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PREFACE

Tma pECISION to bring together these chapters arose 1n several
ways The first of course was a continung nterest m the subject
of renal biochemistry an area defined defended and illustrated
n the pages that follow Secondly 1t seemed time to gather to-
gether 1n a systematic way some of the materal of this subject m
an attempt to examine it critically and evaluate the field both for
1ts present status and future development In doing this 1t became
apparent that hike other ar¢as of research this one 1s not as new
as 1t originally seemed The third and final stimulus arose from
the preparation of a review on hidney Water and Electrolyte
Metabolism  for the Annual Review of Phystology of 1958 The
lines of what I wanted to say 1 a book seemed clear after com
postng that article

The book that esulted must not be considered m any sense a
comprehensive treatise of this large and growing subject Rather
it Tepresents a selected series of top ¢s essays or themes which
struch me as of particular interest Thus the book has also served
as a personal opportunity to draw together and place 1n 2 larger
context much of the research with which I have been concerned
over the last fifteen years This 15 particularly true 1n the area of
phosphate and amino acid transport ammoma excretion the
mechanism of action of phlonizin the relation between renal ex
cretion and utihzation of metabolic substrates and the role of the
tricarboxyhic acid cycle in the kidney I have not worked directly
1n the field of organic acids and bases thus 1n the chapter on this
subject I have had to tcll a story as an outsider It was included
because 1t 15 a fasanating trail of research full of frustrations and
bnilliant stndes and 1n addition 1t has never been brought to-
gether before 1n 1ts consecutive development

The mmportant field of urmary acid secretron carbonic an

hydrase and s inlub the cb de develop and
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the problem of the mercurials has not been included The de
cston to do this was taken after some thought These are subjects
that others 1 the field are eminently better qualified to handle
and have mdeed done so 1n several excellent critical reviews
The reader 1s referred particularly to the article by Pitts entitled

Some Reflections on Mechamsms of Acuion of Duuretics 1 the

Sy on Renal P] logy 1n the May 1958 issue of the
Amcnmn Journal of Medicine

In all that follows the work of many mvestigators past and
present 1s woven 1into the story It 1s hoped that neither names
nor work are anywhere taken yn vain If there are misrepresenta
tions of 1deas or data the responsibality 1s solely mine

Throughout these essays there 15 more or less speculation
Such 1s an author s perogative m this kind of book and ndeed
1t 15 often such speculation that can lead to frurtful new concepts
which can only be placed 1 a more sohd frame by careful expert
mentation At pomts 1deas for such expermments are thrown
out These are not offered because they claim to be brithant but
rather because they occurred mn the context of thought about
that particular subject and thus seemed naturally to belong m
1ts discussion

‘Whether a unitary theme 1s apparent 1n these essays will only
be clear to the mdividual reader In concept the mam theme has
been the relation between cell metabolism and the specialized
functions that charactenize the kidney As mentioned in the 1n
troduction the emphasis has been placed on metabolites 1n the
broadest use of this term rather than on water and electrolytes
‘Thus one of the themes that 1s meant to appear throughout 1s the
relation between the renal assmlaton of metabolites and their
mechamsm of transport Ths 1s the primary reason for choosing
to discuss phosphate ammo acids glucose and the orgamic acids
of the tricarboxylic acid cycle In this same vein ammoma by
virtue of its intracellular ongin from amino 2cids and thewr
amides may be considered a metabolite

In addition the glycoside phlorizin deserves special consid
eration as a umt m this theme It 1s classically associated with
glucose transport across certan cells Thus to understand the
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mechanism of action of phlonzin may mean to understand the
brological transport of glucose In addition, the phlorzin story
1llustrates another theme that recurs throughout the book, that
15, the increasingly apparcnt fact that active n-ansport mechamsms
are comung to be und d more as b p than
1n terms of the reactions supplying them energy

The task of committing these chapters to paper was made
pleasanter and much more stmulating by an opportunity to pre
sent them as lectures at the Mount Desert Island Biological Lab
oratory, Salisbury Cove, Mame, during the summer of 1958 The

t there was ducive to quiet thought, stimulating

discnssion, and helpful enicasm from many friends

Much of the work 1ncluded here from the author s laboratory
was done 1n collaboration with a group of colleagues, the associa
uon with whom has been a contnually rewarding expersence In
addition, a special debt of gratitude goes to the two men, Dr
Robert ¥ Pitts and Sir Rudolph A Peters FR S, who have done
so much to provide 2 backlog of 1deas and shape attitudes towards
research ‘Thanks also go to Dr Homer W Smuth for advice, cniz
cism and the 1nvitation to lecture on these topics at the Sahsbury
Cove laboratory And lastly 1t 15 a pleasure to acknowledge the
excellent art work of Mrs Margaret Cook and Professor Joseph
Homan of the Department of Medical Arts for the preparation of
the charts and to express thanks to Mrs Barbara Wold for 1n
valuable bibliographic and secretanial work mn preparation of
the manuscript
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INTRODUCTION

FOR MANY YEARS the kidney was regarded as a purely excre
tory organ, steving waste products from the blood However, for
several reasons this ;dea did not last into the present century
Arthur Cushny with his  Modern View pictured renal function
of a more disciminatng sort  For besides 1ts excretory activi
tives he stressed the role of the kidney n the conservation and
regulation of body fluids Not only were no threshold sub
stances excreted and  threshold substances retained, but wmn ad
dition Cushny ponted out that a fluid of optimum composition
13 reabsorbed by the tubules and this 1n 1ts resemblance to extra
cellular fluid serves remarLably well to mamntain the integrity of
that P Ths f has been stressed
since Cushny in the work o[ L ] Henderson, Gamble, Van
Slyke, Smuth Patts and others and 1t 1s this aspect of renal physt
ology which demands our attenuion today We must therefore,
take a broader look at the role of this remarkable organ in the
overall economy of the body

