ty was not aasmmteﬂ “th mitochondrﬁ.& or
microsomes (1153 and the enzyme has been shown to he mtar-eelublc.
(11%, 215, 133, 139, 30@3‘

The optimwm pH for mm activﬁty of this enzyme varieﬁ

botween 6.3 and 6.8 (llu. 115, 133, 139. 300) accozﬂing to the
tissue prepamticn studied, My own measurcments were made at pH

6‘8.

Oibson et al (115) found rabbit tiesue ensyme to be inmactive

in Triz buffer. ut the pre:amﬁi@ns could be activated by the
addition of inorganic phosphate. Orunick and Hauszerall (139) on
the othgr hand, observed inhibition of rabbit red cell ALA dehy-
drase activity by rhosphate buffer, although this did not apply to
chicken m:l ce.l enzyme, I have used phosphate buffer throughout
ny experiments. |

Tﬁe enzyme did not lose activity over a short (2 -~ 3 hours)
incubstion pericd (139), end activity over the first hour vae found
to be directly proportionsl to enzyme concentration over & wide
range. (115, 139). Balance studies showed thet the amount of FBG
formed was quantitatively equivalent to the amount of ALA that
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disappeared. (115, 139).

Gibson stated (110) that even W:Lth crude preparations of ALA
dehydrase the porphobilinogen that was formed was not metabolised
further in vacuo - implying possible further aerobic metabolism,
and several authors have demonstrated the conversion of PBG to
porphyrins and its disappearance from tissues on incubation in

air. (see section 2 : 6), Using a method essentially similar to

the one that I have employed, Tschudy et _al (321) could barely de-

tect the removal of PBG, and both they and Schwartz (278) stated
that PBG production by liver in vitro far exceeded the capacity of
the liver to metabolise it. Merchante et _al (204) found that ine
creased aeration did not alter the rate of PBG disappearance when
incubated with liver homogenates. My own experiments wers all
performed aerobieally, and an sxperiment comparing activity aero«
bically with that jin .gaggo is presented, and shows, if anything,

greater apparent activity in air.

Table (i)

Comparison of ALA dehydrase activity® in air and in vacuo.

mumoles
. Nomal { _ Forphyrie
Formed | Present Formed | Present**

I;;,_egr | 197 | 0 H 508 87
iIn_yacuo 1 190 __ 0 0 379 8t

* Activity expressed as amount of PBG formed per hour, per mg tissue F.

** This amount of FBG was present after 1 hour's incubation in the absence

of added ALA and was presumed to be preformed in the liver.
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Faula Sachs in 1931 (253) isolated a substance in the urine
of & patient with scute porphyria which gave & red colour with
Enrlich's eldehyde which was not soluble in chloroform. The
tern porphobilinogen wis applied 46 this substance in 1939 by
waldenstrim and Vablquist. (328). , |

. its role in porphyrin biosynthesis ig now fairly %a&dely o
. .aceepted, althmgh,a&ight evidence to the contrary does exist,

In 2953 Falk gt a8l (93) demonsizated the enzymatic comvere |
“sion of PO to porphyrins, by & chicken red cell haemolysate, -
and Bogorad and Granick {23) demonstrated ite similar conversion
by an extract of chlorella. - Coldberz and Bimington (127) detec-
ted amall, bul shgnificant incresses in the urinary content of
uroporphyrin i1l and copropor
tration of FBG Yo rats,

ryin 11l after ;;armtewi‘aéminim

- - The enzymatic fommation of porshyrins and haem fron ?Bﬁ ha_s
" sinee been demonstrated on numesmﬁs cccasions and by many
different prepavations (19, 20, 2u, 26, 1"?3,». 53. 63, 92, 103, 133,
139, 15, 162, 194, 195, 20, 225, 271, 276, 279, 261, 300), amd
porghyrin foymation from FAG by noneenzymic chemical metheds has
" also been showm to occurs (45, 53. 80, 113, 234, 2B},

Fal? et al {93) stressed that although there was no doudé
that tissues could bring ahout the conversion of F30 to porphyrins,

- thig 444 not prove that FBG was a noymel intomediate in the
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bioesynthesis of haem.,
Perhaps more convincing of its role as an intemediatévfwas
the demonstration by Dresel (78) that the yield of haem from PBG
as substrate was twice that from glycine; and even more cone
vineing was her demonstration of the greatly reduced incorporation
of active glycine into haem in the presence of added, unlabelled
FBG - which meant that very little could have bypassed the pool =
-and the detection of radivactivity in the PBG at the erd of the

experiment. (78, 84), Schmid et al (271) showed that the radioce

activity of haem synthesised from ALA, or equivalent amounts of
FBG, .was similar,

| Although prohably insignificant in the face of overwhelming
| evidence to the contrary, there are seme indications that PBG may
not be an obligatory intermediate of haem bios;m‘l‘:hesis:-

(i). Kench (173) demonstreted an alternative route of por-
phyrin synthesis in yeasts,

(1i). Neuberger (217) emphasised that the condensation of
porphobilinogen was unlikely to give rise to naturally occurring
porphyrins of 'type_s I and III, and toeday the annber of postu-
lates as to how this may occur casts just a little doubt as to
whether it does. |

(441). Hawkinson in 1952 (154) presented evidence to show
that porphobilinogen gave rise bonly to porphobilin cnce it had been

separated from one or more non-Ehrlich-reacting precursors which
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aea@mpanied it in the u‘!ﬁ.hﬂ of gases with acute perphyrﬁ.gs |
" {4v). Porphobilincgen did not cause irritebility ef hypememia
ﬁ.n the skin Aof a rat injeef.ed with it and exposed to &vai@!«.e%
light. whemas ALA in the samo circumstances did do g0, (166)/.
(v). Drosel ard Falk (82) chowed that whele blood - formed only

tmces of protoporphyrin fmm FB3, vhereas ALA was repidly canvexu
ted by such & premtation into pmteperphyrin. - PBG was not |
eonverted to parphyrins by the harvested feells of R,spheroides
(156, 1.62 186, 187) or by whole cells of Gh‘l.erella (23) ammugh
cell-free extracts, or damaged cel)s. wars atle €6 da s0.

These cbservations have been accri.bed to relative cen imperw

maability to PBG, hxgt it may be possible that intact cells

metabolise PBG d:.ifferently‘a

As my experiments have not, been directly ceneemed with these
later stages of porphyrin tmetazhcﬂ.ism.F 1 shai‘l AONS ider this Bub— o
jeet oenly brieﬂy. B

(1) Mechs : :

The mechanism whereby PBO is converted to porzmyrins is not

clear, ani severzl alternatives have been poeﬁulated to account for

its condensition to both the series I ard the series IIl i somers «

“partieularly the latter, |

| Shemin {(284) ard Shemin ot sl (298) eug ested *t;hat 3 molecules
of PBG might condense to fom & radial tﬂwrrylrrethane which ccmm
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split in two ways to foxm two diffeérent dipyrrylmethane compauﬁds,
and that the structure of the final porphyrin m;.eme z,}ould dew
pend -upon the subsequent condensation of these dipyrrylmethanes
with one another.

Bogorad &nd Grenick (23) postulated the odeurrence of a |
branehed "I" tetrapyrrylmethane as an iﬁtgmediate. the e;pl:’itﬁng
of which would alse result in two unlike dipyrrylmemanes. Two
possible series of steps by vhich this intemeliate could be
gynthesised were suggested. |

B&lla;ﬁk £tsl (.5l)'conecs-ived of a ii’near build up Of enzyme- «

activated FBG molecules, an éetive ~Cliz group migrating fram one
pyrrole ring to émother via the nitrogen atom with ecyelisation

oggurring t@. yield umporphymnagen II1, ;ackwoad and Benson's
(;94) postulate wvas s‘:imiiar}_, -b'utl they suggesteﬁ that PB@ ma?_.eéules‘
;ﬁgh*"& be interpolated betweeﬁ the enzyme-activated -CHy group and
the previously aﬁtaahed molecules , I

Carpenter and Scott (43) postulated the ensymically con-
trolled condensation of one molecule of opsopyrrole dicarboxylic
acid with a linear tetramer derived from PEG m@lécules.a Rupﬁurs
of the pentamer at the correct site would result in & series III |
isomer on cycli.saﬁ.bﬁ and the 'rage‘nemtibn of -ops@mwolé dicar-
boxylic acid., However, they could not confimm the role of thé
‘eompound exp@ﬁmentanya: |

Cookson and Rimington (53) postulated the initial formation
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of a symmetrical dipyrromethane , PBG then being condensed in a
repular fashion to form linear tetramers which underwent
oyclisation, | |
A possible participation of dipyrrcﬂmthaneé was sugge’sted_ by
Heath and Hoare ﬁSS} but this could also not be demonstmtéﬂ by
. experiment, | »
Wittenberg (343) demonstrated the fa‘matimi oi" a aolauzztlej}ss.
‘ polypyrrole during haem synthesis end suggested the pmma ry Qone
- densation of PBG into linear tetrapyrroles, two nolecules of
which eom‘ai.ning to form & t":ya'li'c octapyrrole Qchtai‘ningv 2
~ tripyrrylmethanc stmciuresa Two molecules of uroporphyrinogen
. AII could then result from the reafrangenient of this me,leéule.

' Two enzymes are thought to be concerned in this progess.
Bogoryad and Granick (23) fourd that preheating at 55 - 60% for 30
minutes destroyed the ability of frozen and thawed chlorells c€lls
to convert FBG to the series _I_I;,I; porphyrin isomers, :while the
geries 1 isomers were readily formed. This effect of heat has

“been repsatedly confirmed. (21, 138, 135, 194, 195%

Heath and Hoare (156, 162) were able o separ‘a%é ﬁwﬁ
i‘ractions from acetone~dried prepavations of R.sphercides ‘by CETt
trifugation, the supermate catalysing the synthesis of 'the ae:ﬁés
I isomer only, and the residue, of series 111, Bogorad,{19, 20)

isolated a fraction from spinach leaf which could convert FBG



to the series 1 isdmer only, and described some of the properties
(344), Poyphviins an

It was at one time thought that the porphyrms tﬁemselves |
might be intemediates in the pathway af' haen biosyﬁthesié, and
Falk et al (93), and Dresel and Falk (84) were able to denon-
© strate the conversion of some urfoporphyrih III to protoporphyrin,
but %w‘fa unablé to demonstyate any role fér eozampomhyﬂn 13T,
Salomen st 8l (250) ealculated that 527 of added 1ghea1ea VY
porphyrin was converted te pmtoporpkyrin by 2 rabbit

: b@ne-_-marrﬁw éu:spension-.-“but'com‘eded that although uroporphyrin

might bs szmt!:a,essiseﬂ from glycine and could be csnvsrte:ﬁ_' to proto-

: pcarphgrrim it might not 1ie on the inaﬁcr metabolic pathway.
' Eriksen (89) concluded from his experiments that wroporghyrin
was successively decarboxylated through coproporphyrin tozproto-
porphyrin which he thought combined with globin, and thén ferrous
fons, to form haemoglebin. - |

However; several authors could not demonsizate this role of
perphyrins.as intermediates(le, 78, 125, 138, 156, 257, 276, 279,
298, 199, 300), and Dresel (78),Bogorad (19) and Shemin (284)
suggested that the actual intermediates on thic pathway might be
colourless precursors of which the porphyrines were oxidation
productsy 3

The yole of these reduced porphyrins (porphyrinogens) has



since been confimed. (54, 140, 203, 220).
(:’w}. . ) .

The conversion of ﬁroz‘»armrimg@m e c‘ofpmwmhytﬁﬁ@gen isg
halieveﬂ to cecur in a stepwise fashion through cﬁmpoﬁﬁdé mitiz P
6 and 3 éaﬁ‘rbowl’ groups, and to be enzymically controlled by the
soluble enzyme uroporphyrinogen decarboxylase « an J— e
nas been ;a"rtiallyj'mrifieﬂ and studied by Mauzerall emd Granick

(203),

Coproporghyrinogen IIT has been shown to be oxidised to

Pf‘ot@?érphym by cell ?a'rticulates of shick erythrocytes 63’

Euglena (140) with @ 3 carboxyl porphyrin, being formed in short

time incubations.,  Such enzyme activity is thought to be con-
fined to mmaimnﬁirﬁal fractions (256, 257), although Shamin gt

&l {287) Jwe’re able to gynthesise .prowpgrmym grom ALA by & ‘

supernatant eolution obtained from haemolysed duck erythrocytes.

(vi). &

There is still some controversy as to whether iron éemhines
, with Pmt@pﬁérp?wﬁn or its porphyrinogen in the Final stages of
haem synthesis, | '

Dresel (78) and Dyesel and Palk (84) could not démonstrate
a role for protoporphyrin in haem synthesis, and Suggestéa that

protoporghyrin precursors was the actual haem intermediate.
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" However, Grenick {132) showed that iron was incorporated into proto.
-?*é'ifphyrin by chicken red cell haemolysates, and ites role aé a-ime
intermediate has been demonstrated on several oegcasicns. (122, 125,
“1by, 181, 275)4 |

The enzyme concerned has been founfi -in ‘%:he ;@rﬁelée-fr‘ee;v
suiperrate of centrifuged e‘hic’k. red eell haemolysaateé(lzz) + but Sano
" gh.2l (257) felt that the mitochondria probably played an important
role in the incorporation of iron into the porrhyrin; Labbe ard
Hubbard (181) found the enzyme to be fimmly bound in the mitow
chondris of rat livers, and Mishida and Labbe (225) showed the ine
- eorperation of iron into protoporphyrin to be dependent upon the
mitochandml fraction of rat liver cella. |

Enzyme activity was shoun to ‘ae acti.vateﬂ hy dehydroascorbic
agid, ascorbiec acid, ergéthioneiné ard glutathione by Goldberg
M‘ (122) who elso found dehydrcascorbice acid, and 'ascarhié acid
in excess, to have an inhib‘itow effect. Ascorbic aeid ﬁas alse
shown ¢6 have a p@tantxa.tmg effect by Labbe and Pubbaxd (181}, as
were citrate, adenosine, inosine, thymidine, vitamin By, DFN and
ALA.  Aestivation by glutathione (reauceﬁ) and hmacysteiné, '
histidine and fl‘avo;ad-enineadinueleétide a& also by both the
reduced an& éxwlissi forms of DEX and TEN was demonstiated by
Nishida and Lebbe. (225).
| Protoporphyrin is 8lse regarded as lying on the chlorophyll
. ‘biosynthestic pathway. (113},
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Aninocacetone synthesis has becn demonstrated from acetyl |
' coé?;zjma A; or pyravate, and giycinea (112, 175, 208, 322)..

Its synthesis has 2lso been shown from L - threonine. {88,
219, 322), It hes been detected in the urine of nomal indie
viduals. (253, 319). |

Elliott (88) postulated & metabolie cycle for glycine
oxidation via amihoae@mne analogous ;t.e the suceinate-glyeine
- eyRis iz:fcposed by Shemin. ~ In this cycle, glycine and acétﬁ-
-'éoem;-,;me & are thougfht to coﬁhi,ne to form alpha-amincacetomacatic
acid which undergoes sp@ntan_eo;us. decarboxylation to aminoagetone.
Amincacetone iz then deaminated to form methylglyoxal which is
converted to D - lactic acid by the glyoxélase éysﬁem, ard D -
lactic acid is cy‘idis'eci' to pymvic ;cid with the subseguent ré~
generation of acetyl-coenzyme As ‘ |

That aminoacetone might be involved in the oxﬁ.daﬁive v
metabolicm of glyeine was suggested by Nemeth M {215) who
showed that in the rat, administration of ¢t* emincacetone re-.
sulted in thie production of Cm@g,. and Cm labelled purines..
The carbon atom of the aﬁaimmethylene group of aminnoacétmevwas.
shoun by Shemin ef al (288) to play the same metabolic role as
44 'ché alpha carbon of gljcine - ',apart fram not entering into

porphyrin biosynthosis.
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#4 foymed ® 36.2 7.2 i - 24,2 37.6 282

| ¢ mumcles/2hours/mg. mitoshordrial M.



Urata and Granick {141, 322) studied various factors in-
fluencing the formation of aminoacetone by guinea pig ,,liver\' -
mii;oehendma. end postulated the existence a:.f a ep;eci,‘ﬁa enBFmEy

‘aminaacetone-nyn‘tnetase, in these mitoahmdria.

‘rhev de*mnstrateﬁ am&naacatone svnthesis from pymvate and
glyc‘lpe meubateﬁ with intact mitochondria,  Suceinate, ;malate,,
a).p?a—kétaglutamté and a vari ‘aty"“q.sf‘ other compounds :;rem; sjhoim
to be inhibitory. K“’*and ﬁgﬁi‘éns» wers impartam. and ammonivm
cblori.de increaseﬂ the yield. ‘ I“ialonate also incmeoﬁ th@ visld,
Whm mplm,rmg 23 frezen-and- thaaed mitochsndri.al systen, with
acetyl-coenzyne A as _sqhstzate. p‘:gﬁéaml phosphate was i‘cur,.d not
i@ be as essential a cofactor as. it wag for ALA synthetase activity,
and in the abseﬂgnce of added vitamin, th-f’a yield of émimacetgiie ws
reduced, by enly 15%.

myakosm and Kikuchi (zoa) found anaercbiosis to inhibit the
activity of rat-liver mitochondrial ensyme, while the auditiap of |
5DP had & mavked stimulatory effeet.- |

I was also able m demonstrate amincacetona s:,mt.hetam 2¢~

‘ tivity in rat }.we&r mitochondriza,

The effect on the astivity of this enzyme of exeluding various
substances fm the basie medium is shown in Pigure 5.

Aminoacetone production 4id not oecur in the abeence of wlycine.

Its preduction was grossly reduced in the absence of added pyrruvate,
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and that eny was produced at all is probably best aseribed to the
presence of smull amounts of endogenous pyruvate in the preo
| paration. Absence of pyridoxel phosghats, caused a reduction of
27% in the amount of smincacetone produced.

Exclusion of DFN also ceused @ reduction in amincacetone
yield, vhile the abzence of ammondum chloride was without effect.

vihem jsceitrats or citmte replaced pyruvate in the medium,
aninoacetons synthesie could still be demenstrated. (322).
Howevé‘r. the vield was only 18% of that from pyruvate,

in my own studies, ryruvate was aleo shoun %o be far superior
to citrate as a substrate in the determination of A4 synthetase
activity, {Section 6),

€. ASCORIIC ACID SYNTHRSIS AS

In 1950 Jackel ot 83 (1652) brought forward direct evidence
indicative of glucoss as a. precursor of Leascorbie acid ‘synthesic.
D-galactoss has also been ehown to be e precursor (90) and @
glucuronic acid pathway of a’eé&z‘bic acid synthesis has béén des~
eribed by sevoral authors (op o¢it 32). It 12 of interest,and
possibly portinent to my findings, that this pethuay should traverse
the pentcgs~phosphate shunt.

Enzynes converting D-glucuronoclactone and L-galonolactone into '
L-ascorbic acid have been desonstrated in liver nemogenates of rats

and goats and in kidney homogenates of the chick.  Such enzymes
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are aﬁsent from the tissues of the primates, guinea pigs, Indiah
fruit-bat and red-vested bulhul-épecies. which cannot gymthesise
ascorbic acid either. (i?l).

The enzymes are said to reside in microsomal fractions, al-
though Isherwood gt al (16ba) demonstrated that the mitochondrial

fraction of rat liver homogenates was also active.



A REVISW OF THE DRUG.INDUCED PORPHYRIAS.

The subject of the drug-induced porphyrias hes been
reviewed by several authops. (48, 129, 170, 264, 329, 332, 334).

&

Forphyrie and porphyrinuria have ‘baen induced experimen-
tally in animals .. and _unintanti@nany in man, Yy a variety of
chemical compounds. | | | '

“S_h‘ortly'after the introduction of sulgphonal 4nto elinieal
. medieine in 1888, ﬁtOkvﬁ.s ( op cit 129) reported an binereased._
excretion of porphyrins by two patients who had boen poisoned
\with this drug. This observation has subsegueéntly been re- ~'
peatedly confimmed (264), and a similar abnormality has been
noted following the use of the closely related aompéunie‘s o
Trional and T.sﬁranal . {op citis 129, 264, 332). '

Prior to thig, &a"ciﬁmn; in 1880, had reported the
.o'ceu‘rrenee of inereased porphyring in the urine of a patient
teking salicylates, ard Le Hobel, in 1&8?.- had noticed pez:pwhy-
rinuria as a feature of lead pci-s@nivng. (op cit 129).

Stokvis (307) was first to induce an increased porphyrin
excretion in animals by means of drug adminﬂ.,‘straticn».l He used

both lead and sulphonal, and in 1895 reported instances of what
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were both hepatic and erythropoietic forms of experimental pow-
phyria. There was mabsequgntl& some controversy as to the
nature '\’cf the porphyrin ‘excretéd following the administration of
| this comgoﬁiﬂa Fischer and Buesbérg isoiatéd‘ urép@rpﬁy'rin in
ffm uﬁne of éuiphoml-poisbned ﬁbbits, but ?Jéldénstr’ém and
Wendt, and Stich, could detect an increased copmporphyrin %=
| cretien only, in the urine of such rabbitss (op cﬁ.t.- 170 26!4,
332), | ‘ |
In 1937 an-st;mg' (30) reported an increas_e& uﬁnary oY=
Fhyrin excretion by patients tr&éeiﬁng sulphonamides, and in
1936 Rimington and Hemmings (244) rgcordéd a atriking inerease in
the amount of pérphyrin in the urine of néarI? eirery patient in-
§eétigated while receﬁ.ﬂng ‘sulphanilamide. ‘ They congeguently
| ﬁ.nveatigated the effeets of administering 'hhis dmg to normal
vadult white rats and demonstrated a rise in urinary parphyrin 8Xe
cret:.on to between 2 and 10 times the nomal va}!.ue.
Brownlee (29), because of this observation, and also beeause
of that of Schreus (op cit 29) who identified eeproperphyﬁn 111
in ﬂie urine of patients treated with salvar_san'. imr‘asti@ted the
effects on the porphyrin metabolism of né:mal iaté.. of adminis~
' tering some of the chemically related ccal tar antipyretiés.
Acetanilide, phenacetin, phenazone, amidopyrine, p.aminophenol
and aspirin all caused the development of a porphyrimuria in these

animals,
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Rimington and Hemmings (245) showed that most drugs
belonging to the sulphonamide series could induce a porphyrinuria
in healthy animals, as could a number of simple arcmatic amines
and nitrobenzenes. |

In 1940 Rimington and Goldblatt (243) found increased ’pc‘)r-
Phyrin ievel‘s in the urine of workers expoéed to aromatic compounds
contéining nitro-; and ‘amino--groups.;_

In 1940, also, large amounts of porphyrins‘wére found in the
exereta of a refriggzator engineer poisoned with methyl"chloride.
(46). |

In 1949, Sumegi and Futnoky found 1ea_d. bismuth, m‘emﬁry, |
eopper, zine, iron, silver and gold to cauéé a porphyrinuﬁa in
white rats, and 3 years earlier Brugsch had reported indreéses‘
of urinary coproporphyrin 11.1 patients receiving paraldehyde,
chléralbydmte, amylene hydrate, and morphine. {op cit 332).

At about this time téo, Penew and Tropp (op cit 170, 332)
recorded coproporphyrinuria followifig nitrous oxide and ether
énaesthesia and the use of novocaine.

Dent and Rimington (71) in 1947 showed that male»wistar
albine rats weighing z 100 G. when fed a diet contgiﬁing OXi~
dised casein, developed a ma_rked coproporphyrinuria. |

In 1932 Duesberg (op cit 267) reported the development of
the typical clinical and biochemical features of acute porphyria

in a patient who had received large amounts of Sedormid over a



iong period of tinme, Sti:m;lated by this report, Schmid and
'\;\_\ Schwarte (267) induced a disturbance in hepatie porghyrin
‘i\"\matabalism in mbbits of both sexes weighing 1.5 ~ 3 Kg. by ad-
mini’staﬁng Sedormid in daily doses of 200 mg/Kg., This work
was briefly veported in a lecture to the American 01:&11&1 and
Climatologioal Association in 1952.(334).

Goldberg and Rimington (128) iinvéstigmteﬁ the pmtén:tiai to
inc:uce porphyﬁa qf several dwmgs structurally related to Sedommid
in a search for an active, nonhypnotic campoﬁnd. Allyliec- |
propylacetanide was shown to induce ;Jérphyrinuria in rabbits, fowls
and raty; and allylisopfapﬂacetic acid cauged a sliéht. increase
in coproporphyrin excfetian in aomé of the anima.?..é studied,

Talman et al (315, 318) investigated a similar group of related
compounds for their p@rphyﬁa-pmiuéing properties, using the chick
embryo as a tegt animal, Their eonclusion was that the molecular
structure of eompouhds which ean immée perphyria must include &
dialkyl substituted acetamide, or acetamide derivative, and that
one of the substituents must be an allyl grbup. Stich apg
Decker (306) concluded that compounds capeble of inducing por»x
phyria were substituted derivatives of allyl a‘cetic acid.. . .

Goldberg (219), Kalow (170) and Watson and Larson (332) have
reviewed the somewhat controversial literature, both elinical and

| experimental, of the relationship between the barbiturates and ‘the

porphyrias ~ & relationship which had been noted since the report
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by Debrachansky in 1906 (op cit 119) of a typical attack of
acute porphyria following the prolonged administration of diethyl
barbituric acid. Ooldberg (119) tested the effects of barbitu-
rate administration on urinary peréhyrin excration and concluded
that péssession of an allyl group appeared to make the
barbiturate more effective in this regamd; Six of 9 drugs vested
were capable of producing some-efféct en the porphyrin metabolism
of noxmal rabbits.

A purely fortaitous oﬁserwatiun by Solemon and Pigge (302)
was that DDC administration resulted in an intense ésd
fluorescence in ultraviolet light of the liver and gall bladder.
At the time they were concerned with investigating the uptake of
orally-administered fluorescent subgtanaes hy'fhe 1ining of the
forestomach of mice., DDC haﬁ a blue iluofuscence. Investie
gation confimed the ogeurrence of a disturbénce in porphyrin
metabolism,

The epidemic of cutaneocus porphjzia in Turkey was traced
to the inéestian of the fungicids hexachlorobenzene (Cam op cit
263), and Ogkner and Schmid (226) wsre able to induce porphyria
in adult male Sprague-Davley rats by feeding them a diet cone
'taining'ﬁ.E% hexachlorobenzene, | Rimington and Ziegler (2U6)
were later able to induce porphyria in rats with several

chlorinated benzene eompounds.
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In 1961 Barich gt al (7) observed an aceumulation of a pige
ment which did not stain positively ®r iron in the Kupffer cells
of mice given high doses of griseofulvin, Weston~furst and
Papet ( op cit 69) wers subseguently able to identify this pigment
as mainly protoporphyrin, , .

Porphyrinuria has also been described following einchophen
administration (op oit 45), poiscning with illuminating gas,

(op cit 332) and BAL treatment of hypertension. (op cit 170).

Apart from lead, the photodynamic dye, Rose Bengall(232),
and a combination of lead, phenylhydrazine and light (280) have
all been shown to induce erythropoietic foxme of porphyria.

#n association between alcbhol consumption and copropore
phyrinuris was first noted by Franke and Fikentscher in 1935 (op
eit 129),  Urinary coproporphyrin has since been shown to be
transiently increaged following the consumption of small amounts
of aleohol by normal adults, and to be high in chronic alcoholics,
but to return to normal within a few days of complete abstihence
from alechol, .(309. 332). Haffbauerpgﬁdal (163) could detect
no resl change in the porphyrin excretion of rats which were
administered 10% alcohcl in place of water in their diets. Vhen
the diets of these animals were also deficlient in choline, a fall
in faecal porphyrin levels ogcurred, in associstion with a slight
rise in urinary‘leﬁels - bt not in excess of noymal,

A gorrelation between éxcess&va aleohol consumption and
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acquired porphyria has also besn noted, (8, 108, 129, 183).
B. Porphyria induced by Sedcrmid and AIA, DDC, HCB ard
ﬁx&azﬂiulvzn. ,

Sedomid_or AIA have been shown to cause porpm'ﬁ.a in rats
(an, 65, 67, 70, 121, 127, 128, 145, 180, 204, 208, 246, 249, 265,

268, 269, 278, 321), in rabbits (1, 26, 67, 91, 101, 103, 104, 110,
115, 128, 1@5.' 150, 151, 197, 236, 257, 265-268, 278, 306, 320,
321, 324, 33%), in chick embryos (104, igz, 183, 313«317). in fouls
(128), in mice (227), in guinea pigs (392), in geese (277) amd in
dogs. {op cit 264), |

| 2bg hée been fourd to cause porphyria in rats (65, 67, 70,
116, 142), in rabbits (150,151), in mice (227, 302, 303) and in
guinea pigs (141, 142, 302}, '

HCB ingestion has resulted in porphyria in man (31, 45, 48,

62, 263 ) and has been used to induce disturbances of porphyrin
metabolien in rats (32, 42, €6, 70, 75, 104, 226, 259) erd in
rabbits, guinea pigs and mice (66).

ulvin has been shown to eause a disturbance of pore

phyrin metabolism in man (2u5a) and in wrice. (69, 228, 342).
A similar disturbance could not be induced in rats (311, 3w},
guinea pigs or rabbits. (342),

Forphyrin synthesis was stimulated in chick-embryo liver
cells, cultured on cover slips in the presence of Ala, DDC or

Oriseocfulvin (136, 137), and Cowger et al (57) noted an increased
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porphyrin content of Foley mouse leukaemla cells cultured in the
presence of AIA. |
'Gaae‘ &t al (4h) emphasised the variability of the response
ef individval rats to Sedowmid administration, and such intra-
species variability is apparent in the work of most aj.uthoxfé
investigating the influences of these va-riou's drugs.
 In the following sections the effects of the administration
of these drugs on various aspects of porphyrin metabglism will
be considereﬁ. These include:-
1. Pattéms of p&rphyxin ard poﬂ)hyriﬂ ?reeursor‘excretim
in the urine, |
2. Fatterns of porphyrin excrotion in faeces and bile,
3. Fatterns of porphyrin and pcrph:s;rin precursor accumulation ’
in the liver,
&, Patterns of porphyrin and porphyrin precursor 'acé\nnula.tion
in other organs. |
5+ Clinical and Pathological manifestations.
6. Other biochemical studies. In this section some studies
in the inherited forms of porphyria will &lso be ¢one

gidered.

1. PATTERNS OF PORPHYRIN AND PORPHYRIN PRECURSOR EXCRETION IN
THE URINE,

(a). Sedom
-Zorphyrins.
Coproporphyrin excretion has been found to increase early «
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within 1-2 days of the adminietration of these drugs - ard to
progress rapidly to a constent level, afﬁér 3«8 days, in the
urine of rats pp rabbits administered Seéamid' or Ala{ 1, L&, 67,
103, 128, 151, 246, 265, 267, 278), or DDC. (67, 159, 151).
Schmid and Sehwartz (267) noted a delay of geveral &ays be-
foré urinary uroporphyrin levels were iﬁeféasea in Tabbits
treated with Sedormid, 4 very sharp inerease occurred betueen
the 5th and 8th days of such treatment, to levels sufficiont to .
inpart to the urine 2 Burgindy cclour; and a brilliant red
fluoreseenoe fm ultravidlet ‘tht«." This delay and subséjuent
marked :ineréase in uroporphyrin excrétion by rats or yabbits
during Sedormid, AIA, or IDC administration, is also evident in
the work of Goldberg and Rimingtén {128), Schwartz (278), Sémd
et gl (265), Case et al (L4}, and Haeger-Aronsen ‘(151)7‘5- |
| Gajdos and Gajdos-T8rdk(103), however, detected an increased
uroperphyrin excretion within 7.18 hours of the administration of
AIA to rabbits, ﬁhich». nevertheloss, succeeded the appearance of
increased c“apro;:orsphyﬁnieveis in the urine of those animols..
De Matteis and Prior (67) found vurc)porphyriﬁ and copropor

phyrin excretion to increuse at much the same time, and within 2

days of the administration of & singlo dose of either Sedormid or

DDC to rabbits, The increase in uroporphyrin éxcr&ti@n was
greater than was that of coproporphyrin. Abbott ard Rudolph
(1) found these two substarices %o resch maximum levels more or

less simultanecusly in rabbits receiving Sedormid.
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In guinea pigs treated with DDC there was a delay ef 4 days
before coprapors:hyzin levels increased in the urine, ‘tmt these,
nevertheleas, reached maximum Levels whithin 6 days. (302). |

Several authors have shmm the increasea coproporp‘xyrin
be largely of ths series IIT fsemer.(ub, 128, 183, 246, 267).

Do Matteis and Frior (67) fourd 515 of the coproporrhyrin in
the urine collected from AIA-treated rabbits to be pmsant in the
reauced i‘orm. and all oceurrcd as the porphyrinogen in the urine
eollec'bed ﬁuﬁng DBG treatment.

The excretion of uroporphyrin in the reduced f@m was noted |
by Schmid and Schwartz (267) and by C‘ase sL.l (tm) in the urine
of animal recaiving Sadarmm

P

Qﬁich’ {op cit 1553 rei&oﬁed that the level of ALA ex-
eretion in the urine éfl Sadcnﬁid-intcxicateé ﬁbbit;j was normal.
Howsver, Haeger-Aronsen (150) and Abbott and Rudolph (1) obeerved
rabbits‘ to have increased urinaryg levels of ALA within 24 hours
of Sedormid or DDC administration, which ﬁrogréssafi to maximum
levels over 67 days. - | |

De Matteis émi 'Pricr {67) noted an eax*lj iﬁcrease in ALA oxe- |
eretion in both Al4- and DDC-treated yats and rabbits, while the
rise with Sedormid wag very much smaller, Increased urinary ALA
excretion bp' mbbit..: tmated with AlL wms also reported hy my

M. (145).

An increased urinary PBG excretion during the administration
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of these drugs has been freqixentiy reported.

" The urine of rabbits treated with AIA vas shown to contain
increased amounts of FBG by Gray m {145). Goldberg and
Rimington (128) detested FBG in the urine of rabbits after about
7 days of ALA or Sedormid-adninistration, and in the urine of 7

of 9 rats, similarly treated, after iét»ervalis varying between 2
and 11 days. They alsoc noted fhe ocourrence of an atypical

| PBG eampoiund in the urine of AlA. or Sedommidetreated rabbits,
but not in the urine of similarly treated rats. A4 delay in the
.'ameaframe of porphbbilimgen‘_duﬁng AIA or Sedormid treatment
wag also noted by Schmid and ;-‘Schmrtzl (267), by Schmartz (278),
and by Case gt al. (4.

Conversely, inereases in urinary PBG eig:retio;n beginning
within 24 hours of AlA, Sedormid or DDC administration to mats
or rabbits, were reported by Haeger-Aronsen (150), by Abbott ami.
Budelph (1), by Ga;j&cs and Gajdos-Torok (103), by Rimington and
Ziegler (286) and by De Motteis and Prior.(67). k

Solomon and Figge (302) noted the appearance of PBG in the
urine of guinea pigs treated with DBC on only a few oeca.si@ns and
in low eoncentration, and Gi-anigk and Urata (142) found that i
guinea pigs acutely éc'isone‘d with DDG (1.2 G in 2 eia&s) excreted
traces of FBG in the urine aftei" ? hours, and maximal amounts

after 2k hours, while when the animals were less acutely poisoned,
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the urine did not eontain FBG. -
(v). HCB.

Porchyrs

HCB admin'iétmtiah al‘sc. rosulted in an inci“emeri COPro-

perphymn axerotion by rats and febbitg, but ﬁﬁ.a wag apparant
. only after 1.2 weeks and progressed siowly. (33, 66, 75, 226),
'Qcknér ,aﬁa Sehmid (226), and Burnett and Pathak (23) found
pevailel increases in ‘uz;apor@hy\rin and coproporphyrin excretion
40 cceur in rgts t_reaheé with this drug. In both these stuéiié‘s
levels of ﬁrﬁ;’:*g:phyzﬁn were about twice thoge oi‘ cépropafphyﬁﬁ,

De ,an@teia st gl (66) veported 2 later increase in uropor-
“phyrin than in cepféporghyrin emréfipﬁ in rats tréated with HCB.
Dowdle and Eales (75) found 2 very marked increase in urimary
ﬂrép&mﬁyﬁn emretticn by rats tr@ated witb HCB for& weeks =
‘ But te levels vhich were slightly l,@ygg .,than wore those of |
copreperphyrin. | _ | | o

Gajdes and Gajdos-Torok(10L) noted an increased uriﬁany
_ urcporphyrin level in rats fod a diet containing 2% (p.f,}ﬁﬁa. while
in yabbite a rﬁ@ﬂemte' incyease only, in umpérphyrin excretion
occufre&.' However, the urine of these rabbits -gsh@wed striking
iné-zfea‘ses in the'let.rels of uroporphyyin Precursor.

Guiﬁea pigs treated with Hc’:ﬁ sixmrei no signiﬁcant inerease

in porphyrin excretion apart from a slight preterminal rise in



urinary coproporphyrin., Mice treated with this compound alse
showed only a preterminal increase in ufinary coproporphyrin ex-
oretion, (66)., %hese animals showed no increase in their
urinary uroporphyfin lavels,

Porphyrin p;ecursogé,

Gajdos and Gajdos«Tgrgk(lou) observed a grestly increased
excretion of ALA in the urine of rats treated with HCB in the diét
for 2 weeks, but De Matteis et al (66) could detect no increase
in urinary ALA excretion by rats or rabbits poisconed with this
compound .,

Striking increases in the urinary excretion of P3G by rats
treated with HCB were observed by Ockner and Schmid (226) and by
Gajdos and Gajdos-TOrdk (104). Conversely De Matteis (65) could
not detect an increased PBG excretion by rats treated with HCB,
although he had observed such an increzse in the urine of these
animals after poisoning with sulphonal, DDC, Sedormid or AIA.

De Matteis and Rimington (66) found such an increase to be a
terminal event in rats, and not to occcur at all in rabbits, mice
and guinea pigs treated with HCB., They noted an early increase
of an "ALA.like" substance in the urine of guinea pigs poisoned
with this drug.

Human cases,

In persons poisoned with HCB during the Turkish epidemic of

porphyria, coproporphyrin excretion was moderately increased



vhile stﬁ,king inereases in the levels .of urinary uroperphyrin
occurred., (141, 45, 263). FBG was said to have been consi-:tently
absent from the urine of perscne involved in this epiderrie (45,

62 263) although Cam and Nigeuaeyan (L ) detected PEG in the urine .
of some cases, A | o

- Related gonp

Bimington and Ziegler (246) noted an inc?reésed urd nary c@pém »,
porphy:in excmticn fm rats p@iéoneﬁ with variaus chlorinated |
‘benzenes., PBG am‘l ALA exeretion c:ceurred late in the ccursa ef
such intexications,

(eld. gmm.m.n

Mice of the Alder:ley Paz*k 41bino strain, wvhen t!‘@nt&d with
griaeofulvin. showed an early glight increase in urinary copraa
vorphyrin levelg.. | This was tranaiently more striking after abaut
G days of d‘mg administmtion. Females of th.e U.CiH. gtrain showed
a more persistent additionel inerezse in urinary coproporphyrin ex- |
creticn after about 30 days of treatment, which was as&eeietéﬁ with
tﬁe development of features of toxicity and liver damage, and & re-
duction in faeeal porﬁhyﬁn exgretion. (69). |

Only 2 late and slight incréase_@f uro=-type porphyrins in the
urine was noted. |

Inereassed ALA and FBG concentrations were apparent in the

urine of these animals after a few days.



Effects of prolonged drug sdministration; or the cessation
of treatment, e , .

FPormi dne and Poiglie (101} found prolonged edministration of

Sedormid to result in the disappearance of PBG and porphyrin ox-
| ecess from the urine. | |

A reﬁurn to noxmal levels éespitze contimed drug a:iminist;m’tien
was also demonstrated by De Matteis and Prior (67), and by Hoegere
Aronsen (150, 151). After withdrawal of the dyugs for id’ay, rats
.responded to their reingstitution wﬁ.th the excretion of large
amouﬁta of p:mphyriﬁs and porphyrin precursers in their urine.
| (67). Yet deép‘ihe an iﬁegula’x? dosage schéme employed by Haeger-
ﬁronéen. a return i@ norval with eontinued trestment s, 3
nevertheless, obsarved, (150).

-Gaaséti,an of drug administration, or 2 redvction in the dose
of drug 'haié 1@& to & rapid return to nommal levels of these sube
‘gtances, the decrsase in éepropcrphyrin exeretion '*';.ekmg somewhat
_].ong.é,r than that of urapox-j;ehy.rin or PBG. {128, 226, 267, 302). A

Wnen HOB administration was continued for too long, the pore
'plhyric st&t_e became irreversible despite cessation of dmg |
administration, and in ma.riy human ‘cas‘es,; the disease has #gem_ie’tsdf'
despite the patients receixiing no further HCB, with exacerbations
oceurring iﬁ the sunmer. (W1, 62, 226, .263). |
ring some of the observed differ

hpart from obvious species differences, and variations im

Fap
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the actiong of the drugs, ether Pactors may also have centrihut?d

"to some of these cbheerved differencea.

~Formijne and Poulie (201) found that during Sedormid adminis~
tration, the excretion of PBG and perphyrins was very irregular,
large amounts being detected on certain days, while on other days
they were almost or totally absent, 4 cleamout perioficity
could be observed in gome iﬁstaﬁéau._

Schuartz (277) stated that while no FBG could be detected in

the urine of rate during the first‘two‘days of Sedommid adminise

tration, a marked inorease occurred in the urinary content of an

Ehrlich-rescting material which differed in several properties
from those of FBG itsélf.‘

Conversely, Rimingten (238) stated that Whan‘cryﬁtalliné
PBG wes added to the urine of a nomsl rabbit, inhibition of the

eolovr-yeaction with Ehrlich's reagent occurred which could be

overcome by the addition of an oxidising agent. He stressed

that ﬁany substances had been shown to inhibit the pr@mafy gelour.
Pranty {(234) found ures to inhibit the rate of resction of PRG with

Ehrlich's reagent. ~ Ascorbic 2cid was found to have a marked ine |

. hibitory sffect on this reaction, and to accelerate fading of the

golour ¢ompourd. Olutathione and other sulphyd?yiveemgpunés
have also been shown to interfers with the determination of FBG

with Erlich's reageht - an inhibition which could be overcome by



the presence of heavy metals such as mercury (13%).

(a). Sedoymid, AIA am DoC.
Soldberg and Rimington (128) reported an increace in coproe

porphyrin excretion in the faeces of rabbits treated with

Sedormid or ATA, and a coneiderable increase in their faccal

' pmtoparphyriﬁ content. | T’he levals of tﬁe faecal porphyrins

wére_ shown to vary pari passu with those of ﬁrinaz? éopmperphyrﬁ.n.

The bile of these rabbits contained strikingiy inoreased
" amounte of cépmpcrphyrin and protoperphyrin; and uroporphyrin,
which did .ﬁat nommally occur, was present in large qﬁantitias.
~ They 6ateéted small amounts of PBG in the stools of treated rats.

Sehmid and Schuwartz (267) aileo reported high coproporphyrin
and protoporphyrin aontents, with émaller amounts of uropor-
ghyrin in the bile and faecss of rabbits treated wit.h Sedormid.
Small amounts of PEG were present in the bile.

Haeger-Arenson (151) showed an increase in protoporphyrin,
and 2 slight increase in coproporphyrin contént of the stocls of
rabbits trested with IDE.  Smaller increnses ocourred in
Sedoymid-treated animl.s.ﬂ Increaces in faecal protoporphyrin
content precerjéd by 3-b Gays the inereases in urinary porphyrin
excretion. Gajdos and 0ajdos-Torok(103) found copro- and
protoporphyrin te be inereased in the bile withia 3-4 daye of

the administration of 2 O of AIA ¢o rabbits, Although this



. increase was ¢onsiderable after 2b hours, uroporphyrin and
perphobilinogen could not be d-étec—’eeﬂ».

(v). HGB,

Ocknor and Schmid (226) noted slight increases in both the
coproporphyrin and protoporphyrin faedal content of yats adminis. -
‘tered HCB for several weeks, and Burnett and Pathak {3_3)
demonstrated an inereased uroporphyrin content, & markedly
inereased goproporphyrin content, end no change in the proto~
porphyrin content of the facees of rats treateﬁ with 5OB for 7
d‘ay‘s. | The c¢hingss wore not progressive over the next &-:o wééics{
‘ In persons with HCB-induced porphyria thingil ard Ozen (15)
déztested & moderate increase in both ‘the- eop.r@parpbyﬁn and uz-ba
| p-érjphyrin content of the faeces, ﬁhﬂe in cases vreporte&by Cam
and Nigogosyan '(lpl) and "by ﬁean {62) faecal, pbrphyrin eontent
" was relatively nommal, |

(c) . ,?.‘;f g

Fapgeal protoporphyrin content ihémased strikingly, and
eoproperghyrin content mod.erately, in mice treated with gz'is"eeae
mlﬁn. The change o¢tourred early, and in a step-wise fashion
to reach maximum lovels within 5 days. The fomales of the
U.C.H. strain which developed toxic features and died showed a
pmgresaiée associated ‘fedugtion in their i"aecai porphyrin con-
fentao (69). _ |

Two fowls tréateﬁ with Sedermid by Gelébérg. and Rimington



(128) showed an immediate rige in the coproporphyrin and proto.
porphyrin content of their excreta. _Pbmhnbilinegen was noted
on the Lth day; and uroporphywin on the 7th dasrg Uroporphyrin
~and copropoerphyrin were of the sa*sf;ies }‘JIIE isomers | |
The allantoic fluid of chick embryos treated with Seeﬁcmid -
showed & progressive increase in cepmpofphyrin ard uroporphyzin
content over the gourse of an exper‘imént,‘ with the amounts of
umpewhyrin being semewnhat less ‘than those of coproporphyrin.
Porphobilinogen appearsd after U déysq, was maximal on the éth day,
and hed diseppearcd from the fluid by the 9th days (313)s.
. Bn increase in the allantoie fluid eontent of both uropor-
?hyrin and ether soluble porphyrine, in equal amounts, wae found
in fertilised duck and chick eges treated with AIA., (104).

3 PATTEEI%S oF mmmm mm I’O‘ﬂFhTRIN PRECURSOR ACCUMBLATION

Goldberg and Rimington (128), and De Matteis and Prior
{(67) reported & moderate preponderance of protoporphyrin over
coproporphyrin in the :?Livér's‘ of rabbite ‘freatﬁ wath ﬁhésé drugss
A marked exgess of pxiowporphyrin‘ was recorded by Schmid and :
Sehwartz (267), by Haeger-Aronsen (151) and by Lottafeldt et al
(197) :m the livers of such animals. Gajdos and aaaaos;'r%r%k

(101) detested an increased liver content of ether-soluble



. porphyrins 18 hours after the administration of 2 & of AIA to
rabbits, | '

Sano gt al (256) fournd much oi‘ the pfatc.porphymn which
accumulated in the livers of rabbits fed Sedormid or AIA to be
prosent in the mitcchondria, while little was fourd in the super-
nata, microsemes or muclel.

Uroporphyrin ima present in only 2 of 14 m'ﬁbi% 1-1179;9:; :
studied by G-éldherg ard Rimington (128). In one of these, h‘m&a B
ever, it wag greatly in excess of both cog;méorphy;in and proto-
porphyrine 1t could not be de:‘teét@ﬂ by Gajdes and ﬁa:jdos--'i“g‘r%k
{103) in the livers of yabbits acutely poi.goned with aTA; or by
De Matteis and Prior. (67). | | _

 Sebwid and Schuartz (267) chowed that while .@:ﬁly a s’-lighﬁ
inorease in uroporphyrin content wag appirent in the livers of
rabbite treated with Sedormid, heating of these livers resulted
in the conversion of nuch urcporphyrin precursor o wropoyphyrin,
which was then noted to be pregent in amounts eonly slightly
smaller than m‘é pmt@p@rphyrﬁ.n._

The work of Goldberg ard Rimington (126) revealed only &
slight excess @f»pwmmrphyrin ovey popmporph:,frin in the livers
of rats receiving thess drugs and Schmid gt gl (265) shéwed an
equal increase in both protoporphyrin and cog\ropoiphy:ﬂ.n ‘e’c‘mtems\
Schwartz (278) deseribed a raizid rise in coproporphyrin content to
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peak values over 2.3 d:ajrs. ard only & slight incresse in that

of prowpwwﬁn, De Matlteis and Pm@ (67‘)) on the ;cth’ér ﬁéiﬁ.«i

f.ou’nci protopqrphyﬂn content to inerease to very mueh higher |

“levels than éi.iel eepmp‘nﬁahymﬁ; Another fe‘ature of thei‘z’- obséfa

vation was the rapid fetum te normal leve‘is of both these |
substances despi_‘te cominuea d:mé aﬁmﬁiﬁ.stmﬁen. 'I‘i‘a;ﬁm: ‘t; '
phyrm éonten?,- was apparent after 5 days and af‘t.er 10 days it

had retamed to nomal levelss o

Rimingtcn and Ziagler (216} ‘Pound markedly increu'-'ad levels

f both protaa and coproporphyrin in the hvers of rats

' ,race_iving AIA which were in excess of the urap@rphyrin e@ntéﬁt{
‘I:xi. Sedamidatmateé rats, the ineresse in uroporphyrin omen; |

_.tratign excesded that of protoperphyrin or copmpomhyrina

Schwarte (278) found ‘ihe uroporthyrin g¢oncentration to in<
éreasé only after several deyes Schmi& ot al (265) &emonrstr;ateﬁ
a pr@gré&sive inérease 'fm hepatic uroporphyrin content ﬁnt.il_ in
the later stages of their experriment‘s this substsnce m:s preaent;
 in amounts grestly in excess (tenfold} of either ccproparphyrin
or pmteparmyrin.

Goldberg and Rimington {128} also noted the appearange of
uroporphyrin a.ﬁ;er several days of dmg administraticon; and here
too, uroporrhyrin was present in exceéss of the other porphyrins
from about the 13th day of drag administration onuwardss

Onisawa and Labbe {227) feporteﬁ a8 preporderance of



protoporphyrin in the livers of mice treated with AIA. There
wag only & very slight increase in the urcporphyrin content of
these Llivers. _

The livers of duck embryos treated with AIA contained fne
.émaezeﬂ' emounts of porphyrins. &lthmugh' the major component
wés comprised of ¢thepr-soluble porr»hyrihs; the major z;eiative' ine
erease oceurred in uroporghyrin. (104), | |

Sehwartz and Tkeda (279) and Sehwarts (2?3) noted the
.oeeﬁ‘:x;rence of considerable amounts of “gresn porphyrins” in the
livers of yats and rabbits trested with &edom&d, and Haegere
Agonsen {150} also reported & 10 « 20 f,‘old increase in'green
poryhyrins 'in the livers of rabbits ﬁr&ated with this -eam‘paund.

Porphobilinogen }éas detected in % of the 1b rabbit \'
livers studied by Coldberg an& Rimington (128), Cajdos ard
Ga,jdosaﬁ‘gfgk(‘lm) ccfuld not detect ény PBG in the livers of
zéb‘bits acuté].y poisened with 8 large dose of AlA, while De
Mattels and Prior (67) found large amounts of FBG in the livers
of such rabbits. They also found the ALA contents of these
livers to be markedly increased. | |

Goldbexg. and Rimington (128) found rat livers to show a
pragressive increase’ in PBG centent after 13 days of drug ad«

ministrations Merchante et al (204) could detect no FBG 4n the
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livers of rats during the first 3 dayé of drug administmtién.
‘but found increaged .arﬁéunts between the 5th « 13th days. T‘hére
was & mayked variation in individwal livers.

Bimington and Zieglef (2%)&@%@ a markedly inereased FBO |
content in the livers of rats trested with AIL or Sedoymid for
6-10 days. | | ' |

No ingresse oscurred in the livers Ief mibe treated with Ala
{227).

(). BDC.

DBC administration was accompenied by a ¢hange in porphyrin
centent very similar to that oceurring after AIA treatment in mte
szﬁam by De Matbeis and Prior. (67). The extent of the inerease;
ard the duration, were scmewhat less with this ecmmund; am |
occurred earlier. They sleo noted a stmking inercase in the
hepatic protoperphyrin content of mbbité poisoned with I)?BC. ard
@ marked but less striking coproporthyrin increase. and ALA
were alge found to be present in large amounts,

Haeger-Aronsen {151) reported a2 10—50 £01d increase in "green
vorphyrins® in the livers of rabbits treated with Dpe, mﬂe
Solomon and Figge {303) could detect no increase in the hepatic
content of "green porphyrins" of DD0-intoxicated mice. These
mice 5hmyed a progressive incresse in the protoporphyrin and
ceproporphyrin contents of their livers, with the inecrease in
protoporphyrin being about 10 times greater than that of gopro-
porrhyrin, (302, 302). Onisawa and Labhe (227) reported a



similar pattern of change in mice treated with this compounds
end also noted a fourfold increase in ALA content, while no
change was detected in the amount éf PBG present. |

(). HCB:

When hexachlorcbenzene was administersd to male Spragues
Dawley rats, a fairly marked increase in urcporphyrin ceﬁtent
was evident after 14 days, and an even move striking relative
ineyrease ogcurred in the protoporphyrin ard deutergporpuyrin
contents of the livers. fn abgolute figures, uroporphyrin was
;greatlg in excsss of the 1éttér cempaundsa {(33), Ockner anﬁ |
~ Schmid (226) aleo noted a very striking inerease in the uropor-
‘?ﬁyrin content of the livers of rats traaied u@th HCB over 2«8
weeks, with 8 slight increase in both coproporphyrin and protos
porphyrin content, while Cajdos and Gajdos.TOrok (104) found .
ether-soluble porphyring to be in excess of uroporphyrin.

D¢ Matteis and Fimington (66) reported the ccourrence of
massive guantities of a uro.type porghyrin, with only slight ine
¢reages in ihe‘capfaporpuyrin-an& protoporphyrin fractions in
the Livers of yabbits administered HCB. Qualitative tests for

FBG were nepative.

Rimington and Ziegler (246) noted increased liver goncenie
trations of urc-, copro., and protoporphyrin in rats treated with

various chlorinated benzene compounds. In these animals the .
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increase in urcporphyrin me relatively small, usually being
less than that of pmto- or coproporphyrine. Ho ineresse in
the PBG content of these 1ivers was detected. '

(d}. ;f S& i kN

Oriseofulvin administration to mice was shomn izo reasuiﬁ :

in the accunulation of large amounts Si‘ prawperphym in the
© liver, associated m.th slight inereases in the ceproporpl*yﬂn
econtent, and even Jnaller inereases in the amount of urcpor-
phyrin presente Porph@bilin@gen also appeared in the livers
in increased am@uﬁ‘ts.(é?)«

| &n inereaseﬁ protopérphyrin eontent in the livers éf mice
treéﬁed with griéecmlvin was élse obgerved by Weston-Hurst &‘ndr
Paget. (342).. | -

b, PATT""H,&S GF P@RPIWEIN AND FGRFE: 'Rlliu BR..:QF !;PG‘ZML‘LATLO&
mOTHEEOPGAN )

Schmid and Scﬁwart‘z v(267) noted increased levels of COpro=
porphyrin, ard ssligm«ly smaller imreéées of umporphyﬁn and
promperphyrin content in the kﬁ.dneys of rats treated with
' Sedommid, This was the only organ in which a co‘propoxphymn ine
erease predominated, In the spleen, the brain, and the plasms,
"very‘ glight izacreaseé in porphyrin content ocourred, with a pre-
dominance of protoporphyrine. | |

Goldberg and Rimington (128) noticed a red fluorescence in
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the plasma of some of the rabbits w&ich they had treated with
Sedommid or AIA, which was due to the presence of coproporphyrin
III and some uroporphyrin 1. »Thej- ales noted an increase 4in
the renal éant;ant of -nroparph&rin which was in sone instances
graster fman~.‘tha intrease in hepatice vroporphyrin content. Iine
greasee in rénai gopreperphyrin content maz‘ea of ,sim‘ila-rv |
magnitude to those oveurring in the liver and smallér imréases‘
in both protoporphyrin and FBG were also noteds De Hatteis
and FPrior (67) noted & moderate increase in the reﬁai content
of copro~, proto~ apd uroporphyrin of rabbits polsonsd with 414
oy DD and also detected ingreased amounts of ALA anﬂ FEG in the
kidneys of these animals. No chinge aécﬁrreﬂ’in the bone marrows

Case gt al (i) noted 2 brilliant band of red fluorescence
‘at the corticos-medullary junction of the kidney c,‘f' rats treated
with Sedomid. ' |

Chick embryos developed a fluorescence in the mesonephric
ard metanephric duets, in the ealeiﬁed‘ portion of bones, in the
stomach, in the intestines and .'m the clozcae, alfter 17 aayé of
Sedormid adminmistration. (313).

(b). BBC,

Solomon and Figge (302) noted that after 7 days of DDG
administration to mice, a line of inténse red fluorescence
devaéloped midway between thé renal cortex and the pélvi;‘s which

was as a resulf{of the presence of large amounts of protoporphyrin
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and much smaller amounts of umporpﬁyrim A pink fluorescence
wag evident in the serums The nature of the respongible por-
phyrin was not elicited. \ ‘
‘(c).‘ HCB..
Buwnett: and Pathak (33) found Hcgﬁﬂd}miﬂié;bz:atiﬂﬂ to be
" - agsociated vith an increaced urcporphyrin content in the skin
after 14 days.
Ockner and Schmid (226) detected an intense red fluorescence
in the cortex of long bof_xea. but not in the marrow, of rats treated
. with HCB over "lo:xg‘; yerdeds, A red fluoressence at the metae
) ~ thyseal region af.lo'ng bones and along the diaphysesl insertion
of muscles, with a lack of fluorescence in the marrow, was also
v»'mt-eel by De Matteis gt 8l (66) Red fluorescence in the
epipﬁysea}. line, the shait of bones, m the marmé cavity was
note& by Campbell (42) in HCBufed rats after two weeks. C?—e%iﬂgil
and gzen found an increased protoporphyrin level in the bone
marrow and plasma of & few ‘pati‘ents with HCB-induced porphyria,
and a slight vincreas‘e in the coproporphyrin content, (45).
Gajdos ard Gajdos-Tordk (104) recorded an increased porpayrin

gontent in the kidneys and lungs of HUB.poisoned ratse

(d). Griseofulvin,
Griseofulvin administration was associated with the
appearance of moderately increased amounts of protoporphyrin and

coproporphyrin in kidney and spleen, and w‘ith, very styiking
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increases of protoporphyrin, and, less striking, of copropor-
Fhyrin, in the red blood cells of intoxicated mice, far in
excess of the increases ﬁhich occurred in the liver. A red
fluorescence was also visible in cartilage, and less markedly in

sphiphyseal bone marrow. {(69).

S. CLINICAL AND P@“OLGGLCAL MANIFESTATIONS.
(). Sedomid and AT,
&tg.

Rats treated with AIA were noted ta show some loss of
appstite, to be somewhet constipated, and to lqse weight. Ne
cutanecus photosensitivity o;'zcurred.' For sume hours after the
administretion of each dose they.fappeamd 10 e daged, but there
was ne clinical evidence of paralysis. (128). Case;em (ht),

" on the other hand, noticed the develdpment of lethargy, ard
wgakness vhich waec most marked in the hind legs, and which pro-
gressed to paralysis amd death in cm.,-in animals treated with

| Sedormid. Wéight loss was also a feature.

Rabbito,

Gastro-intestinal disturbances were fairly striking in
rabbits treated with these drugs. Anorexia, weight _1oss"and
gonstipation were noted by Coldberg and Rimington (128), and a
progressively increasing gasecus distension of loops of bowel

occcurred in ones of twoe rabbits studied radiologically.
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Schmid and Schwartz (267) noted rabbits treated with
Sedomid to show gastric dilatation on X-xmy, with pylorie anﬁv
upper spall bowel constriction, ‘The large bowel was ciisteﬁdéﬁ/
with gas., Sudden death often eccurred due to mﬁtum of the
stomachs. Stich and Decker (306) noted the cccurrence of aba
dominal smma and paralytic ileus in such animéls.' ' | |

Sedormid was found to bave & profound hypnotic effeet,
wixile ne losgs of conscionsness followed Alk.agministration,
although & few rabbits appeared daced for 1 - 1% hours afber
sach dose, Yo paralyses or pareses ocm#rmd but several rabbits
 developed tremors of their Limbs, end viclent convulsions which
preceded their deaths, (128), Schmid and Scartz (267) noted
. the development of lethargy, and 2 transient paralysis of z‘ehé
hind legs end bladder during Sedomid admirdstration. A
paralysis of the legs in such snimale was also nobted by Stich
and Decker, (308).

Although De Hatteis and Rimington (68) did not normaily
obsez’*ve neurélogiéal gymptoms in laboratory animals during
Sedormid or AXA adminietintion, when the diet was deficiéntj in
pantothenic actd, neurological symptoms followed the a&m&ﬂs—f '
tration of AIA. - ’

mgg;m (Rabbits, Rats. Hige).

-Scht«rart‘é (278) noted an olivesgreen discolouration of the

livers of rabbits treated with Sedormid for a few days, and
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hepatic enlargement in rabbite treated with Al4 was nofed by
Tschudy gt al, (321). GColdberg and Rimington (128) described
areas of necrosis in the livers of rabbits treated with either
Sedoymid oy AlA.

Fenton (93) did not detéct hié‘tologicaz. ‘evidene@ of myelin
degeneration in the peritheral or eentral nefv&us systems of
rats trested with AlA.

The livers of mice treated with AIA were somewhat ene

larged; and fragile; snd hed a greenishagrey discolounration.(227).

E-5)

Chick embryos treated with Sedommid were sigﬁificantly
smaller than controls from the 5th to 9th days of treatment, and
a deﬁnite retardation of growth occurred for at least 30dzys
after hatehing. (313); This retamiatibn of weight gain was
also noted in chick embryos t,‘reéted with AXA: (104),

4fter 15 days of embryonic life gross -extemai abnormalities
appeared in embryos treated with Sedormid - which were
reminiscent of those ocgeurring in embryos developing in eggs from
riboflavin-deficient hens, (313),

Chicks were unable to leave ’the.shells unassieted. _
Neumloaiéal involvement then manifested in the form of tremors
ef the wings ard an inability to maintain an eguilibrium.{313).

fi_'ha livers varied in eolour from olive to dark green.
White necrotic arsas were a;pparents Marked friability was



Fowls treated with AL showed a loés of weight and became
weak and lethargic. (328).

(v). DOC.

HoegerwAronsen (150) noted the onset of anorexzia, and weake
ness in rabbits ir‘regularly t&ee‘xi‘;e‘é with BDC" over 3 weeks. Signs
of paralysis did not occur, |

DhC.administration in mice resulted in a matting and dis~
eolouration of the hair after U5 days. Loss of weight ard
abdominal distension also oscurred, Wit no neurological symptons
doveloped. (227).  The livers of these animals were larger than
those found foilﬁwing ATA administration. They were very fir"n
to palpation a‘né were dark red in colour.

Guinea pigs acutely poisoned with DDC lost 50.75 G body
weight in 48 hours. - When 1eés agutely poisoned, the adremals
becamne enlarged, and c¢irrhosis of the vli‘ve‘r developed subseguently.

Liver mitochondria from such animals were showm to be irza-v
ereased in diameler, 4nd the area of the cristae was also
increased., (142). |

{e). HEB,,

- Rats,

Ockner and Schmid (226) ncted a high mortality amonget

" 33 rate treated with HCB. 13 died within one month with tremor,

ataxia; weakness and parelysis,; without a major disturbance in
porphyrin metabolism having occurred. A high mortal;itgr was also

observed by Cajdos and Gajdos-Torok (104), who deseribed the
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occurrence of pareses and generalised tremors in such mats.
Terminal neurolegical disturbances occurred in rats
treated with HOB by De Matteis et 8l.(68). Baby rats were par-
ticularly susceptible to the nervous effects of this poisen.
The young of HCB«poisoned mothers died with convulsions within
7 - 8 days of birth, and foster rats died after 3 - 4 days.
Trembling with being handled (33, 42) and the assumption of a
humped posture (33) were other features commented upon during
HCB-administration. Campbell (42) did not detect the develop~
ment of garalyses in rats treated with HCB eover 13 weeks.
Burnett and Pathak (33) found rats treated with HCB to be
smaller and more docile than control animals, and retardation
of normal weight gain in such animals wasg alsc preported by
O jdos and Gajdos-TRrék(iOh) and by Campbell (4#2), who commented
ag well on the abszsnce of significant skin lesiong. Burnett
and Pathak (33) found that while cutanecus photosensitivity was
not a feature, depilation caused cutanecus injury which did not
ocour in control animals, De Matteis et al (66) found quane
titative tests‘ for photosensitivity to be entirely negative, hut
poted the occurrence of cutanecus lesions in the form of depi-
lated sores with haemorrhagic crusts - often symmetrically
placed near the shoulders. They alse noted signs of pruritus.
Oz jdos and Gajﬂos-‘rgrgk (104) reported the developﬁent of a
cutanecus syndrome comprising poor quality and hrownish dis-

cclouration cf the hair, and the presence of cutanecous eruptions



on the head, feet and back.,

Babbits,

HCB-administration to rabbits also resulted in ancorexia,
weight loss and constipation. ﬂgath ocrurred after 8 - 12
weeks, and during the last week or s0 neurclogical symphtoms
developed in the form of tremors and parcses. (66).

Fathology,

Hepatomegaly was common; liver cell.dsgeneration cccurred
arcund the central veins; ond the size amd number of Kupffer
cells were inereaséa in rats treated with HCB,(226). Gamﬁbdll
(42) also noted a hepatomegaly in HCB-fed animals, maximum
after 5 ~ 9 weeks of drug-adminiatration, {The livers of
animels treated for 13 weeks were often normal, or smaller than
normal in size). The livers of these animals were noted to
davelop a cheeolate brown colour, Histology revealed the
presence of greatly enlarged liver cells towards the centre of
the lobule, while more peripherally . atrophy had occurred.
Single ceoll nedfﬁéis. foecal necrosis ard hydrepic change uere
evident. Fatty change ond areas of necrosis were descrided
by Oajdos and aajaos-i‘ﬁr‘ém (108).

Campbell (L2) commented upon the appearance of iron
granules in parenchymal cells after the 5th week, amd upon the
absence of wear and tear pigment ard cirrhosis,

No demyelination or other histological lesion was observed

in the central nervous system. (42).
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De Matteis et al (66) recorded the presence of fatty change

and patchy necrogis in the livers of rabbits treated with HCB.

Marked neurological symptoms followed 8.10 days of HOB-ad-
ministration to mica‘. in the nature of fine tremors involving
the whole body inclusive of heand #nd tall, and clonic contrag-
tions involving mainly the hind legs (66). Cuinea pigs treated
with HOR developed a continucus coarse tremor of the extronities
with ocecasional c¢lonic convulsions, Weakness, inore proncunced
aleng one side of the body, was a feature, (12&). |

Hyman cases.

In porsons with HCB-induced mrﬁnyrin thotosensitivity was
a marked feature, and skin lesicnz were prominent in ihe form of
buliocus eruptionsa, with secondary pyodermic infection,
ulceration, and extensive sc#rring, hyperplgmentation, hyper-
trichosis and alopecia, (L1, US, 148, 62, 263, 264;,

Hepatomegaly was edmmcn. as waswight loss.

Beurclogical and abdeminal symptoms were infreguent. (62,263).

(4). Sriseofulvig.

Female mice of the U.C.H., strain lost weight, becéne Pro~
gressively weaker ond died after several weeks of receiving
griseofulvin. (69).

The livers of mice treated with this drug were enlarged (7,

69, 3M2), and acguired a progressive greenish-brown discolouration.
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In the later stages hepatomata were common., (342), Micrescopic-
aiiy there was axtensive cellular necrosis, with round cell
infiltration, pigment accumulation in liver cells and Kupffer
cells, and bile duct proliferation with bile thrombi in the biliary

canaliculi.

HBecause of the high heputic porphobilinogen and porphyrin
“'concentration in Sedopmid-poisoned animals, Schmid et a8l ‘(259) ine
vestigated the activity or concentration of come of the haem
proteins in the liver - and other organs - of sueh animals,

Catalase activity was measured in the livers of rabbits glven
Sedormid orally, and a decreage was noted after 2.3 days, whiéh

upon further treatment was progressive to the point where the ac-

tivity of this enzyme was reduced tc less than S% the normal
level. | |

Thig effect on liver catalase activily was subsequently re-
peatedly confirmed -~ in rabbitsc trested with Sedormid (103, 151,
265), AIA {320, 321), or DDC (151).  Fats treated with Sedomid
(206, 265, 268, 269), AIA (67, 2u6) or DDC (67, 116) also showed
a marked reduction in their liver cutalase activity, as did mice
treated with AIA op DDC (227) or griseocfulvin (69), and chick

embryos (313) and geese (277) treated with Sedormid,



Cokner and Schmid (226) could not detect & significant reo-
duction in the hepatic catalase activity of rats treated for
-savéral weeks with hexachlorobenzene, and no gignificant effacts
on the levels of activity of this enzyme were noted in rats
treated with various chlorinated benzenes. (2u6).- |

An analysis of loeger-Aronsen's (151) investigations of
hepatic catalase a‘ct.is-rﬁ.ty reveals much variation in the levels of
#ctivity which ‘obtainad at different intervals after drug adminie-
tra;ti‘en. This may merely reflect the irregular dosage schema
which she employed. |

De Matteis and Prior (67) found hepatic catalase activity to
return to notmai after abcut 2 weaks despite continuad drug ad-
ministyation.

in vive studies with glycina-z‘ﬁcll“ snggest—éd that S@domid
interfered with the formation of catalase.i8 hours after the ine
jection of labelled glycine into rets, no rediocactivity could be
detected in the méthotie bhaem group of the liver catalace of
Sedormid-poisoned animals, while significant activity was present
in that from control groups. (265, 268).

Catalase activity in the rat kidney wag shown to decreace '
slightly during the first few days of Sedomid feeding, but
thereaftor the pattern was no longer consistent or progressive,
8lthough an overall slight reduction in ac»tivity was apparent,
(265, 268). Tschudy st 8l (321,), eonverseiy. could detect no



alteration in renal catalase activity in rabbits treated with
AIA, Brythroeyts catalase activity wag unchanged in Sedomid.
treated rats {265, 268) and in grisecfulvin-treated mice,:(é‘));
Gray (lul) 4id not dev-f-acet‘ eny change in the hepatic

catalase activity of a patient with azute intermittent porphyriae
Findlay (98) found a reduction to 10% of cantrol values in the.
catalase activity of the bullous epidermis of the sun-exposed
dorgal surfaces of the foraaﬁns of r;ﬁtieﬁts with porphyria
cutenea tarda. In the nomal skin of these mtients (back and
flexor surfaces of forearms) the catalase levels were nomdl.
Tissue culture cells grown in ihe presence of AIA showed a 26%

" yeduetion in their catalase activity.(57).

Cytochrome ¢ concentration in et livers was shoun to be re

duced (265, 268) during Sedommid administration although it was
felt that the effect while apparently sigpificant might have been
related to excessive weight loss. - Where weight-ioss was not
marked, eytochrome C concentration did not differ greatly from
that in control animals.

Vanpotti (324) found cytochrome C concentraticns in the livers
of Sedormid-treated rabbite to be significantly decreased after 3
weeks. He also found daily intravenocus protoporphyrin injections

into rabbits for 10-15 days to result in @an inereased cytochrome C



concentration in the liver.

No significant change occurred in the activities of hepatic
eytochrome oxidase or succinice dehydrogenise in Ssdormid-treated
rats. (265). |

Haemoglobin levelé have fréqﬁehtly been shown to be umffeé-
ted in the "hepatic forms® éf f,he 'd‘mg-—indﬁced ﬁo::phyriaa. (66,
67, 128, 265). |

ALA synthemsa #cti.vﬁy was shown by Cronick ‘(135) and
by Qranick and Ureta (181, 142) to be increased in the livar
mitochendria of puinea pigs acutely mﬁ.scrned with boe, mue
such activity was NOT det.ectabla in ‘tfhe livers of less acutely
poisoned or normal guinea pigs. aAn imméeﬁ ALA synthetase ace
tivity in the liver mitochordria ‘otr‘ mis "subacutely® poisoned
with DDC was demonstrated by Ginsburg arﬁ Dowdle. {116).
Miyakoshi and Kikuchi {208) found ALA symthetase activity to be
markedly increased in the liver mitochondria of rate poisoned
with AIA, .

Granick (138, 137) aanonstz;ated that an increase in the ace
tivity of this enzyme ecould be ;’mduced in liver parenchymal cells
dn vitre by a nunber of chemicals capzhle of indueing acute
porphyria in apimals. AlIA was nost effective, and DDC and



grisecfulvin lesz go. Chloretone and aminopyrine were also
found te be effective in this respect,

ilA dehydrase activity was shown to be increased in the
livers of rabbits rendered porphyric with Sedormid or AIA (110,
115, 320, 321), while in rats treated with AlA, Tschudy et sl
(321) found the activity of this enzyme to bs decreased when
the results were expressed per unit weight of liver, although
the total hepatic activity was greater than that of the control
animal livers. Rimi.ngtan ard Ziegler (246} noted an increased
lovel of ALA dehydrase activity in the livers of rats treated
with véri.ous chlorinated benzene cmﬁpoundfa.

Onisawa and Labbe (227) fournd little change in the hepatie
activity of ALA dehydrase in mice treated with AIA, while in
mice treated with DDC they found & REDUCTION in ensyme activity
- %0 13% the nomal level.

Granick amd Urata (142) detected no change in ALA dehy-
~drase actﬁ'rity in the livers of guinea pigs treated with DDC,

and De Matteis amd Rimington (63) presented evidence suggestive
of inere#sed ALA dehydrase activity in liver homogenates from
griseofulvin-treated mice,

Levels of sctivity of thig ensyme in the kidney have also

been shown to be increased in animals treated with AIA or -
Sedormid. {110, 115, 321},



_ Treatment with rhenylhydragine resulted in anaemia, and
in @n increased aetivity of ALA dehydrase in bloed and spleen;
vhereas the activity in bone.marrow spleen, blood, 'brn‘iniheai't
’ muscle and smell intestine was normal in Sedormid-treated
rabbits. (110, 115).

The effects of lead on ALA dehydrase activity have been re.
viewed by Ghi-sc;lm (49), who quoted evidense in favour of its
having an inbibitory influence, |

Seott (282) reported on 2 cases of acute intermittend pon-
phyria who showed an increased rate of comversion of ALA to PHG,
and he postulated that this might reflect an increased hepat.?i.é'
. ALA dqhy&rnse activity in this comdition. K

vF‘errm prétoporphyrin chelatase activity was shown to b‘é B
greatly reduced in the livers of IDC-treated mice.(227),
(e). Purine
A reduced exeretion of uric acid into the allanteic

fluid of chick embryos treated with Sedormid or AIA has been
demonstrated. (182, 183, 315, 317). That this was not due to
impaired oxidative (catabolim of purines was shown by the demon-
stration of mormal oxidati&n ard exeretion of exogenocus adenine.
(183, 315, 317). -Al'ao. inceéporatian of glycine—-?-@m' intb _
purines by these embryos was shown to be reduced (183, 315)
suggesting probable ’i.ﬂbibi.tion of purine synthesis.



De Fatteis and Prior (67), however, did not detect any al-
teration in the uripary allantoin excretion of rats treated with
either Sedomid, AIA, or DDC, |

Labbe ot al (182) demonstrated a reciprocal relationship
betweon ‘;‘he amounts of uric acid and -porphyri;n excreted into the
allantoic fluid of perphyric chick embryos. It was also showh
that the addition of exogenous adenine or adenosine rogulted in
an increased uric acid excretion, & reduced porphyrin excretion,
and a marked improvement in the associated physical signs. {317).
‘Xanthine and guanine were without similar effect.

In DDC- end FCB-intoxicated ’rats, De Matteis g_t_‘,_gl {70} emld
deieét no éignificant change in the liver nucleotide content as
eompared with normal control animals., AIA and alse
Zprapyluzuopropylacetmidé {a substance that has been reported
pot to induce parphy;rﬁa) adminietration, resulted in a decrease
in liver ATP with an increase in liver AMP concentrations - with
the result that the ATP : AMP ratio fell, although the total
nucleotide content remained within normal limits, Similar
changes wera noticed in the g;znnine rucleotides, but uridine
nucleotide patterns were unchanged., VﬁIA vas found to decrease
the ATP concentration of both Hela cells and "L" c¢ells in
tissue culture-preparations. {(57).

Merchante gt a] (204) found no significant alteration in



the concentmmtion of ribo- or desoxyribonucleic acids (RNA,DNA)
in the livers of Sedomid-treated rats. Cowger et al (57)
fourd the RNA phosphorus content of tissue culture cells grown
in the presence of AIA to be markedly increasad. There was
only a 4% increase in the DNA phés};homs content of these cells,
but this was consistent ard reproducitle. |

Rimington and Ziegler (286) noted & slight decrease in the
oversll pyridine nucleotide content of the livers of rats
treated wi’dz various chlorinated benzenes, and an inerease in
the NAD:NADH, ratio. The NADP:NADFHy ratio was relatively une-
changed in the iivers of these animals, but wag incressed in
the livers of animals poisoned with AIA or Sedormid. The |
NAD:NADHp ratio in such animals was Lf anything, lowered.

Lottsfeldt g&_gl(lé’?) showed that when rabbits were treated
with beth AlA and inosine, uroporphyrin and coproporphyrin
agcumulation in the liver did not occur (as did cccur with treat-
ment with AIA alone) and the accumulation of protoporphyrin was
to only 30% the levels that obtained in the absence of added
inosine.

Oajdos and Oajdos-Tordk (104, 105) demonstrated an ine
hibitory effect of AMF and inosine on the increased biosynthesis
of porphyrins in the drug-induced porphyriss in the rat, rabbit
and chick embryo, and demonstrated a beneficinl effect of these

two compounds on the signs of the disease. They (106) s1so



show an inhibitory effect of purine nucleotides ard nuclecsides,

- but net of the corresponding pyrimidine derdvatives, on porphyrin
synthesie ip yityro by Rhodopseudomonas spheroides; and an actual
inhibition of ALA synthesis.,

AMP administration to humans in attacks of acute porphyria
was shown to be heneficial in 8 of 10 cases whers it was en-
ployed .(104), '

De Matteis and Rimington (69) were unable 'to d’émon&trate a
beneficial effect of AMP upon gfiseofulvin-mduced porphyria in-
mice.

{d). Protein and u..[_r

| Welland et _al (340) demonstrated that in patients with

agute intermittent porphyria the feoding of a diet deficient in
prétein resulted in porphobilinogen excrefion being increased
daspitelthe minteﬁanca of the caloric intake with aﬁdad fat.

Richards and Scott (237) demonstrated a substantially in-
creased cutput of ALA and PBG in the urine of 7 of ¢ patients
with acute porphyria after the ingestion of a large dose of
glyecine, while the rate of excretion in normal subjects remained
within nomel 1limite. Glycine-administration was alsc shown to
facilitate the induction of porghyria by Sedomid in mats. (1).
Histidine and beta.slanine were without similar effect.

Richamds and Scott (237) also demonstmted an impaired con-



“version of glycine to serine in 3 patients with "English"
porphyria, while in 3 patients with Swedish genetic porphyria
the increase in serum gerine concentration following oral
glycine-administration was norml, or greater than normal, and
its subsequent fall delayed.

Impaired incorporation of glycine-2-C:% into purines by
ehick gnbxyog treated with Sedormid or AIA has heen demone
strated (183, 317) but Dowdle (74) could detect no defect in
the incorporation of glycine-2.C1% into urie acid by 3 porphyric
subﬁgets. |

The in yvitro oxidation of the alpha earbon atom of glycine
to 002 hae been shown to be impaired in the livers of rabbits
treated with AJA (320,321) and of yats treated with HCB (75)
or DDC(116). Dowile (78) could not detect any defeect in the
conversion of glycine-2-C** to (02, either, in 3 patients with
porphyria.

Goldberg and Rimington {128) showed that while a glyecine
spot could be detected on chrematography of normal yabbit urine,
this spot chowed at least a fourfold reduction in intensity in
the urine from § rabbits severely affected by Sedormnid or AlA.
They alsc demenstrated that whereas only a glycine spot could be
detected from normal pabbit urine, 3 rubbits treated with

Sedommid or AJA voided geveral other amino acide as well,

;



Changes in the pattern of amine acid exeretion could not be
detected in the urine of porphyric yata, v
Grey ot a) (145) noted an incressed incorporation of GLY
| from labelled acetate or succinate into glutamic acid by the
livers of rabbits previocusly treated with AIA, and also an ine
ereased incorporation intodlanine when labelled succinate ﬁas
- used, |
Elevated blood ammonia levels were showun to ba & constant
finding in HCB-induced porphyria in guinea pigs ard mice. (66).
(o)e

Tschudy's group (249, 3M0) found incmaéeﬂ di.etar.y
carbohydrates to diminish the excretion of urinary PBG in both
experimental arnd human porphyria, and De Matteis (65) found
glucose administration to repress the development of porphyria
in rats treated with AIA, Welland et al (340) eited une
published work of their group demonstrating an inhibitory effect
of oral sucrose upon hepatic ALA synthetase aetivit;y which was
fourd to be markedly increased in starved rats given AlA,

Joubert et a) (169) found a decrsased rate of clearance of
exogenous pyruvate from the blood of porphyric Bantu patients
as compared with normal controls., Goldberg and Rimington (129)
found the pyruvate tolerance test to be frenkly abnomal in 1 of

2 patients with acute intermittent porphyria in whom this test



was performed. Blood pyruvate levels were greatly in excess of
normal 90 mirmtes after the ingestion of glucose. Hierons (161)
also fourd an abnormal pyruvate tolerance test in two such
patients.

Tsehudy et _al (320, 321) could detect no alteration in the

capacity of liver tissue from porphyric animals to oxidise the

1 and 6 carbon atoms of glucose, and the alpha carbon of iiymvate
to CO0p, Lactic dehydrogenase activity in these livers was found
to be reduced. | |

Cowger et al (57), working with several strains of tissue
culture cells, found that AIA resulted in a markedly increased
excretion of lactate, and a smaller increased pyruvate e);creti@n
by these cells. AIA increased their rate of glucose utilisation,
and a stoichiometric relationship existed betwéen the excess
glucose utilised and the excess lactate produced. They also
cited unpublished date indicative of an increased lactic aci&
concentration of whole chick embryos peisoned with AIA.

Parke and Willjams (229) noted an increased exeretion of
glucuronic acid in the urine of HCB-treated rabbits (signs of
porphyria were not sought or commented upon), and De Matteis et
al (66) found a prompt and sustained rise in glucuronic acid .
exeretion in the urine of rats receiving HCB., A fall in glu-

- curonic¢ acid excretion was noted in the urine of rabbits

receiving this drug.

&



Granick (136) found that drugs known to be capable of in-
ducing an increased urinkry ascorbic acid excretion in animals
{chloretone and aninopyrine) caused an increased porphyrin syne
thesis by chick embryo liver cells cultured in vitro, A
pronounced increase in urinary ascorvic acid excretion by rats
rendered porphyric with DDC, was demonstrated by Ginsburg and
Dowdle. (116). |

_ De Hatteis (65) subsequently demonetrated an increased
agcorbic acid synthesis in rats as a result of the administration
of seéeml dmgs known to cause porphyria,

(£). Fat Hetal

Schwartz (278) demonstrated & progressive increase in

phospholipid and total 1ipid content of the livers of rate
treated with Sedormid., Labbe et al (180) also dencnstrated &
total lipid increase in porphyric rat livers (AIA). They
showed that the 'incorparation of acetate into fatty écids was
more than doubled; and the rate of incorporation of succinate
inte Mttty acids was also felt to indicate a greater fatty acid
/aynt‘hesis in the porphyric mat liver.
(g). Lron Metabolism,
Serum iron levels have been shown to be rxised in

symiptomatic porphyria in the Bantu (172, 184, 185, 259), in |
coloured subjects (323) ard in whites. (op eit 179).



Increased levels have also been detected in subjects with
variegate porphyria during the acute attack (25), and in patients
with acute intemittent porphyria. {(op cit 179).  4n excess of
iron in both the Kupffer cells and the parenchymsl cells of the
liver has been described in these conditions in & high percens
tage of cases. (184, 185, 323).

An increased rate of absorption of orally administered iron
by subjects with symptomatic porphyria was suggested by Saunders
(259), although it has also bean suggested that these subjects
ingest excessive amounts of iren in the alcoholic beverages to
which they are prone. (179, 259).

- Vannotti (324) demonstrated a "very real increase” of iron
fization in the bone marrow sndi spleen of rabbits rendersd pore
phyrie with Sedormid, and Lottsfeldt et al (197) demonstrated an
increased uptake of Fed? by the livers of such rabbits.

Livers of mice treated with griseofulvin were also shown %o
have an increased uptaks of Fe’? - in yiwo - (69), as did livers
from mice treated with AIA. (227). Conversely, when mice were
treated with DDC thers was an B1% reﬂuétion in the ability of
their livers to take up iron. '»(22'?)._

An increased incorporation of iron into liver haen was shown
in livers fram AlA-treated mice (227), fram Sedormidtrested
rabbits (197), from AlA-treated rats (180) and from griseofulvine-

treated mice. (69). When mice were treated with DDC thers was a
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marked reduction in the ability of their livers to incorporate
iron into haem, (227). | |
Cowger ot 8l (57) found that cells grown in tissue culture
in the presence of AIA showed a 635 greater uptake of Fe59 than
did control prepatatidns. When these cells were grown in the
presence of AIA, there was a 1A% increage in their iron content.
 Theron et al (397) showed 'that rate fed an iron-enriched
' maize.nieal diet had & high content of iron in the liver paren-
chym;. c.zell’é after 16 dayé. which. later affected the Kupffer
cells alsﬁ. In the livers of these animils there was a reduced
activity of isocitric dehydrogenaze, rmalic dehydrogenase and L.
glutaiuate dehyﬁmgmmae. and of DENH diaphorase, while DFNH-
cytachroﬁe C reductase and DPNH oxﬁ_.dasé activities were
conziderably increased. |
Dowdie and Oinsburg (752) fed weardling rats a similar diet
but were unable to detect any inerease in the porphyrin cohtent
of their livers. |
(h). Miggellaneoys data,

Rimington and Ziegler (246) showed that the induction
of porphyria by chlorimted benzenes was prevented by the ad-
minietration of glutathione, ;and Owens {228) c‘ited the ‘
unpublished work of De Mattels showing that glutathione was not
affective in reversing the effects of an established intoxi-
cation with %E.



Owens himself (228) demonstrated a retardation in the rate
of devolopment of porphyria in twd strains of pice treated with
glutathione and receiving griseofulvin in the diet, Porphyrin
precursor exeretion increzxged less quickly, but eventually reached
the same levels &g those in the uyine of control animals not re-
ceiving glutathione. Ko reduction in the initial excretion of
protoporphyrin in the faeces was obséwed; but glutathicne
lesgened the amounts excreted after 100 hours, |

Rimington and Ziegler (246) could not detect any change in
the hepatie glutathione concentration of rats receiving Sedormid,
AIA or HCB. Tribhl‘erobensene resulted in a definite £511 in he.
patic gluﬂthiona concentyation, | ‘ V

Burnett and Pathek (33) found the levels or uroporphyﬁ}l £0
be markedly increased in the urine of some HCB-intoxicatsd rats
on the day following a 20 minute ether anaesthetic. They also
fourd A period of exposure to radiant energy to rosult in an ine
creased excretion of coproporphyrin by HCB.poisoned rats, and
algo of uroporphyrin by some of the animals. An increased uro-
and coproporphyrin excretion in the faeces was noted in 3 of 4
guch rats, and of protoporphyrin in 1 of these animala, The
uroporphyrin content of the skin and liver of such HCB.
poisoned rets was found to decrease following this exposure.

Runge and Watson ( 251 ) could demonstrats porphyrine in



the skin of the hands of only 3 of 6 porphyric patients. In .
gkin fram areas not usually exposed to sunlight, porphyring were
demonstrable in all 6.

Hellman et 8l (160) detected an elovation of the proteine
Qaum icdine in the serum of patients in various stages of acute
intemittent porphyria. Levels wereusually highest during the
activé phese of the disemsse. In 1939 Sumegi ard Putnoky (op
e¢it 332 ) had reported intense thyroid hyperfunctien in rats
rendered pcrphyric with various heavy metals or injected with por-
phyﬁns. ' |

A disturbance of zinc metabolism in the acute phase of acute
intemittent porphyria has been demonstreted in the form of an
increased urinary exeretion of zinc and zine-porphyrin complexes,
an increased zinc contont of erythrocytes, and an increased ace
tivity of the .zinc-contaﬁ.miﬂg enzyme carbonic anhydrase., (op cit
170}, A derangement of tryptophan metabolisn under these cireume
stances has also been demonstrated,

Cowger et 8l (56) detected an inhibitory éffect of vnricw;:s

compounds on beaf heart DFNH oxidese activity. They were struck

by the gtructural similarity of these compounds and coupounds able |

V to induce porphyria. They investigated the influence of these
compounde on the activity of this enzyme in cultured calls, and
found AIA, and also amytel and seconal to be inhibitory.

<



None of these compounds inhibited succinate oxidase ac-
tivity.
These compounds were also found to inhibit oxypen

utilisation by the cells respiring on endogencus substrate,
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SECTION b,
HATERIALS ard METHODS,

Wistar albino rats, of both sexes, were used throughout
the investigations,
They wers treated with a number of compounds known to be,

or suspected of being, capable of indueing porphyria.

The following compounds were administered in the mamnmers, and

to the groups, indicatedi~

This was prepared
according to the method described by De Matteis and Prior (67)
and given to female rats, (i), as a 124% w/v emulsion in 1%
Edifas (I.C.1.) by twice daily ( 6 aem. and & p.m.) iniragastrxc
administration, in a dose of 250 mg/Kg. body weight, and (ii),

ag a 0.2F mixture in the diet.

{AZA), which was received as a

gift from Roche products, was given to male mats as a 124% w/v
solution in propyleneglycol by twice daily intragastric adminise

tration in a dose of 250 mg/Kg bxdy weight.

(3). Bexachlorobenzene (HEB), This compound wag bought from
British Drug Houses (B.D.H.) and given to female rats (i), as a

0.2% mixture in the diet and (ii), by twice daily intragastric
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adminietrotion ag a 122% emulsion in 1% Edifas in a dose of

250 mg/Kg bady weight.

This compound was received

(%),
as a gift from the Oroote Schuur Hospital dispensary and was

given to vats of both sexes as a 0,5 mixture in the diet.

The animals were bred in the animal house of the University
o_r Cape Town Medical Sehool, ard were transferved to an animal
rocn adjacent to the laborstories as required. They were
housed in iron and ginc cages with steel bottoms. The tem-

perature and humidity were maintained at constant levels.

The rats were fed a diet of ratebiscuit cubes (Vemanigi;ng
Consolidated Mills) and tap water ad 1ib. When the drugs were
to be administered in the diet, the cubes were crushed and the
drug admixed in the proportions indicated.

Animals from gome groups wers noymally fed until t‘&eir ré-
moval to the laboratory just prior to being killed, while those .
from other groups were placed in metabolism cages at 4 p.m. on
the day bef‘oré their being killed, These animsls were starved,
but allowsd free access to water, Their urine was collected
over an l8-hour poriod, a2nd they were then transferred to the
laboratory and killed,

Control animals were matched for sex, weight, dietary stetus
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and season. Jhe importénce of these factors is discussed in
Section 5.—. |

They were housed in the same animzl room, but in separate
cages, and received the same diet as the test animals.

The parameters which were studied are summarised in Figure
i,

The animals were killed by guillotine, and their livers
immediately removed, washed in the aprpropriate ice-cold homo-
genising solution, placed in a Petri dish surrounded by cracked
ice, and cubed,

In order to investigate the levels of activity of hepatic
pyruvate kinase, G-6.P.D,, 1.C.D., 6-0,T,, lactic dshydrogenase,
and catalase, the livers wore homogenised in ice-cold 0.1 ¥ Tris
buffer (2-amino-2-(Hydroxy-methyl)-it3 Propancdiol), uffered to
pH 7.4 at room temperature in 1:5 w/v ratic. Homogenisation
was obtained by means of & power driven Teflon homogeniser
(Gallenkamp) followed by the use of a PottersElvehjiem glass
homogeniser. The homogenates were kept in cracked ice whenever
possilble.

Aliquots were removed for determinations oi‘ catalase ac~
tivity, and total rhosphorus concentration, whichs was measured

sccording to the method of Fiske and Subba Rau. (100).
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The homogenates were centrifuged in 2 Heka model centri-
fuge, set to position 3 for 10 minutes. The supernates were
then tmnsferrjed to tubes whers they were suitably diluted
. with c';:id 0:.1:24 Tris buffer (£ 7.4).

Dilutions ef‘ 1:1 with thie buffer were used for the meisure-
\ments of the activities.of pyruvate kinase, ard G-6.P,D, For
déterminatians of the levels of activity of G«0,T, and ICD a 1:3
dilution was used, and of lpctie dehydrogenase a 1:79 dilution,

A1) these enzyme activities were studied by following the
change in optical density at 340 mu of a DFN:DFNH system in
coupled roactions. | :

The methads are based on those described in "Methods in
Enzymology® (51), 2s modified by Meteoff (205). Ge6-P.D, ac-
tivity was measureé’aéccixﬁiﬁg' to the method of Magks (200a).
The composition of the reagent mixtures is detailed in the
appendix. 1{a). ..

After an eguilibration period of ) minutes the reactions
were ipitiated by the addition of homogenate to the reagent
mixtures in quartz nmicrocuvettes maintained at 37° ina
Beckman model DU Spectrophotometer equipped with a circulating
water bath. _

Tr.s‘e percentage light ﬁransmitteﬁ wag automatically re.
corded every 2.4 geconds by a Y5I model 80 ladoratory recorder,

(The recorder was built to respond every 2 seconds to an
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nltermti.nglcurrent of &0 cyclas per second. South Afyican

current alternatos at 50 cycles per sacond).

The rate of change of optical density was calculated, and
enzyme activity is expressed as the pumber of pmoles of sube
strﬁte converted per mirute per ng. total tissue phosphorus.
Stoichiometry of the resctions ws assured m:«: was an extinction
coefficient for DENH of 6,22 x 10% for a solution of 1 mele in
1 ml in & light path of 1 em at 340 mu,

Catalase activity was determined by a modification of the
mathod of Sumner ani Dounce. (308). Details are described in
Appondix 1 {b). In principls, the rate of destruction of

" hydrogén peroxide after the addition of homogenato was measured.

" Activity 4o expressed in arbitrary units, 1 unit being that

smount of enzyms which, under the experimental conditions, would

give a first order velocity conatant of 1.

For meagurement of ALA dehfyﬁfaw activity 1 ol of a 115
wfv hemcrgeziaée of liver in 0.25 M sucrose {(pH 7.4) was added to
C.§ ml of potassium phosphate buffer (0.11 M, pH 6.8) and 0.2
w1l of 0.6 M reduced glutathione., After 30 minutes of pre-
incubation in & water bath at 379G, 0.2 ml of 0.02 M ALA were

added and the contents of the tubes were incubated for a further
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60 minutes at 37°C in air. The mctﬁ.oﬁ was stopped by the
addition of 2 ml of 0.3 N trichloro-acetic acid {TCA), ard the
FBG concentration in the protein«free supernatant was determined
by the method of Mauzerall and Oranick. (202). The FBG con-
centrations of the liver hemogenates were measured in control
tubes to which ALA was not added, and vhose volume was completed
by additional phosphate buffer. |

PBO concentration is expressed as mpmoles/mg total tissue
phosghorus, and ALA dehydrase activity as the number of rumoles
of P3G formed per hour per mg total tissue phosphorus, |

Liver was homogenised in 10 volumes of Q.25 M sucrose
(p4 7.8) in the cold, and mitochondria were isclated by re-
frigerated centrifugation techniques. (Details are described
in the Appendix 1 (o).

Mitochondria from approximately 0.75 O of liver were incu-
bated in Warburg flasks containing 250 ymoles of sucrose, 86
pmoles of glyeine, O.4 pmoles of EDTA, 0.8 pmoles of Mgllp, 1.7
pmoles of each of pyridoxal phosphate, DPN, and ammonium
chloride, 47.4 pmoles of potassium phosphate (pH 7.4) and either
172 ymoles of sodium pyruvate, or 86 pmoles of sodiun citrate,
in a final volume of 2cc. |

The flasks were incubated for exactly 2 hours in air at
37°C, after an initial period of 8 mimutes allowed for equili-

bration purposes. Oxygen consumption was recorded



manometrically over the first 20 minutes of the 2-hour incubation
period, carbon dioxide being absorbed by one drop of 15% KOH on
a square of Mattman No. 3 filter paper in the centre well of the
. flasks. v

The réaction vas stopped by the addition of 2 ml ofy0.3 N
| TEA. and the aminoacetone and delté-aminolaevulic acid contents
of the protein-freefsupernatants were determined according tb
the methods of UratacandrGrénick (322) - by separation on ion
exchanggicolumns. conversion to pyrroles by boiling with acetyl
acetone, and measuremenﬁ of the optical density of the colour
compound formed on addition of Ehrlich's mercuyy reagent.

Aliquots of the final mitochondrial suspension were.also
taken for detemination of total nitrogen content. The results
are expressed as the number of mumoles of ALA (or AA) fommed in
the 2-hour incubation period, per mg mitochondrial K, or as the
number of uliters of oxygen consumed per hour per mg mitochondrial
N.

Uratdcand-Granidk (322) had reported a molar extinction co-
efficient for the compound formed between ALA pyrrole and
Ehrlich's mercury reagent of 5.3 x 10% at 552 mu., 1 adopﬁed an
essentially similar technique for its measurement, and found it
to be markedly different. It was, therefore, considered im;
portant to establish the molar extinction coefficient of ALA in
our laboratories; to investigate possible reasons for the

difference; and to investigate the influence of various



environmental factors upon the measurement of this substance.
The details of these investigations are sbc@ in the Appendix
1{d). |

The molar ext-iﬁeﬂen coafficiont as measured was 2,87 xlOL’,
and this is the figure which has been used in all measui-ments
of ALA concentration. |

ALA pyrrole wms shoun to be fully formed within 10 minutes
of boiling AlA with acetylacstone at buffered pH 4.8,

_ The colour-compound formed between an agueocus sclution of
ALA pyrrole and Ehrlich's mercury reagent was found to be re-
Jatively stable over 15 minutes énsl then to legsen graduvally in
intensity over a Z.hour period. VWhen the ALA pyrrole was
dissolved in & methanol: glacial acetic acid solution, the inten-
sity of the colouor of the compournd formed with Ehrlich's mercury
reagent was less (65%) t.han‘ was that formed by ALA pyrrole in
aguecus solution., HMHoreover, whereas the intensity of the
fguecus solution colour-compound lessened on standing, tﬁat of
the methanol:glacial ecetic aeid solution increased steadily -
with standing, the maximum increase occurriﬁg in the first 10
minutes after the addition of the Bhrlich's vreagent. In the
oxperimental ‘studies, the optical density of the colour-compound
was always detemined exuctly 15 minutes after the addition of
the Ehrlich's reagent. ' | |

The intensity of the colour-compound wag less when freshly

prepared Ehrlich's mercury reagent was used than when & menth.
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old preparation was used., In all the present experiments,
Lhrlich's mercury reagent was never mors than one weel old,

© and was kept in a bottle, surrounded by aluminium foil to pro-
tect £t from the light.

ALA pyrrole was found not to be completely eluted fram the
Dowex-l-acetate column, and the optical density of eguivalent
anounts of ALA pyrrole before and after passage through the
éolwm differed by about 28%.

Haching with water, or with 1 H acetic acid did not result
in the loss of appreciable amounts of ALA pyrrole from the |
column.

The aptical density of the colour-compound was shown to be
‘pmportional to the amount of ALA pyrrole present whether or

not it was passed through & Dowex-l-acetate column.

Glyecine oxidation by homogenates of liver ws studied with
c** Javelled glycine by the method of Dowdle and Eales. (75).

These results are expressed in terms of micro-atoms of
glycine converted to CO» per mg tissue phosphuruse Per hour.

U

Urinary ascorbic acid content was measured by the method
of Roe and Kuether. (247). The urine was collected over an
18-hour periocd, and the results have been extrapclated so as to

be expressed as the mumber of mgs, of aseorbic acid excreoted in
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the urine per 24 hours.
Liyer porphyrins,

Liver protoporphyrin and totﬂ porphyrin concentrations
were measured according to the tmpublishét_i methods of Sweeney
and Eales. These are deseribed in detail in the Appendix'1l (e).

Total nitrogen content was measured by tﬁe method of
Kanchukh. (170a). This was preferred (as a reference base)
to total protein content hecauée the protéin was fomﬁ to be

‘unstable if kept too long.

A very signi ficant article on the subject of reference'
bases is one by Weser and Cantero (337), %ho ‘emphasised that re-
sults expressed on a wet weight basis do not reflect the total
enzyme activity of the whole organ, and that activities which
are apparently increased when expressed on such a hasis may ACe
tually be decreased when considered pef total weight of organ,
should the organ have undergone a reduction in weight. The
reverse would also apply.

In the present investigations total organ weights were
not used because of the delay that would have been entailed in
weighing the liver, and because it was also planned to investi-
gate activities in human livers.

The choice of a reference base in these studies was
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directed towairds enabling the influence of metabolically inert
substances on the apparent concentration of parenchymal cell
enzyme activity to be reduced, and towards pormitting of an
accurate assessment of the actual amount of tissue homogenised.

It wes felt that wat weight or dry weight roferences, both
cbvious choices, would be inadequate, These are satisfactory
for tissues m which the yatio of active tissue to storage
material remains reasonably constant. (40). However, in liver,
variations in glycogen, in fat, and, particuviarly in these ex-
perime‘n‘ts, in porphyrin, and perhays also in iﬁ'on, content were
to be expected -~ all factors which migh£ be expacted to slter
tﬁais ratio. Furthermore, it was anticipatad; that necrotice
and fibrous tissue might .s:puriously lower the apparoent enzyme
activity as exprossed on 2 waight basis.

It was felt, téo, that errors might arise during the pre-
mration of the homeogenate - sspecially as far as the |
completennss of bh'e process was concerned. Biopsy specimens
fron patients with cirrhotic livers homogenised with difficulty
and never completely, and 4 wet weight basis would, therefore,
again have proved inadeguate - but has heen. exployed initially
besause of difficulties in establishing a micro methed for total
phosrhorus determinations. |

In 1946, Hopgland, (op cit 193) wrote:- "The problem of



adequate bases of reference for constituents of digessed tissue
in genersl is one of the princiml barriers to the develomment
of a rational disecipline of chemical pathology". The extent of
this problem is emphasised by the many reference bases thal have
been employed. (15, 40, 85, 193, 337). The choice in these
experiments is not ideal.

Total tissue phosphorus yresentéd certainzadvaniagas and
enzynme sctivities have been expressed on the basis of the activity
obtaining in relation to the amount oftissue containing one mg. of
rhosrhorus.

It was chosen because of its ease and accuracy of deter-
mination. Expected variations in giycogen content were well re-
flected and collagen was shown to have a lower phesphorus content
than did normal liver (1.9 mz/G wot weight as opposed to I 4,0
mg/G wot weight).

Several of the parameters described have aiso been measured
in the livers of 13 patients with porrhyria admitted to Groote

- Schuur Hospital during 1963/t.

These included U cases with variegate porphyria of whom 2
were females; 8 with acguired porphyria of vhom 6 were males,
and 1 female with congenital porphyria.

3 control subjects wero also studied.
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In the majority of instances liver was obiained by needle
biopsy, but from C.,P., C.K., and 5.F., larger portions of
liver were obtainéd at abdominal operation.

Specimens of liver weighing between 15-30 mg were cbtained |
- by needle biopsy. They were blotted dry on filter paper, and
immediately placed in weighed glass homogenisers kept in ice,
The homogenisers were rawsighed to determine the exact weight of
liver obtained, and this was homogenised with 5 volumes of cold
0.1 ¥ Tris buffer (p 7.4). 25 lambda were utilised for deter-
minations of catalase activity, apl in experiments porformed
tovards the end of 1963 10 lambda were kept for deteminations
of tetal phosthorus concentrations,

The remainder was diluted so that the }lctivities of py~
ruvate kinase and G-6-F.D, were measured in a 1:1 dilution of
~ this original homogemate; of I1.C.D. and G-0.T. in a 1:3
dilution; and of lactic dehydrogenase in a 1:19 dilution.

¥haore largér specinens (£ 3 6) were available at operation,
“the liver was immediately washed in cold 0.25 ¥ sucrose (pH 7.1},
cubed in 2 small beaker surrcunded by ice, and rapidly trens-
ported from the theatre to the laboratory.

¥ 300 mg were homogenised with 10 volumes of cold sucrose
(0.25 ¥; pH 7.4) and utilised for ALA dehydrase determinations.

An aligquot was kept for tetal phosphorus determinations.
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* Fifty mg were homogenised with cold 0.1 M Tris buffer

(pﬁ 7.4) and used for measurements of the activity of catalase,
the enszs of intermediary metabolism, and total ;rhoéphemé
congentration. .

The remain@er_ was homogenised with 10 volumes of cold
0.25 ¥ suerose {rH 7.4) and mitochordrial suspen.siém wére pre-
pired in the uswal way{Appendix 1(c¢)), which were utilised for
;t:he measufment of ALA and AA synthetace activities, for oxygen

utilisation and for total nitrogen content.
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SECTION 5.

. FACTORS INFLUENCING LEVELS OF TISSUR ENZYME ACTIVITY.

Physico-chemical envirommental factors, and the metabslic

statue of animals being studied, have been shown markedly to ine |

fluence in_viiyo measurements of tissue @nzymé activity.

A consideration of these factors is felt to be x:'mreim‘isite‘

to the consideration of changes occurring in levels of enzyme ac

tivity in the drug-induced porphyrias, and in persons with
perphyria. |
‘This sﬁhject hag been extensively reviewed by inox, Averdach

and Lin (178)..

1. PEYSICO.CHEMICAL ggﬁiﬁﬁﬁﬁ@NTﬁyuIﬂFLUERCESH(Iﬁ YITRG) .

In vitre deteminations of enzyme activity are subject to 2
- number ofvenviranmental influences. These include tampératureg
pH, buffer system, substrate and cofactor conesntration, elecs
trolyte concentration and the presence of aciivators or
inhibitors. |

1t ws éttempted te eliminate these vardables and to stan~-
dardise the exporimental conﬂitioﬂs as far as posgsible,

Temperature ¥as maintained at 379 by thermostatically
cantrelled_matervbaths.

P was in most instances buffered to 7.4 with freshly pre-

?Qred Tris buffer. The activities of certain enzymes were



studied in phosphate buffer and at different pH's, but this ﬁas‘
constant for a particular enzyme.

Stock reagents were kept in the deep freeze { ~-159C) until
required and were made up into sclution at frequent, but
irregular intervals, These solutions were alsé kept in the deep
freeze and were thawed just prior to the premaration of the re-
a;;ént systems on the day of the experiment.

The final solutions were kept in melting ice until they were

. finally transferred either to cuvettes in the Beckman spectyro -
rFhotometer vhere two minutes were allowed for temperature
equilibration before liver homogenate was added to initiate the
reéaction, or to the Warburg apparatug where an B-minﬁte period
was allowed for equilibration purposes.

In this way it was hoped to avoid variations as the result
of deterioration of the reagents; and each reagent systenm vas
prepared according to a standard technique whenever required, so
that the nature and the amount of factors present wore eonstant
ag far as they could be controlled.

A possible cause of nonspecific variation in the meésureel
levels of enzyme activity is evident in that the Tris buffer was
adjusted to the desired pH at room temperature while the deter-
minations were made at 37°C. Variations in room tempsrature
over the geveral months during which the expeﬂments were per-
formed might have resulted in slight differences in tﬁe rH of the
buffer at 37°C.
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Factors of particular importance which are operative
in vive and wﬂ}ich have besen shown to influence in vitre measure~

ments of enzyme activity include:-

(4). Nutritional status.
{i1). Sex.

(1314).Hormonal function.
{iv). Age and body weight.

and (v) . Seasonal and climatic corditions,

The relevant literature as it relates to the enzymes which
were studied in the present investigation will be briefly re-
viewed. ‘

Ag the affec;ts 'of several of these variables have been -
apparent in this investig'a‘tim.» éudh data will 2lso be imludeﬁ,

In the studies on the drug-induced porphyrias, control
animals were matched for sex, weight, and mutritional gtetus and
were studied over the same period as the corresponding experi.
nental group. . ’

Scmewhat fortuitously, individual groups differed as
regards some of these variables, which hasz permitted of statise
tical analyses concerning their influences on the parameters
studied. Since this was not 4 planned part of the investigation

these groups are not always strictly comparable, The conclusions
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drawn mast, thersfors, for the most rart, be tentative, and these
- firdings are presented and discussed in this light.

Hany of these factors have been showm to influence the mani-
festations of the varicus porphyrias, and such influences will

also be briefly considered.

(i). Hut
Niemeyer ot al (Z21.22%4) have investigated the effects of

tional St

variaticns in the nmaturs of ﬂ;e diet and its éomposition, and
alse thve‘ ei‘fectkof starvation, upon various et liver enzyme
levels of act’ivi.ty- |

. Amongst other ensymes studied, they demonstmited, in ﬁhe
livers‘ of male albino rets weighing t200, 2 descre-ase in the
activity of giucase-é-phcsp!ﬁte dehydrogenase of 56% after a LB-hour
period of fasting. Glock and Hclean (118) alse showed 2 signi-
ficant reduction in the activity of this enzyme'in the livers of
rats fasted for 48 hours.

Vaughan gt al (325), working with male Spregue-Davley rats
weighing 100 « 125 G, demonstrated a depressed aetﬁviiy of hepatie
glucose-é-phnsﬁwteﬂ dehydrogenaze, and of the }mas;magiyée?aw-
pyruvate sgen, in animale maintained on & high-fat, carbobydrate-
free diet for 40 days. A high-protein, earbohydrate.fres diet
resulteéi in increaged activity of these enzynmesg.

Glutamic-oxaloacetic transaminase activity wes shown by
Rosen et 21 (250) to be very slightly increased in the iive-rs of
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rats fasted for L8 hours, while glutamic.pyruvate transaminase
aet.évity was doubled under these conditions, Barf.:lett. and Glynn
(11) showed that in normal rets maintained on a greatly restric-
ted food intake there was an increase in hepatie transaminase
activity, while that of yens] transaminace was unaffected.

emﬂicﬁné reports are available concerning the influence
of fasting on liver catalase activity., Some of the differences
may be aseribed tc species variation, and the influence of the
sex of the animals has also been prominent.

Greenstein eb al (146) reported that a three-day pericd of
starvation cauged no decrease in the activity of rat liver
catalase, and Schmid and Schwartz (265, 268),could demonstrate no
¢hange in the activity of this enzyme in the livers of rabbits
starved for 3 days. Miller (207) demonstrated no significant
alteration in the level of liver catalase activity in male rats,
but showed & fairly marked decrease in activity in female mats
starved for seven days. Cline gt al (50) reported a degrease in
hepatic catalase activity of 25% in two straing of mice of both
sexes following a 2l<hour period of food and water deprivation.

Appleman gt al (6) found that rets fed a protein-free diet
for 7-10 days had & liver catalase astivity of 50% the normal
lovel; and a reduction in activity on such & diet was reported
by Borgoni ( op cit 178), while no change was observed by Begg
&t al (18) or by Weil-Malherbe and Schade. (338).
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The influence on liver catalage activity of iron, copper, manganese
and several amino acids ‘nés been studied. {4, 274, 305).

My findings as ragaraé the influence of an 18-hour pericd of
starvation upon the mean level of activity of vax-ims liver enzymes
are éummrised in the accompanying figures, (6 - ¢), which also in-
dicate values one standard error on either side of the mean. _i'rhe
number of animale in each group is shoun at the base of the co:;.umnac
Fed animal groups are indicated by stippling. | |

The effects o:ﬁf fasting are shown in both normal snd DDCetreated
animalg, All fhe animals were females and welghed betwe.eﬁ 164 and
242 grams, All investigations were undertaken over the period
21et Moy, 1963 to 16th July, 1963. Detailed results ars given in
the tables indicated in brackets.

Pyruvate kinsse (Table 1) end Glucose«6-phosphate de‘hyﬂrogen;se
, e (Zal

Normal rat livers showed & reduction in the activity of pyruvate
kinase of 47 (p = < 0,001) and of glucose~Gephosphate dehydrogenase
of WE {p= < 0,05), In the DDC-treated animals the reduction in
pyruvate kinase activity was 46% (p = < 0.01) and in G6-P-D ac-
tivity, 36% (p = < 0.001),

Isoei.tric dehydragems)e (Table 27) and glutamic-o:mlmeatic

F )

Isocitric dehydrogemase 'acti‘vity was reduced by 24% (p= < 0,001)
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in normal ¥at livers, but by only 12¢ (p = < 0.02) in DDC.
treated animal livers. This difference may be meaningless and
due to experimental artefact, but 2 possible interpretation is
that the drug itself caused & reduction in the envyme activity
which vas aggravated only slightly by starvation. |

Glutamic-oxaloacetic transaminase activity showed a slight
and non-significant jporease in both groups of animals, which is
in ageord with the findings of Ranh et a1 (250),

Mmal rat livers showed an increase in lactie. dehpdmgenaaa
activity of 12% (not significant) and the porphyric animel livers
showed a signiriaant incresase in the activity of this enzyme of
32% (p= < 0,05). The reason for this difference iz not cleay,

‘but it is probably best ascribed to the very wide range in activity
obtaining in individual livers, and, as such, not important.

e {Ta
Catalase activity was reduced by 31% (p = < 0,001L) in nor-

mal rat livers, and by 20% (p= < 0,001) in the DDC~treated

animal livers,

Thera is a Suggesti?n”of a greater protoporphyrin content in
"starved animal livers, both nomal and drug-treated, than in the
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livers of normally fed animals. Howaver, this ié no-i:.' supported
by statistical analysis in either instance - poagsibly because of
the very wide range of protoporphyrin concentration in the indie
vidual livers. Moreover, in nomal livers the vpmtop@rphyrin
eonten?; wag so low that the accuracy of the method was probably
exceeded,

Vanpotti found that in rabbits starved for 48 hours there

wag a gignificant increase in the hepatic cytochrome ¢ content.{324).

d _the Popphy

Waldenstrom (op cit 340) in 1984 suggested that porphyrin
precursor excretion in acute intemmittent porvhyria might be ine
fluenced by the diet. Welland et al (340) studied the effects
of variaticns in the diet on urinary ALA and PBG exeretion in
- patients with acute intermittent porphyria, and found an acute
reduction in caloric intake, an isocaloric diet deficient in
carbohydrate apd protein, and an isocaloric diet deficient in
protein alone, all to result in an increased e:_;cretion of these
préeursorsa They also reported bﬁaﬂy on unpublished work of
thelyr group which had shown that the feeding of suecrosze to rats
given AIA prevented the mavked rise in hepatic ALA synthetase acs
tivity which occurred in starved animals given this drug.

Rose @t al (249) fourd that when ATA-treated animals were
starved the;'e wag a greater ease of induetion of parph&:il‘ino—

genuria,
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Weight loss has been a feature of all the drug-induced pore
phyriss (see Section 3(7)).‘ and the majority of patients in the
Turkish epidemic of porphyria showed signs of malnutrition. '(h’l.
45, 48, 62, 263). ' '

(11),
Variations in enzyme activ:.ty accoxding to the sex of the
animal have been well documented .

. Glock and Melean (117) reported a mean "lev'el of G--6.P;.-;D
activity of 108 unite in the livers of adult female yats, and of
only 46 units in the livers of their male counterparts.

The level of liver catalase aetivity has been demonstmtei
by a number of authors to be about 30% higher in the male. (3.
207, .274),

A variety of‘ other enzymes having this sex differentiation
are reviewed by Knox et al. (178)., | |

I have recorded definite and significant differences in the
liver activities of pyruvate kinase and catalase, Both enzymes’
had greater mean levels of activity in male then in ‘femalel r:a_ts.
That of pyruvate kinase, was 94% higher (p = 2 0,05) éxﬁd’ of
catalase, 95% higher (p = < 0,001).  Male animal livers also
showed a greater but statistically nan»siénifieant I.C.Ds
activity, ﬁhile the differences apparent for G-0-T and G<6-P<D
activities are no‘l; statistically significant reither; -Thez;e ﬁ
were no difference in mean hepatic lactic dehydrogemase activities

“4n the two sexes., ] 124



These results afe shown graphically in Figure 10, which is
a composite graph summarising data from Tables 1 and 2 (pyruvate
kinase), 8 and 9 (G-6-F.D.), 20 and 21 (Lactic dehydrogenase), 27
and 28 (ICD), 34 and 35 (G-0.T.) amd 54 and 55(Catalase).

All animals were nomal, and were starveid for 18 hours
before being killed. Male animals weighed 162 - 218 G, and
female animals weiched 164 - 198 G.

It should be noted that these findings are not strictly com-
parable, as the male animals were studied during the period 15th
October, 1963 to 15th November, 1963 and the famales during the
period 10th June, 1963 to 5th July, 1963. This may account for
some of the observed differences.

Sex differences agg'i the porphyrias.

A;:ute intermittent porphyria has been shown te affect more
females than males in a ratio of about 3 : 2 (107, 123, 152, 326)
and variegate porphyria was found to be more common in the female
(87) or to affect the sexes equally. (62).

Symptomatic porphyria has been found to affect males pre<
dominantly (87, 152, 323, 326) except amongst the Bantu races
where the sexes have been equally affected. (87, 185). Barnes,
hewever, noted a marked female preponderance.(8).

The Turkish epidemic showed a marked male predilection. (41,
45, 263).

Few workers in the field of the drug-induced porphyrias have

12
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éomenitea upon & sex difference in rdlation to the induction of
the disease, or its manifesﬁa;ﬁians. De Mattele and Rmmgton‘
(69) noted & different response to griseofvlvin administration
in female mi@é of ¢the U.CiH. strain to that cedurring in their

male eauﬁtemartsc {Sec Section 3)«

The variations according ta,;séx may prahahly'bé lérgély
attributed to oestrogenic and androgenic hmxianeé, and the
effects of the administration of these hommones; as of cas-
tration, have been stﬁ&ieﬁﬁ aﬁdams (3) investipgated thelir
_ influences on catalase activity amd -déméns%mtéed a fall in ac-
tivity in castreted young adult mice, whioch was restorsd by the
~ injection of testosterone. T;estésﬁewne i:ngeet‘eé inte females
resulted in an ¢levation of the level of catelase activity %@
male levels, : |

Adrenalectamy in both sexes resulted in a hmrmg of
catalase. activity. Conversely, Bég-g M -(ik»’) eould deteet no
significant alteration in the hepatic catalase activity of
adrenalectomised rats, while adninietration of cortiscne ie.eul‘tﬁ
in a ‘lmﬂng of activity. Stilboestrol ad‘ministmﬁim alsé
caused a decvense in catalase activity. | ‘

Rosen gt 8l (250) demonstrated a marked increase in hepatic
glui;amie-muvate trangaminase aetivity in rats trested with
| hﬁdmceftisme and shww.a similar rise in the aetivity of thig
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enzyme in slloxan.dianbetic *frat‘s.. flock and Melean (118) studied
the influence of hombnal oontrol on hexose monophogpha te shunt
activitys, Hepatie G-&J’—n aciﬁvﬁ.ty s reduced in allexan
dizbetes, and after administration of thiocuracil. Thyra’%e}zieasiﬂ
reculted in & twofold incresse in the activity of this ensyme.
Niemeyer gt s (223) suggésﬁed that some af the distary
effects on enzyme sctivity might be medisted through en erdocrinal

influences

4 corrclation between menstruation, mittelsehmerts and prege
naney, and attagks of seute intermitte.nt porphyria has been |
reported, (:mz, 12k, 152, 333, 1),

édverse effects following the admimistration of cestrogens
to patients with acute porphyria have been reported by Redeker
(2352), and Levit et al (192) reported on a case of acute intere
mittent porphyria in whon exacerbations had been caused by the
administration of progesﬁeroﬁe. Wellend gt al (341) noted an
increased urinary exeretion of ALA and P8¢ by patients with acute
intermittent porphyria in remission when they were administered |
ethingl cestradiol. Watson et 2l (333) showed that 5 mg. of
atilboestrol daily resulted in & significant increase in the |
urinary excretion of PBG and uroporphyrin by a potient with latent

hepatiec porphyria.’
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Th@:f also reported on 6 cases of hepatic cutanééus pore
phyria in whom mnifésmtima of the disease first appea'mi aftey
the administration of stilboestrol. |

Theologidea '(op eit 333) studied the effects of fpmlanged
stilboestrol administration on a number of non-porphyric igndﬁ'.-u.
vidaﬂs and in none did serial determinations of urinayy ALA,
PBG, uroporphyrin and coproporphyrin show any ehange.

Goldberg (124) described inhibition of exacerbations of
.amé.te porphyria, coinciding with menstruation, by the vacimfgnis-
tzﬁti@n‘of testosterone, |

flaeger-Aronson (152) « however, répor'heﬂ the prevention of
suéh exacerbations by:ireatment with "Anoviar®, |

Other homonal factors have also been s’ﬁam to be concerned.
Diabetes has freguently been reported in assocciatien with the
porphyrias - especially the symptomatic form, (op eit 86, 248).

Acute exacerba-tioﬁs of porphyria have I;ee‘n' reported in
assosiation with an Minappropriate secretion of antidiuretic
hoymone" (130, 159) and M.8. a patient wit‘ﬁ variegate porphyria
(studied during an acute attack ') had & serun Na*‘cmcentmtimn

of 118 m, eqfL. {Appendix 2). |
| Figge ard Davidheiser (96) showed that the amount éff porphyrin
foymed by liver homogenates from hypophysectomisel animals was

double that fermed ‘n-y homogenates from control animal livers.
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Changes in the level of enzyme activity are seid to occur :
during the embryonic peried, and further chenges to:stourrdusing
the post-embryonic period, when the general tendency is for ene
gyme activity to inerease with age until a plateau is rsached.
(102, 178), Innumerable factors may be operative,

 Glock and Melean (117) showed a higher level of hepatic
Gu6-PuD activity in adult than in young female rats. . Adult
male rats, however, had a lu';ver level of activity ef this enzyme
than ﬁf@.d‘ young males.

Growth hormone was shown by Bartlett and Glynn (10) to dew
erease trensaminase activity in the "tibialis anticus" muscle of
immature hypophysectomised rate, and the activities of thesge
muscle ‘enz,mcs wers shown to be lower in rwapidly growing nommal
rats than they were in noyxmal adults, or in immature, hypophysec-
tomiged animals,

Treatment of noymal adult female rats with growth hormone
_produced no change in the level of either hepatic or remal ﬁxﬁns-
aminase activity, but an increase in the activily of hepatic
transaminase was cheerved in hypophysectomised mute treated with
growth hormone, (11). Beaton gf al (12) demonstrated a
higher level of activity of the tronssmimases in the livers of
adult male yats (322-429G) than in those of younger males (107 «

1358)¢
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‘Figure 11. Influence of body weight on the levels of activity

‘of several hepatic enzymes in the rat.

Each pair of columns compares mean levels of activity in
groups of heavy and light female animals.

Heavier animal groups are indicated by stippling.

Values one standard error on either side of the meen are
shown, a&s also the number of animals in each group.



Catalase activi.ty was found to be somewhat reduced (2?!&) in
'the tissues of older rats of both sexes,

In the majority of 91 measurements, in different ticsues, of
41 specific proteins, reviewed Ly Knox et al (178), no change was
found with age in 15 instanceés, and in only 9 instances were dee
cz:eases in activity observed,

In my studies two groups of ‘fanal'e rats are avaiiabie for
comparison, - one group ranging in weight from 164-198 &, and the
other from 110 to 134 G-,

Conparicon of onzyme activities in these two groups is shoun
in Figure 11. Detailed data dre precented in Tables 1 and 3
(Pyruvate kinase), 8 and 11 (G-6.P.D), 27 and 29 (‘ICD),‘ 5l and 56
- {Catalase), 3k and 36 (GQ‘I‘) and 20 and 22 (L.D.).

As regards the majority of the enzymes, the level of act:.vity
waeg found to be higher in the smaller animals., Fyruvats Rinase
activity vas 1185 higher (p = <_ 0,001), G-6-P-D activity 1145
higher (p = <. 0.001) and I.C.D. activity 3% (not significant)
higher. Catalase activity was 22f higher. G-0,7, and L.D,
activities showed only negligible differences between the two
groups. | |

All the animals we'm-ﬁsteﬁ for 16 hours before being killed,
but the larger animals were investigated during the period 1Uth
dJune to 5th July, 1963, while the smaller ones were investigated
between the 14th of October and the 3rd of December,1963.
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All the animals weighed more than 100 G, wvhich is the weight
at which Freediand M (102) ‘found hepatic phenylalanmeéayéroxya
lage activity to become constant in female rets, In these animals
a steady increase in the agtivity of this engyme wae obsewed' imtil'
the rats were 4O dé‘y&_ olti.and weighed 100 G, &étivity then re-
mained at &2 constant level, and even deereased slightly, In male
rats the level of activity contimued to increase until they were

77 days old and weighed 316 G,

Btich and Decker (306) emphasised the importance of the age of
the animal in éxpaﬁ,mental work on porphyria. They were uneble to
induce y@fpﬁyria with Sedormid in rabbits 4if the animals were more
then 5 months old. Rimington and Coldberg (2U42) agreed with
thisz ohs@wanﬁi@n. _ v

Schmid ard Schvartz (267) found that they obtained their best
results when the rabbits they were s£udying weighed less ﬁhan 2 Kg.

Do Matteis and Himington (69) found young animals to react
more promptly to griseofulvin administyation than did older ones.

Raaé gt al (248) were unable to iﬁduce porphobilinogenuria
with A4 4in rats weighing more than 200 G,

The Turkish epidemice involved mainly the younger age gmugé
(41, b5, 48, 62) and the rare erythwpoietic forms of porphyria
have been found to manifest in the very young. (107, 199; 269a) ..

By contrast, the vdrious forms of hepatic porphyria in man
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have usually manifested in somewhat older age groups.

Acute intermitient porphyria has been found to be rare bes
fore puberty, and has usuvally presented for the ﬁx‘st tine §{n
the 3rd and 4th decades. (107, 152, 326).

Variegate porphyria %ﬁai’lé faigrly common in the 2nd decade,
has been found to have a peak onset in the 3rd decade. (8?. 107).

Acquired porphyria ‘has usually appearad for the first time
in even older age groups, havif;g a peak 6n‘set in the 5th decede.
(87, 107, 152513¢6)a o
(v). Beas ‘ cond Ss

Glock and Melean (118) noted that hepatié G-6.P<D activity

in rate wes eigniﬁcaﬁtly higher in sumer than it s in wine
ter, _ |

F igure 12 compares nean 1evels of enzyme agtivity obtain-
ing in 3 groups of animala. one of which s investigated in
the winter, and the cther two in the spring. )

The open columns show t‘ne mean levels of astivity obtaining
in female aninals investigated over the pertod 10th June to 5th
July,1963, and ranging in .‘éeigf‘htlfrom 164 to 198' G. The shaded
golumns show the mean lev‘els‘of‘ activity fm two groups of -
animals studied over the period ilth October to 3rd December,
1963, the middle column being comprised of famle aninals weighing
from 110 to 134 Gr and the other column of ma].e ratu varying in
weight betweon 162 and 218 G,
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~All the animals ieere stapved for 1B hours beforé be‘."i.hg;
killed. Details are recorded in Tables 1 « 3 (Fyruvate kiﬁa‘se),
8 = 10 (0-6-P-D), 20 -22 (Lacthe dehydrogenase), 27 = 29 (I0D),
34 - 36 (COT) and 5 ~ 56 (Catslase). .
| Lovels of wmvate kinase activity were similay in "éhe groups
‘»‘.”hi‘,’h freer'e étudieﬂ over the sane pericd dés}fai;te différences An sex
:;snd weight range; and were much greater in these two groups
a"}md fed in the spring 'fhan they were in a gmup.sﬁudieﬂ,‘in the
. wﬁ,nter --ﬁ'a graué which might otherwise have been comparable as
' fegafdyéz el ther -s‘eﬁ or weight range. |
1% seems probable; therefore, that the major -influence on

vi‘:he level of activity of this enzyme was a geasonal one and that
dii‘fe’renwé aéparently oggurring 25 & result of variations in
weight range or sex are largely to be sccounted for on such &
éasis,‘ _ | v ,
'iv Levels of hepatic G-6-P.D acti%ity were highost in smaller
females studi(ﬁ in spring, and were low in la rgeyr females studied
in winter, and in males studied in spring. Imerpretatién is
45 fficult, but these findinge are in acrord with Glock and
Holesn's {118) observations of higﬁﬁer Gu6-P-D activity in the
summer and in femsles, but contrast with their obaem'tians of
greater activity in the adult, as opposed to the young, female,

iﬂiﬁfe_mnc&s in catalase aétivity see fa-iz*ly‘ aeﬁﬁﬁeﬁvvﬁq

have been related to variations in sex rather than welght or

133



soasonal inﬂ\;ences. It Vgréater level of activity in the ‘malej
':seemé fairly eonclusive. A slight'seasonal‘iniluﬁnee is
suggested 4f differances in m’?@ig‘ht are accepted as wnimportant
in the two 'ff'ezr;ale groups. |

flutamic-oxaloacetic tramaminasé activity amd lactic de=
hydfage?mise activity seem to “hav;e been lavgely uninﬂuéneeﬂ by
seasonal factors, v » ‘ o

~Isocitric dehydrogenase activity was highest in the group
of small females studied in the spring. 1f int.erpﬁetation is
permitted these findings would suggest a greater a‘ctivity' in the
spring and in the female sex, although they may eéually indicate

a more marked influence of body weight on the activity of this

enzyme than of either sex or seasonal factors.

Schwartz ep al (280) reporied .thaft erythrogyte copropors |
phyrin values in lead~trgated rabbits were much lower in the |
Iau’t’.umn 01‘1951 than in the springs They cited the work of
Sumegi and Putnoky who described increased porphyrinuria in leads
poisoned rabbits in the spring, ‘but not in the autumn; - and of
Zopggel who deseribed a similar phe’ﬁomenan for fluorocytes.

The influence of sunlight and seasons on the courze of the |
various porphyrias is well-known, controversial, and eu’céide the

geope of thig thesis,
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The rate of exeretion of ascorbic acid in the urine is the
one parameter mhieh has been me;asured which seems to reflect
directly in yive metabolic processes in t‘ﬁe aﬁim'atis studiéﬁ;.: :

Mu‘sulin’ gg.___gl (212) showed & striking influence ¢f the natuhzf‘e
of the diet, apd of dnanition upon the uxinary excerction of ‘a.se*-@r-&
bic seid by albino m.t‘s». There was & considerable variation in _
the excration rates of inﬂividua’l a-nimz’alé, vhich depended in part
on theip diets prior to the experimental ¢ircumstances. |
Ina_z‘zitidn caured 2 rapid and m‘érked deerease in the ascorbic aeid
sxeretion rate. '

As 211 the animals in the present investigation which were
;:tudied as regards urinayy ascorbic scid excretion rates were
starved for the eighteen hours during which ‘the urine was colléc~
ted; the influence of their dietary status cannot be considered.
However, three groups of normal anima‘lg are available for come |
parative studies, and the findinge are summarised in Figure 13,

In thig figure the fiprst column shows the mean excmw rate

of ascorbic aem% in the urine of a group of .fema‘ie rats ranging
in weight from 164 to 2004°C amd’ fuvestigated cver the perioed
10th June to 5th July, 1963. The middle column shews that of a
group of female rats weighing 85 ~ 117 ¢, and the third column

© that of male rats zre:.@"zing 151 « 281 G. The latter groups were
ﬁi.inveéatﬁ.ga‘ted over the period lhth October to 3rd December, 1963.
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It is evident that the two groups of anixﬁals studied in

the warmer months excreted more ascorbic acid per 24 hours
than 4id the }g_reup studied in winter, This finding lessens
the significance of the alternate observations (4), that ’ 
heavier females excreted less ascorbic acid in their uz;ine than
did the smaller animals or {1i), that females excreted lesé ag-
corﬁib*aeid than did males of an equivalent weight range.

. Even in the intact animal, ﬁherefom, a séés;ma’l influence

‘upon & manifestation of enzyme activity has been observed.

The effects of nutritionsl status, sex, body weight and
seasonal influences on hepatic ALA synthetase, ALA dehydrase,
and A& synthetase agtivities, and on oxygen uﬁ;iﬁaﬁi@n by

mitochondria cannot readily be assessed as these pa'mmeters'h’aw
not been studied in at all comparable groups. The groups cone
prisedi. (i),normal male animals weighing hetweeﬁ 198 and 209 G,
starved for 18 hours before being killed, and investigated &uring
the period 29th,October 1963 to 1lth December, 1963.  (i1),
normal female rats weighing between 160 -~ 209 G, allowed free
aceess to food to the time of death, and investigated during the
period 6th August, 1963 to 23rd August, 1963, and (i1i), a group
of normal female rats ranging in weight from 110 to 145 G,

starved for 18 hours before death, and investigated over the
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period 16th October to 3rd December, 1963~§nd in which bﬁly AL&
dehyéﬁaae activity was measured. | o

The resﬁits 6btaining are shown iﬁvFigure 151' _

ALA synthetase activity (Tables 41, 43) was minimal -
approaching the limits of the experimental technique, and no con-
clusions at all may be dfawn_és to the infiuénee cf these various
factors. _ N ' ‘

AA éynthetasa activity.(Tables 61, 63) was mﬁeﬁ;gieatér in
'the female animélé.'ﬁut the variablée of season and rutritional
status may have been equally or more important. FVery few animals.
were studied. | | |

:Na significanﬁ diffsrence# éré‘appareﬁt between the’ébilities'
of mitochondria from male and female livers, fes?iring on either’ -
ﬁyruvaﬁe'or eitr&te; té.utiiiée oxygen (Tahles 65, 66), - This
vsimilafity'occurred_despite différences in the dietary status of
the groups'éﬂméared, aﬁd in the season in which thevaeré inves-
tigated, .Kiéssiing ard Tilander (L71) could detect ne difference
betw§an the rat sexes as regards the ability of normal ;ivef
mitochondfua to exjdiﬂa elther prruvate or ¢ucc1nate.‘

henn of these fhctors s fbund to inflnen“e ALA dehyirase
actlvmtg‘eithez;and it was maintalﬁed 2t much the same level in
all 3 groups compared. (Tables 45, k6, 47).

Bavﬁdheiéer and Troyer (61) commented upon‘vatiatioﬁé in

the ability of tissue
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homogenates from various species to convert delta-.aminolaevulic
acid to porphyrins as & result of the influences of age and
hormonal factors.

They found that the level of such activity in the liver of
the hibernating bat was much lower than it was in the livers of

non-hibemating rodents.

3. PHARMACOLOGICAL AQIZNTS AND DISEASL STATES,

A large mumber of drugs and many diseases have been shown
to influence levels of tissue enzyme activity. This subject
was reviewed by Knox et al (178) in 1956.

The influence of alcohol on liver enzyme activities is
possibly pertinent to the subject of acjuired porphyria. Of
some interest is the work of Wartburg and Rothlisberger ( op cit
165) who demonstrated that chronic administration of alcohol re-
sulted in a marked jncrease in liver catalase activity.

Figuerca and Klotz (97) showed that in cirrhotic patients
with heavy chronic aleoholic histories, isocitric dehydrogenase
activity wvas reduced, while glutamic-oxaloscetic transaminase
activity wvas unchanged.

Algohol treatment was also shown to cause a 30% reduction
in the ability of mat liver mitochondria to oxidise pyruvate.
(174). The impairment which such treatment caused in the

ablility to oxidise sucoinate was only apparent in male animals,
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while mitochondria from female livers respired at about the same
rate vhether from alechol-treated or control animals.

- Igselbacher and Greenbergzer (165) resently reviewed the
‘literature relating to the metabolic effects of alechol.

Hepatic catalase, lactic dehydrogenase and glutamics
oxaloacetic tyansaminase activities were found to be moderately
decreased (348) in acute hepatitis and Dale (58) found catalase
activ‘ity to be decreased in infectiocus he;ntitisa : Se&inﬂ.ﬁt and
Sohmiat (272) found significant refustions in the activities of
seversl enzymes in acute hepatitis, but showed that signifieant
increase occurred in G.6-P D activity in this disease. |

Yoshida (3u8) roported an increased liver catalase activity
in p,atj.énts with chronic inactive hepatitis.

A large number of druge has beén showmn bto be eapable of ine
creasing urinary ascorbic acld excretion in many animale. (37,
38, 39, 90, 196, 213). These drugs are apparently structurally
unrelated, |

The major theme of this thesis concerns the infiuvence of
drugs known to be capable of inducing porphyria on various liver
enzyme activities in the rat., _ These findings are presented
separately in Section 6. |

Hany drugs an& clﬁemicalé have been assoclated with the
development of coproporphyrinuria, and also porphyria, in man.

These are briefly considered in Segtion 3.
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Kalow (170) has discussed the relationship of such drugs
te the porphyriss, and in particular the controversial topies
of whether such agents are capable (i), of prcducing the
ejquivalent of an hepatic porphyria in the absence of a specific
genetic defect, (ii), of precipitating an attack of porphyria
during a state of remission or latency, or (iii), of
aggravating a2 manifest acute attack.

A variety of disease states, notably diseases of the liver
and the haemopoietic system, have been-associated-uith the de-
velopment of 4 coproporphyrinuria {(op cit 129, 332), and Tio
ot al ( 718a) have described the occurrence of a porphyrin-
producing benign hepatic adenoma.

Geldberg and Rimington (129) described the precipitation
or aggravation of attacks of acute intermittent porphyria in the

course of intercurrent infections.
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RESULTS.

The major theme of this thesis concerns the infiuence of
DDC, AIA, and HCB on the levels of activity of several hepatic
enzymes in the rat. The results of the investigation are pre~
sented in part A of this Section.

The influence of chlorvutanel administration on porphyrin
and ascorbic acid synthesis is shown in part B, It was ad-
ministered because of the observed influence of DBC, AIA and
HCB on urinary levels of ascorbic acid exeretion.

The levels of activity of the enzymes studied obtaining
in the livers of a number of patients with porphyria are presen-
ted in part C. €linieal details of these patients are
rpresented in appendix 2.

A. COMPARISCN OF THE LEVELS OF LIVER ENZYME ACTIVITIES, AMD

RAIES OF URINARY ASCORBIC ACID EXCHETION IN NORMAL RATS,
ARD IN RATS RESDERLD PORPHYRIC WITH DDC, AJA and HCB,

Findings in four groups of drug-treated animals, all with
disturbances of porphyrin metabolism, are availabls fof COM-
Farison with those ir normal control groups matched for sex,
weight, dietary status and seascn. The importance of those
factors is discussed in Section 5.

The four grours include:-

1, Normally fed female rats administered DDC by stomach

tube in a dose of 250 mg/Kg body weight twice daily.
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é. A similar group, but starved for 18 hours before being
.killad.

3. Male rats administered AIA by stomach tube in a dose of
250 mg/Kg body weight, and starved for 18 hours before being
killed,

4, Female rats administored HCB as a 0.2% mixture in their
diet, and starved for iB hours before being killed,

Al)l starved animals were allowed free access to water.
The parameters which have been studied are summarised
on page ; and in Figure 1.

In this section tables are prosented which show the results:
of the measarement§ of these parameters in individusl animals in
aééh group, the mean for the group z the standard srror of the
mean, and the rangé of activity in each group. The results of
statistical comparisons made betwesn each group':and its corres-
ponding control group are indicated.{Students "t" test - see
apperdix 3). The value for P refers to the probability that the
two means are drawn from the same population,

The weight range and sex of the animals, the dietary status
and the period over which the determinations were mide are shown
with each table. |

The comparisons are demonstrated graphically in figures
~which show the mean values for the groups indicated ¥ the stan-

dard error of the moan. The pumber of animals in each group
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is indicated at the foot of thé various columms.

Tables and graphs are presented showing the levels of en-
zyme activity and the rates of urinary ascorbic acid excretion
after véx'ying periods of dmg treatment,

As can be seen from the preliminary experiments summarised
in F:igufe 15, liver catalase aci;iﬁty had fallen to‘ low levels
after 6 days of DDC administration; ard liver protoporphyrin
concentration, ‘althau;ghl rising steeply betwsen the 6th and 9th
days of administration of this drug waxs‘ already significantly in-
creéseﬁ aft.er 6 days too. Investigations fér statistical
purposes were made at this stage.

Rnts treate'a with AIA showed similar patterns of change of '
their liver catalese activities and porphyrin éoneentmt‘i@ns. |
| and, in the main, the various parumeters were compared in animals
treated for 6 days in this group vtoe,

| HCB administration had prwimsiy been shown to induce por-
phyria after between 2 and B weeks of its administration as a
_ 0,2% mixtum in the diet. (226}, In the present investigation
the variou:s paramaeters were studied at weekly intervals. and |
statistical comparisons are shown between nam.il ‘a‘nim.ls and
animals receiving the drug for between 14 and 57 days.

The effects of feeding DDC as a 0.2% mixture in the diet
for U9 days, and of HCB administration in a dosage of 250 mg/kg

body weight twice daily over a perioed of 6 days are also indicated.
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Dbe. .

Animlé administered DDC by stomach tube for 6 days showed
a reduction in their levels of hepatic pyruvate kinase activity
(measured in vitre) as compared with thoss in corresponding con-
trol groups. (Tadle 1).

.The mean level of activity in the livers of control animals
in the "fed” group was 1.88 = 0.19 pmoles/min/mg, total tissue
phosphorus. In the drug-treated animals this was 1.% ¥ 0.10
pmoles/min/mgP. ~ a reduction to 74F the noymal level.

. The control group vhich was starved for 18 hours before
death showed a mean level of activity of 1.00 2 0,10 ,umolefs/
min/mgP., while the correspording DDC-treated group had a mean
level of activity of 0,96 = 0,06 nmoles/min/mgP., which rep-
resents a reduction in activity to 76% of the control level.
¥hile @ period of starvation in itself yesulted in a lowering of
the level of activity of this enzyme, DDC-administration ‘
resulted in a further reduction in activity proporticnately equal
to that whieh occurred in the normally fed animals,

This reduction in activity is statistically significant in
both fed and starved groups of rats. (p = < 0.05),

ALAs

Animals administered AIA for 6 days (Table 2) showed & re-

duction in the level of activity of this enzyme to 53% the
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~ normal level. In control animals the mean was 1.9% £ 0.37
pnoles/min/mgP., and in the treated animals it was 1.03 £ 0.15.
(p=« 60‘95’ .

A group of animals fed HCB as a 0.2% mixture in the diet for
periods varying fhe,t;ﬁtén 16 and 57 dayés. (Taﬁl?a 3) showed a méa‘n
level of activity of hepatic pyrivats ki.cng.s'e of 0.66 X O;és
pmoles/minfmgP. In the control group the nean was 2.18 ﬁﬁ.')’?
pmoieﬁ/min/mgﬂ ' The reduction in activity was thus to 308 the
“normal level. (p= ¢ 0,001). l - |

' These result.s are swmarised graphically in Figura 16.

| It 15 evident that with each of the drugs used there was a

' signiﬁcant reduction in hepatic pyruvate ké.nzi-se nctiviit“sn. This
was most max'kad duriﬁg HCB admmist'm'tion.

The influence of the duration of drug administration in
larée dose& by stomach tube upén the dwelopmnt of éiaanges in
hepatié Pyruvate kinase aetivitj is vsho(wn in Tables b - L and

these findings are summarised graphically in Figure 17. =

‘In both DDC- and Ali-treated rats there was an initial rise
in the activity of the enzyme., In the DDC.treated rats there |
was then a marked fall in enzyme activity after 3 days cir drug
administration after which the level remained constant until the
end of the experiment. In the AJA-tyreated animals there was
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. .

similarly a f211 in ‘actiwity after ﬁdays of treatmant. It wms
mor‘é marked after 4 days and then also rfmainad constant until
the end of the experiments -
No exactly corresponding control animals are available for
comparison with the HUB-treated arimals, 4s shown in Section §'
(¥) despite a d;"i_i‘fervénee in sex anﬁ weight range, nomai :nah, '
animals studied over the same perdod had similar levels of
Pyruvate icim‘se activity and probabl& provide an acceplable cone’
trol gmp in this study. It is then evident that a slight
reduction in the activity of this engyme cccurred after 6 days
of drug administration. o
"Rats fed HCB in the diet showed a mayked m:iue»ﬁan iri the
activity of this gsazymé after 7 days of tmtment. This S
nore ét‘a:;@uﬂ@e& after 16 days, and then the Tevel rmainad ‘
faixvly constant until the end of the experiment.  (lable 3).
| : These results are summarised in Figura 18 as alse the
effects of feeding DIC as & 0.2% mixture in the di.et for 2 ;aeriod
of 49 days. (Table 7).

“ Pmieigeﬁ Dﬂﬁ-adﬂ:imistmt&ca resulted in a réduetim in the
level of activity of this ensyme fyom a mean of 2.18 & 0,37 to
one of 087 ,umoles/wdn/ma?. - & reducticn even more striking
- than that obtaining in the‘ animle administered DDC in larger
doses over a shorter period. Too few anivals have been studied

o allow of statistically valid conclusions being drawm.
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 These time studies, while not suitable for statisﬁicél
- analysis, suffice to indicate a trend and to suggest certain
time relationships in the development of experimental porphyria.
 They ehow that changes oceurred early . within 3 days of
DDC and AIA' administration, and soevhat more sloily in HCB-
treated animals. Prolonged diug trestment, especially notice-
able in the HCB-fed group, did not result in further decreases
in enzyme activity desplte the progressive accumulation of
porphyring in the liver. | . o
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Table 3,

Fyruvate kinase activity in the livers of rats administered DDC
by stomach tube for 6 days.

pmoles/min/mgP.
Normally fed | Starved for 18 hrs.
Controls [Treated § Controls |Trcated
1053 l.27 O.?3 o.%
2.30 1.48 0.79 0.50
Level of aotivity | 2.63 1.90 1.36 0.75
in individual 2092 1.33 .88 1.02
livers .88 1039 0098 0078
1.35 1.09 1.11 0.79
1.46 1.27 1.15 0.63
2.12 0.91
1.60 0,92
1.98 0.86
Fumber in group 10 7 ? 10
+ + +*
H t S.E. 1088 t 1.39 - looo - 0076 -
an 0.19 0.10 0.10 0,06
2.92 1.90 1.36 1.6
Pe < 0.05 < 0.05
Al) female rats. ‘leight range 168 < 242 G,

Determinations made over period 2lst lay to 16th July,1963.
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Jable 2.

Pyruvate kirla:e activity in the livers of rate administered Ala
by stomach tube for 6 days.

BN 1> XY .- V1.3
Controls Treated
1.37 : 0.69
1 : 1.27 : 0.87
Levels of activity 1.17 0.57
in individuel 1.84 1.33
livers, 1.66 ‘ 1.43
2.19 | 1.30
4,06 '
{ Bumber ? - é
| Mean * S.E, lﬁ 1.9 % 0,37 : 1,03 £ 0,15
 Range . 107 - 06 0,57 = 1,43
P-I | <0.05

All male rats,
Weight range 147 - 241 G, (Majority 170 - 210 G),

Determinations made aver period 15th Ootober te 15th November,
1963,

All rate starved for 18 hours before being killed,
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Table 3.

Pyruvate kinase activity in the livers of rats given HCB as a 0.2 % mixture in the diet over a period of 57

days.

Statistical comparisons are shown between control animals and animals fed HCB for 16 - 57 days,

pmoles/min/mgP. ,
| Controls 7 days | 16 days |23 days |31 days | 35 days | 43 days | 51 days | 57 days
| 0.97 1.10 o2 | 0.5 | o.52 0.1 | o5 | 0.60 | 0.65

Level of 2,09 1.85 0.63 |- 0.66 0.60 0.54 0.45 1.02 0.66

activity 1.93 0,93 0.75 1.24 0.57 0.75 :
[ in indi- 2.96

' vidual 2.97

livers

_Mean 2,18 v _0,70 0,8 | 0,5 0,53 0,58 0.81 0,65
L._Number _ I S e %g —
 Mean & 5,8, [2.18 £ 0,37 . 0.66 = 0,05

_Range

0,97 = 2,97 |

Oub5 = 1,28

.

< 0,001

All female rats .

Determinations made over period 1l4th October to 3rd December,1963.

Allmats starved for 18 hours before being killed.

Wetght range:~ 85 - 177 G.(Majority 100 - 150G).

In a similar investigation performed on 30th September,1963, with somewhat heavier animals, the mean level

of activity in two rats fed HCB in the diet for 40 days was 0,50 umoles/min/mgP.

The individual levels

were 0,21 and 0.79 )nnole‘/min/mgl?. and a control rat studied on the same day had a level of activity of
1,62 ypmoles/min/mgPF

6E1




Jable b,

Fyravate kinase activity in the 1ivers of rets administered DDG
by stomach tube over a period of 9 days,

o 'mgb, ‘
Day O } 1D0ay | 3Days 16 Days |9 Days
Level of activity 1.53 | 1.87 - 1.45 1.27 1.29
in individual 2.3 3,00 1.65 | 1.48 | 1.69
livers 2,63 2.99 1.28 1.90 1.18
Mean 2.15 | 2.62 1,46 1.55 | 1.39

All female 1ats

‘eight ranget- 198 - 254 G.

Determinations made over period 21st May to 30th May,1963.
All rats niormally fed,

gaplg Sa

Fyruvate kinase activity in the livers of rats administered AIA
by stomach tube over a pericd cof 9 days.

, Dav O | ) Day | 3Davys | 6 Dave |9 Days
Level of aﬂtiﬁty 1.37 1'97 1.67 . 0069 0089
in individual 1.27 | 2.13 1.13 0.87 0,50
livers 1.17 1.62 1.08 0.57
M“n 1.27 1.90 1.28 0.71 069

41l male rets

Weight rangei~ 168 - 2,1 G,

Determinaticns made over period 15th Gotober to 24th October,1963.
All rats stayved for 18 hours before being killed.
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Table 6,

Pyruvate kinase activity in the livers of rats administered HCB
by stomach tube over a pericd of 6 daya. '

C”Mmp‘w

. 1Day |3 Days 16 Dave '
| Lewl of activity ‘ : " '
"in imiividual 1.10 1.00 1.16 "
 livors 1.23 1.06 0,98 |
‘ 019? L'-lg Oa?B ‘ ¢
Jlean 1410 1,98 0,98

All female rats
Weight range:- 166 - 198 Q.
Determinations made over period 2nd October to 7th Oatober,1963.

411 rats starved for 18 hours before being killed,

Pyruvate kinase activity in livers of yats fed DDC as & 0,28
mixture in diet for 49 days.

amoles/min/mP,
Treated yats |  Coptyol rat,
Level of activity
in individual 0.53
livers 1.37 1,72
0,70
| Hean . QB2 . 2,18 % ..

All female rats

Weight range 153 - 160 0,

Deteminations made on 25th Hovember,1963,

All rats starved for 18 hours before being killed,
* The mean for a series of normal female mts of ejuivalent weight runge

investigated over the period l4th October to Ird December,1963 wuas
2,18 £ 0.37 and the range 0.97 - 2.97 umoles/min/mgP.
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GLUCOSE -~ 6.~ PHOSPHATE DEHYDROGENASE ACTIVITY,

DDe. |
' Table 8 shows the effect on the level of liver glucose - 6 -
phoséhate dehydrogenase actiwfity of administering DDC by stomach
tube to rats for 6 dqys. h | o |
| ~ Fed controls had a mean level‘ofvacti.vity of 0.84 * 0.10
pmoles/m‘in/mg?. 'The treated animals had a mean activity bf 1.3@
+0.12 ;moles/min/mgP‘.' - an increase to 159% the control ‘ievél.»

The starved control animals had a mean level of activity of
0.56 £0 ,06 pmoles/min/mgP., while the treated animals showed an
increase Qf activity; i:roportfional to that of the fed group, »to
128% the control level - the mean being 0.72 ¥ 0.05 umoles/min/
mgP, . , .

These changes are not statistica}.ly significant ( p =¢0.1)
but they are important in that (a), the change was opposite to
that found for pyruvate kinasé activity, (B), it was 'consi‘-_stent
and (e¢), there was a wide x‘van'ge of nommal activity (also re-
ported by Glock and Maclean (117) with much overlap, which
renders the results statistically nez?-"a"significant,v although a
real change is suggest‘ed, | r
AlA. .

This increased activity which was only suggested in the
DDC-fed animals was strikingly significant in rats treated with
AIA for 6 days. (Table 9). In these the mean level of activity
was more than .doublve that of the cm£m1 group (210%). .In the

153

i



control group the mean level of activity was 0,64 % 0.13 p-nln/
min/mgP. ‘Treated animals showsd a mean of 1.35 ¥ 0.13
plolos/lin/ngP. (p = <0.00). | |
R4

. In the HCB-treated animals (Table 10) this increased activity
was again evident - to 1668 the control level. The control
animals bad & mean level of activity of 1.20 £ 0.21 ymoles/min/
mgP. vhile the animals treated for pericds varying between 16 days
and 57 days had a mean level of activity of 1.99= 0.26. (p =<0,05).
A wide range of activity in the varicus groups was again evident,
These results are summarised in Figure 19,
Iine studies.

" The influence of the duration of treatment on the develop-
ment of these changes is shown in Tables 10, 12, 13 ard 14 amd is
summarised graphically in Figures 20 and 21,

In the DDC-treated animals there was a fairly steady in-
crease in activity over 6 days. The level dropped slightly after
the 9th day of treatmaent. In the AlA-treated animals there wans
av definite, marked and regular increase in activity over the first
6 days of treatment after which there was also a slight fall in
activlty. |

Rats treated with HCB by stomach tube over a 6-day period
showed & fairly marked increase in activity between the first and
the third days of treatment after vhich, the level remained con~

stant. The significance of this change is doubtful espescially
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when considering the small numbers ani the wide range of @cﬁﬁty
of ,imivifiual yat livers and mm especially when cmﬁdeﬁug‘ the
changes "sumaﬂsed in Fi-guire .21, vhich indicate a slight -reduct&m
in the activity of this enzyme in rats fed HCB as a 0.2§ mi.xture
in the diet for 7 days. | o |

 Rats fed HCB in the dist, after an initisl fall after 7 days,
showed a fai.'rly B%riki’ﬂg increase in G-6-F D activity after 16 .
days of t;reahﬁmt'.» ‘Ii'.i:s was followed by a slight but piagmasive
decresse in acﬁvity {bat rmining above the normal 1@%1) until
the 42nd day -qf treatment. After 51 days on the drug there was a
further striking lnctease in éetivit‘.y %o 3,10 }uneles/min/mg. N
tigsue P whi.ch was maintained until the end of the experimmt one
week later. {Table 10). _

Animals treated with DOC in the diet over & périod of 45 days
- showed very liitlé. ef no change in their level of hepatic
gluéeseé-i’ﬁu. dehydrogenase activity. (Table 14 and Figure 21).

These time studies indicate i‘hat & progressive rise in ene-
ayme activity over the first € days of treatment with either DDU
or AIA occurred.

The rosults with HCB are slightly contradictory, but % would
seam that an initial rise occurred in the 2nd week of t."reatnent,
after which the level of aetivity remained more or less cﬁnsﬁa&nt
for the nexﬁ fow weeks, and that thore was a secondary vise in en-

syme activity after 7 wesks of ‘dﬁ'xg tmtueﬁt;,
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Iable 8,

(Mucose-b-phosphate dehydrogenage activity in the livers of rats
administered UDC by stemach tube for 6 days.

Leval of
activity in
imdividuzl
livers - f
0,78 0.77 B 0.68 0.56
0.66 f 0.87
1.19 0.65
1,31 f , 0,90
fumber in - '
4xeup. 10 v vd 10
+‘
lean ~ S.E. | 0,86 & 1.8 % Qo.s6f 0.72 =
0,10 0,12 06 0,05
Range 0.53 - 0,77 - [ 0.38 - .9 -
1.45 ' 1.43 0.84 0.94
Ps <0,1 <0,1
(not significant ) (not significant).
.

4All rats female
Weight manget- 164 «~ 242 G,
Determinations made over period 2lat May to 16th July,1963.



Table 9,

(lucose-S~phosphate dehydrogenase activity in the livers of mts
administered AYA by stomach tube for 6 days.

. Moln[m;g[g?, ‘

Controls Treated

0.44 1.63.
Level of , C.53 1.35
activity in Q.2 1.69
individual 0.98 1.4
1ivers 0.40 1.23

0.66 0.75

1.09
Number : 7 6
Fean ¥ 5.E. o.68 ¥ 0.13 1.35 = 0,13
R‘n‘. 0.40 ~ 1.@ 0.75 - 1.69

Pe : < 0,01

All maleo rats
Weight range:- 147 - 241 G, (Majority 170 « 210 G).

Detgmlmtions made over periocd 15th October to 15th November,
1963.

All rats starved for 18 hours before being killied.
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Zable 10.

Glucose-6-phosphate dehydrogenase sctivity in the livers of rats given HCB as a 0.2% mixture in the diet over

a period of 57 days.

Statistical comparisons are shown between control animals, and animals fed HECB for
16 - 57 d‘y’-
Wz.lu[r&ala@- :
A6 days | 23 days | 31 dave | 35 days | 43 da _wL_iLést
Level of 2.18 1,18 1,06 - 2,00 1.77 1,14 2.64
activity in 2.03 1,06 1.35 1.37 1.08 4.90 3.44
' 1ivers
| Nean 2,20 La2% dalil 1680 1.23 330 3,20
_Nymber : 18
Meen % 5.E: h.20 20,21 1,99 * 0.26
m [O‘ig - 1177 Gt&& - bqgﬁ
L De < 0,08

All female rats,

All rets starved for 18 hours bsfore being killed.

In a similar investigation performed on 30th September, 1963
of activity in 2 rats fed HCB in the diet for 40 days was 2.
1.75 and 2.42 pmoles/min/mgF.
pmoles/min/mgP .

ot
Go

 Weight range:= 85 - 177C.{Majority 100 - 150 G).
Determinations made over period l4th Octobar to 3rd December, 1963.

A control animal studied on the same day had

» with samewhat heavier animals, the mean level
08 pmoles/win/mgE. The individual levels were
a level of activity of 0.86




Glucose-6-phosphate dehydmgenase aetivity in the livers of rats
administered DDC by stomach tube over & period of 9 days.

;‘ level of actﬁ.vity_‘ .5& { o '?6 i 1.5.0 ; 1;@@
in individual 096 1 136 | 077 | Lib3
L Aivers 4085 10,08 | 0.5 1 143 1
idean . | o900 liom | o0 | .;az,@..ﬂ

All female rats

Wei.ght z'ange:- 198 « 25& G,

Determinations made over period Zlet. May to 30th May;i%’j.
All. rats normally fed.

Glucose«f-phosphate déhydrogenase sotivity in th‘e-.lﬁ,véfé*af rats
administered AIA by stomach tube over a pericd of 9. days.

Level of activity| OC.bh § 1,63 1.53
in individual 0.53 | ot | 1‘03 1535 | 1.43
flivers LGl 1 0,66 | 0,88 1 1,60 1
bMean | o | o0 | 308 | 3.6 |
A1l male rats -

Weight 'rang‘e 168 - 241 G,
Determinations made over period 15th October to ZLth Oeteber‘.-i%_'a;

A1) rats starved for 18 hours before beirig killed,




Zable 13,

Glucoss-b-phosphate dehydrogennse av:%viiay in the livers of mats
~ administered HOB by stomach tube over a pericd of 6 days.

JLevel of activity | ©.53 | 0.93 1420
{ in individusl { ©.28 0.7 0,69 |
 Bean 1 owy | osr | o8 |

All femsle rats., .

Welght rongei- 166 - 198 0,

Determinations made over peried 2nd Ogtober to 7th Ootober,1963.
A11 rats starved for 18 hours before being killed. -

lable 38,

lougose-b-phosphate dehydrogenase aotivity in the livers of rate
fed DOC as a 0.2% mixture in the diet for & period of 49 daye.

i Level of activity in 0,78 -t ,
{ drdividual livers .88 ° 1.95
T Y SRR . - N S - K.

All female yats .

Weight ranget- 153 - 160 G,

411 rats starved for 18 houys before heing killeﬁ;‘

* The mean for a series of nomal female rats of oquivalent weight

range investigated over the perded l4th October to Jrd Qeaa?bw
1963, was 1.20 $ 0.21 and the range 0,52 - 1,77 jymoles/min/mgh.
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| Rats treated with DDC by stomach tsabe for 6 days showed an
increase in their uﬁﬁam «exerat&azz of ascorbic acid from a maai;t
of 038 £ 0,07 mg /24 brs. in the eamml group to a mean of lal@
20,16 pg./24 hrs,  This represents az:i increase of 3926 v
{p = <0.00). (‘fabla 15).

Fo weﬂ.ap cceurred betwsen treated and ematml animals, a*ﬂ
the range of normsl was very narrow being only 0.15 - O.51 mg./24 - |
brs. ' . . ._ | ‘ o

In rate fed Dhe ‘_in the die@ for 7 wesks, the mza uxinar:g i

- ascorbic acid mmﬁa&s rate was 142 L 0,42 ng./20 vrs, (Table 16),
and that by a mn'esﬁorﬁing m&&i group was 0,50 : Q.15
mg./2% hrs. (Tabla 18}.

Although the normal axﬁml studied on the 26%h ﬁemher,l%a

excreted orly 0.13 mg./2 hrs, the vange of noral for the

ponding gmtm}, group usg 0.27 - 2,04 mg.fm& brs, and fouy
of the five {reated animals studied, had a urinary escorbic acid
exeratim yate falling mn within this wide range. I% ia, there-
fore, no more than ms;gestive that prolonged 23824 adgainisﬁratitm
can result in increased urinary ascorbic acid exzeretion.
{p= <i3.2.2).
4 very striking rise in urinsry ageorbic acid mretian
occusyred in aﬂimla administered AIZ over a period of 9 days. (Table 17).
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After the first day of drug administration the excretory rate
had risen from a mean of 1,17 ¥ 0.19 mg./24 hre. in the control
group, %o & mean of 8.64 % 1,00 mz./2h hrs. - an $nerease of 738%.
(p= <0.,001), After the 3rd day it had risen to 18,31 = 1.88
ng./24 hrs. - a vise of 1564%, ( p = < 0,001). Aftef I3 days of
drﬁg administration, thé rate of excretion had fallen con- |
siderably to on'iy %.90 ¥ 0,71 mg./20 hrs., and after the 9th day
the meén 1e§e1 was 7.60 -m;g. J24 hrs. Only two animals were
studied after this time interval.
|  Animals fed HCB in the diet for periods varying between 16
and 57 days showed a mean urinary ascorbic acid excretion rate of
5:16 * 0.61 mg./2s hrs., Control animale e:éereteﬁ an average of'
.90 : 0.19 mg./24 hra. This represents an increase of 573% in
the HCB-fed animals, { p = <0,000). (Table 18).

As may be meen, thers was a slight increase in aseorbic acid
excretion after one week of drug feeding, and this had risen to a
maximum within two weeks, aftey which 1t remained more or less
constant for the duration of the éxpeﬂ:ﬁent. :

Rats given HOB by stomach tube over 6 days showed an in-
creased excretion cof the vitamin after 6 days of drug administration,
(Table 19).

The influence of the administration of these drugs on the
rite of *grim:y ascorbic acid excretion is shown graphically in

Figure 22,
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Takle 15»

Urinary sscorbic acid excretion by rets administered DDC for 6
days.

| Norma) | Porchyrie
059 2,01
Rate of excretion 0,38 152
| by individual 0,51 0.7
animals Q415 2.19
| 0.36 1.4
0.88
1.63
1.30
L Sumberx - L SUNUEN S
1 ¥eoan t S.E; : 9-38 ..‘: 10&9 ﬁ »
. . ’ . 0.(3? » 0016
{Rapee b5 .05 1026 ~2.39 1
Lopa . . _S.o0n

All female vats
Weight ranges- 164 « 204 G,
Doterminations made over period 10th June to 16th July,1963.

All rats starved for 18 hours before death during which time
the urine was agollected,
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Tatle 16,

Urinary ascorble acid excretion by rats fed DDC as a 0.2% mixture
in the diet for 7 wezks.

mg/24 hys,
Treated Gontrol |
1.70
0.17 0.13
Excretion by individual 2,71 '
animals 1.53
, 1,00 .
Hean % S.i. _ 12 + 0.2 0.90 *

All female rats
Weight range:= 143 - 160 G,
Determinations made on 25th and 26th MNoverber,1963.

Rats starved for 18 hours before being killed, during which time

the urine was collected,

* The mean for a series of normal female rats of .equivalent
weight range and investigated over the period l4th October to
3rd Decenber, 1963 was 0.90 £ C.19,end the range 0,27 - 2,04
mg/2t hrs.



Table 17.

Urinary excretion of ascorbic acid by rets administered AIA for

the periods shown.

me/ 20 2 ]
Controll 1Day | 3Days | 6 Days | _.9__5119
0.92 6.73 14.67 1.59 £.20
1.18 b.56 24,82 1.16 9.00
1.28 8.15 19.35 3.98
O.uh 7.99 18.22 2.12
Lxcretion by 2,05 8.32 1449 8.33
individual 0.97 8.21 1.72
animals 0.7“ 13.95 3011
0'75 11'19 112.!‘2
1.04
237
Number 10 8 s 8 2
lesn = S.E. 117> |e6u? | 183121 8300 | 760
0,19 1,00 1.68 0,71
p. vs. Control <0,001 <0,001 «0,001

All male rats

Weight range:- 151 « 241 G,

Determinations made ovor pericd 15th October to 1lth December,1963.

All rats starved for 18 hours before being killed, durlng which time

the urine was collected.
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Urinary ascorbic acid excretion by rats administered HUB as a 0,2% mixture in ths diet for a peried of 57 days.
Statistical comparisons are shown between control animals and animals fed HCB for 16 - 57 days..

Controls 79 16 -18 | 23-24 129 -31 | 3536 |43 .55 5 57
IVUURURUURUNMNNN | NN~ -5 4- SR N -3 £ ~days. 1 days days days daysg | davy
1.5% ‘ 3.81 4.32 k58 1,87 _ 3.03 Se47 1 7.09 3.20
O.68 0.33 1.13 5621 .82 7.12 16.84 258 k.19
: .59 3..75 241 &bl 2.26 2.53 10,84
Exeretion | 0,70 : 247 . 2.60 1.56 b7 297
by . 1.50 ' 24908 .87 3.60 { 6.11
individual | 2.0h ‘, ,
animals 0,34
| 0.27
‘ 20 :
| Fumber 1 10 3 3 i .5 5 b 3 2 2
“Mean_ 0,0  JI 226 1 598 Thns | moe o mey | w2 5,83 3470
Mean £ 5.E,10,90 T 0,19 - o | 5,1625?@‘5@
1 p. | A < 0,001 - |
A1l female rats. Heizht rengo:- 85 - 177 G.

Determinations made over pericd 1Bih Octobar to 3rd December,1963.
All rais starved for 18 hours ‘;jzsfare being killed, during which time the vrine was collected.
In a similar investigation performed on 30th September,l943, with scmewhat heavier animals, the mean rate of

urinary ascorvic acid excretion by 2 rats fed HCB in the diet for 40 days wmas b.35 mg/2h hrs. The
individual rates sere 5.25 and %454 ng/28 hrs. 4 condrel rat studied on the same day had an excrstory

“yate of 0797 md2h hrs. | i
Y
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Iahle 19,

Urinary excretion of ascorbis acid by rets administered HCB by
stomach tube over & perivd of 6 days

:ag[gb bhrsa
dday Jdays | 6 days
| Excretion by 1.24 0.58 1.0L
individual 0.35 0.78 2.63
{.—apimals 0,29 Ll 2,69
Mean 0,63 0,83 232

All female rats

Welght range:- 166 - 198 G,

Determinations made over pericd 2nd October to 7th Uctober,1963.

All rats starved for 18 hours defore belng killed during which

time the urine was collected.
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‘ﬁ27 g’ »
Animale administered DDC for 6 days (Table 20) showed & re-
duction in the activity of lactic dehydrogenase to 8i% the

noymal level in the fed groups - from a mesn level of 129 it 10

ymoles/min/mgP. in the control animals to one of 104 % 5 pmoles/

min/mgP. {p = < 0,05),

In the starved groups the réduct;ian in activity was minimal
and not significant - from a mean of s 10 }JmolﬁafminfmgPs to &
mean of 137 £ 16 pmoles/min/mgP., o |

In all four groups there was a very wide crénge of acjl'.it_r;ty
in individual livers which ﬁimits the value oi‘ any comparative
studies, It bz'm'zy be merely fortuitous that a significant ve-
dueticn occurred in the "fed™ gm§ of animels and not in the
fasted., However, in both groups there is evidence af 2
m;;gﬁ,gn in ‘the activity of this enzyme.

‘Rate adninistered AIA by stomach tube for 6 aa;;s (Table 21),
had a mean level of activity of the enzyme of Qz_f 6 ;:mol-esfmin}'
mgP., while the mean for the control group was 14h & 12

pmoles/min/mgP. This represents a reduction in activity td'
| 64% the normal level in the drug-treated animal livers and is
highly significént sﬁaﬁs-ticauy. {p = <0,01).
. v

Rats fed HCB in the diet showed a reduction in the activity
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of Vthi.s liver enzyme to 60% of nemai -from a mean of 133 ty
ymoles/min/mgP. in the control group to & mean of 80 I § pmoles/
min/mgP. (Table 22). -

The results are summarised graphieally in Figure 23.

The rate at which the changes cccurred is shown in Tables 22,

24, 25 and 26, and is summarised graphically in Figures 24 and 25..

DDC~treated rats showed a reduction in hepatic enzyme activity
mmuum aftor 3 daiys of receiving the dmg with a maintenance of
this level of activity over the next 6 days.

The Ali-treated animals showed an initial rise in the level
of engyme activity after one day's treatment, but a maximal fall
in activity had cccurred by the 3rd day, ard the level remained
3@&4}* for fhe ramainder of the experiment,

HCE administered by stomach tube had little effect on the
level of_actlvity of this enzyme until it had been administered
for 6 .da;rs when a moderate reduction became evident.

Prolonged HOB administration caused a fall in the level of
enzyme activity, already noticeatle 7 days aft-er'receiving 1?»_!!?_
drug. The fall was more marked after 16 days and the level then
remained more or less constent with variations irregularly above
and below the mean level of 80 = 5 jmoles/min/ngP, :

Animals which received DDC as a 0,28 'mixﬁﬁre in the diet 8lso
showed a fall in the level of activity of lactic dehydrogenase

after 7 waecks of treatment - froﬁ 8 mean of 133 : 9 {0 one of 78

i)



pmoles/min/mgP. This level may be too low as a result of ex~

tranecus factors as the liver of the control animsl investigated
on the same day had a lovel of activity of lactic dehydrogenass
of only 92 pmoles/min/mgP., whereas the range of activity of the
corresponding control group was 102 - 160 pmoles/min/mgF.

[WES
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Table 20,

Lactic dehydrogzenase activity in the livers of rats administored

DDC by stomach tube for 6 days,

_umoles/nin/ngP, —
b Hogmally fed Starved for 18 hrs.
Controlo | Treated |l Controls | Trested
96 98 165 185
128 116 154 181
12y 81 159 194
Level of activity 108
in individual 166 92 160 151
1livers 148 121 120 142
105 106 107 128
180 115 113
107 8k
77
110
1 Tumbey .9 2 6 10
Litean & S _li2et10 Jaouts flammZio B tis
jRange 96 =180 181 - 22) U107 - 165177 = 194 |
R, RS Olg5 net. ax

All fcualo rats
leight range:- 164 - 242 G,

Doterminations made over pericd 21st llay to 16th July,l963.
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Iatle 2l \

Lactic dehydrogenase activity in the livers of rets administerdd
AIA by stomach tube for & deys.

m..gmm;.mm

Controls Treated |
183 a8
Level of activity 128 92
in individual 107 90
livers 131 116
190 73
135 98
a3
jBumber v SR €
Hesn ¥ S.E. | s L 32 %216
 Rance . . e 207 = 190 73 - 116
1P < 0,01

All rale mats
Hedght rangei~ 147 - 241 Q. (Majority 170 - 210 Q).

Determinations made over pericd 15th October to 15th Novcmber,
1963.

All rats starved for 1B hours before being killed,

[y
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Fadeg 2 B L s iy - ’iﬁgg g gg L

- Lactic dehydrogensse activity in the livers of rats fed HCB as a 0.2% mixture in the diet avér a period of 57
days, Statistieal comparisons are made between control snimals armd animals _fevs HCB for 16 - 57 days.

| %3dave |51 dave | 52 gave |

7w 1 = | s

AL female wats

Weight renge:- 85 - 117 G.(Hajority 100 - 150 ). - ‘ oo
Detorminations made over ;:eriod inth Oetoﬁer to 316 Hacembsr, 19063,

411 mts starved for 18 "x:mr« before being killed.



*Lagtic dehydrogenase aetiﬁt‘y in the 1ivers of rats adminictered
DDC by stomach tube ovor a perdcd of ¢ days.

_pmoles/minine®, —
.1 ldey | 3davs 6@&@ 9 dave
Jies | ey 98 {103

26 o 113 1 16 | 100
125 ) 203 1 e | 02

119 E,Q?z Qﬁ 302 ‘

, Level of activity
. fm mdividual ‘

A1l female rate

wéight TGREOs - 9& - 352., &, 7 ’ 4
_ - Betemﬁnations made over pexiod 21st May o 301.13 ﬁay.l%B
' :  » ALl yets nomelly fed.

Eéblg P19

I‘.,aeztm d@hycﬁrogena.m aati.vuy in the M.vers of zats acﬁminis‘cemd
A4 by sﬁtamagh tube over a period of 9 days.

Level of activity | 163 | 199 | 976 | 88
jin individual . 128 | 119 | 103 | 92
4. g0

! - A1 miaie rats |

| | Weight rangmu 168 - 21%1 G, .

Qetsmﬁn.tiens madé over g;eriod 15%}5 October to 15th Hovenber,1963. -
A1l rats stapved for 18 hau,z-._s ‘before being killed,
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Isble 25,

Lagtic dehpdrogenase activity in the livers of rats administered
HCE by stomach tube over a period of 6 days.

e ymoles/min/meP, ..

. etk dey 1 3 deye | 6 dovs.
ILevel of activity e | oy | oaom
in individual s | w5 1:.8

_ P2 T N v SN 0 S
All female zﬁts |
Weizht renge:- 166 - 168 G,

Deterninations made over period 2Znd October to 7th Oetover,1963.
A11 yats stayved for 1B hours before being killed.

Table 26,

Lagtic dshydrogenase activity in the livers of mts fed DDC as a
0.2% mixture in the disrt for a pericd of }ﬂ;i da:

pmoles n mg .
* .| Treated rats |
Level of activity 58
in individual 93 : 92
livers By -
Mean 28 33 F

All female rats

Weight ranges- 153 - 160 G.

Determinations made on 25th Hovember,1963.

All rats starved for 18 hours before. being killed.

* The nean for & geries of nommal female rats of eguivalent

weight range irwestiga gd over the period lith Ogtober to Bx'd
rracemher.mss was 133 © 9 and the range 102 - 160 pmoles/min/mgF.
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Observed changes in hepatic ‘ivsecitﬂc dehydrogenase activity
were not as uniform as were those of the other enzyme activities
presented thus far, and the fimel conclusion suggested is that no
real change in the activity of this enzyme occurred.
boc: |

The "fed" group of animals treated with DDC (Table 27) showed
a reduction in the mean level of activity of thie enzyme to 86%
the control level from 13.7 T 0.5 umoles/minfmgP. in the control
group to 11.8 ¥ 0,3 pmoles/min/mgP. in the treated animals. "
(p= <0.02), Ho change was evident in the fasted animals, the
mean level of activity in both control and treated animals being

10,4 molés/min/mgf’.

AIA administration for 6 days resulted in & mininal, statis-
tically non-significant, reduction in the activity of the enzyme.
(Table 28)., The mean level of activity in the control animale
was 11.9 T 0.4 wnile that in the treated animals was 11.4 = 0.5
ymoles/min/mgF. This represents a reduction of only 4% and
pe= <0k, > 0.3
HGB.

Rats fed HCB for periods varying between 16 and 57 days had
a mesn level of activity of 11.9 I 0.4 pmoles/min/mgP. and the
mean level of activity of the control group was 13.9 Yo, 5
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ymoles/min/mgP. This represents a reduction of 175 in the

treated animils and is statistically significant - p= < 0.0,
These resilts are sunrarised graphically in Figure 26, .

Lime studies,

From Tables 31, 32 and 33, and from Figure 27 it is evident
tha:»t the activity of this enzyme was not influenced by 9 days of
drug administmiion by stomach tube while from Table 2% and
Figare 28 it is evident that a very slight f2ll in isccitric de-
hyd.ragemgse activity occurred after 7 days of feeding HCE in the
diet. During the remainder of the experiment the mean level of
activity fluctuated fairly widely, and no definite patiern of
ehérige 1n the activity of this enzyme emerged. |

Rats fed DDC 4n the diet for 7 weeks had a mean level of
isocitric dehyéwgemse activity of 4.4 ;:molesfminimgi’. {Table
4G), which was very similar to the mean control value of 13.9 ¥
0.5 jmoleés/min/mgP.

Apart from a slight, although statistically significant,
r.edua-tio;z in isocitric dehydrogenase activity in H0B-fed rats
and in the fed group of DDC.treated animals, the activity of
this enzyms was not influenced by the feeding of these drugs or

the development of disturbances of porphyrin metabelism.
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Table 27,

Isocitric dehydrogenase activity in the livers of rats administered
. DDC by stomach tube for 6 days.

pmoles/min/mgP.

Normally. FTed __JStaryed for 18 hrs.

Controle | Ireated  Kontrols _Hreated

12,4 11.6 9.2 1.4

! ' 12,5 1.6 12.8 11,7

] Level of activity 155 12.5 il.1 12.5

4n individuel 12,2 11.9 11,0 1.5

1 livers 13.8 10.2 9.5 9.'?

13.5 12,2 849 16,0

13.7 9.9

14,0 9.6

12,2 9,3

 Bumber i 4 i - it _3e

{ Mean 2 S.E. 13,72 0.5111,8% 0,3]10.4 Z0,5]10,4 % Ous
| Rapge. 2 - 3681102 - 32,7 8,9 12,81 9.0 -12,5

Fe < 0,01 not eignifieant

411 female rats

Weight mange:-

164 - 282 G,

Determinations made over period 2lst Moy to 16th July, 19563.
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Table 28,

Isocitric dehydrogensse activity in the livers of rats administered
AIA by stomach tube for 6 days,

pmoles/min/mePy
Controls Treated
10.8 12,3
10.2 1268
Level of activity 10,6 1.6
livers 11.7 1.3
13.0 903
14,7 ‘
Number ? 6
lHean = 5.E. 119 * 0.4  uat oo0.5
) Range 10,2 = lhc? 93 - 12.8
P not significant.
All male rats

leight ranget~ 147 « 241 G,

(Hajority 170 - 210 G.).

Determminations made over pericd 15th October to 15th liovember,1963.

All rats starved for 18 hours before being killed.



fable 29,

Isceitric dénydrogenase activity in the livers of rate given HCB as a 0.2% mixture in the diot over a pericd
of 57 dayse Statistical comparisons are shown between contyol animala and animals fed HCB for 14 ~ 57 days.

i Level of 2.1 L 9 12,

activity in 126 | 10,7 10.4 N

individusl 132 ] 12.5% 1.9 |

 Livers

{Mean 226 16 vaer §oaaw b9 Vo azm Vo309 |
‘m - ; 18’ L |

Range 12.6 - i 7.9 = b7

j TR ' — I < 3,05 ,

A1l female rats. _ Yeipht ranget- 85 ~ 177 G. {(¥ajority 109’-156 G.)

Determinations made over period lhth October to 3rd Decembor,1963.

All rats stayved for 18 hours before béing killed.

In 3 similar investigation performed on 30th Sertember,1$83., with somewhat heavier animals, the mean level of
activity in two rats Ted HCB in the diet for A0 days was 11.8 ;molas/min!mgi’ The irdividual levels wers

11.9 ard 11.8 nolesfmn/mq? A control mat studied on the sams day had the remidvkable level of activity
of 21.7 )mﬂas’/f':in/mgﬁ’a

Y
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Isveitric debydrogemase ac Mvﬁ..ty‘in"l.ﬁ.vem of rats administered
~ DDC by stomach tube over a pericd of 9 daysi

7

g.w

3‘2..3‘.&

o)

. g r_w,s,g;l et Zm Z "m» gt

8. &._z.a

j Level éf

1 aetwity in in- '

| 22:6° |
% lh; ]

“13.5

Lz

129
e L3146

PR |

11’6 . 'f

A1 female rate

'éir:ht' rangets

198 - 251; G

meteminations made over period z,lst ﬂay to 3(3?.11 Hay.l%'}. S _f

. 411l rats normally

fed.

Isec:itme dehgdragenase activity in *hhe 15,vers ‘of rats adminisa' :

tered AL Uy stomach tube over & period e“ g days. S

{ Lovel of =
j activity in ine
M&&L&M&

.11 .1

Mean . -

101;'

411 male rets -

Weight ranget-

168 - 241 6,

lﬁetemimﬁ‘ms made over pei-ﬁ.od lsth Ogtober to 24th ﬁet&hsﬁ&?é}é v

m vate shawaﬂ for 18 hauw before being killedy




Isocitric dehydrogenase activity in the livers of rats adminise

Iable 32,

tered HCB by stomach tube over a pericd of 6 days.

o imolen/min/mgP,
lday ! _3days | 6 days
Level of actiﬁw 905 9.2 1009
in individual 11,7 10,1 1013
L livers A2 10,6 10,2
Heap 10,2 2.9 20,5

A1l female rate

Weight rangei- 166 - 198 G,

Determinations made over period 2nd October to 7th October,1963,

Al)l rats starved for 18 hours before being killed,

Table 33.

Isocitric dehydrogenase activity in the livers of rats fed DDC
as a 0.2 mixture in the diet for a pericd of 49 days.

umelea/min/mgP.
Treated rate I Control yat __
Level of activity in 13.2
irdividusl 15.4 15.2
Llivers 14,6
| Hean 14,b 43,9 %

All female mats

Yeight reanget~ 153 - 160 Q.

Determinations made on 25th November,1963.

411 rats starved for 18 hours before being killed,

* The mean for a series of normal female rats of equivalent

weight range investigat

over the period 1lhith Ogtober to 3xd

December, 1963 was 13.9 = 0,5 and the range 12,6 to 15,1

pmol es/min/mgP,
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QLUTAMIC .. OXALOACETIC TRANSAMINASE ACTIVITY,

Fed ani;mais administersd DDC showed a significant reduction
in the mean level of activity of hepatic glutamic-oxaloacetic
trar;sami'nase to 69 % the control value. Control animals had a
mean level of activity of 6.65 £ 0,36 jnmoles/min/mgP. while the
dmg—treated animals had a. mean ievel of activity of 4.55 f 0.'3l
pmoies/min/mg?. (p= < 0,001).

In the starved animals, the contrel group had & mean level
of activity of 6.93 ¥ 6.53 ;Jmoles/min/mg' . while in the treated
animals it was 5.36 = 0.34 pmoles/min/mgP. - representing a re—
duction to‘ 78% of the control value. (p = < 0,05),(Table 34).
AIa.

Rats administered AIA by stomach tube for 6 days (Table 35)
had a mean level of activity of this enzyme of 4.53 ¥ 0.61 umoles/
min/mgP,  In the corresponding control group this value was 8.70
¥ o.63 pmcles‘/min/mgP. which represents a reduction in activity
to 52% of normal in the AIlA-treated animal livers. {p = < 0,001).

HCB-fed rats showed 2 reduction in the activity of glutamic-
oxaloacetic transaminase to 67% of normal from a mean of 6.34 %
0.70 in the control group to a mean of 4.27 Y o.27 )xmoles/min/mgPa

These results are summarised gfaphically in Figure 29.
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Time §tudie§,'

A The influence of the duration of drug treatment upon the de-
velopment of these changes is shown in Tables 36, 38, 39 and 8O
and is summarised in ?igures 30 and 31.

em;.tivity in the DBC.treated rats began to fall after the 3rd
day of treatment and reached minimun levels after 6 d#ys of |
treatment. There was & slight increase in:activity‘ after th.e 9
days. ' o ' L

AIA-treated animals showed a steady fall in activity from
the onset until the jzd day after which a relatively constant
level was.maintained until the end of the experiment.

HCB-treated animals showed a slight fall in activity after 6
days of treatment. |

In the animals whlch were fed HCB in the diet a marked fall
in enzyme activity was apparent after a week, after whieh the
level of activity remai‘ned’more or less const;mt for‘ the next 5
. ‘weeks., Then a return of activity to near normal levels occurred.
| The rats fed DDC in the diet foz-v 49 déys showed no appreciable
change m their level of hepatic glutamic.oxaloacetic transaminase

activity.
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Table 34,

Glutamic-oxaloacetic transaminase activity in the livers of rats
administered BDC by stomach tube for 6 days.

Level of activity
Iin individual
livers

umber

Hean t SOE.

[Range

j <2

All femals rata
Weight ranget- 164 -« 242 G,
Determinations made over peried 2lst May to 16th July,1963.

&



Olutamic-oxaloacetic transaminase activity in the livers of rats

Table 35,

administered AIA by stomach tube for 6 days.

8.28 4,70
| Level of activity ?.75 5.03
in individual 11.41 3.24
livers 8.39 2.72
10.63 6.89
3 7,40 .
Bumber 7 é
| Range 7.00 = 11,8 2.2 - 6.89
Pe <G, 00)
A1l male rate

Weight range:~ 147 « 241 &, (Hajority 170.210 G,).

Determinations made over périod 15th Ogtober to 15th November,1983.

All rats starved for 18 hours before being killed.




Olutamic-oxaloacetic transaminase activity in the livers of rats given HCB as a 0.2% mixture in the diet over a
geriad of 57 days. Statistical comparisons are shoun between control rats and rats receiving HCB for 16 - 57
: MJLM 35 days .13 dags |
3.48 857" | 5.1 529 | 5.35)
3.32 3c62 ‘ Q‘o% | 6091 : &-93 | S

Level of . .
activity in ind
dividual livers

b75 oo | ga0 Josanl

A1 fenale rats. o Weight yange:- 85 - 177 0, (Majority 100-150 G.).
Deteminations made over period 1bth October to 3rd Doosiber,1963. o

411 rats starved for 18 hours before being killed. : ‘

In a similar investigation performed on 30th September,1963, ﬁith semewhat heavier animals, the mean level of

activity in two xats fed HCB for 40 days was 7.32 - imoles/min/mgP. The individual levels were 5.45 amd
0.10 Fmele,sa/min[mg?», 4 gontrol rat studied on the same day had a level of activity of 10.95 p p&wlﬁnfmg?.
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fable 37,

Glutamic~oxaloacetic transaminase .activity in the livers of rats
adninistered DDC by stomach tube over a period of 9 days.

: m; ' Pa
,  Day O |l day | 3daya | 6daye |Odaval]"
Level of ac- 7.50 | 7.48 6.57 B.88 - | 5.78
tivity in indd- | 7.1 | 7.5 | 5.9 1.8 5.21
) 665 | 6,00 5,60 5,78 1 530
248 j201 16,03 4,8 1§ 5,%

All female rats

Welght rangei~- 198 - 254 G,

Determinations made over period 2lst May to 30th Hay,1963.
All rats nommally fed. | |

Zable 38,

Glutamig-cxaloacetic transaminase activity in the livera of rats
administered AIA by stomach tube over a period of 9 days.

unclea/min/mgF,
, . Day © 1l dey | 3davs [ 6 days |9 davs]
" Level of ac- 2,00 | 6.93 5,00 5,60 4.03
tivity in indi- 8.28 7.09 3.69 4,70 5440
yidual livers .} 2,75 | 4,38 o3l 2,03 —
| Meap 2282 1 6,18 4,00 4,77 4,72 .1

All male rats
Weight rangei- 168 - 24l G,
Deterninations made over period 15th October to 2uth October,1963.

All rg!ta starved for 18 hours before being killed.
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glutanic.oxaloacetio transeminase activity in the livers of raté
administored HCB by stommch tube over a period of & davs.

iLevel of metivity | 2.7 | 945 | 7.5
i in individusl Y 775 1. . b P
ALl Cemale yats B o
H&i@hﬁ r&ngﬁw 166 - 2.98 ¢, i
%temimﬁen@ mﬂe over mriaﬂ Zxxd Gawhar m ?th acmr.w@.

- 5.11 rats smw& for 18 htmra hefnm beﬁnﬁ kﬂl@ﬁ- i_:f_?__

Talle 40,

. Eﬁlutamimemlmaa‘*&e transaminase activity in *aha Iivwa of ate
‘fed BOC ag a Q-Zﬁ: aixture in the diet fora ,&eﬁ.@ﬁ of !ir9 éﬁyee '

|Level of activity | 67 | i
| in tndividual | 686 750
LAEKOXE i b 5480 B WESTUUR—
Mean 1 son f e * i
A1) femlé rate |

Jeight range:i~ 153 - 160 O,

- Determinations made on 25th Noverber,1963,
ALY rats stayved for 18 hours before ‘being killed.
ad ’l’ha maan g’me a peries mf mml £emala mts of eguivalent weight

- pange inwst&gated over the period lith Ovtober,1963 to 3rd December,
(1963 wae 6,34 T 0.70 and the yange 3.23 - 9.11 jpmoles/min/mg?,
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Controls,

| The level of activity of this enzyme in normel rat liverg

was very low aé measured in vitro - approaching in fact the
1imits of accuracy of the experimental techniques énplo;yeﬁ » and
it wmse, thersfore, not possible to assess the influence of
nutritional status, sex, 2ge and weight, and seasomal and ¢li-
matic factors upen its activity.

The level of activity recorded in individual control enimal
1§;versfi.s shown in Tebles 4l and 13, $tatistica;l- cmnpazi‘séns
have been made between mean levels obtaining in the various druge
treated groups and a4 mean control value incorporating levels 'in
all the control animals studied. | |

It is also evident that méasurements of enzyme ectivity .','-fmb

control animal iivers were largsly independent of the nmature of

the substrate. The renge of activity with pyruvate as substrate

varied from 0 - 3.8 m;moies! AL4 formed [ mg. mitacfiam!ﬁh}
mﬁﬁgm/?.. hours; and the mean for the entire group of 10 cone
“trals was 1.5 % 0.4 mpmoles. | .
The range of activily with citmte as substrate was O < ,9;2,

with eight of the nine control animsls falling in th_e range 0 -
4,9, The mean for the entire group was 3.5 * 0.9 mpmoles/mg.
mitochondrial N/2 hrs.

' In the drug-treated animals IN ALL OF WHICH /N INCREASID
LEVEL OF ACTIVITY OF THIS ENZYME VAS APPARENT, theye wase very

<
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pronounced evidence of substrate dependence.
BDC,

The liver mitochondria of animals administered DDC by
stomach tube for 6 days (Table 41, Figure 3!&)‘ had & mean level
of activity of ALA synthetase of 15.5 ¥ 3.4 mpmoles/mg.
mitochondrial N. when citrate served as subestrate armd -of only
5.0 2 1.2 witn Pyruvate as substrate., The citmﬁe—hased
activity was five times greater than nomal (p =< 0.01), while
the pyruvate-based activity was increased to thres times the ‘ccn-
trol level. (p = < 0.05). '

Statistical anslyses are not permitted for the groups |
treated with DDC .f'or different periods of time, but it is eﬂdent
from Table 42 that enzyme activity wae already increzsed 24 hours
after aéministéring the drug for the first time in one of the two
;nimnls studied, énd‘ was almost above the nonnal range in the “
other. The same increased level of activity was ovident in
animals studisd after 3 days of drug administration, and also in
‘animal\s fed DDC in the diet for 49 days.

AlAs

The effect of administering AIA by stomach tube for varying
periods of time is shown in Table 43 and is sumrised. in Figure
2. |

Maximum activity obteined after the first 24 hours of treat-
ment when a mean of 80 ¥ 10 mpmoles of ALA wore synthesiged in 2

hours per mg. of mitochondrial N, with citrate as substrate, and
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a mean of 16.5 z 5 mpmoles with pyruvate as substgat.e. This re-
presents & fortyfold increase in activity as compaz%ﬁ with levels |
of activity in control animals irs:g the case of citrate, and & ten~
fold increase in fizhe case of pyruvate. (p=< Q,@m in Woth
instances). N |
After 3 days of drug administration a mean of only 25 )
muncles was synthesised from citrate and of 4.7 from pymvate;
vhile after 6 days, 33 mpmoles were synthesised from eitrate, and
2.7 from @yﬁvate - per %ng.~mitc=ch¢ndrial /2 nrs. |
ATA administration, ther»‘efoz.*e, resulted in a very repid iami
- pronocunced. iﬁcmee in hepatic ALA synthétase acitivﬁ.ty'a%aihh’vt;hen
quickly fell to lower, tut nevertheless muéh_gmat.ar than noymal,
A Levels, o | ) S
- :
Control animels of eqguivalent ::seix and weight range were not
studied concurrently with the HCB-ireated animals as »regéx'dg
measurement of ALA synthetase activi‘tyi. However, control male .
animals werd stuﬁiéﬁi throughout the period of this ’invesﬁigaﬁion
(él‘ﬁh@@h not on the same days). As discussed previocusly, all
- the contyol animals studied, irrespective of sex and 'weighﬁ@ had
very low levels of aétiviﬁy of this enzyme, and the same
corporate control group has been utilised for comparative
- analyses. ' '
Feeding of HCB in the Giet resulted in a moderate increase

in ALA synthetase activity after 9 days, which remained constant
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to the 18th day o:t-"‘ drag administration and which then inoreased
rapidly after 24 daye againito remain constint but at a2 greatly
elevated level. (Table 44 and Figurs 33).
The mean levels of acti#ity’ fourd in the livers of twélve

) animals studied between’ tﬁe- 24th and the "Slstvv days of drug.
feuding were 66.5 & 7.0 mpmofles/mgm mit@chaﬁdﬁal 1“,’»2 hrs _
(eitrate) and 5.3 T 1.8 (pyruvate). The incresse with citrate
as substrate was highly signi_ficén%, {p=< 'G._,@@l) and it is very
intgresting that in this gmp‘thaw' should have besn no inereased
ac tivity with mﬁavat‘e as ézzbstrate, Moreover, oxidation of
pyruvate by these liver mitochondria was shown to be impaireﬂf
(fable 67). | |

. The changes oceurring in levels of ALA eynthetase «activi"ty
with drug-feeding are summarised graphicelly in Figure 3.
| ALA synthetase activity was incrensed to more or less the
same extent in both AlA- and [iCB-fed rets. In the DOC-fed rats
this increase wos very much less. This difference may have been -
due purely to intrinsic differences in the modes of action of the
drugs, but it should be noted that the IDC-treated mis _wei'e nor-
melly fed until the time of being killed, while rats in esch of
the other two groups were starved for 18 hours. Through éver-
sight, animels studied after 18 days of HOB-administration were
not fasted, and this may have contributed towards the perhaps une

o exp@cte@lﬁ ilow levels of activity in these rats.

G
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Table 4,

ALA synthetase activity in the livers of rets administered DDC by
stomach tube for 6 days.

L

not significant

0.01

e Um0l os/mg_mi tochordydal K/2brs,

‘MW'MW
Loymal Treanted ) Nopmal | Tyreated

0.8 9.1 . 0,0 17.3

Level Of ac" 2-6 ‘!-9 005 31.2

tivity in 0.0 14,2

livera 3.2 5.6 5.9 15.4
1.6 3,4 4,2 8,2 |

Hiumboy 6 5 5 6

Hean : 5,1, 2,07 5,02 2,7 : 15.5 ]

0.6 1.2 1 3.4
Rﬂnge o - 108 - o - 6-” -3
3,8 9,1 5.9 31.2 |

All femzle rats

Yeight rangei-

177 ~ 207 G,

Detcrminations made over period 8th August to 23rd August,1963.

Al rats normally fed

* Statistical comparisons are shown betwean drug-treated animals
and the mean value in all the control animals . {See text).



ALA gynthetase activity in the livers of rats administered DDC over varying periods of time.
| ~htrate wm:w

. ‘! Day O f“:g gy 13 days 1.5 ”i { Suy O L.dav 13 dave 5 davs, ﬁ Says

level of | o | | i |
activity M| 5y 2.8 | nBo | 82 | 282
jin Table { Table § - Table , | Table |
livers ;
— 8.5
L D - N

y 9’7:‘!3 . . Eag,. - 31,5 *n’? , ég..lég i 1!! RS J 55 ) » 2‘ g 3 ‘

penges= b gy .zeen, 0 3o,

Pericd 2313 - | /e - l 8/8 - zsiwas:‘{

ASY
i

o

Boober | 6 |2 | 2 | 5
iMean | 2,0

§

|
411 female rats ' Starved
ALl rats nowally fed ' t for 18 (
S . hrse . M

Level of activity in paé‘lm aitochondria from 2 yat livers « ireated 53 %o sspamte results when
caleulating mean.



Table 43,

ALA synthetase activity in the livers of rais administered AIA by stomach tube over a periocd of
6 days.,

mumoles/mg mitochordrial B/2 hrs.

Level of activity
in individual
livers

Number

Mean ¥ S.E.

P- %

All male rats
Weight mange:- 151 « 209 G,

Determinations made over period 29th October to llth December,1963.

All animals starved for 18 hours before being killed.

#* Llevel of activity of pooled mitochondria from 2 rat livers - treated as two separate results
in statistical analyses.

*2 Statistical comparisons are shoun between the mean for all control animals (see text) and
animals administered AIA for one day.
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Table uh,

ALA synthetase activity in the livers of rats fed HCB in the diet for periods varying up to 51 days;

mimoles/ms_mitocherdrial R/2 hra,
Pyruvate as substrate
O.days | 18 dayg | 2b dava | 29 dayg | 36 davs | 45 days | 48 days | Sl davg |
Level of activity *
in individual 2.2 5.9 1.6 5.5 2.3 0.7 2.3 5.3
Llivers 2.3 2,8 by 20,2 4,7 0,0 2.6 5,2
| Hean 2.3 1,2 8,0 32,9 3.5 _ O 2.5 4,8
$Bumber 32
| Mean ¥ S.E. 5.3%1.8
1Ranre 0,0 - 20,2
_ Citrate as substrate
9 daya {18 dayg (24 days 129 days 136 davg |45 days 148 days I5) days |
Level of activity *
in individual 17.1 17.1 39.6 36.6 95.5 75.0 38 77.5
llivera L8 13,9 _1116,0 550 47,8 Z1.. 5 7l Z4.5 |
1Hean 16,3 12,5 77.8 55.8 .2 73,2 54 76
4Bumber A2
_‘mn t BIL. &05 i 7Qo ——
e -
g‘ Da 22001

;\ll female rats.

Weight renge:~ 110 - 145 G,

All starved for 18 hours bofore being killed - except 18 day group.
Determinations mado over pericd 16th October to 27th November,1963.
* Separatc experiments - performed on 8th October,1963.

** Statistical comparisons are shown between the mean for all the control animals, apd the mean for
animals fed HGCB in the diet for 24 - 51 days (see text).
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HEPATIC ALA DEHYDRASE ACTIVITY AND PORPHOBILINOGEN CONCENTHATION.

Gontxols,

The normal level of hepatic ALA de¢hydrase activity was fairly
‘.e'onstant despité variations in the nutritional status, sex and
‘weight range of the animals studied; and seasonal factors seem to
have been unimportant.

-These results are shown in Tables 45 - 47 and are summarised
in Figure 1@.

' The mean levels of activity in 3 groups of normal rat livers
were 206 I 15, ‘215 118 and 186 ¥ 5 mymoles FBG formed/hour/mg.
tissue P. The range of activity for the entire group of con-
trols was 163 - 257 mpmoles/hour/mgP, and the mean 200,

Changes in the level of ac,tivitx p'f__t.his' eniyme Qccurred’
with each of the three drugs administered, but these changes were
very different according to the drug used,

DDC.

Administration of DDC (Tahle 45, Figure 35) resulted in a
twofold INCREASE in activity. The mean level of activity in the
livers of rats administered DDC for 6 days was 374 % 43 mpmol es/
hour/mgP, (p = < 0.01)). )

After one day there was but a slight and insignificant in-
erease in activity in the liver 6f only one of the two animals
studied; and after 49 days of drug-feeding the activities in the

livers of the two animals studied were within the normal range.

>
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Technical error precludes the presentation of results after 3 days
of dmg administration. |
LA,

Aﬂmiﬂtzﬁtien of AIA for one day resulted in & slight increase
in the mean level of sctivity of this enzyme to 273 23 munsles/
hmr/mgP (Mot significant)

After 3 days the activity had retumned to nopmal levels.

These results are shown in Table 46, and zre smmarisai
graphically in Figure 36. |

HCB-Ted rats (Table 47) s‘na#eﬂ a striking and pmgfeasivé

- DECREASE i’? the activity of this enzyme almost directly -pfopertional :
to the duration of feeding the drug. This very striking finding is
summrised in Figure 37. |

After 45 days & sudden sharp inerease to well above mrml
lc-:irels oecurrad in the activity of the enzyme, 3 I can offer z_ao o
vplanatien for this finding besides imciking that of technical errvor,
but apart from this single ercertion, a steady decrease wes evident.
| fl_'he mean level of aetivity of the enzyme in animals fed HCB for
"Set'waen 2 and 57 days was 100.% 15 m}zmoles/heur/mg?. " This is

| 3i—g,rn;ﬁcantly lower than that found in the carrespnnding gontrok

group. {p= < 0.001). )



Kormal 2nimal livers contained négligible amounts of
porphobilinogen, The livers of DOC-treated animals ::cnﬂ-:iméd &
moderate amount of PEG after the drug had been administered for
6 days, (Table 45, Figure 35), and there was & very slight ine
crease after 1 day in one of the two animalg studied., After 49
days of drug feeding the content of FBG was agein irer;p‘ small,

The Alhi-treated rats showed a ir’ery mayked increage in liver .
FBG content 24 hours after the drug was administered { mean 73
nipmoleslmg&; range 22 - 121). After 3 days the PBG content
lhad fz1len to a mea_h of 19 mpmales/mg?. ard after 6 days‘hada'l‘—
mqét returned te :néma-}. levels, be‘iné only 7 ﬁmmoles/mgf", _(i‘able
46, Figure 36). : L | |

HGB-admin’istzétioh-resultd in a moderste increase in li;'éer
FB5 conien% from about the 24th to the 5lst days of feeding the
drag. The occurrence of FEG in the livers of these animals ws
very variable as may be seen from Table 47 and Figure 37. ‘The
mean liver PBG content of the entire group was onl};j 9, and the

range O - 68 mumcles/mgF,
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ALA dahydrase acti vit.y in, and porphcbilimgm camtent ef, the livers of rats administered £IA by
stomach tube over a pericd of 6 days. .

D

411 male mats
Weight range:~ 151 - 209 G, |
Ueterminations made over pericd 29th Cctobor te lith December, 1963.

A1l rais were starved for 18 hours before being killed.
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Iable b2,

ALA dehydrage activity in, and porphobilinogen content of, the livers of rats fed HC3 as a 0.27 mixtore in the
diet over a period of 57 days.

PF Pl v ! »]
1 EE
|

i.-e 0l s3

411 fcmalo rats

Ueight ranzoi~ 110 - 185 G,
Determinations mado ovor period 16th 'October to 3rd Decezmbor,1963.

** Separate exporiments porformed on 30th Soptember, and 8th October, 1963. Rats weighed 155 and 195 G., and
189 oand 150 G,
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-

Protoporpliymn coneentration omy was néa sured §n 'Lhe 15.vers_
of the majonity of rats trested with e, | -

A@ may be sean from Tnble uﬂ the pmtcmrp‘:yrin aontmi. of
%he,mverspf rats administered DDC for 6 -,da;m was gm&ﬂy in exe
cess of the mi;:uise ls&els __cbi:aiﬁiﬁg_in normal animal li*m%sn

in thev‘liéers oi‘ the fed .‘eoﬁtml animals».—' the praﬁquﬁ@hyrm
concéntmtion ,_xéngad fren + I8 -ﬁ,‘éé- 'pgffé wet weight, and in thé, ,
starved controls the range was O - 0,09 ve/G,. IE; the ﬁﬁ}ﬁe
treated group, the range in the fed animal livers wes from 170 =
1090 pz/6, and in the starved animal livers it was from

0.17 = 211,67 pg/G. Although it would seen that the proto

' _porphyrin concentmition was gre@itex's in the livers of the starved

-

animals, this observation is not supported by statistical anslysis

{ p= < 0,3 > 0,2), This lack of statistical simnificance may

o possibly be the result of the very wide rsz‘zge of protoporphyrin

concentration cblaining in the individual livers - 80 mach 80, that
Fi.gu;f-e 38, eomparing protoporphyrin concentrations inv?ncmtal &nd,
porphyrie animl livers, has had to be drawn to & logarithmie
seale. '

As may be seen from Table 41 and Figu‘re 15, the protoporphyrin
contsnt of rot livers incrensed early ~ within 24 hovurs « and pro-

grossively, with Eﬁﬂ administrations
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Total liver porphyrin comentmtian‘ wag meagured in AlA. and
HCB- treated yats, and in rats receiving DDC for 49 daye. o
ATA. | _

- Hormal male rats had a mean hepatic total porphyrin concen-
tration of 0,59 ¥ 0.09 pg/G and rets veceiving AIA for 6 days
had a mean total porrhyrin concentration in their livers of
7,02 2 2.4 pgflG, (Table 19).

An increased hepatic total porphyrin concentration was appémnt
within 24 hours of AIA adm&misﬁmiﬁ;sm and increased progressively
over 6 days, After 9 days of drug admimstmﬁon, in the two
animals studied the level seemsd to he veturning towards normal
valves, (Table 52, Figure 39),

Normal female yats had a moan hepatic total porphyrin concen-
tyation of 1.56 t 0.4 pg/G wet welght. |

HCB administration resulted in a moderate inersase in the
total heratic porphyrin concentration only after 16 days. I;;
animalé studied after ¢ days the porghyrin caméntmtion was normals

Between the 3rd aml 5th weeks of HCB administration, hepatie
total porphyrin concentration was high, and after the 6th week cone
centrations rose to very high levels. { > 400 yg/O wet weight).
These resuits are shown in Table 50 and summarised in Figuve 40,

DDC administration for 7 weeks resulted in & very slight and

nonsignificant increase in hepatic total porphyrin concentration.
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Table _’{Q.

. Protoporphyrin concentration in the livers of rats administered DDC
by stomach tube for 6 days.

Determinations made over period 2lst May to 16th July,1963.

vz/G ht
Nommally fed Staryed for 18 hours
Controls Treated
0,06 0,09 3.12
0,05 0,08 12.91
Concentration 0.0 0.08 2 .85
in individual - 0,00 P A
livers 0,01 0.0 1.45
. 0,00 0.03 1.9
0,02 1.80 53.11
0,02 8.05
0.00 111.67
8,69
| Yumbers 8 7 é 10
{Meap £ 5.8, lo.03%o0.01 {n.36% 1.3 || 0.05% .02 |20,352 11 |
Ram re O‘m - 0.06 1.70 ‘-10090 0.00 - 0109 0.17 -111067
Ea < 0001 < .001
All female rats
Weight range:- 168 -~ 242 G,




Table .

Total porphyrin concentration in the livers of rats adminiatered AIA

by stomaeh tube for 6 days.

Eg[ﬁ wet weight
Sentrols Treated —
0.1 3.14 |
0,79 115
Concentration O.81 - 2.05
in individual 0.76 1,92
livers 0.29 6.14
0.51 22,90
' 14,50
6.96
b2
Humber 6 9
‘ : A A
Mean = 8B, 10,59 Z 0,09 702t
Bange o208 | 1.15-22,90
R 1Y . LQ.@ »

All male rats

Weight rangete 147 < 241 G.

.

Determinations made over period 15th October to 1ith December,1963.

0

All rats starved for 18 hours before being killed.
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Table 50,

Total gorphyrin comentmtim in th» livers of rate fed HGB in the diet over a period of 57 days.
Stat.istical comparisons are shown between control animals, and animals fed HEB for 23 = 57 days.

- 'm;m, - - 153 <85 | ' '
Bay @ 19 days 1 davs cwtdays | days el davs | days 51 davs 527 davs
1.07 [1.85 | 3a7 | 42.66 325.51 | 48,73 {465.76 | 106.26 | 523.80
Q.5 1190 p 6.2 37.92 | .32 49,86 1112.82 204,26 | h02.30
w90 |0} 2.91 24:73 T -
623 | ST 36,30 | 68.6s f210.%0
0.7 | | v 59 93.54
! 0,22 A | -
| 095
..Eiza.rgbsr e 9 ' - 29
Mean ¥ 5.8, ]1.56 % |
1 0.61 , 153.85 = 3%
vgg I S , ,<§».0Q1_:

?ff’eight range:- 85 « 177 G,

‘All animalg starved for 18 hours before be:'mg Itilled, apart from those studied after 18 days of drug
aaminisbmtmm _ ,

GO



Table 51,

Total porphyrin concentration in the livers of rats administered
DDC by stomach tube over a period of 9 days.

ug/G _wet weight
Day O |31 day M_jm___um
Concentration in 0.06 0,40 1.62 1.70 4.89
individual 0,05 1.86 {2.28 2.76 7.02
| livers C.0n 1,18 2,02 3.73 6.18
| Heap 0,05 1.1l (1,97 2,23 6,03
411 female rats, VMeight rangei- 198 -« 254 G,

Determinations made over period 21st May to 30th May,1963.

All yats normally fed.

Table _52.

Total porphyrin concentration in the livers of rats administered
AIA by stomach tube over a perlicd of 9 days.

ug/G wet welght

Day O 1 day 3 days 6 days |9 days

0.41 1.80 6.65 3.14 0.57

0.79 3.22 4,75 1.15 3.20
0.81 1,60 6.0 2.05
Concentration 0.76 3.65 2.84 4.92
in 0529 3.66 2006 601“
individual 0.51 3.23 2.76 22,90
livers .22 14,50
6.96
1,42

tumbey 6 6 7 9 2
ean 0.59 2.86 3.76 7002 1089
All male rats. Weight range:~ 147 - 241 G,

Determinations made over reriod 15th October to 11th December,1963.

All rets starved for 18 hours before being killed,
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- Total pcrph?riﬁ concentyration in the livers of éa%;s fed DDE ag a
0,28 mixture in the diet for & pericd of 49 days. :

o pe/C wet wetght -

Concentration in | 1.97 o
| individual S - 0,62 -
livers : 1,68 . :

| #ean - lzloasm 1.56 *

A1 female wats.
. Weight rangei- 153 ~ 160 G,
 Determinations made on 25th and 26th Hovember,1963.

ALl rats starved foy 18 hours before velng killed.

*  The mean for a geries of normal female rats of e:;uivéheﬁt weight
mnge investigated over the pericd lhth Uotcher to 3rd December,
1963 was 1,56 and the range 0,22 « 6.23 ps/G wet weight, =
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Catalase activity was diminished in all 4 groups of animals
investigated,
2he.. .

In animals fed DDC for 6 days, the mean level of activity
in the fed group was 0.48 £ 0,06 unite, and in the starved group
it was 0,34 £ .02 unite (Tsble sh).

.The c’érrespanding levels of activity in the control animzls
were 1.80 £ 0,06 and 1,06 i" 0,09 units in the fed and fasted
groups respectively. There was thus a reduction of catalase
actﬁ.vfitj to 29% the normal level in the fed group of DDG-treated
animals, ard to 3R% of normal in the fasted group.

Treatment with AIA .for 6 days (Tabls 55) resulted in a re-
duction in the mean level of the activity of this enzyme to 1%
of nommzl, Control animals had a mesn level of activity of
2.07 < 0.05 units, while in the AlA-treated group it was 0,23 £
0.02,

BCB,

HOB-treated animals, fed the drug in the diet over periods
varying between 16 and 57 days {Table 55), had a mean level of
hepatic eatalase activity of 0,70 f ;3.0‘3 and in the correspon-

ding controls it wes 1.29 £ 0.04. This represents a reduction
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.

in activity to 54% the normal level in the HCB-treated animals.
" These results are summarised in Figure 41,
Time -.studigs,.

Over a period of 9 days DDC-treated animals showed a prd—'
gressive and rapid reduction in the activity of this enzyme until
the 6th day of treatment, after which the level remained fairly
constant. (Table 58, Figure 42). -

ATh~treated animals showed a very similar pattern of chgngé.
although the rate and extent of the reduction was greater.

(Table 59, Figure 42). |

HCB-treated animals showed no change in the activity of this
enzyme over & days. (Table 60, Figure 42).

Cver a psriod of 57 days HCB-fed animalslmaintained_their
mean level of catalase activity at nomal levels for the first 7
days. (Table 56). After 16 days it was reduced to 0.77 units
(normal 1.29 £ 0,06) and this level of activity persisted until
the drug had been fed for & totel of about 40 days. After 43"
days the level of activity wes further reduced to 0,57 units,
and this new lower level of activity was maintained until the end
of the experiment. (Figure 43).

After 49 days ofiDDC-administration in the diet, activity of
this enzyme was reduced from a mean level of 1.29 ¥ 0,06 units in
a corresponding control group, to one of 0.83 units.

All units are‘feferred to a reference base of lmg of total

tissue phosphorus.
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Zable sb,

Citalase activity in the livers of rats administered DDC by stomach

tube for & days.

De

_Units [mgP
Nommally fed Starxved. for 18 hours |
Contyrols | Tpeated Controls § Treated
2.23 .50 1.54 0.39
1.89 0.45 1.01 %.33
Level of activity 1.70 O.43 0.90 0.37
in irdividual 1.89 0.52 0.94 o.h2
livers 1...39 0.58 1.11 Q035
1.72 0.41 1.06 0.35
1,70 0.46 0.89 0,26
1,74 0.29
1.58 0,25
_1.71 0.33
Sumber i 7 7 10
| Mean % S.E. .80 ¢ 0.48 * 1.06 ¥ 0.34 £
0006 Ol% 0.09 0¢m
R&nga 1.58 - o.ul - 0089 - 0.25 -
2.23 0.58 1.50 0.42
< 0.001 < 0,001

All female rats

Yeipght range:- 164 « 242 G,

Determinations made over period 2lst Fay to 16th July,1963.



Table 55,

Catalase activity in the livers of rats administered AIA by stomach
tube for & days.

2.16 | 0,20
. i 2516 0‘33
Level of activity 2.16 0.23
in individual 2.19 ' 0.22
' livam 1'83 9027
2,90 ‘ 0.17
1.97

Number , - , . 2o : é
Mean = 5.E. 297 toos | o23to
Eange : . 1-83 - 2119 0017 - 0.30

P ' < 0.593.

All male rats
Weight range:- 147 « 204 . (Majority 170-210 G.).
‘Determinations made over period 15th Cetober tc 15th November,1963.

All rats starved for 18 hours before being killed.
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Stat&stical comparisons ayre gshown betwéen control animals and animals fed #6B for 16 - 57 days.

Table 56

. Catalase activity in the livers of rats fed HCB as a 0.2f mixture in the dist over a pericd of 57 days,

_Units ,’mgP —
3 ;g;_ days 135 days ‘5‘7 davs |
Vel Qf | 0091 | 193 ] - 7 ¢£53
factivity in 0,65 c.88 | 0 s .5-4- G.6h
lindividual 0.76 - 0.73
livers '
C.78 1 0,90 | ©.52 0,63 .54
.'E.
0.70 - 0,03
0.b3 20,93
<0,001
All female rats
Yeight rangei= 85 - 177 8.  (Majority 100 - 150 0.).

Determinations made over pericd 1hth Detober to 3rd !)eeagiber.l%j.f
All rats starved for 18 hours hefore ‘hsing killeds

In a similar investigation performmed on Bﬁth September,1963, with somewhat heavier animsls, the mean level
of activity in the livers of tuc rats fed HCB in the diet for 4C days was 0.96 units. The inﬁividual levels
were 1.00 and ©.91: units, and in'the control animal studied on the same day, the level of activity was 1.0}

'mtso
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. Table 57,

fatalase activity in the livers of rats administered DDC by stomach
tuh’e over a4 period of 9 days,

— Mﬁfw? I
{ Day©. {1 doy | 3 dayy |6 days |9 days |
| Level of | 226 |1.28 J1.05 | 0.5 | om0
individeal . | 1.7 | 1.40 | 0.55 043 | 0.36
| divers NS S A ) . , TR W
{Mesg 130 1198 [oe8 | om6 | o938 |
All female mﬁs ' | |

Welight ranget« 198 - 254 G.‘
Determinations made over period 2lst May to 30th May,1963.
A11 rats ncmally fed,

Taja.;zz e 58,

‘Catalase activity in the livers of rats administerezi AIA by stamach
tube over a period of 9 days. '

. Units /m%” —
— DBay O | Y day 1 3 days é davs | 2 days :
Level of 1236 1.7 |0.64 0.20 | 022
| activity in 2.16 ]1.54 | 076 0,30 0.21
individual | 2.6 |i.22 |o.z 0.23
Hean. A 226 13,00 0 | 0.2 Q.21

All male vats
Weight rangei- 168 -~ 241 G,
Determinations made over period 15th October to 28th October, 1963.

411 rats starved for 18 hours before being killed,
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Catalase activity in the livers of rats administered HCB by stomach
tube over a period of 6 days.

Unite/meP,
d day ! 3days | 6 days |
Level of activity 1,30 0.96 1.27
| in individual 1 1.3 1.0 | 1.20
livers e ded3 L da12 L 3,22
| _Mean {2109 | 1.08 1 123 |
" 411 female mts. Weight range:-~ 166 - 198 G.

*Determinations made aver period 2nd October to 7th Detober, 1963,

All rats starved for 18 hours before being killed.

Table 60.

Catelase activity in the livers of rats administersd DDC as a 0,2f
mixture in the diet for a pericd of U9 days.

_Units/mePs | .
Zreated rats | Control yat |
| Lovel of activity | o739 | |
in individual 0.78 1.53
i Mean . 1 o83 (129 *
All female rats. Weight range:- 153 - 160 G,

Determinations made on 25th November, 1963.
All rats starved for 18 hours before being killed.
* The mean for @ series of normal female wmis of squivalent weight

range investigated over the pericd l4th October to 3rd December, 1963
wvas 1:29 ¥ 0,05 and the range 1.18 - 1.48.
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AMINOACETONE SYNTHETASE ACTIVITY. !

As opposed to that of ALA synthetase, the level of activity
of AA synthetase in nommal rat liver mitochondria was fairly high.

It is also evident that pyruvate was Superior as a4 substrate
to citrate for its detemmination.

In nomal female rat livers, the mean levéel of activity with
pymvate as substrate was 24.3F 2.6 m\zmoles,/z hours/mg. mitochon=
drial ﬁ. With citrate, only 5.8 ¥ 0.9 mpmoles of AA were formed
in 2 hours per mg. mitochondrial N.. In male contfol animale
these figures were 6.4 and 2.9 respectively and the possible sig-
nificance of this difference between the sexes is discussed in
Secgtion 5.

IDg.

DDC-.treated ani_fuals. after 6 days, had a mean level of ace
tivity of this enzyme of 24,0 - 2.7 {pyruvate) which is almost
jdentical with that of the corresponding control greup. . With
citrate as substrate, the mean was 8.3 fia mpmoles/z hours/
mg. mitochondrial N. (Table 61).

Two rats studied after 1 day had an activity of 43 mpmoles/
2 hours/mg. N., and after 3 days the level was again 24.7. The
significance of this initial rise is doubtful in the face of such
small numbers. (Tak;l; 62).

After k9 days, the levels of activity in the two rats

studied were 3.6 and 6.2 mpmoleslz hours/mg. mitochondrial N,
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It should be stressed that these two rats were» starved before
being killed while all the other rats in this group were fed un-
til the time of deaﬁh. (ef. Svection 5.0
‘ With ‘citxate_as substrate the patterns of change were
similar. {(Table 62).

AlA.

AlA-administration resﬁlted in a st.eady. inerease in activity
_ tb the 6th day, and a fail was evident aftér the 9th day. (Table

63) [
HCB.

In the HCB-treated animals, no fully eorrésponding control
group is awvailable for comparison, hut_i»t.is evident that over
the t;irst 24 days of drug treatment there was no real change in
the activity of this enzyme, amd the mean levels for the six rats
studied over this period was 24,6 ¢ 4.1 nq;moles/Zhour‘s/mg.N.L
(pynﬁvaté), and 7.3 ¥ 3.4 (citrate) - levels not significantly
different from those obtaining in the fed heavier normal group
studied in the winter. |

| Animals fed the drug for between 29 and 51 days ,showed‘a_‘
significaﬁt reduction in the activity of this enzyme, to :é‘ level
of 12.6 ¥ 2,6 mpmoles/2 hours/mg.N.{pyruvate) and 5.3 1.3
mpmoles/2 hours/mg. N. (citrate).

These results are summarised graphically in Figure i,
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Table 61,

Amincacetone synthetage activity in the 11vers of rats administored
DDC by stomach tube for 6 days.

- Laevel of
activity in
individoual
livers
Sumbey
 Mean < S.E. 26,3 20,0 % 8,3 ¥
2.6 1 2.7 0.9 | 1.1
Range 15.9 - 18,4 - 4.1 - 45,0 =
: 38,2 | 33.9 8.9 11.6
Be | not sigrificant il not significant

AllL femals mts
Height range:- 177 - 209 G,
- Deteminations made over period 2nd August to 23nd August,1963.

A1l rate normally fed.
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Table 62,

Aminoacetone synthetase activity in the livers of rats administered DDC for varying periods of

time,
Pyruvate as sul
{Davy O 11 day {3 dayg 49 days
Level of 43,0 21.2 3.8
activity in jTable | 42.0 28,2 0,0
individuwal 61
Llivers
Number 8 2 2 2
Mean 24,3 {&2.5 | 2u.7 | 24.0 5.9 5.8 9.2 7.2 8.3 1.9
- Weight 177 - 255G, 143 -
|__range _ : 150G,
Pericd 2/8-  |1/10/63 - 11/39/8/8/63 | 26/11/63
23/8 3 1238/63
Nutritional Normally fed Starved
. atatus for 18
hours

All female ratis.

* Level of activity in pooled mitochondria from 2 rat livers - treated as 2 separate resulis when
calculating mean,

D2
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Table

A4 synthetase activity in the livers of animals administered AIA by stomach tube for the pericds shown.

| Day O
jpetivity in 3.4
{individual 6.
livers
ean L B.h

AlL male mats
Weight mange:- 151 « 209 G,
Determinations made over pericd 2%th Cctober to 1lth December,1963.

All animals starved for 18 hours before being killed.
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Tab]

AA pynthetase activity in the livers of rats fed HCB in the diet for
pericds varying up to 51 days,

— L2 days | ]
Level of | ,
j activity in} 16.4 aB.2 13.4 1C.9 - 6ol [ 25.2
{Bean | A8k 35 20,3 i
Fumber 6
Mean S S.E. 28,6 2 8,1,
kit £ 0,88
, . _ LCitrate as suhstrate v ‘ -
| - ‘ ‘ i *
-2, 3873 1 18 davs | 24 daye | 29 dayg 1 36 daye {U8 davs 151 deys )
Level of | :
aeti‘fit_‘f in ‘ 3.7 ‘?:i‘ 11.8 ‘ 8.6 - 2.7 809
| Numbe 6 , " , 6
+ + “
Mean- S'E' F..,?‘B e 3"3’ _ 503 -1y
*ﬁEi_' ) < o’67> o 5 -
All female rats, Weight renge:~ 85 - 177 G,

All rate starved for 18 hours before being killed - except 18 Day group.

Determinations made over pericd 16th Gotober to 27th November,1963.

*Separate experinment performed on 8£h October,1963.

*¢ Statistiocal comparisons are shown between group receiving HCE for 24 days,
and those receiving HCB for 2 - 51 days (See text).

4
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OXYGEN UPTAKE.

. '3

Throughout the em riments e;;' the »me:»aument of ALA and
AA synthetaée activities oxygen cmsumpti.oﬁ was ﬁea-sured as an
‘index of the viability of the mitochondria. In several in-
stances, the rats of oXygen utilisation was noted to be
diminished. |

“hen citrate served‘ as substzﬂte; no real change _#ccurred
in the rate of oxygen utilisation by aizy of the m,t; liver mito-
chondria. HMitochondria from DDC~treated met l‘ivérs stowsd no
alteration in their abi‘lity éd véxidisa Fyruvate :ai-ther; (T‘ahie
65). However, &Ia administratien {Table 66) resulted in a
;:ragreesive reduction in the ability of the mitochondria tc
oxiciise Pyruvate after the Jrd day of drug treatment. Yhereas
mitochordria from control animal livers utilised oxygen at a
mean rate of 70 pi/haur/mga mitochondrial N. and after one day
the mesn rate of utilisation of oxygen was 80 .um_ﬂlas/h.éur. A
after 3 days this was reduced to 65 ul/hour, and after 6 days
-4t was further reduced to 42 Iu]./hm;r. ) It is also apparent |
that whereas there was no signi ficant difference in the
ability of noymal mitochomdria to oxidise either pyruvate
N (70 ul/hour) or citrate {82 ul/hour), a.ﬁiar & days of AIA ade
miniétmti@ﬁ oxidation of citrete (112 wl/hour) was superior
to that of pyruvste (42 ul/hour). It should be noted, however,

that there was seue overlap amongst these variocus groups, and
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that the numbers per group are very small,

In the HCB-treated nnimals.' over the first 24 days of drug
administration the range of oxygen utilisation by mitochondriz
from individual livers, with pyruvate as suhst-mts. was 56 = K
106, with a mean rate of 85 pl/hour/mg. mitochomrial N.

Between the 29th ard 5lst days of drug~-feeding the range
of oxygen utiliszation was 36 - 100 pl/hour;’mg. mitochondrial i,
with a mean rate of 62 > 6 pl/hour/mg, N. This rate is sig-
nificantly less than that over the earlier pericd. (p= < 0.05).

In this group of animals citrate was oxidised at a sig-
nificantly faster rate (108 ¥ 6 pl/hour/x‘ngv.ﬂ) then was pyruvate
over the 9-24 day period of drug-administration (p = < 0.02),
ax?d over the period 29-51 days, the greater rate of oxidation_.
with citrate as substrate (101 + ? pl/bour/mg.N) was even more
marked. (p =<0,001),

These findings suggest that in tho drug-induced porphyric
state, pyruvite oxidation was impaired.

The findings are summarised in Figure 45,

After 6 days of DDC-administration liver homogenates
respiring on endogenous substrate utilised oxygen at a slightly,
but significantly, slower rate than did homogenates f;'om normal
control animal livers.(Table 68, Figure 46). In these studies,
undertaken while measuring mates of glycine oxidation, the
homogenates respired in an atmosrheres of air, as did the mito-

chondria in the studies described above, 2

oD
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Iable 65.

Oxygen utilisation by mitochordria from the livers of vats administeregi DDC for varying perieds of

time.
del M,
| Fyruvate as substrate Gitrate agisubs
Day O i1 dayl 3 days!6 dave 11 day 13 days 4
foxpgen | o1 f{125 | =& | 117 | 8 go | &y
jutilisation 65 [T | 6 | 118 a8 L og | 100
by mitow o 9 7 4 9 93 9 1
¢chondris L 92 i » 99 140* 13L
from - BO 97 88
individusl | 101 02 .91 g
livers 74 ‘ L 95 |
B | 88 .
Bumber 1 & V2 & 2 5 2. 1.bh 6 1. 2
Mean | g2 1330 | 79 9% 1081115 197 ot
‘i‘tean - ‘SQED 7 - | ) .
. _ . , =T i
, %ﬁ 13
- 2y8 | 261 |
 Starved foxy
; Mmo y
411 female animals, Wpight range:~ 177-255 G.

® Oxygen utilisation by pooled mitochondria from 2 rat livers - treated as twa separate results
when caleulating mean. :

>



time. :
— pi/honr/me, mijochondrial N,
Pyrurats | ﬂ Citrate
Noymal_ | Lday 13davs] 6 dags 1
| oxyzen 87 9 | &b 92
utilisation 50 105 109 12¢
i by mito- A3 104 103 123
chondria fyom 51 85 6%
] individual o7
| Llivers gl
{ 103
{ Humbep 3 i L2 3.
_Hean 0 oz | 8
‘ ; Hean i 3.8. ,‘ 79 ‘: 132 o
e 21,2 o 9.9
| Range 50 = g5-1 -] s2-
~ qi 105 109) 123

‘Weight rangete 151 - 209 G,

133

Oxygen uwtilisation by mitcehonc}rié from the livers of mts administered AIA for varying pericds of

Table 66,

411 male rats.

Determinations made over period 29th October to 1lth December,1963.

411 animals starved for 18 heurs before being killed.




dzygen utilisation by mitochondria fram the liverg of yats fed HUB in the diet for
warying periods eof time, :

Sxygen

E.3 ]

< 0.5

atilisation
4ndividual | 1)
~fean | o2 | Bo o {8 60t s 1 ey 1 @46
RNunber 6 | 10 e
',Iﬁan - sOE‘ 8‘4»5 - 62. 2‘
Bange 362 106 9 S T30 T -
B 0,05> .
——— ——itrate ag gubstrate _— e tee—
3 3 X 4' .
19 daye 118 days |24 days &3 daye [ days | 45 daye |48 days  §1 days
sxygen 06 | 97 | wm flmy jim ) 98 | 47 99
atilisation] 112 | 91 120 Huo fno | 1w e | oed
indSvidual . | | o o
fivers, NS AU — — D ) I S
fean 109 oy 1 320 Hayn 1325 | g§o | 82 &3
Menn ~ oy 168 £ 101 <
5 S 6.8
91 - 13L_ 68 - 1

v
P ]

1)l female rats.

Weight range:- 85 «~ 177 G,

11l mis starved for 18 hours before being killed, except 18-day zroup.

Jeterminations made over pericd 16th October to 27th November,1963.

* Bepamate experiment porfommed on 8th Ootober, 1963.

* Statieticnl comparisons are shown bebwsen gyoup receiving HCB for 24 days, amd
Jhoge receiving HUB for 25 - 51 days - (see text). _
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Tabl e 680

Cxygen utilisation by homogenates from the 11Ver= of normal rats,
and rats administered DDC for 6 dayss

1/hou r;[gg.?,

Control : Treated

v 633 600

Oxygen utilisation 665 630

in individual | 6u3 6ii5

livers. ‘ 666 ' 588

6U5 h95

690 528

Numberv é ‘ 6
| Mean = S.E. {657 ¥ 8.0 s80 2
| Range l633 - 600 | 195 - éus

p': < 0.02

All female rats.
Weight range:- 160 - 200 G,

Determinations made over peﬁod 30th August to Gth

All rats normally fed.
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GLYCINE OXIDATION 70 COp

There was no significant difference in the ahilitias of
normal snd porphyric rat liver homogenstes to oxidise the caye
”:?mr;,rl carbon of glycine to COy. ’ |

Homogenates from normal rats coﬁvertad a mean of 2. 9 £
0. 15 patons of carbon to 0 in 1 hour, and thoze from perphy-
rie rats converted a mean of 2.35 ¥ 6.21 patams of glyeine to
G0y in this time. {p = < 0.1). |

Thore was, however, a sigﬁiﬁcam reduction in the rate of
glycine-2-L oxidation by porphyric rat liver ﬁmagwates - fram
2 mean of 0.48 1 0,04 patons/mgP/hour in the normal livers, to

. one of 0.32 z 0,02 patoms/mgi’/ hour., {p =<0.01).

Glyeine oxidation was studied only in rats treated with
DDC for 6 days. ' s
The results ére summarised in Figure 47 and are shown in de-

tail in Table 69.
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Table €9,

b . (lyoine oxidation to it Gy by liver homogenates from normal
anirals, end from aninile trested with DDC for & days.

A pa toms/mgP/hour
e lopmal | Trested M Howrad | Trested, |

| oxtdation 3.6 3.5 §f  0.6L 0,36
oceurring in 2.99 Z2.08 0.52 6.32
individual 3,0% 1..98 045 0.33
livers 2,71 2,10 0.b2 0.25
2.’*8% 2vh3 0039 OO32
Number 5 5 5 5

| Mean & 5.z, 250 ¥ 2.35 < 0.8 ¥ 0.32 &
G.15 0,21 5,0k 0,02

| Range 2.8 - | 1.08. 0,3 - | 0,25~
3.% 3,15 .61 0.3

L. Hot sigrificant < 0.01

All femsnle rats,
Yelight rangeie

All rate normally fed,

Determinations made over pericd I0%h August to 9th September,1963.
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SUMMARY OF FINDINGS,

{( i). DDC-tyeated animals,

A significant reduction in pyruvate kinase activity
occurred in the livers of both the fed ard the fasted groups of
animalg. This was maximum a-fter 3 days of treatment, and was
maintained at this level thereafter. A marked reduction in
activity was also apparent after 49 days of feeding the drug in
the diet,

No changé ogcurred in the ability of mitochondria from the
livers of these animals to oxidise pPyruvate, '

4 slight, but statistically non-significant, increase in
glucose-6-phosphate dehydrogenase activity occurred after 6 days,
which was not evident after 49 days.

A significant increase in the urinary excretion of ascorbie
acid was apparent after 6 days of drug treatment. | After 49
days there was no real change in ascorbic acid excretion.

Lactic dehydrogenase activity was slightiy reduced after 3
days but the change was not marked, After 7 weeks of drug
feeding this change was more noticeable.

No consistently significant change occurred in isocitric
dehydrogenase activity, although a slight fall was apparent in
the fed group.

Glutamig-oxaloacetic transaminase activity was slightly
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reduced after 3 days, and maximally reduced after 6 days of drug
treatment. No appreciable change was apparent after 49 days.

ALA synthetase activity was probably maximally increased
after 24 hours, and was maintained at this level for at least 6
days.

ALA dehydrase activity was unchanged after 24 hours, but
was strikingly increased after 6 days. After 1 day there was a
very slight increase in hepatic PBG content which wvas increased
to moderate amounts after 6 days.

An increase in hepatic protoporphyrin concentmtion was
apparent after 1 day, which progrelssed over the 9 days of drug
administration. After 49 days there was a slight, but nonsig-
nificant increase in hepatic total porvhyrin concentration.

Catalase activity was reduced early, and the reduction
occurred progressively over 9 days. After 49 days a slight re-
duction in catalase activity was apparent.

Anminocacetone synthetase activity was uninfluenced by 6 days
of DDC administration.

Glyeine oxidation to CO2 was impaired after 6 days.

( 11). AlA-treated animalg,
A éignificant reduction in pyruvate kinase activity

occurred - but only after 6 days of AIA administration.

Oxidation of pyruvate by mitochondria from the livers of animals
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‘poisoned with this drug was also impaired at this time.

. Glucose-6-POy, dehydrogenase activity showed a steady amd
progressive increase from the lst day until the 6th day.

Agcorbic acid excrefion wvas very markedly increased, and
this increase was noticeable within one day of drug adminis.
tration. It was most striking after 3 days, after which there
was a return towards nomal levels, |

A significant reduction in lactic dehydrogenase activity
occurred which was maximal after 3 days.

No change occurred in isocitric dehydrogenase activity.

Glutamic-oxaloacetic transaminase activity was significantly
and maximally ‘rle:luced after 3 days of drug treatment,

. ALA synthetase activity was stﬁkinglyﬂincrease}d ai‘fezt 1
day, but was reduced from this very high level after 3 and 6
days.

ALA dehydrase activity was slightly increased after 1 day,
and had returned to normal levels after 6 days. FPBG concen-
tration was markedly increased after 24 hours, and then fell
progressively.

4 moderate increase in hepatic total porphyrin concen-
tration was apparent after 1L day. There was a progressive
increase to the 6th day, and after 9 days the concentration had
falién.

Catalase activity fell progressively from the first day of

AlA administration,
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Aminoacetone synthetase activity seemed to increase with
continued drug. administration, but too few animals were studied

to allow of any valid conclusions being drawn. .

$31). HCB-t: cated animals
Changes occurring in 1evels of enzyme activity in the
livers of animals treated with HCB took in general much longer
to develop than with the two other dmgs used.

Pyruvate kinase activ:.ty was unaltered after 6 days of HCB
adxﬁz.nistration by stomach tube. When HCB was fed in the diet
a reductien in activity Was evident after 7 days, but J.t was
only after 16 days that this change wag mammal Oxidation of
pymvate by liver mitochondria from these animals was impaired
after 29 days of drug administration. | |

Giﬁcose-é—Phosﬁhate dehyd rogenasAe ‘acti'vizty showed some in-
crease after 3 days of intmgastric administration of the drug.
When HCB ﬁas fed in the diet, theré wvas actually an initial
diminution in the activity of this ehzyme. Ir’acreased vactiv'ity
occurred only after 16 days, and after 7 weeks there was a
second, more étﬁki’ng increase.

Ascorbic acid excretion in thé urine was slightiy incfeased
after 7 days, and maximally increased after 16 days with a per-
sistence at this level for the remainder of the experiment.

}L;'sctic dehydrogenase was significantly reduced after 6 days

of intragastric.administration and after 7 days of dietary feeding.
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A slight lowering of isocitric dehydrogemée act:_lvity
occurred, and glutamic-oxaloacetic transaminase activity was
maximally reduced after 7 days of drug treatment. Aftei' 7
weeks of féeding the cirug. there was a retﬁm to nomﬁl levels. _

ALA synthetase activity was slightly increased after 9
days, amd showed a striking inci'ease after 24 days to a high
level which was maintained for the duration of the experiment.

ALA dehydrase activity fell progressively and significantly.
Hepatic PBG coﬁ.cenpration began to increase after about 24 days,
rose progressively to a maximun after 45 days, and then éeéned
to return to normai levels. |

Total porphyrin concentration was unchanged for the first
week, had increased slightly after 2 weeks, and then increased
strikingly and progressively for the remainder of the experi-
ment.

Catalase activity was noz?nafl after one week, had fallen
slightly af’cer 16 days, and was further reduced after 43 days of

drug administration.
Overall Summary,

Each of the drugs resulted in an increased hepatic porphy-
rin concentration. ALA synthetase activity was increased by
all 3, as were the urinary excretion of ascorbic acid, and

G.6-P, D, activity.



Pyruvate kinase lactic dehydrogenase and G-0.T, activities
were reduced by all three drugs. No change occurred in iso-
¢itric dehydrogenase activity.

The change in ALA dehydrase activity was variable, and the
patterns of PBG accumulation in the liver also differed.

AA synthetase activity changes were also variable,

Catalase activity was significantly reduced in the AIA and
DDC-treated animals, the reduction in activity being less marked

following HCB administration.
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3. COMPARISON OF URINARY ASCORBIC ACID EXCRETION AND HEPATIC
PORFHYRIN CONCENTRATION IN BATS TREATED WITH CHLORBUTANOL.,

Because of the striking inerease iy urinary ascorbic acid
excretion by rats with acquired porphyria, the effects on por-
pﬁ}r&n metabolism of a drug known to cauge an increase in
ascorbic acid exeretion was inwéstigaﬁad.

From Table 70 and Figure 48 it is evident that chlora<'
butanol ésused a progressive ard marked increase in urinary
' aécqrhic acld excreﬁion; but that no change cccurred in the'he#

 patic total porphyrin concentration,



66

n

Table

Comparison of urinary ascorbic acid excretion and hepatic porthyrin concentrmtion in

rats treated with chlorbutanol.

All female rats.

All rats starved for 18 hours befors being killed,during which time the urine was collected.

Yeight range:- 128 - 205 G,

23 c%zg
P,
Level in Ce 3l
individual
animals. 9133
| 0,33

Rats administered chlorbutanol over period 25th February to 19th March,1964.

* ALA.

Ascorbic acid ~ mg/2B hrs.
*% ‘P'

Total porphyrin concentration - pg/S w

B U

weight.
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‘C.  HUMAN MATERTAL.

1CD,

n o,y

| It ig evident from Tabl_e ?1 and from Figure 'u9_ _ :
that in persong wit.h'acqui:red worghyria there mé a consiééent
ma riced reducfaion in hepatic. isoeitric dehydrogenase activity.

In the nommal group, in the ::a‘tiéﬁt with eongcnitai
erythropoietic porphyria, and in the patients with variegate por-
‘phyria.'_ variation in-f.hé’algvﬂl of é’gti.vity of this enzyme i:as
from 50-73 umolas/mirj:l/g‘ uét weight, In the group with acquired
porphyriay the range was from 17-45 uméles/min/ﬁ wet weight.
Pyruyate kinage,. ' | . | -

Lev‘els of pyruvate kinase activity ranged from 2.3 ~ 9.5

umoles/min/G wet weight in the namal; congenital and variegate
groups and from 1.9 -~ 4.9 in the acquired group - sugzestive of a

scmewhat reduced level of activity in this group.

G-6-F.D,
G-6-B.D, activity was consistently low in all the livers
. ' ) %
gstudied, ) . -

| 4-0.T. activity m'nged from 14.58 umoles/min/G wet,_wéight.
with both minimum and mﬁmﬁm levels of activity obtaining in
the acquired group. '

H.5. while recovering from an acute exacerbation of
variegate porphyria showed a lev.el of activity oi‘ this enzyme
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in her liver of only 15 pmoles/min/ G wet weight.
L_asﬁg_.d_ghzﬂxgzgm

A very wide range of lactic dehydrogenase activity in the
livers of these subjects was apparent. There was pronounced
overlap amongst the various groups, tut it was in 2 of the sub-
jects with acquired porphyria that the lowest levels obtained,
Catalase, o

Catalase activity was very low in the two female patients
with variegate porphyria, and wae lowest in H.5, -~ perhaps sig-
nificantly. In the patiantsr with acguired rorphyria levels
tended towards those obtaining in two normal patients. It was
only in the two female patients in this group that the levels
were markedly reduced.

Conversely, it was only in the male patient in the variegate
group (C.K.) that catalase activity was i:;z the normal range, and
he was studied in a presumably guiescent phase at an elective
aperatién for the treatment of a gastric ulcer.

ALA_dehydrase. .

ALA dehydrase activity in the liver of S.F., a patient with
variegate porphyria, was almost twice that in C.P., a control
subject. Porphobilinogen was not detected in either liver.

ALA _syntheta

Negligible activity was detected in hepatic mitochondria

from S.P., and none in those from C.P. Oxygen utilisation by
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these mitochondridl preparations respiring on both pyruvate and

pitrate wag similar,
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Ve

Levels of enzyme activity in livers from

human_subjects.

Enita/ Epmoles mymoles |pl/hr

pmoles/ G j G t mgP | meN, me /N
Pationt] Agel JSex | Race | ICD| FK | G-6.P.D,| GOT| LD | Cat ALAD ALAS Oz

CONTROLS

LS, Fo G 73 - - 28 1280 - - - -
*C.I. 3% 1 F. L ¢C 5_16.6 1,7 36 1189 13,1 528 0 L7l
J M, 5 7300 S « ¢ 52_.12.3 1,1 5% j110 13,6 = = -

CORGENTTAL sRYTHROFOILTIC FORPHYKRIA.
[B.a. | 19 | F, c__Jéz 16 [ 1 T woliew | - f = - =
VARTEGATE PORPHYRIA,

rCc.X, LO | M, ¢ 58 16,5 1.2 52 1270 13,1 - =
5.0, 7.1 M. E 64 12,9 1.2 W6 1189 11,0 - - -
¢S P, ng | ¥, E s 19,5 1.3 27 1298 _ 10,8 826 6.6 uh2
M,S, by | ¥, E 68 3.6 1.9 15 1159 10,5 - = =

ACQUIRID FORFHYRTA.

7 M, 1 1 N, B - - - | - 2.5 - = -
5N, ulh | M, B 1 - - N O WY - - -
G.0. L7 M, c 25..12.5 0,9 29 1121 12,4 - = =
h.L, 42 M, B 17 - - 51 1120 12,8 - = =
D 30 F, £ 21 11,9 0.7 331 62 11,2 - - -
C.P, 490 M, LS 15,9 = 53 1236 13,6 = = =
LM, 37 M, B 35 4.4 1.2 81121 12,8 - - =
J.d. 2 | F, c_ 118 12,0 1.1 Wl s 1.3 - = -

* Specimens obtained at operation,




SECTION 7,
DISCUSESION.

In 1952 Schmid and Schwarte reported the induction of '
"hepatic porphyria® in rabbits following the administration of
the sedative, Sedormid.

Followipg this report a relatively large literaturs has
sccumulated documenting findings in several types of drug-
induced porphyria in animals.,

These findings have been reviawed in Seetion 3. The con-
clusions which may he drawn &re that in the experimental por-
phyrias at least, elterations in carbohydrate, protein, purine
and perhaps fat metabolism occur in association with distur-
bences of porphyrin metabolism., To.what extent such changes
are interdepsndent, ard how they relate in a cmuse and effect
manner are far from clear. |

Perhaps the grentest contribution of the experimental
models is to indicate avenues fcr'imésbigation in human eubjects
with porphyria in a retional approach to the detection of methods
for the prevention and cure of the diseases, and in a search for
the explanation of their pathogenesis. They also provide the
biochemist with a means whereby porphyrin metabolism may be
further investigated and such knowledge must certainly contribute

to an understanding of the diseases of porphyrin metabolism, It
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i& stressed that the utmost caution is essential when attempting
to relate data from the experimental animel to the human
diseases. |
In the present investigation several alterations in levels
of hepatic enzyme aetivity have been documented in wats with druge
induced porphyria. The possible significance of these findings
is perhape increased by the constancy with vhich the changes
occurred despite the chemically unrelated nature of the drugs used
to induce the disorder. This supgests & relationship between the
observed changes and the disturbance in porphyrin metabolism.
Two major aspects of metabolism have been shown to be dle
tered,
These compri.se:-
(i) Alterations in porphyrin metabolism
and, (41) Alterations in carbohydrete metaboliss, and in
pfarticular in the activity of the gluvcuronic acid
eyele, arxi .'ml/pym‘vate netabolism,.
The possible significance of these findings will be considered
and I shall speculate on how they eofrelate with postulated

mechanisms of the pathogenesis of the porghyrias.

Varicus patterns of hepatic porphyrin accumulation have been

reported (see pages 68-74) and the present findings are in accord
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with previous observations,

The changes cecurring in hepatic porphobilinogen concenw
tration in the drug-induced porphyrias have been described on
pages 7l74.

In none of the previcus reports has an early acceumulation
of this compound been noted in AlA.poisoned mate., In ‘contm-
distinction to an early rise followed by & progressive deerease
in hepatic FEG concentration with inereasing periods of drug ade
ministretion (Table £6, Fipure 36), both Goldberg and Rimington
(128) ard Merchonte gt 2l (208) could detect FBG in the livers
of such animals after several days only, and Rimington and
Ziegler (206) noted high FBG concentrations after 6.10 daye.

Such differences may be explicable on the same baset as the
numeroug ohserved differences in theo patterns of PBG execretion
in the urine, (See pages 6L.65),

ALA synthetase netivity.

Increased lavels of hepatic ALA synthetase activity heve
been deseribed in guines pige following DDC administration (135,
182} and in yets poilsaned with AIA. (208), The present
findings show that DDC is capable of causing an clevated level
of activity of this enzyme in rats also, ¢onfirm the deseribed
effects of AIA on rat liver enzyme, and show that HCB is alsgo
capable of stimulating ALA synthetase activity in ret livers
as measured in vitro, 948



A uniform finding was that the increase in mitochondrial
ALA synthetase activity preceded that in hepatic porphyrin
concentration.

In ﬁm HCB.treated animals thers was initially only a slight
jnerease in enzyme activity - which was asseci#ted with 2 minimal
rise in total porphyrin concentration. lhen a marked increase
in ennyme aetivit:} occurred this was followed by a progressive
lrise in the porphyrin content of the liver. It is svggosted
that at the new level of syﬂthes&.s.' porphyring were baing formed
more rapidly than t;hey'cauld be utilised or exereted, with their
consequent progreseive accumilation.

AJA administration was accompanied by 2 very sharp increase
in ALA synthetage activity, which preceded hopatie porphyrin
accumulation, The subsequent reduction in enzyme act&vit.y.was
followed by a fall in porphyrin concentration in the liver.

In the DDC-treated animils there was probebly alse an
immediate increase in enzyme activity with a later progressive
increase in porphyrin acsumvlation,

A cause and effect relationship scems probable,

The increased ALA synthetace activity which hos been re-
ported is compatible with the hypothesis that the ability of the
mitochondria to make ALA is rate-limiting in porphyrin synthesis
in the liver (135), but it is not clear whather the effest of
the various drugs was primary and direct, or secondary and in-

direct, mediated perhaps through interfersnce with & control
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mechanisn, It is msa&h'ze that the genetic defect too, is
mediated through ar increased activiity of this ensyme, ;a,lthough
the genaral ;m'ie would Seem to be for such genetic defects to be
associated with 2 reduction in enzyme activity - at least insofar
2s the "recessive" diseages of metabolism are concerned.

' Pgrt. of the_inhiﬁitory effects of pyruvate, acetate and -
cortain amino acids (see page 27) might be thretigh the exertion
of & controlling influence on ALA synthetase activity.

Burnham (34), and Bumha'm amd Lascelles (35) de;nanstrated &
possible negative feedback eontrol system of porphyrin synthesis
via iron-porphyrin complexes, Haemin was shown to repress ALA
synthetase activity 3«5 foid when added to @ R, spheroides cul~
ture. (190). 4 reduction in the concentration of such compounds
consegusnt, perhaps, on a bleck in their synthnesis, might thus
result in increased ALA synthetase ac¢tivity through the removal
of a control mechanism.

Kikuchi et al (176) demonstrated the scourrence of an un-
identified inhibitor of ALA synthetase activity that was formed
by R. sphercides cells grown aercbically in the-dark.

_ Granick (135) considered that some of the increased activity
of this enzyme might be consejuent upon activation of an inactive
form by the various drugs, but this was not supported experimentally.

Froevious reports relating to ALA dehydrase activity are



deseribed on page 88, and it is svident that opposite effects
have be?n cbserved following the administration of the various
drugs %o difﬁ’eﬁéfat animals. | Moreover, there has been ne conhe
stant cbperved effect of a particular drug on 2 particuler
species. _} '

The present findings indicate opposite effects of BDC, ALa
and HCB in the ya¢, an incressed -1eevei of activity folleowing
fi 150 admiﬁietxﬁtim. no change occurring after AIA adfxziniatm‘ti‘on.
and a progressive decrease f@liawing B administmtiana

Although an incréased level of acﬁiﬁty':oif this cnzyme n’;ay
be of primery importance in the aetioclogy of the porphyrias, it
would seem more protable thet, in those instances where increased
levels of activity have occurred, these have been secordary to
stimulation by an increased supply éf the Subsfra‘te. ALA.

An observed deci"&ase in the activity of this enzyme is,
tﬁemfﬁm\.- of particulay interest. |

A number of factors may have contributed to this obser-
vationi«

(i) - It is poseible that liver homogenates from such
animal_é wore yemoving FBG faster than they wers capable of syne
thesising it « as opposed to liver tissue from Ald~treated
z-ahbité. and Sedormid-treated rats in which no change iﬁ. the '
rate of removal of FEG was observed. (204, 278, 321). |

{4i). Some factor may have inhibited the asctivity of this
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- enzyme, Protoporphyrin bhas been showm to be mﬁmmﬁ(uz)
as has haemin. (190). It wss my impression that those liver
homegemﬁes ﬁh&ch showed the greatest pink discolourntion of
their supernates, and the brightest fluorescence in wilraviolet
light, 5hcwaﬁ the lowest levels of ALA dehydrase éctﬁ.vi:t:vr_

(i), & further consideration is that the development of
the ccloupr-compound formed between FBG and Ehrlich's reagent
might have been inhi’ﬁiteﬁ by some mﬁsﬁame in the .1iv'frgrs of

- these animals, & substance which presumably increased pro-

gressively in congentration over the pericd of drug administration.

Possibly pertinent is the observation by Granick and Fauserall (132)

- of the ihhibitory effect of ascorbie acid upon the develospment of
this compeund. Such an inhibitory mechaniem hae &lso been

discussed on page 65 in a consideration of the i‘actéés influencing

the detection of PBG in the urine. | o

{iv). 1t shémid alzo be gonsidered, although with great
reserve, that in such instances an slternate route of porghyrin
synthesis, bypassing FPBG ac an intermediate, was employed. Kench

(173). has suggested the existence of such a2 pathway in yeasts -
organismg in which no ALA dehydracge activity has heen detected,
(115). |

Latalase,

The astivity of this enzyme has freguenily beén shown to be
significantly reduced in the drug-induced porphyrias (see page
au), |



Activity has not been previcusly reported to be reduced in
HCB-induced porghyris, but this may be because previcus authors
ﬁave not measured sctivity after & sufficiently long period of
drug administration,

A reduction in catalase activity, and peorhapes synthesis,
may permit of an increased ALA synthetase agtivity through the
remeva}. of a negative i‘eedbaek contyol mechanism.

Erabkin (77) eonsidered that the demonstration of reduced
catalase activity might be in support of his postulate (76) that
thé defect in the porphyrias might be as & preosult of the underw
utilisation rather than the overproduction of porphyrinsg

Heim et a8l (158) demonstroted that 3-aminc~1:2:hutriazole
caused a maﬁseﬂ reduction in liver and kidneyoatslage activity
in the agult femele rat, and this compound haz not haen
associated with the development of porphymn- a factor which
té.nds to lessen the significance of the observed rcfuction in
aetivity.

(2).

Ferhaps the most important chservation of the present inves-

tigation was of an increased rate of urinayy ascorbic acid
excretion { and hence of its eynthesis (37, 38, 90, 195, 196))

in association with a disturbance of porphyrin metabolism,



This was a constant fiﬂding in}EDG;;‘AIﬁa. ard ﬁeﬁgp@rﬁhyria,;
and has been confimmed by De Matteis (65).

- It, may prove of interest to compare levels d:t‘ trinary
glﬁéurmnie acid excretion in subjects with ?orphyrialand norxmal
swbjécts, anﬁ élso‘in drug-induced p@rphﬁrias in the guineé e,
| Alth@ugh thiz increase has thus‘fﬁr aluays occurred
following the administretion of poryhyria-praﬁueing drogs,
chlorbutanol administration over 3 weaks‘wés ﬁot assopiated with
| anvﬁﬁereaae‘ﬁn ha@atic porphyrin concentration, Ghiarbutanci
is a druz which hes previously been shown to stﬁmu1a£e ascorbic
acid synthesiz (see page 139). However, Srenick (136) waééahle
to show an increé$@d synthesis of porphyrine by celle cultured
in the presence of this drug and it ﬁé"possi%l@ that the érug
,was'not ééminieieraﬂ fbr*a $ﬁ??iciently‘léng poriod of time,

: Eé‘Hitteis (68) was able t@ s@parate the development of in-
creased levels of porphyrin synthesis and ascorbic acid synthesis
,in s, amd suggested tha%‘ﬁhey'wsre*nét cléaeMy related, but.
this question is worthy of further investigation.

In the AlA«treated rate in the ﬁras@nt inwasﬁigétian lavels
of ascorbic Qeid axéra%i@n and ALA aynthetase‘aétivitg‘increaseﬂ
simultaneoﬁély to very high levels which does tend to suggest a
ci@se gerrelation. :Saﬁamal pcsgibil&%iés mey bs p@s%ﬁlateé aéf
1o the nature of this relationship:

(i) Ascorbic acid hae been shown to potentiate the



combination of iren with protoperphyrin to form haem. (122,181).
It is possible that consequent upon & primary inhibition of
ferro-chelatase activity (as suggested with fairly convineing
evidence by Onisawa ard Labbe (227)), ascorbic acid synthesis
wag increased in & compensatoryy attempt on the part of.the livei
to enhance this reacgtion.

An alternative hypothesis is that the primary drug effect,
lay in @ stimulatory action on ascorbiec acid synthesis. Such
a mechanism might be eipeeteﬁ to reduce porghyrin synthesis via
& negative feedback effect of haem compounds con ALA‘synthetase
activity, amd to reduce rather tﬁan to increase the measured ac-
tivity of this emsyme. However, when greatly in excess ascorbic
acid wvas fou;'sd to inhibit ferro-chelatace sotivity. (122).

It has been éoasidered that the defect in the porphyrias
might occeur ag & result of defects in the redox potential of the
cells - permitting of oxidation of porphyrinogen intermediates to
yorphyrins,

 Rimington (280, 241) showed that ascorbic acid or thiogly-
colate diminished autoxidation of coproporphyrinegen. The
incressed ascorbic acid gymthesis which has been denmcnstrated may
thus have cccurred as a compensatory mechanism towards the vre.
» establishment of a milien favouring reduction in a state vhere
the redox potential wic altered in the dirsction of oxidation.

Should the effect on ascorbic acid synthesis be an important
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one, chsorved alterations in the levels of pyruvate kimse acs
tivity might then be explicsble on the basie af. glucose being
deviated away from the Embien-Meyorhof pathvay towards ascarbic;
@cid synthesis. 4 reduced pymuvate kinege activity would re-
flect 4 diminished substrete supply, a5 would the reduced
lactic dehydrogenase activity. The increased G.6.P.D, activity
might then reflect increased metabolism along the glucuronic
acid cycle with an inereased surply of endogenous su‘nstmté
stimulating enzyme activity. (see page 48).
Two facts relating Lo the motabolism of this compound have
emerged from the present investigation. ’
(1) Pyruvate kinase activity was found to be reduced,
ard (ii) liver mitochondria from porphyric rats respiring on
oxogenous pyruvate showed a diminished capacity to utilise py-
ruvate. If comparisons with findings in tissue culture, in
isclated systems, and in human subjects are permitied, this
finding is in agresment with tho raports (i), of an inhibition,
by AIA, of pyruvate oxidation by cells grown in tissuwe culture
(57), (ii), of an inhibition, by drugs capable of inducing
porphyria, of beef heart DFNH oxidase activity {56), (i1i), of
the decreaged rate of clearance of exogenous pyruvate from the
blood of porphyric Bantu subjeets (169), and (iv), of an ime’
paired pyruvate tolerance test in subjects with acute
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intermittent porphyria. (129, 161).

It may also be significant in this regerd that while liver
ﬁiﬁg@c‘h@nﬂﬁa from HCB-poisoned rata showed 2 marked incresse in
ALA synthetase activity when citrate was provided as suhsﬁrate,
& similar increase did not cecur vhen pyruvate formed the sube
stzv#te. (Table B4).

The observations of a diminution in pyruvate kinase
" activity and in pyruvate oxidation miy both have gome bearing on
the pathogenesis of the porrhyriss, although thelir interpretation
is highly speculative,

4 reduced activity of pyruvate kinase might he indiecative
of a diminishéd synthesis of pyruvate in these animals,

Pyruvate has been showm to have an inhibitory effect on porphyrin
gynthesis in vitro. (see page 27). A primary drug effect might
thus have been to inhibit the Embden-Meyerhof pathuway.

The findings indicative of impaired pyruvate oxidation in
these conditions might then be explicable on the basis of a
secondary "atrophy" of the necessary enzymes eonseguent upen its
diminished synthesis. |

Increased ascorbic acid synthesis, and increased G-6.F,D,
activity might reflect a necessity for alternative routes of
glucose motabolism other than through an inhibited central
glyecolytic pathway.

' Such an hypothesis would serve to support the findings of
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Tschudy's group (249, 340) and of De Matteis (65) concerning
the beneficial effects of carbohydrates upon the porphyric state
(see page 94) - carbohydrates might serve to increase the ac-
tivity of this pathway, and consequently the amounts of pyruvate
formed. In the present study it is evident that starvation re-
duced the activity of this enzyme even further.

An obvious modification aI;d alternative hypothesis is that
pyruvate metabolism may be pri_mé.rily impaired, with a secorndary
inhibition of "atrophy" of the pathways leading to its synthesis,

Such an hypothesis is supported by the finding of an in-
hibition of ‘beef heart DPNH oxidase by drugs capable of inducing,
or aggravating, the porphyric state (56), and this effect too,
may be of aetiological significance. -

Contradictory to the suggestion of a block in the central
glycolytic pathway are reports of normal, or increased
glycolysis in the porphyrias. (57, 320, 321).

Other changes have also been detected in this investigation
which may have gome bearing on the pathogenesis of the por-
rhyrias.

These include the detection of a diminished rate of
oxidation of glycine to CO, in DDC-induced porphyria, and of
alterations in a.minéacetone synthetase activity.

(a). Glycine oxidation,

An impaired oxidation of the alpha carbon of glycine to
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€0 in several forms ‘of the drug-induced porphyrias has been

previouely reported. (75, 320, 321),

Grenick and Urata (142) did not detect any slteration in
the level of aminocacetone gynthetase a¢tivity of hepatic mito-
chondria fremDBG;poisonad guinea pigs and in the present
investigation ne alteration in the activity of this emzyme was
noted in mitochondria from DDC-poisoned rat livers. Miyakoshi
and Kikuehi (208} reported a eimilar lack of influence of AIA
administration upon the AA synthetuse aetivity' of rat liver
mitochondrie, Tschudy eb 8l (319) could not detect a diminished
excretion of amincacetons in the urine of subjects with acute
intermittent porphyria. However, De Matteis and Rimington (68)
described such a reduction in the urine of pati.ehts with this
disorder, and of rots with experimental porphyria. In the

HECB«treated rats in the present study a signiﬁcant.mduction in

AA synthetase activity is also evident.

The administretion of glycine has Oeen shown to increazse
porphyrin excretion in bota acuie intermittent, and drug-
induced porphma {237) and it has been suggested that inereased
porphyrin bicsynthesis might be inftiated through an availability
of eﬁéesb glyeine.

Excess glycine could result from an impaiyment in one or
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several of its altornste pathweys of metebolism, Its conversion
ta serine has besn shown to Ye impaired in certain forms of poye
phyria (237), ard a:i impaired cmveréim to purines in
Sewiomid;inﬁueeﬂ rorphyria in éhick erhryos has been deseribed.
(183, 315). This may also constitute the significance of the
demonstration of an impaired exidation of glycine to CO2,

However, it muet be considered that these appavent blocks
in the baltemate mthways of metabolisn of this compound may be
no more siznificant than as an indieation of inersased glveine
matabolism along the porphyrin biosynthetic pathway, with
perhaps & consenquent "atroghy' of its other routes of metabolism,

In subjects with porthyris Dowdle (71) wes unable to detect
alterations in the rates of conversion of glyeine %o 602 - |
or urice acid - but he Qas able to &emonat-mte an inersaged rate
of glycine turnover. v

Nakada and Weinhouse (21#) heve suggested th;-;xt gatalase may
play a role in the oxidation of the alpha earﬁan of glycine to
Gﬁz‘? via formates, and the depreéseéi c#mlase activity which has
been demonstrated in these comditions, may be partially vespons
sible for the observed effects on glycine oxidation., Thie may
even constitute the mode of action of a contrel mechanism of pore
rhyrin synthesis,

If acetyl-coenzyms A synthesis were impaired in porphyria,
as has been suggested (58), less glycine would be metabolised via

the aminoacetone cycle, and more would be available for metaboliem
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via the @umeinntaaglycine éycie, and hehce for pﬁr@hyrin‘aynthésisa
| & reduction in AA synthetese setivity and in the urinary ep-
_ cretion of aminoacetone may heerega?dad as éuppartihg Sﬁgh,é
pnsﬁulate;'aut‘it.iﬁ evidentvﬂnat thege observations aave‘ne% ﬁeen
conr:z.stenti ‘. | | | | |

Some of the :nhibitory effect of bsth pvruvatc anﬁ auataﬁe
upon pormhyrin synthesis~might be explieable upan their
p@t@ntiating acetyaecosngwma & synthesis, |

The data ebtained in this investigation may'also have 5Ome
bearing en other postulated mechanisme undarlying the porghyrﬁas.

Reduction in lactice dehydrbgenase, pyruvate kinase, ard
glutamic-@xaluacetic-tranaamtnase agtivities might reflnct
alterations in the?ﬂPﬁtﬂPKH‘xatinw,‘uhlle incrensed Ulueoseﬁsa
phosrhate dehydrogenase and namﬁal isoedtric dehydrégenaae
: aétivities ﬁight then be explained on the basis that they are
TPE:TFNE dependent ansymes, which ratio‘muét be presumed to ﬁe.
unaffected. Alterations in both these mtios have been des-
efiheﬁ by Rimington and Ziegler (286) in the ﬁrﬁgﬁinducea'
porphyrias. (foe page 91). Rimington (240) considered that
systens normally reoxidieing DFNB and TFNH'might be affected
during exacerbations in porphyria, and Cowger st 2l (56) have
demonstrated an inhibition of DFNH oxidase by porphyria- |
it a1 {169) postulated a deficiency

producing dmgs. Joubert
in the eleetron trensport chain, and suggested that the ine
fivence of aleohol as an aetiological factor in porphyrie might
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be through a decrease in the DPN/DPNH yatio. (See review by
Isselbacher and Greenberger (165)). Dowdle(73), however,
felt that a decrease in this ratio would favour reduction
rather than oxidation.

It is interesting that as early as 1939 alterations in the
oxidation-reduction system were invoked to explain the |
occurrence of methasmoglobinaemia in intoxications with several
aromatic amino groups - compounds which were also shown to cause
disturbances in porphyrin metabolism, (29).

Sweeney (310) considered that there might be an abnoymal
permeability of the c¢ell, or parts thereof, fo porphyrinogens,
and so allow of their escape from the enzymatic sequence and
further metaboliem, and Sano and Granick (256) considered that
the location of certain enzymes of the porphyrin biosynthetic
pathway in mitochondria, while others were present in soluble
 form in the cytoplasm, might provide for a eontroi me;chanism of
porphyrin biosynthesis through mitochondrial pemeability
factors. | |

Dowdle (72) feels that the def.‘ect in porphyria might lie in
the mitochondrion., Graniek and bmta (142) have described an
abnormal appearance of the mitochondria of DDC.poisoned guinea-
pig livers, and Mauzerall (201) postulated a leak of ALA through
a damaged mitochondrial membrane as an aetiological factor.

Alterations in the structure of these particles might have
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been reépcnsible- for the observed changes in ALA gynthetase
activity. _

It should also be considered that many of the observed ale
temtion; in enzyme agtiﬁt’y might have been conseguent upon
the presence of inersased concentrations of poxphyrina. In
this regazni it may be significant that Pathak and Forlla (230)
wersa abi«:-s to show & fall in skin succinic dehydragemise activity
in'animals exposed to light after trsatment with the photogenw
sitising agent Smethoxy-psoralen. Baeté?ia exposed o this
agent apd 1ight, zhowed & diminiched ability to utilise Kreb's
cycle intermediates.

1t —‘wouid'be of interest to repeat the present studies on
animals housed in ths dark. |

Finally, the posgibility should be considersd that some,
-and psrhaps 21l the observed changes @cfcufred as a nonspecifie
| responge to liver damage Pollowing drug adminietration. _It
would bo necessary to iuvestigate the effects of other hepatow
toxins on ﬁhe paramoters which have been studied o resa‘lve‘ this
cc.nsideﬁt&on, Hoffbauer gt 81 (163) were unable to detect a
significant overall influence of ¢holine &eﬁcienéy,
thioacetamide or carben‘tatmc}ﬂoﬁc;& vapour on coproporphyrin
exeretion by rate, and Schmid and Schwartz (268) could Getect
no effeet of GCLy administration on the hepatic catalase ace:

tivity of rabbits.



However, a gignificant increage in hepatic G-%.F:0, activity,
as reported in the present studies, has previously been
assmiated with liver damage in the form of mcute hepatitis in

man, (272). Hepatitis has #lso been assaciated with 2 raduction

in hepaﬁc catalase, lactic dehyéragemée and 0u0.F, agtivities,
(58, 348}, |

It is mggested from these ptudies thet in the drug.induced
p@n;hy«ia increased porphyrin f‘omaﬁicn is cénsegueni» upsn. an
increased 1(:1:@1 of Ald gynthotase @cfﬁivi%yg |
Vhat is not clesr is the mechanisnm msp@n@iﬂlﬂ for the ifie
ereased level of activity of this enzyme. |
N A number of alternatives ars suggested by the observed data.
These are felt $o indieate avenuos for further raéeareiz.
(1), The primary drug effect mey have been to stimulate ALA
synthetase synthesisc or Lo activate an inactive form of the ene
(i4).The inoraased lovels of ALA symthetase activity, may
have boen secondary 1o and dependent upon i
{a} Ineroased ascordic aciti synthesis.
(b) &n impairel central glycolytic pathway.
{e) An impaired metabolism of pyruvate.
(d) An imgsired oxidation of glycine,

{e) Altamtiens in the redox potential of the oells,
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{f) Damage to the mitochondrion,

ard  {g) Slocks in the p@mhyfi’n biosynthetic pa‘&hway -

' especially at the forro-protoporphyrin chelatase
© level, o

It is also falt st an inve&ﬁié;a-t.im& of hunan - aﬁbje&ﬁs
with ?wp‘ﬂjz%iia, to detemine whether any of thésé faotors apply
is of importance. ' -

A @rélimimry study of this sort bas already been undertaken
and 15 yoported in this thesis. = There are serious linitations
to ﬂaiga worlt bocause of the small number of cases, the |
varfability of their dietary status and sex, and a possible
seasonal influence on levels of enzyme activity; Furthamoreg
while the majority of the liver épeﬁim@ns were obtained by nseedle
biopgy some were obiained at operation, and I have unpubiliched
data 4o irdicate a rapid and marked effect of ansuosthesia upon
 the levels of activity of somo m‘m;sr'mes‘..

Perhaps most significam are the variations in the duration
of the disease in the ﬁ:;.i’femni patients, and more especially the
ma-rka&_v&ﬁmi:ms in the degree of setivity of the discase processs

LA synthetase activity was bardly detectable in the liver of
the ‘an.e per;ﬁamc -sa:bjéei: in whom 1t was mensured bul ALA dehydrase
asetivily was doubled. |

Fyravate kinase activity was iow even in nomal subjects, bt

a reduced activity in the acquired group is suggested,
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A fall in ICD activity 'in the acquired group ig almost in
direct contradistinction to the observed findings in the druge
induced porphyrias in the rat. However, ghronic alccholism
hae’ previcusly been shown to be associated with a fall in the
activity of this engyme. (97).

Catalase activity was reduced in the livers of twe subjects
with variegate porphyria. This ie¢ at variance with the re-
ported findings of Gray (ithi), amd Schmid (262) concerning the
activities of this enzyme in perphyria. It s possible that
these cases differed in the natuve, severity and phase of the
disturbance in porrhyrin metaboliem,

Although the majority of the changes which have been A8
cribed have all been demonstrated in vitro, it is suggestel that
they may be of significance in the intact animal, and porhaps
avert in M.

It is hoped that the fimlings #ill prove of value in further

investigations of the digeiges of porphyrin metabolism,



APPENDIX.

1 (a). Ccmposition of reagent mixtures used in measurements
] ti £ ,

( 1).

Pyruvate kinase,

Tris buffer pH 7.4 (B.D.H)
Phosphoenclpyruva te-
tricyclohexylammonium salt
(Boehringeg_

DFWH (Sigma; B.D.H,)

ADP (B.D.H.)

Nicotinamide (B.D.H,)

Mg SOn (B.D.HY

K. €1 (BD.H)

Bovine serum albumin(B.S.A.)
{aymour Pharmaceutical Co)
Lactic dehydrogenase {Sigma)

type 3/

~ in a final volume of 210 lambda.

L A I A |

18,0 );moles

170 mmoles
25.5 m;:moles
106 mpmoles
4.25 pmoles
1.70 pmoles
8,49 ymoles

0,061%

units

10 lambda of a 1:1 dilution of the original
homogenate were added to initiate the reaction.

( ii). GuB=P.D,

Tris buffer pi 7.4
Glucose-6-phosphate {(B.D.H)
TPN (B.D.H.)

Mg Cl2 (B.D.H.)

- in a2 firal volume of 200 lambda.,

L]

 15.6 pmoles.

777 wumoles

97 mpmeoles
97 mumoles

10 lambda of a 1:1 dilution of the original
homogenate were added to initiate the reaction.



(4ii). 1.C.D,

Tris buffer pi 7.4 - 18.1 ymoles
deIlsocitric acid-trisodiunm

salt (Sigma) - 91 mpmoles
PN (B.D.H.) - 91 mpmoles
Nicotinamide - 4.5 pmoles
MnCl2 - 113 mpmoles
B.S.A. - 0,068%

« in a final volume of 200 lambda.

10 lambda of a 1:3 dilutien of the original .
homogenate were added to initiate the reaction.

( iv). G=0,T,

Tris buffer pt 7.4 - 17.6 ymoles
Alpha-ketoglutaric acid

(B.D.H,) - 540 mymoles
L-aspartic acid (B.D.H,) - L0 mpmoles
DFNH - 17.6 mpmoles
Nicotinamide - 4.t ymoles
BOSOA. - 0,066%

- ina final volume of 200 lambda,
10 lambda of 1:3 dilution of the original homogenate
were added to initiate the reaction. Additional malic de-
hydrogenise wvas not provided.

( v). Lactic dehydrogenase.

Tris buffer pH 7.4 ‘ - 18.4 pmoles

Sodium pyruvate (Sigma) - 460 mymoles

DPNH - 18,4 mumoles
Nicotinamide - 4.61 pmoles

B.S.A. - 0.0u6%

- in a final volume of 200 lambda,

10 lambda of a 1:79 dilution of the original
homogenate were added to initiate the reaction.
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1 (b). Catalase

The reagent mixture was prepared by diluting 10 ml
of 0.1 M phosphate buffer (pH 7.%) and 5 ml of a 1/80 dilution
of concentrated Hy0z to 100 ml with glass-distilled water,

25 lambda of a 1:5 w/v homogenate were added to 15 cc of
this solution, which was constantly agitated by a magnetic
stirrer, and at exactly l5-second intervals 1 ml amounts were
pipetted into flasks containing a few drops of 2% Hy 50y and a
trace of Mn Clz. These solutions were back titrated against
f.on Potassium permanganate.

The presence of the m-;mganese' chloride permitted of the

~ detection of a very precise end point.

1 {ec). Preparation of mitochondriz,

At lease 5 G of liver were homogenised with 10 volumes
of celd 0,25 M sucrose (pH 7.4) in the u's',uz;l.manner.
Th&e hcmogemf.e Was centrifézged in 10 5 'mlv amounts in the
cold at 500 r.p.m. for 10 minutes in a Beci{mén Sp;lnco Model L
refrigen;ted ultracentrifuge. »
The supernates were decanted inte 10 fresh lusteroid tubes
and centrifuged at 10,000 r.,p.m. for 10 minutes. These super-

nates were discarded, the pellets were resuspended in 1.5 ml

sucrose and the tube contents combined by threes.
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Three tubes and the remaining single tube were again
centrifuged at 10,000 r.p.m. for 10 minutes and the supernates
discarded, The pellets were resusperded in 1.75 ml sucrose
containing Mg Cly in a concentration of 20 m M/L and EDTA in a
concentration of 10 m M/L. The smaller pellet in the single
tube was resuspended in 0.58 ml.

The suspensions were combined and homogenised in a glass
homogeniser, | |

A1l procedures were performed in the cold,.

1 (d). Preliminary investigations relating to the measurement
of ALA. ) . N ) ' _

{ i). To determine the molar extinction coefficient of

ALA pyrrole + Ehrlich's mercury reagent.
1 ml of a 107% M solution of ALA hydrochloride was

boiled in each of 8 tubes with 16 ml of water, 1 ml acetate
buffer pH 4.8, and 0.5 ml acetylacetons for 15 minutes in a
water bath. |

These solutions were allowed to Eool,‘and then rassed
through 1 x 1 cm Dowex-l-acetate colwins. The columns were
" washed with 5 ml HoO and with 5 ml 1N acetic acid and the
ALA then eluted with 4 ml of a 2:1 Methanol:glacial acetic acid
mixture. The eluate was madé {xp to 5 ml with zﬁore of this

mixture. 5 ml Bhrlich's mercury reagent were added, and the

EAY4
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optical density at 552 mu determined after 15 minutes.

Tubes .1 2 3 4% 5 & 7 8

0.3, 2265 J2BL L2797 .283 .283 .292 L300 L.3L5

Mean .2

The extinction coefficient of this compound in a concens
tration of 1 M/L at 552 mu in a 1 cm light path was, therefore,
calculated as 2.87 x 10’4'.- |

In subsequent experiments 10-3 M solutions of ALA HCL
were boiled with 17.5 ml Hp0, 1 nml acetate buffer (pH 4.8) and.
0.5 ml'acetylacetone. Blank solutions were prepared by re-

placing ALA with 1 ml HyO.

( 1i). Influence of the duration of boiling.,
' Tubes were boiled for the periods indicated.
1 nl from cach tube was mixed with 4 mi Hy0 and 5 ml

Ehrlich's reagent. The éxperimsnt vﬁs performed in duplicate,

Time (mins). 5 10 15 20 . 25
0.D. (i) 229 281 .235 240 .235
(i1) 225 239 .230 .243 .235

iLA was, therefore, fully converted to the pyrrole within

10 minutes of boiling.
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(ii1). Stability of colour compounds.
'(a)« 1 ml AL& pyrrole was mixed with & ml H,0 and 5 ml

Ehrlich's reagent. O.D, density was determined at intervals

as shown.

Time ] ] : _

(ming) 51 101 15| 204 251 301 60| 120

0.0, ( 1).229]|.229 |.225|.222 }.221 }.221 | .215 | .212
( 1i).239].242 | .239 | .237 }.238'1.238 {.239 | .225
(1131).227{.227 | .225 | 221 |.220 |.220 |.215 | .212

(b). 1 ml ALA pyrrole was passed through Dowex-l-acetate
column ( 1x1 em), eluted with 4 ml methanol:glacial acetic acid;
made up to 5 ml, and 5 ml Ehrlich's reagent added.

0.D, density was detemined at intervals.

Time

(mins) sl ;oigsl 20 | 25! 30[,60
0.D, i) 36 awe | ] .1s0] .ase | as0 | .185

( 1)
( 11) .130] .%o} .156 | .160 | .163 | .166 | .172
(231) 1321 .50 ¢ (1571 162 1 165 1 1168 1 .194

1 ml ALA was mixed with & mi HyO0 and 5 ml Ehrlich's

mercury reagent - (a) Fresh (b) 1 month old.
0.D, Fresh 014
( 1) .2b7 - .297.
(11) 235 -295
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The blank reading was also higher with the old solution.

0.D, Blank - (set to zero on fresh ) - 025,

(' v). Incomplete elution from column,

{(2a) 1 ml ALA pyrrole was passed through 1xl em Dawex-
l-ace-t:;a.te column, eluted with 4 ml methanol:glacial acetic acid
and made up to 5 ml with Hy0,

.(b) 1 mi ALA pyrrole solution was made ué to 5 ml with
methanol:glacial acetic acid.

5 ml Ehrlich's reagent added to each scalui‘ion., and

0.0, compared after 15 minutes.

Solution ) a b. -
(i) 1580 185

( vi). No loss of ALA when washing columns with water

or IN acetic acid.

1 ml ALA pyrrole was passed through column,

washed with 5 ml IN acetic acid. Vashings were collected
separately and 5 ml Ebrlich's reagent added to each.

0.D, was determined after 15 mins,

Hater doetic ac;g_."‘.d‘
O.D. (i) 0006 0008
(i) .000 .009



ALA sclution in amounts of 1 nml, 0.5 ml and 0.25
ml were converted o pyrrole and OB, of calmrégompoxirﬁ, with

ghrlich's reagent wase deternined.

dmownts 1wl ©.5m _ 0.250
: O‘g_nc ( i)‘ : azd?cs blz:; 0955
(ag)%s  .3n5 & <085

® Passed through column

*$ Kot passed through column.

In this experiment the molarity of the ALA was different
from those deseribed when measuring the extinction eoefficients,

and wee not acourately measurad.

1(el. Hathod for determmination of perphyrin concentrations of
1ive 18,

The method of extraction has been dexeribed by Sweeney®.
Yater was added to the acetone/HCP extract vhich was then
rapeatedly extracted with n»ﬁuﬁynol/ ethyl acetate (1:1) in-a
- separating fumnel. v
The extracts were pocled and smshed with water, and
petrol ether (40/60°) added.
Porphyrin was extracted with 1.58 BCl, and the conecen-

tration was measured spestrophotometrically.
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Two volumes of distilled vater were added to thg"
' . aciﬁiﬁeﬁ acctone extract, and 'ﬂabe. i brought to 3.5 by the
addition of saturated a_qﬁeuus sodium acetite. The porphyrins
were repeatedly extracted into ether, and the extracts were
pocle:ﬁ and washed with water. _

' . Protoporphyrin was extracted into 1.5& HCl and its cbni-.
centration measured spectrsphotometficélly.‘ Campleteness of
porphyrin extraction was judged under ultravialet—light-éan-

trol.

¥ Syeeney, G.D, (1963) : -Fh_.»D. Thesis, page 88. ‘(Gnivérsity o
of Cape Town). ' - o



Urivary and faeoul porphyrin and porphyrin procurser ¢one
eentrations, and 4n some instsnces hepatic mmﬁwﬁn -
gongentrations, are chown in Table s, Theme meusurements were
mado at the tine wlien the liver Dlopsies were obiginsi for the
purpoces of the investigations desorided in this thesin. The

veouits of the "liver function® toste are shown in Table b

This subject underwent & choleaystestomy for gall etones.
- There were no fesdurcs 10 sugg@sﬂt»parﬁzyﬁﬁ. avd her
alechol intake wae not in ercess.

The histology of hor liver biopsy was pot determined.

This petient wss also operated on for cholelithiscis.

Theve vere nod featurss of porphyria and no history of sa axcessive

gloohinlio intake.

Tne histclogy of the liver 18 nob known.

This petiont was admitted with lobar pneumonia.

Thers wis no evidence of porpnyris.
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He was known to have dmnk alachol in axosss over several
Fearss
‘The only feature of note in the livey biopsy, was the

presenee of large anmounts of lipofusein.

This petient had neticed blistors on her face, herds and
feet singa the age of 4, &he had wpoced & dark red urdne imer-
mhttenily throughout hevr mm; ard had had excossive hair on her
foge Tor many years, ! |

m‘mmmm rovenled seayring and &vess of pigmentation and
depigmentation on the face, harde and feet, lHypertrichosis was
A marked feature am the digite showed selorotactyly.

E The iiver edge eould jus? he palpated below the right costal

marg;im ' ' |

There was no family history of porthyyia, and an excessive
aleohol consumption wag not suspacted,

liver biopsy revesled & normel ambmmmml ratterm. Swall
amém%s of hamasm’eﬁn wers Seen. | |

Hor vod colls hed o coproporphyrin contemt of 27 ugh, avd &

protoporphyrin sentent of 5.0 ugf.
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This patient was examined ‘whéﬁ his brother wae diagnosed
as having pqrphyr‘:ia. Searring of his face ard hands was
prominent, . |

For several years he had noticed that his skin readily
formed bliste:’;s-.

He underwent & gagtroenterotomy aml vagotomy for ehzrénﬁ.c
duodenal uiceration in May, 1959 ard at the time' of the present
investigation was underzoing a further opemtian hesauge of &
gtomal vleer: 4 Zollinger<Fllison syndrome waé suspeoted,

For several years he had taken alcohol in expess,

liver biopey revealed an imérease in periportal fihrous

tismus, No iron could be demonstyated.

SDs. EBuropean male ased 37,
Undue fragility of the shin of the backs of his hands had

been noticed since the age of 2 ~ following the administration
of.‘sulphammides and aspirins.,

Hig mother and cne brother had evidence of tutaneous lesions
of porphyiia.

He drank an occasional heer.

Liver biopsy showad increased amounts of {ibrous tissue in
the porial traets. Ho iron was present, but lipocfuscin was

prominent in the liver cells.



This patlent had an acute attack of purphyris in 1951 with
full recovery. | IR ,

Aprorand dihn Pragility had been evident for many years,

A cholesystectomy was performed in August, 1963, wben &
specimen of liver for the purposos of the m@s@nﬁ&mﬁ@im%m‘
was obtained. |

Thers is a strong family history of zm@hyri@.

Liver Diopsy revealed evidence of a very slight degroe of

periportal fibrosis, . e

This patiml.u% adeibthed in an aauw atmnk of mz‘phyria.
Ihe blopsy of hey Liver was porfomued during the serly ree |
Qovery Phasc.

For the prwi@us' 20 yerrs sho had m‘%i@aﬂ an ingronsed B6he
sitivity of her skin to tx’aum. -

it the ;.ﬁ'té.mt was & foster child, her family histafy it une
 knowne |

Heor b cbildren - ﬂxﬁ@aﬁ 22 « chowed no evidence of the
diseasge,

-Bhe did not drink olachol.

She wes very 411 on admi seton, - Thers wes & m&éi}f Pigmentation

of the skin of her forehesd, and incressed hair growth on the sides
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of her faces Sears end rilie were evidont on her hands.

Hap liver wms not enlarged, tut che was tender in the
uppoy abdemens |

She showed the features suggostive of an inapproprinte . _

secrotion of antisdivretic hommones

© Liver blopsy was essentisily normel,

¥hen bwpsﬁw ‘?J@i@'paﬁirm% had & history of haﬁm had inter-
mittent attacks of Qbﬂmi mﬁ%}‘aasocmtea with diarvhoea and
vmiﬁing @mr the period of @ yeg;. These symptons resolwﬁ/
following trestment of & worm infestaticn, o
| For some &mths m had nﬁtﬁaaﬁ an iﬁcreassfeﬁ saﬁsi*tiviﬁy of
ﬁié gkin to.‘ ,.émught and trauna. | |
Hig algohol intake consisted of 2 iﬁaﬁﬁiee of gweat &fma and
a gallon of homs-browed beer over weekends. |
Thers was m' family,hisﬁéwy of perghyrid. |
Emiﬁa.tim revealed typicaﬁ. porphyrie skin lesicns on the
face and hands. | The ifwer @cﬁge‘ms iust paipabla, | |
| Lf‘.sﬁ,;r@r biopsy revesled evidence of a mrﬁaﬁ heenosiderosis.
Trere was focal fatty ehange, and & slight excess of cellagen

tigsue w25 apparant.
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This patient was admitied in gamiac failure, avd a diapge
rxésﬁ;é of cardionyopmihy of unknown origin wae mde‘ |

He was noticed to be deeply pigmented. Sereening tests
. for porphyrins were negative in the urine and atool, bui his
1liver contained exnesssiﬁe ameunts of POrEhyrinsg.

’I*i;ere was ne family history éf pcrphyrias His alecholic

habits are not known.

Exsmination revealed & " 3 finger" enlargement of his liver.

L noteble degree of haemosiderocsie was evident om liver
biopsy.. There was no evidence of ciryhosis but there wag 8

d@ggé@ of periportal fibrosis.

A

This patient was admitted for the investigation of
 impotence. He ‘ms noted to have typicel porphyric skin lesions
of the hande and mce which had been present for approximately
6 months, | ' |

lie admitted to 2 heavy intake of wine and spirits over &
years. »

There was no family bistory suggestive of porphyria.

dis 3iver was palpable 3 fingers breadth below the right
costal wmargin.

Liver biopsy showed eirrhosis with liver cell regeneration

and moderate haemosiderosis,



This patient was admi‘atéd wi-ih mnspacific complaints, and
¥is noticed to be excessively pigmented, He denied any recent
ineredse in pigmeniation, | |

Since adolegeence he hed drunh 3«4 tots of brandy, and 2.3
cans of home-browed beer several times 4 week.

| Liver bicpsy revealed marked heemosiderosis with e%idenee

of periportal fibrosis and regencration of liver cells.

dBe

For 4 years béfare the biopsy was mi-fomed ghe had
noticed marked photosensitivity of the axposed Sk“i"nc‘
For many years before thﬁ.ﬁs she had drunk 2 bottles of wine
a day, |
There was no family hi-stc:ry suggestive of porpnyria.
- Liver biopsy re’veﬁle& the presence of small amounts of
haemosiderin and mild fatiy éhange._ - The portal tracts showed

_&n increased cellularity.

This patient was sdmitted to hospitel because of an aspiration
prnewuonis, |
Porphyrin studles were undertaken because of an observed ine

creased pigmentation of his skin.
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-+ His aleoholic habits are not knewm.
Examination revezled his liver to be just pslpable,s

Liver biopsy showed severe sidercsis tut no evidence of

{ibrosis,

whien mé‘estig;aw this patient bad ;i ergé monthts hilsmxy
of blistering of the skin of his hands following. exposure to
light and treuma, R

For several years he had drunk i-2 tois of gin daily.

Thers was no ferily bistory of poz‘*xéhyfiaa- “

He was noted to be darkly pigmantéﬁ, and %herng@zevﬁrﬁﬁa
of sc;a;fring on his hands. | His liver was not eriarged. |

'Liver biopsy showed no en}id ence of cirrhosis. fn-ar'a wag
very siight periportel fibrosis with & mild degw«éa of fatty
éb&nge. Portal tracts showsd yound cell, plesma cell und |

eosinopnil infiliration,

Jud.  Coleured femle ssod U2,

. For ?;'rzm‘t!}s Befors admission she had notieed an increased
pigrentaticon of her face.
She gdmitied to an ocoasional soclal drink.
There was no. fanily bistery mggﬂsﬁw .mf porphyria,.
Liver bicpsy shawed noe wicfﬁgneé of cirrhosis, but many cells
centained }a moderate amount of brown 'pﬁ.@man%, some of which

sﬁai:md positively for firon.



ine
ALA | PBG Uro i Copro | Proto
Pationy  me/day ug/L
L.S. - - - - - -
C.P., - - - " -
JM, 0.82 | 0,18 Neg. L5 29 -
M,A: | 1.82 |2.78 6758 | 1814 301 -
C.E. 17.5% | .85 | Neg. | 185 159 |l Fluoresced
‘ flafter heating
§.,D, {0.08 { 0.3 350 | 1007 223 f| - |
mgh | mgh |
S.P, 13,60 |2.58 uo 10L Réh: -
M.S5. PL.96 [35.18 w78 | 1359 926 | -
F.M, 10,05 |0.43 595 | 99 107 {lu70
| BN - - - - - 55
| G0 | 3038 | 3.89 1187 | 297 (197
R.L. | 3.10 | b.87 4132 €93 39 JiFluoresced
J.b, j2.50 | 0.70 3355 | 257 65 -
C.P. | 3.57 | 0.59 Neg. 63 61 HFluoresced
LM, | 553 {116 | 3782 | 343 u I -
J.d, {105 | 072 1234 68 63 ||Fluoresced




Table b, _

FPatient BsS.P.
L.s. - - - - - - -
C.F. 3.3 3.6 O 0.3 5.2 - -
J.M, Rormal 0.4 - 3.6 -  Normal
M.Ae 3.2 3.8 0.4 0,2 16,7 28 Nommal
C.K, - NORMAL - ,
8.D., 40 2.3 0.8 0. 14.8 1 2uk

' remaining
S.P. 4.0 2.1 0.5 0.3 11 26 Normal
MJS. Nomal 0.5 0.3 11.7 14 -
F.M, 345 2.0 0.1 0.0 10.0 23 Normal
E.N, 2.8 3.8 0.2 - 2.7 - -
G,0, b 3ed 1.5 Gu5 b 35 Nomal
R.L, b.2 2.9 0.5 0.2 - 57 Noxmal
.0, 3.3 3.3 0.5 0,2 9¢5 - -
c.p, 3.0 2.6 0.6 - 8.7 27 -
L.M, 5,0 b2 13 0.9 62 M -
JJd. 4.0 2.6 - - 542 - Normal
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3. Statistical methods,

(a). Caleulation of (i) mean (%) and (ii) variance (8%).
(i) == Zx -
n .

i

vhere n = number of observations

sum of 2ll the obcemti ons in the sample.

it

and’ %
(i1) € = 248 -(Ex)z

- . . 1l
nel

(). Caleculation of the standard error (S.E.) of thé mean.

The results have been expressed as

z % s.E.

(¢c)e For eompa:r*isons of two means the Swdent‘s t with

* np = 2 degrees of freedom was calculated according to

m
the formula -
t = 5!1 - ;tz
S.L + E%Z
ni n2

The value of P was ascertained from tables,



{4). 7The discussion was revised at a late stage in the |
,@r&pamtim ¢f the manuseripbt, d45 a resuit a fow references
have bean listed which do not appesr in the text. These have
been allowed to remain heeaﬁse of the inordinate anmount of work

‘that would have been entsiled in their deletion.

{44}, It will be seen thet reference 300 does not appear in its

logiead sequemce. This eryor hes #lso bemn allowed o remain
begause of the difficulties that weuld have arisen from its

coyrection.

{(114). Beference 1658 has boon emitted from the reference list
and should veadi

i65a. Jackel, 5.5., Mosbach, E.H., Burns, J.d. and
King, C.G., (1950) : J, Bicl. Chem. 186:1950

G



1.
2.

. 7.
8.

9.

10,
11,
12,
13.

1.

15.

Abbott, L., and Budoliph, S.C. (1961) : Fed, Proc., 20: 376,

Ackner, B., Cooper, J.E., Gmy, C.H., Kelly, M. ard
Nicholson, D.C. (1961) : Lancet, (i) : 1236,

Adamg, DH, (1952) : Biochem., J., 503486,

Adams, D H. (1953) : Biochem, J., 54:328,

Arderson, R.l.. and Tove, S.H, ‘(l958} : Naturé (Lond.),

182; 31.5' '

Appleman, D., Skavinski, E.R. and Stein, AJM. (1950) :
Cancer Res., 10:498,

Barich, L.L., Sehwarz,J., Bérich, D,d. amd Horowitz, I‘hfi'.
{1961) : Antibiot. and Chemother., 11:566. ,

Barnes, H.D. (1955) : S. Afr. med. J., 29:781.
Barnes, H.JD. (1959) : S, Afr. med. . 33:274,

Bartiett, F.D. and Glynn, M. (1950) : J. Biol. Chem.,
1€7: 253. :

Bartlett, P.D. and Glymn, M. {3950) : J. Biol. Chem.,
1871260, .

Beaton, G.H., Ogzawa, G., Beaton, J.B, and McHenry, EW.
(1953) : Proc. Soc. exp. Biok. (N.Y.)., 83:781,

Beaufay, H., Van Campenhaut. E., and de Duve, C. (1959) :
Biochenm, Jnn 73 617- A

Begg, R.W., Dickenson, T.B, and White, 4.V, (1953) : Canad.
J. med, Sei., 31:307,

Berenblum, I,, Chain, E., amd Heatley, N.G. (1939) : Biochenm.
deo, 33:68.

28¢



[ 1)

16. Berlin, N.I., Neuberger, 4. and Scott, J.J. ( 1956)
Bi@chmo J.j 6’4‘ wb

17. Berlin, W.I., Neuberger, A. and Scott, J.J. (1956)
Sieehm. J.. 64:90,

(2]

18. Bloch, K. and thtenberg. D (191:5) : J 3101. Chena,
159-“5. )

19. Bogorad, VL. {1955) : Seience, 121:878. 4

20, Bcéerad. L. {(1958) : J.v Bi.ol. IChm.. 233: 501,

21, Bogorad, L., {1963) : Ann. N. Y. Acad. aci.. 104: 6?6.

g, B:.ol. Cheme, 202:‘?93.

Lid

| 22. Bogorad, L. and Granick, S. {1953)

23. Bogorad, L. and Granick, 5. (1953) Proc. Hat. Acad. Sci.

{Wash. ), 39;1176.

“

24. Booij, H.L. ard Rimington, €. (1957) : Biochem., J.,65:4P,

25, Bothwell, T.H,, Kramer, S., Jacobs, P, and Bamnes, H.D.
(1960) ¢ &, Afr, J. med. Sei., 25:141.

26, Breékmn. F.E. #n:l Gray, C.H, (1953) : Biochem. J., 58:22,
" 27. Brown, B.G. (1958) : Biochem. ., 70:313.

28. Brown, E.G. (1958) : Hature (Lond.), 182:313.

29. Browmles, G. (1939) : Biochem. J., 33:697.

30, ansﬁing, L.A, {1937) : Proc. Mayo Clin., 12:614,

31.- Bullock, E,, Johnsen, A.%., Karkham, E. and Shaw, K.B.

{1958} : J. Chenm, Seoc. ps 1630, . _
32, Burnett, J.W., and Fathak, H.A, {1963) : Hew Engl. J. Med.,
268: 1203. C

(2]

33. Burpett, J.W. and Pathak, M.A. (1964) : AJ.A. Arch., Demm,
{Chicago), 8%9:257. ‘ ' '

350 Bu!‘nham, B.Fn and Laﬁ‘ceueEo B (1963) Biocheﬂ!- J.. 8? 11620

287



. 39.

&0,

il.

L2,
43,

ik,

hs,
46.

Bums, J.d. (1959) : dmer. J. Med., 26:780,

’ EﬂmS' J.J'. Cmeyi ﬂ'l.ﬂ.' Damnipig'ﬂgf’ms’ C." Hﬂrtin.

.k, ar::i Taller. « {1960) : J. Prarmacol. exp., Ther.,

Burns, J.J., Mosbach, E.H. and ochulenberg. S, (195@
J. Biol, Chem., 207:679.

Bumms, J.J., amd S‘nom, F.a. (1961) ] Mm. Rev. Pbameol..

S 79,

Burris, E.H., and Wilson, P.W. (1940) : Froc. Soc. exp. Biol.
(R.Y.), b5:720. o A | i

Cam, C. amd Nigogosyan, G. (19635 3 J.Amer. med. Ass,,
183:88.

Campbell, J.4a H, (1963) 2 S, Afr. J. Lab. clin, Med., 9:203.
C}arpenter. AT, and Scott, Jude (1959) 3 Biochem-c d., 713326,

Case, J.D,, 8ldrich, E.A, and Neve. R.4, {1953) : Proc. Soce
exp. Biol. (N.Y.). 83: 566. : ‘ .

uetingil, A.I. and %zen. M.A, (1960) Elood, 16:1002.

Chalmors, J.N.H,, Cillam, A.E. and Kench, J E {1948)
Lancet, (:u) 806.

Chisolm, J.-J.. (196!4) : J, Pedjat., 6b:1.

Chisolm, J.J. (1968) : J. Pediat., 64:159.
Chisolm, d.d. (1964)

J. Pediat., 64:174,

Cline, J.K., McEniry, E.S., Johnson, R.B. and Webb, G.M.
(1953): Proc. Soc. exp. Biol. (N.Y.), 82:50h. «

Colowick, S.P. and Kaplan, N.0. eds. (1955) : "Hethods in
Enzymology®. MNew York, Academic Press.,

Cookson, O.H. and Rimingten, C. {1953) : Hature (Lomd.),
171:875. C

DD
GO
Qo



53. Cookson, G -He and Rimington, C. (1954) : Biochem. J., 57:476.
54, Cooper, R, (1956) $ Biochem. . 63:2513.

55, Corcoran, J.W. and ‘Shemin, D. (1957) : Biochim. biophys.
A.Cta 25 661.

56. Cowger, M.L., Labbe, R.F. and Mackler, B. (1962): Arch.
Biochem., 96:583. )

57, Cowger, M.L., Labbe,R.F, amd Sewell. M. (1963) : Arch,
BiQChaﬁo’ 191 960 ’

58. Dale, B.G. {(1953) : Amer. J. med. Sci., 226342,

59. Davidheiser, R.H., and Figge, F.H.J. (1955) t Proc. Soc.exp.
© Biol. (N.Y.}, 90:461.

£0. Davidheiser, R.H, and Figge, F.H.J. (1958) : Proc. Soc. exp.
’ BJ.O].» (N.Y )0 97 7750 ’ )

61. Davidheiser, R.H, and Troyer. J.R. (1963) : Proc. Soc. exp.
Biol. (N.Y. ), 11lu, 30s.

62, Dean, G. {(1963) : The Poyphyrias. London, Fitman medical.
63. Dean, G. and Bames, H.D, (1959) : S.Afr. med. J., 33:206.

64. De Carvalho, S., Victoroff, V., and Sidenberg, S.5. (19690):
Amer. d. Gastroent., 33:529.

65. De Matteis, F. (1964) : Biochim. biophys. Acta. 82:641.

66. De Matteis, F., Prior, B.E. and Rimington, C. (1961) :
Nature (Lond.), 191:363.

67. De Matteis, F. and Prior, B.E. (1962) : Biochem. J., 83:1
68, De Matteis, F. and Rimingten, C. (1962) : Lancet, {1):1332,

69. De Matteis, F. and Rimington, C. (1963) : Brit. J. Derm.,
75:91.

70. De Matteis, F., Slater, T.F. and Wang, D.Y. (1963) :
Biochim, biophys. dcta, 68:100,

UD



4.

P54

752,
76+

76a.

Demmy-Brown, D. and Sgiarva, D, (1945) : Brain, 68:1,
Cent, G.E. snd Rimington, . {1947) : Bioghem. J., 413253,
Dowdle, E.0.D, (1963) : Paz{saml communication.

‘Bowdle, E.B.D. {1563} : §. Afr. J. lab, clin. Hed. '9:232,

Dowile, E.B.D. (1963) & 5. &fr. J. Lab, clin. Med, '9:220,

Dowdle, B.B.D. and Bales, Lo (1963) : 5. Afr. 4. Lab. clin,
Hed. 9:5-

Dowdle, £.8.D, and Ginshurg, A0, ‘(196&), s unpublished data.
Drebkin, D.L. (1951) : Fnysiol. Rev., 3JL:385.
Dyabkin, D.L. (1955} ¢ In Ciba Foundation Symposium on

"Porphyrin ‘Siosymhasi and Hetaboliem ® p. 96. [Ed. by
Wolstenholime, G.E.W. and i‘éﬁ,nar, E.C.F. i-ﬁm‘an. d. and A,

- Churehill, Ltd.

Drabkin, B.L. (1955) : idem p. 263.

DX‘-G’E&I{ EaInB- (1955) : fdenm P 2%0

L]

172:1185.

'ﬁ!’@ﬁﬂv; EaIan aﬂj: Falk; -JoE- (19%} 2 ﬁimhwm Jbg’ 56:1560

Dyssel, E.L.B. and Falk, J.B. (1956}
Dresel, E.1.8. and Falk, d.B. (1956) : Bioches. J., §3:80,

Biochem. J., 63:72.

”

ﬁmgﬂlg IEOIiB- am FEIX. J‘E. (1956} v Blc‘ehmt J,ﬂ L 63:ﬁ'

Dreyfus, J.C., Schepiva, O. and Schapire, F. {1954) : J.
£1lin. Invest., 33:99bL., '

Eales, L. (3961) : Ann. Rev. Hed. 12:251.
Ealﬁﬂ, L. (1963) : :::i Afre Je zﬁba clin. Bdo. 9:1510
Elliott, ¥W.H. (1960) : Biochem. J., TL:478.



$0.

3

92,
93.

98,

100,

131,

10z,

Eriksen, L. (1955) : In Cibe Foundation Symposiun on
“Porphyrin Biossmthesis apd %hbﬂlim + Pe 185, E4.
by Wolstenholme, G.E.Y, ard Millar, B. ;.P Lordon, J.
and A, f}hummll Ltd.

,dvans. G., Gmmey, IL !-i., 'l’rousaf. W, a:zi Bumw, doda

Falk, J.E. (1955) : In Ciba ?oumflati.on Symposion on

" Porphyrin Eiomthesie ard Metabolisn”, I'd. by
Wolstenbolme, G.E.W. ard ¥illar, B.C.P, Londen, J. and
A. Crurenill itd. :

Falk, JoB,., Dregel, £,1.B, and Riming-'tan. €. {1953} :
&&tﬂm (LQMQ)‘ 1?" 2%0

Falk, J.B., Porra. Reduy Bg-mgn. Ao, Moss, ¥, and Larminie,
H.B, {1959) : Bature (Lond.}, 184:2217.

Fenton, J4.C.B. {1954) : Proc. roy. Sosz. B, 143:279.

Figge, F.H.J. and Davidheiser, BJA, (1960) : Froc. Sos.
aXT. Biol. (Floto}y 1@3:6“.

Fipneroa, h B, and Klotz, &,P. {1962) : Gastroenterology.,
3:10, :

Findlay, G.H, (1963) : S.Afr. J. lab. clin, Med, 9:241,
Fisher, M,W. (1954) : Amer. lev. Tubero. 69:459.

Fisks, G0, and Subbs Hau, T, (1925.) : J, Biol. Chem,
66:375,

Formijne, F. and Foulie, N.d. {1955) : In Ciba Pourdation
Syaposiunm on "Porphyrin Biosynthesis and Metabelisn®, p.
246, L4, by Velstenholme, G.EM. and ¥illay, E,C.F.
London, J. and 4. Churehill, I»td.

Freedland, B.A., Krakoesks, M,C. and Waisman, H.4, (1952) @
Amer, J. Fhysiol., 202:145,

291



103.

ich,
1065,

106.

107,

108.

109,

110,

111.
12,

113.

114,

ns.

116.

117.

Gajdos, A. and Gajdos-Torck, M. (1955) : In Ciba
Foundation Symposium on "Porphyrin Biosynthesis and
Hetabolism ", p. 229, Ed. by Wolstenholme, G.B.¥, .
and ﬂin.ar. .G.P.. London, J. and 4, Churcehill,Ltd,

Cajdes, A. and Cajdos-Torck, H, (1961) : Lancet, (ii):175.

Gajdos, A., Oajdos-Tordk, M. and Danieli, G. (1962) :
Nature (Lond.), 193:183.

Gajeds, . and Gajdos-Torok, M, (1963) : S.4fr. J. Lab.
clin, Med., 91232, .

Gajdos, A. and Gajdos-Torok, M. (1963) : S. Afy. J. Lab,
clin. Med., 9:295.

Gelfand, M. and Mitehell, J.D, (1957) : Trans. roy. Soe.
trop. Med. Hyg., S5Li62. - .-

Gibson, J.B. and &mldberg. A, (19%6) : 4. Fath. Bact.,
71:495.

Gibsen, K.D. (1955) : In Ciba Foundation Symposium on
?Porphyrin Biosynthesis ard Metabolism™, p. 27 Ed. by
wﬂlstmtlm&, e B e ard Hillﬂr. ucofoj Iﬂmm. Js ard A
Churchill, Ltd. '

Oibson, K.D. (1958) Biochim, biophys. Acta, 28:451.,

Gibson, K.D,, Laver, ¥W.G. and Reuberger, R.A. (1958) :
Biochem, J., 70: 71.

Gibson, K.D., Matthew, M., Neuberger, A. and Tait, G.W,
(1961) : Rature (Lond.), 192:204,

Gidson, K.D., Heuberger, A. and Scatt.. d.J. (1954)
Biochem. J. 358: xli.

Gibsen, K.D., Neuberger, A. and Scott, J.J. (1955)
Bimm. J" 61 6180

[ 13

(1]

ﬁmbum| &J}. and DM].Q. J.B D (1963) H 5 Afr. Ju Lab.
clin, Hed., 9.2@6.

Glock, G.E. and ¥MclLean, P. (1954) : Biochem. d., 56:171.

29

o2



118.
1.
120,
121.
122,
123.
124,
. 125,

126,

127.
128,

129,

130,

CysL.

132,
133.
130,
135.
136,
137.
138,

139.

Goldberg, A.
Goldberg, A.

Goldberg, A.
Goéldverg, A,

Goldberg, A.

(1958
(2950)
(1955)
(2959)

-{1959)

(1963}

¢ gioehm. J. " 57 * 55'

2

a“

‘Lancet, .{i1) 1095,. . - S

Biochem. :

. 593 3?. ‘e

Quart, J. Med., (8.S.)., 28:183.

’St Afro 'Ja Lﬁb' OI.iﬂ. H@io 9‘3030

Goldberg, A., Ashenbmekar. H., Carturight, O.E. and
Wintrobe, M.M, (1956) :

Brit. 4. Pharmacol.,

%i&berg. &. and Rimington,
é@mhexg,‘ A, and Rimingtén.

B., 1u3:257.

‘Goldberg, A., Paten, W.D.H,

- Blood, 11:82).

and Thompson, ui‘."s;f. (195?&) :
9:91. - . .

C. (1954)
c. (1955)

‘Lancet, (ii) ‘1?2-

"

Gel-;marg, A, md Rimington. C, (19523 I Diseases of

Ferphyrin Metabiblianm,

Goldberg, H. (1963)

Springfield, Charles. C. Thomas.

Amer. J. M‘ P 35‘ 293. "

Oranisk, S. (1948) : J. Biol. Chem., 172:717.

Granick, S. {1954)

Granick, S. (1958)

- Grenick, S. (1962)

Gmniek. S. (1963)

ﬁmniek. 8. (31963)

Gmk 8. and Mauzemn. D, (1958)

Sei.. 5 1].5. |
Gﬂmick. 8, and H:mzerall. L, (1958) J Biol. Gimn.,

232:1119.

3

3

2

»
£ ]

-
-

Fed, P&Q. 2

11,3:219. N

Seience, 120:3105. .

J. Biol. Chem., 232:2100. . .

Trans. MY, Acad. Sci., 25:253.

JQ 31910 Q“im. ’ 238:?6 22#?. (

Fed o Proc.

22:120, .
: Apn. 8.Y. Agﬁ.x:‘.‘

G2



—

o,
i,

143.

by,

145,

146,

1u7,

148,

149,
150,

151.

152.
153.
15h,
155.

156.
157.

15& »

»Emick. S. -ané xau-zeran . Do (19%8) = 'fifea JFroc.,
Granick, S. and. Umﬁa. G. (1962) : Faﬁ. Pm 41

Granick, S. and Urata, G. (1963) : .onx.. Chem, ,

172233,

156, .
238:82).

Granick, 5. and Vanden Schrieck, H.8. (1955) : Proe. Soc.

exp 3101. (x. 1’.). 88:2‘?9.

Gray, C.H. (1959) 3 A4, Arch. intem. ﬁeﬂ.. 85:459,

Gray, G.H., Kelly, M, an:l Mases. V (1961) Bature

(LQM - ) » 1903131&-

Grmstein, 3.P., Jenrett, WV, and W!;ite, . (19&)

J. mat. Cancer. Inst. 2:283,

@rrinstein. Eﬁ.fﬁmnexmian, R.M. _arﬂ Haore, G':.'Vi. (1959)

Bleod, . lh:u476.

.

Grinstein, M., Schwvattz, 3. and Watson, C.Jd. (19&5)

J. Biol. Chem., 157:323.

" ﬂae‘ger.' B. :(19533 1 Lancet, (43) 606,

”»

Haeger-ﬁmsen.“ B. {1961)
aaéger-ﬁ.mnseni, 8. (1962) : Acta tharmacol. (Kbh),

Acta phammacol. (Kbh) .;-E”

T AR M Y e i Sy S S

" 184165,

19:156.

Hathorn, ¥. and Lamont, H.H, (1960) : * Lancet, (i) 287.
Hawksnson, V.E. and Wat»sen. C.3. (1952) : Science, 115:196.

‘Hasger-Arcnsen, B. (1963) : S.Afr. J. lab. clin, Med. 9:288. -

Heath, H. and Hoare, D.S. {1959) : Biochim. biophys. 4cta.,

39:1467. |
Heath, H. and Hoare, D, s (1959) : Bi.cchem. I,

72510,

Heikel, T.. Lockwood, W,H. and Rimington, C. (1958) :

Nature {Lond.), 182:713. ,
Heinm, W.G,, Apg,almn. D. and Pyfrom, H.T, (1955)

- 122:693.

Seience,

29

‘i



159. Heliman, E.5,, Tschudy, D,P. ard Bartter, F.C. {1962):
Ameﬁc de Mﬁlj 32:?3140

165i ﬁ@lbﬁ&n. Eaﬁ.@ Tsﬂhﬂdj?‘. n’di‘;ou' ﬁObhins. Jg and Mg E.Eg
(1963) + J. clin. Enmdoor., 23:1285.

161. Hieroms, B. (1957) E;faivn'. B0:176.
162. Hoave, D.S. and ﬂeath, . {(1958) : Pature (Lond.}, 181:1592.

L]

163¢ Hoffthaver, ?. .8 %ﬁﬂ@ﬂ; C.d. agd schﬁm‘i 3. (1953)
Pm. Hoc, XD BiOl' (ﬁltt}b 83'232'

164, Iodice, A.A., Richers, 3.4, and Schulman, H.F, (1958) @
Fed. Proc. 1?-2&8.

J64a. Ishermai, Fohe, ﬂa;;sam Teas nnd Ghm. ‘X T. (196‘3} :
Biochem. J., - 76:157.

. 165. Isselbacher, B.J. and Sreenderger, N.d. {1964} : Bew Engl.
J.. H&it“ 2?0'3351. mz'

Lancat. (i) 2125. ' ‘ '

169, Tbrgensen, S.K. and awz. T.K. (zgu?) : lancet, (1) : 5.

. 168' l;érgmﬂn. 3.K and Hith, T.K. (1963) At ﬂo‘g‘oim‘
Sei., 108:701.

- 169. Joubert, S.M., ﬁeﬁeeimie. J.Ke and Beppe. B.M. (1963)
S. Afy, 4. Lab. clin. Med. 9:227.

179. Kalow, ¥W. {1962) : Pmaymscogenctics iﬁaraﬁi_tg and the
response to drugs. Fhiladelphia, Londen, W.B.Ssuniers Co.

170a. Kanchukh, 8.4, (1962) : Analytical abstrects, Vol. 9
Aﬁstro 253.

' 171. Kar, N.C., Chatterjes, I.B., Ohosh, B.C, and Guna, B.C.
- {1962} : Biochem. J.  BU:16.

29

(SR



172,

173.

17k
175.

176,

177+
178,

179.

180,

182,
183.
18t

185.

186.

Keeley, K.J., Bothwell, T. and Kramer, S. (1960) : Lancet,

(1):601.
Eench, J.B, (1954) : Bature (Lend.), 173:214.

Kiessling, K-ﬁ and Tﬁ.lander. K. (1963} Exp. Cell Res.,
30:476¢ s

Kikuchi, .y Knmar. A, and Shenin. D, (-wsg): Fed. Proc.,
18: 259. ' . . ’ :

Kikuchi, G., Kumar, A., Talmage, P. and Shemin, D. (1958):
J. Bi@l. Ghem.. 233.1211&. ‘

Kikuchi, G,, Shemin, D, and Bachman, B.J. (1958)

Bi@hﬁx. biophys. »ﬁeta, 28:219.

Enox, W.B,, &uwerbach, V.H. and Lin, E ﬁ {1956) .2
?hyai.ol. Rev,, 26:16h,

Kramey, 31_»-. {1963) R S,afr. J. Lab. clin, Med,, 91283,

labbe, R, F.. Hanam, ¥, and Lottsfeldt, F. (1961) H
Amho Biﬁchem-. 92 3?3. :

Labbe, R,F, and Hubbard, H. (1960} : Biochim, biophys.
Acta,,  41:185. ’

Labbe, R.F,, Talman, E.L. and Aldrich, R.4, (195'&&)
Bi@chim. b:mphys. Acta., 151590,

Labbe, K.F., Telman, E.L. and Aldrich, R.,a. {1955) ¢
Fed. Proc,, 141241, s

Lamont, ¥.M. and Hathorn, M. (1960): 5, Afr. med. J.,
363279, : |

Lamont, N.M,, Hathomrn, M. and Joubert, S.M. (1961):
Quart, J. Med., (K.S.),  30:373.

Lascelles, J. (1955): In Ciba Foundation Symposivwm on
*Porphyrin Biosynthesis and Metabolisn®, p. 265. Ed. by

‘Wolstenholme, G,E.W, apd Millar, E.C.F. Londcn. J. and A,
- Churchill, Ltd, _

29



187,
188,
189,

190,

151.
191a.

ig2,

193,

198,
195.
195,

197,

198.

199.

200,

}

‘W

Lascelles, J. (1956)
;Iaseel.lfssv.; -3:. (1957)
Lagcelles, J. (1959) : Biochem. J., 508..

La;seelleé. J. (1969) + d. gen. Mierebie}.. 23:487,

gimhmt ;J‘I’ 66365'

(23

Laver, W.G., Neuberger, 4. and Udenf?iend. D,.5. (1958)3

' ﬁiﬁchﬂm. 'J:.,' 79 !"o

Lemberz, R, and Legge, J.¥, {1949) : Baematin Gmapeunﬁs
and Bile Pigments. Eew Ymit, Interscience Fablishers.

hﬂhﬁdqﬂdeéﬁrmﬁ%ﬂM&WH(wﬂ):

Mlienﬁlali Falie 'y zierler. K@_LCQ' FQIk; och Bﬁkay R. 3:@
Riley, ¥.Jd, (1953) 3 J. Biel. Chem., 182 591.

Lockwoed, W, H and Benson, A. (1960) Bi@ehm. an. o
758372+

.govkweeﬁ. W, H, and Eimingtm. C. (1957) : Biochem, J.,
”:6P, ,

Longenecker, B.E., Musulin, R.B., Tully, R.K. and King.

- C.G, (1939) ¢ 3, Biol, Chem.,  120: uhs,

Longenecker, H.E,, Fricke, H.H, and King, C.G. {1940):
d, Bi@l « Chem, # 1)5- @7; :

Lottsfeldt, F.I., Labbe, R.F, and Aldrich, R.A. (1961):
J. Amer, med. Ass,, 178:928,

Lowry, F.T., Schmid, R., Hawkinson, V,K., Schwartz, S,
and Yatson, CuJ. (1959-51) : OUniv, Bimn. med. Bull.,
22: 9?. :

Hagnus, fﬁ.. Jarrett, A., Prankerd, T.A.d. and ﬁmznﬂvton.
C. (1961): Lancet, (ii) 448,

Magnus, I.A., Porter, A0, and Rimingwn, 3 (1959) $
Lancet, (1) 912,



200 a.
261.
202,

203.
zgh‘e

" 20s.
206,
207,
208,

209,
210,

211,
212,
213.
" 218,

- 215,

216.

217,

Marks, F.A, (1961) . Meth. med. Res., 9324,
I‘Sauzemllg B (1961-@) 3 d Pﬁdiiﬂt.ﬁ. 6!4'35' ‘

Yauzerall, D. and Gramick, S. (1956) : J. Biel.
Chem,, 219:435. .. :

Maugerall, D, mxﬂ-qxa;nick; S {.;958_53' + J, Biol. Chem.,
232:1000, |

_ Herchante, A., Wajehenbam. B.L, and Schuartz, S. (195?)‘

Proc. Soc. exp. Biol. (N.T. ). 95: 221
Hetcoff, 4. (1963) ¢ Personal communication.

' Migdlebrook, G. (1954) : Amer. Rev. Tuberc., 69:471.
Hille?, L.L, (1:9“8) : . 'J" Ei.olc é&%.; 17231139 |

Miyakoshi, T. and Eikuchi, G. (1963) : TOhoku J. exp.

" Hed. 79:199.
Moog, F. (1952) ¢ Afm. B.Y, Acud. Sei., 55:57.

Mair, H .M. and Heuberger, A, (1949) + Biochem. J., |
L5 153.

Huir, ® Mo and Heuberger, A, (195@) _ Qi‘qcham». Jeu

u7:97. .
Husulfm, R.R. “Pally, R K.. Lengenecker. H.E. and King,

C.G. (1939) J Biol. Chem., 129:&37.

Eakada. H.I and Wefmhouse, S. (1953) : Arch, Biochem.,
823257

" Hemeth, AM., Russell, $.5., and Shens,n.u (1957)

d. Biol. Chem., 229:415.

'Heuberger, &, (1961) : Biochem, J., 78:1

heuberger. A.. Kuir, E.ﬂ. and Qﬁy' C.H. (1950)}
Hature (Lond.) 165 o8, , _ ,,



218.

219,
220,

221.
222,

223,
224,

225.

226 -
227,
. 228
229,
2130,

231.

232,

233.
234.

Neuberger, A. and Scott, J.J. (1953) : Nature (Lond.)
172:1093. ‘

Neuberger, A, and Talt, G, H, (1960) : Biochim. biophys.

- Aeta, - L1 :164,

Neveé, R.A., Labbe, R.F. and Aldrich, R.A. (1956) ¢
d. Amer. Chem. Soci, 78:691.

Niemeyer, H. (1962) : Acte. physiol. lat.-amer., 12:173.

Nieznéyer. H., Clark-Turri, L., Garces. E, and Vergam,F E.

- (1962): Arch. Biochem,, 98:77.

Nieméyor, H., Gonzalesz, C. and Rezzi, R. (1961): d.
Biol. Ch;ﬂm.!. 236 :610'

Niemeyer, H., Pérez, N., Radojkovic, J. and Ureta, T.
(1962): Arch. Biochem., 96:662. :

Nishida, G. and Labbe, R.F, (1959) : Biochim. biophys.

dcta, 31:519.

Ockner, R.K., and ochmd. R, (1961) : ‘Nature (Lond.),
189: ’-l99. '

Onisawa, J. and Labbe, R.F. (1963) : J. Biol Chen., 238:724.
OwenS;. c.w.1. (19613') ¢ Brit. J. Dem.g 76=81.

Parke, D.V., and Williams, R.T., (1960) : Biochem. J., 74:5.

Pathak, M.A., and Fowlks, W.L. (1961) : J. invest. Demm.,
37:183.

Patwardhan, M.V, (1957) Nature (Lond. ). 181:187.

FPimento De Mello, R. (1949) : Proc. Soe. exp. Biol.
(N .'Y.) * 72'32920

Potter, V.R, (1957) : Univ. Mich, med, Bull., 23:401.
Prunty, F.T.G. (1945) : Biochem. J., 39:446.

299



235.

2352,

236.
237.

238 .

239.
240,
211,

242

Rimi‘ngton, (1963)

Radin, N.5., Rittenberz, D. and Shemin, D. (1950):
de Biﬂl. Ghﬂn., 18&'37&5.

ﬁedeker. .G, (1963) $d§i‘r. J. Lab. clin. Hed.
9‘3@2. ' .

Bichards, F.F. (1960) : Brit. J. Haema%., 6:3’4‘-

Richaxds, F.F. and Seett, .a (1961) “Clin. Sei.,
20: 38?. ' ..

Rimingt@n. Ce. (1955) : In Ciba Foundation S;ympe«im .
on "Porphyrin Biosynthesis and Hotabolism®, p. 20h. Ed.

by YWolstenholme,G.E W, and Millar, E.C,.P. London, d.

and Al Chumhill, Lia, . _ : .

Em. med. Buu., 15:19,

(1]

Rsmmgton. c. {1959)
Am. H K Aca&. Sci'. 10&‘ 666

& -

Rimington, c.v (1963) -8, Afr. J Lab. olin. Med.
93255» :

Rimington, C. anﬁ Galdberg‘ A, (1955) in Ciba Foundatmn
Symposium on "Forphyrin Biosynthesis and Netabelisn®, p. v
260. BEd, by Yolstenholme, G.EW, and ¥llar, E.C.P. London,

‘Je and A, Ghumhill Ltd.

243,
2ub,
245,

245a.,
246,
247,

2”’86
209,

| ﬁimingtm, C. and Goldblats, K., (19!:9} ¢ Lancet, (i):73.

Rimington,. C. and Hemhings, 4. W {1938) : Langet, (1):770.

‘Rimington, €. and Hemmings, &.W, (1939) : Biochen. J.,

33 960,

Himing'wn, c.. Morgan, F,N., Nicholls, K., Everall, d.D.
and Davies, R.R. (1963) : Lancet, (ii): 318. .

Rimington, C. and: Ziegler, G (1953) Biochen.

© pharmacol., . 12:1387.

k1]

Roe, J.H. and Kuether, C.A. -(:19@)
17:399. - .

Rook, #. and Qhampi@n. R.H. {1960)

J..‘ B;.@].‘ .G%imﬂ.-

Bl‘it. mEﬂs: "3“‘.2. (1)385@.
Rose, J.A., Hellmen, E.S,, and Tsehudy. D.p, {1961) :

Matahalm. 10: 514,

3G 0



250,

251,

252,

.253;
250,

255

256,

257,

258,

259,

260,
261.

264,
265.

'Essen. 7, Reherw TP, and memz. Cohy (19593

P Biﬁlo Ehiem,, ” 2311 2&?6:

Runze, ¥. and Yatson, Dol {1962) : Proe. ma. exp.
35.@1- (E Yc}. 199@99.

Wmh He, Frei, 4. arﬂ ?ammti, y (1958): ‘Clain.
.ﬁet&, 3?@6, o e S

Sache, P. (1931) & Kiin. Wehmsohr. G7:930,

mm@ﬁg Ke' Riﬂhmmg “c'gc anﬁ Alw&, R 1 (1?&)
Je ﬁi&ﬂ., '&hﬁﬁ-ﬂj‘ 196 %30

ﬁam%i, DB, and Littlefield, d.W, (19533 F@-.z. Pmc.,
1285,

Sano, 9. and anmk. ,a‘ (19&1) ¢ 3. Biol. Chete,
236:1373.

Banc, S, Incue, 8., Tambe, ¥.. Suniya, C. an:l Koﬁta.
%, (1959) ¢ Scimca, 120:275.

Sﬁ-uﬂdeﬁ. gt’J R c1953} * SO ﬁf z‘c . J‘ Lab. élin; Eﬁﬂ. [ 9;2??« .
Schiffmann, E. and Shewin, D,  op cit 285.

Bohifimann, B. ond Shemin, B, (3957) : &, Bidl. Chem.,
225:623. , -

Sowisid, B,  (1960) : In "The Metabolic Basis of
theﬂ ted gi&mﬁﬁs‘ + Pe: ?"‘9. %0 %V “mmw,’: B..
Hyngoarden, J.B. and Fredrikson, D 5. Bew York, vﬁnﬂraw
e, , .

Sehmid, R. (195°) : fiew Bogl. 3. Med., 253:397.

Sohnid, R. (1963) : S. Afr. J. Leb. clin. Med., 93212,

Schwid, R, Figen, 4. and Semarts, S. (1955) + 3. Biol.
Gh@n.; 31?.353- ) .

361



266,
267.

- 268,

269,

| 2693
a70.
271,

272,

273,
274,
275.

276,
277

278,

279,

Senmid, R. apd Schwarts, S. (1952) : J. Lab. elin. Hed.,
hﬁ:?}?-

. Schmid, B. and Sehwarts, 5. (1952} : Proc. Sov. exp.

Biﬁ};,e (‘R:go) » 8‘1:6&5-

Schmid, R. and Schwartz, S. (1955) ¢ In Ciba Poundation
Symposium on "FPorphyrin Biosynthosis and letabolisn®, p.

196, Ed. by Wolstenbolme, O.B.W, apd Millar, B.C.F.

Lﬁnﬂm. J. and A, Ghnreﬁill Ltd,

Schmid, R., Schwartz, S., Figen, J. and Kisfor, B. (1953):
J h‘bd eliﬁ- Mﬁog '9"’?0

Sotmid, R., Schuartz, S. and Sundberg, R.D. (1955)

Blood, 10:216.

Sctmid, R., Schwartz, S. and ¥atson, C.d. (1958). & AJLA,
Arch, intern. Med., 93:167.

Schmid, R. and Shemin, D. {195;3 Amor, Chem. Soc. Je,

77:5%.

Schridt, E. and Schmidt, F.W, (19158) : Yorld Congress of
Oastroenterology. Abstr. of scientific presentations.
pe 107, Abstr, Ho, 239.

Séguélim, M. P, and Richert, DA, (1957) ¢ J, Biol. Chen.,
226:81.,

137:727.

Stlwartz, B.C., Cartwright, G.E., Smith, B.L. and Yintrobe,
H.M, (195) : Bload, 14:486.

Schwarts, S. (1954) : Ped. Pros., 13:293.

Schwartz, 8. (1955) : In Ciba Poundation Symposium on
*Porphyrin Biﬁsynthesis ard Metabolism®, P.24h, E4. by
?@astmmﬁp G.BM, and mhrg E L Po Lg’ﬁm. de arsd
A, Churchill, Ltd,

Schwarts, S. {1955) : Fed. Proc., 14:717.

Semwartz, S. and Ikeda, K. (1955} t In Ciba Foundation
Symposiam on "Porphyrin mwynthess.s and Hetabolisn®, F.
209. Ed. by Volstenholme, G.EW, ard Eillar, - .C.K‘
Lordon, J. and A. Churenild, Ltd. ‘

382



280.
281,

282,

283,

284,

285,
286,

287.

288,

289,

290,

291,

292.
293 .

294,

295.

Schwartz, B., Keprios, ¥, ard Schmid, R. (1952) : Froc.
Soc. exp. Biol. (B.Y. ). 793463,

Schwartz, S. and Watson, C.d. (1957) : Proc. Soc. exp.
Biol. (N.Y.)., 95:214,

Seott, J.4. (1955) : In Ciba meéatian Symposium on
“Porphyrin Biegynthesie and Metaboliem ®, p. 43, Ed. by
Wol stenholme, G.E,W, and Millay, E .C.F,, London, J. and
A, Churchill, Ltd.

Segal, H,L. and ¥ashke, M.E. (1959) : J. Biol. Cheh.,
234:1937. ,

Shemin, D. (1955) : In Ciba Foundation Symposium on
“Forphyrin Biosynthesis and Metabelism®, p. 4. Fd. by.
Wolstenholwe, G.E.W, and Millar, E.C.P,, Londen, J. and
A, Churchill, Ltd.

Shmin, ch (1955) 3- Tdenm. Pe ﬁb.y

Shenin, D. (1958) : Harvoy Lect..' : 53‘5258.

Sheminv_. B. » Abramsky, T, and 'Hussen,' c.8. (1954} =
Amer. Chem. Soc. J., 76:1205,

Shemin, D., Gatt, 5., Schmid, R. and Weltky, I. (1955)
Fed. 'Fro@ai 1& 2790

Shémin, D. and Kikuchi, G. (1958} : Amn. N.Y. 4cad.
Sede, 75:122.,

Shemin, D., Kikuchi, G. and Bachman, 8.J. (1958) ¢
Fed. Proc., 17: 10,

Shemin, D. and Kumin, 5. (1952) : J. Bicl. Chem.,
19$ 3827 » . ) .

Shemin, D. and Kumin, S. (1952)

-

Fed. Proc., 11:285.

Shemin, D., Londnn, x.m. and ﬂittenberg, D. (1948) :

Shemin, D. and Rittenberg, D. (19B5) : J. Biol.
Ci*lem., 15935670 ' ’

Shemin, D. and Rittenberg, D. (1946) : J. Biel.

Chen., 166:621.



296.
297,
298,
299.
360.
301,
302,

363.

305.
306.

307.
308,

30,90 e

310,

A1,

Shemin, D. and Rittenberg, n. (946) :. J. Biol.
Chem., 166:627, _ ..

Shemin, D, and Russell, S.R, (1953) : 4mer. Chen.

Soc. du,  75:4873.

Shemin, D;,. Rugsell, £.5. and ﬁbramaky, . {1955) :
J. Biol. Chem., 215:613. , .

Shemin, D. and Wittenberg, J. (1951) : J. Biol. Chem.

| 192:315.
 Sehulman, M.P. (1955) : Fed. Proc., 1b:277.

Smith, HW., (1951) : The Kidney, Structure and

Funetion in Health amd Dicease. p.136. New York,

Oxford University Fress.

Solamon. H.M. and F’igga., F.H.4. (1959) : Froe. Soa.

" exp, Biel. (N.Y.),  100:583.

Selomen, B.M. and Figge, F.H.J. (2960) : Proc. Soe.

" exp. Biol. (N.Y.),  105:484,

Stainer, R.Y. (1947) : J. Baet., S$41339. _
Stein, AJ. and Skavinski, E.R. (1952) : Science 116:122.

Stich, W. and Decker, P. (1955) : 1In Ciba Foundation
Symposivm on "Porphyrin Biosynthesis and Metabolism

Pe 258, Ed. Ly Wolstenholme, G.E.W, and Millar, E. 0 P,
Lordon, J. and A. Churchill, Ltd.,

Stokvis, B.J. (1895) : 2. Klin. Med. 28:1.

Sumner, d.G. and Dovnce, &.J.. (1955) : In "HMethods
in Eﬂzmlo@", vol. ‘2._., Po 7?5. .Ed'o by 0016%'7&.01(.5.?.‘
and Kaplan, N.O. New York, Academic Press.

Sutherland, D.A, and Watson, C.J. (1951) : J, Lab,
clin. Med., 137:29.

5‘&@6}’3@?, G.D- (1963) s 8, Afr. Jo xﬁbu ¢lin. M..
g9:1862, . .

Sweeney, G.D, (1943)

Personal communication.

36 4



3z,

318,

5.

36.
317.

318.

Nn8a.

3i9.
320,

321.

322,

323. .

Sweeney, ©.D,, Dowdle, E,B.D., Seunders, $.J. and
Bales, L. (1962) : S, Afy. Med. J., 36313,

Talman, .L., Case, 3.0, ﬁevs, R,A,, Labbe, R.F. and
Aldrich, R.A, (1955) : J. Biol. Chem., 212:663.

Talman, B.L., Frisch, 4.W, and Aldrich, R.A. (1l9s8) 3
Fed. Proc., 13:309.

Talman, B.L., Labbe, R.F, and Aldrieh, R.A, (1955) :
Fed, Proc., 14:390.

Talmen, E.L., Labbe, R.F. and Aldrich. R.A, (1957) 3
Arch. Biochem., 66:280.

Talman, E.L., Labbe, B.F,, Aldrich‘. ﬁ-.-f\. and Sears, D.
(1959} : ‘Arch. Biochem.,  80:ul6.

| Themn. J.J., Hawtrey, A.0., Liebenberg, W. and

Sehirren, V. (1963) : Amer. 4. Path., 53:73.

Tio {Ticng EBos), Leijnse, B., Jarrett, A. and Rimiagtsn.
C. (1957} : Clin. Sei., 16:517.

Tsehudy, D.P., Welland, F.H., Collins, A. and Hunter,

G. (1963} : Lancet, {ii) :661.

Tschudy, D,P,, Rose, J., Hellman, B, ami Collins, A.
(1962} Fed. Proc., - 21:400.

Tschudy, D.P., Rose, J., Hellman, E.. Cellins, A. and

Recheigly Ko (1962) : HMetabolism, 11:1287.

Urata, G. and Gmnick, « (1963) : ‘Jd. Bicl, Chem.)
238:811. : -

Uys, C.J. and Fales, L. {(1963) ': S5, Afr, J. Lab.
elin. Hed., 9:100,

38

J



323a.
328,
325,
26,
327,

28,

329,
330,
331.

2.
333.
334,
335,
336.
337.

338,

Vannotti, A. {(1954) : Forphyrins. Their Biclogical
and Chemical Importance., Trans. €. Rimington. London,
Bilger and ¥atts.

Vannoetts, 4. (19557 : In Ciba Foundation Symposium

on "Porphyrin Biosynthesis and Metabolism®, p. 128, Ed.
by ¥olstenholme, G.EW, and ¥Millar, E.C.P. London, J. and
&, Churehill, Ltd.

* Vaughan, D.A,, Hamnon, J.P. and Vaughsn, L. B, (1960) :

5171&‘1’. J.o Physi@i L 199 310!"1-

Waldenstrom, J. (1957) :. Amer. J. Med.,  22:758,
Waldenstrom, J. and Haeger, B. (196‘3) : Apn. intern.

ﬁ&iul 53 286'

‘«‘aldmstx&n J. and Vahlguist, B. (1939) : Hoppe-
Seylers Z, physiol. Chenm., 260:189.

Watgon, C.J. (1954) : Advanc. intern. Med., 6:235.
datson, C.d, (1960) : New Engl. Med. J., 263:1205.

Vatson, C.J., Bessermaier, I. amd Cardinal, R. (1961) :

Watson, C.J. ard larson, £.4. {1947) : Physicl. Rev.,

13

Watsen, C.Jd., Bunge, W. and Bossermajer, I. (1952)
Metabolism, 11:1129. '

we

Nét’s@n; C.J., Setmid, R., and Schwartz, S. (1952)

- Trans., &mer. elin. climat., Ass., B:1,

Watson, -C.J., Sutherland, D. and Bawkinsen, V. (1951):
J. Lab. elin. Med., 37:8.

Weatherall, M. and camfort. . {1952) : HNature (Lord.),
169:587. :

Veher, G. and Cantero, A. (3957) : amer. J. Fhysiol.,
199:229,

Heil—ﬂnlherbe, H. and S.-chade, . (191;8) Biochem, J.,

3§ ¢

- 43:318.



339
10,

341,

3u2.

3k3.

34!4.

- 345.

6.

307,

38,

Yeliky, K. and Shemin, D, (1955) : op cit 285,

‘Welland, F.H., Hellman, B.S., Gaddis, .M., Collins,

A., Tunter, G.W, and Tschudy, D.P. (1964) :
Metaholism, 13:2732. '

Wellard, F.H., Hellman, E.S., Collins,,; «, Hunter,
G.¥. and Tschudy, D.P, (1964) : Metabolism, 13:251.

Weston-Hurst, E. and Paget, 0.5, (1963) ¢ Brit. d.
Dem., 751105, - T -

W:.ttenbsrg, J.B. (1959) : Nature {Lond.), 184:876.

‘wfittenberg, J.B. and Shemin. b, {i9u9) : J. Biol.
Chem. , 178:47., o

Chem., 185:103, '

With, T.X. {(3957) ¢ J. Ciin. Fath., 10:165.

Wyiston, J.C., Lack, L. and Shemfm, D, (1955)
Jq Bi-@lo chmt. 215’603- '

- Yoshida, T. (1958) :  World Congress of

Gastroenterclogy. Abstr. of aciertific presentations.
p. 108, Abstr. Ho. 240,