The work of the last fifty years or so has furnished us with
a more precise description of the several aspects of the excretory
process as 1t occurs 1n each of the two mullion or so nephrons
which make up the two hidneys The formation of an ultra
filtrate of plasma i the capsular space from glomerular capallary
blood has been proven beyond doubt by the micropuncture
studies n A N Richard s laboratory These studses also provided
a direct demonstration of tubular reabsorption and secretion, the
first postulated 1n Cushny s theory and the second, demonstrated
ndirectly by Marshall and Vichers work with phenol red

In addition, the micropuncture work clearly demonstrated
the acrdificaiion of the unine and the secreuon of ammonia 1n the

3
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same discrete segment of the distal tubule These are two of the
important synthetic activities of the kidney, they play a central
Tole 1 the regulation of acid base balance, and they present us
with two of the most intriguing aspects of renal biochemistry

The quantitative aspects of renal function n higher animals
and man have been extensively studied mn the last twenty years
with the clearance techmques ntroduced by Rehberg and Van
Slyke and so beautifully developed by Homer Smth and his
colleagues who saw and exploited the full potentialiuies of the
method

From this work and 1ts subsequent development there have
emerged three main areas which appear to be the most active
and pressing n contemporary renal physiology These are 1)
the general problem of water and osmoregulation 2) the regula
tion of renal blood flow, and 8) the biochemical aspects of renal
function Although perhaps of no greater importance than the
other two, 1t 15 with the last of these three subjects that we will be
concerned 1n this book Here 1n the introduction, therefore, we
must define what we mean by these biochenmcal aspects of renal
function

All cells of the body exhibit common features of a general
biochemical archatecture, among these are glycolysis, aerobic ox1
dation, and protemn synthess But adapations of these general
functions as well as special reactions of thewr own (like hippurnic
acid formation) characterize the cell chemustry of different organs
Thus to understand fully the role of the hidney in the general
physiology of the body, we must study both 1ts general and 1ts
special funcnions A comparison with the liver will emphasize
this pomt  The hiver excretes bile as the kidney excretes urine,
and 1n many ways the two processes are sumilar  But to see the
liver solely m terms of 1ts biliary function would be an extremely
myopic view of an organ with 1ts host of other important metab-
olic activittes In like manner the kidney must be locked at as an
organ with an importance beyond 1ts purely excretory role It
18 this area 1n the kidney that may be termed the ‘ metabolic or

biochemical * aspects of renal function

One might justifiably ask why an entire book need be de

voted to these aspects of kidney physiology Are they of such
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spectal interest or importance that they warmrant such an outflow
of words and effort? For several reasons the answers to these
questions are affirmative By way of ntroduction we may look
at some of them 1n detail, and to begin 1t seems logical to examine
the kidney from the standpoint of 1ts overall energy metabolism

The kidneys exast under a lugh oxygen tenston, they receive
one fourth to one third of the total cardiac output at essentially
aortic pressure Any one who has looked at renal venous blood
13 impressed with its arterial nature Indeed, as this would mndi
cate, the amount of oxygen released by each milliliter of artenal
blood as 1t traverses the kidney 15 small mn comparnison to some
other organs, but because of the tremendous blood flow to the
kidneys their total oxygen extraction 1s actually greater than any
other organ 1n the body

In muscle the oxygen requirements for external work are
obvious, and therefore, the reason for a ugh coefficient of oxygen
absorption 1n these tissues 18 readsly understandable In the kid
ney, however, we shall see that no such apparent relationship
exsts between oxygen consumption and external work, and this
fact poses one of the most mysterious problems 1n renal physt
ology Let us examine this statement 1n greater detail

In 1905 von Rhorer? denived the equation for calculating the
osmotic work done in the formation of urie The total work was
taken as the sum of the partial osmotic works in concentrating or
diluting each of the constituents of the plasma A number of
investigators have measured osmouc work during a vanety of
expenimentally produced conditions such as urea, sulfate, or man
itol diuresis and saturation of the tubular transport mechanism
for paminoippurate In most of these studies renal oxygen
consumptron, and sometimes heat production, was measured

A number of earlier studies, such as those of Barcroft and
Brodie,* Barcroft and Straub,? and hnowlton and Silyerman,!
made 1t appear that osmotic diuresss, as duting sulfate infusion,
1 accomp d by d oxygen ption by the hidney
However, Fec® later showed that 1f renal blood flow were kept
constant, there was ne wncrease 1A temal TAYTEN COMSUIPBOT
under these circumstances In a study of the * Gaseous Metabo-
lism of the Dog's hidney sn 1928, Hayman and Schmdt® reached
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similar conclusions They were unable to find any effect of
caffeine, urea, or sodium sulfate on renal oxygen consumption
‘They noted that the coefficient of oxygen utilization 1s smaller at
higher renal blood flows than with lower, but nevertheless the
total oxygen consumption of the kidney goes up with ising blood
flow Indeed, Hayman and Schmidt showed that oxygen con
sumption and blood flow 1n the kidney are directly related phe-
nomenz In a later paper Van Slyke, Rhoads, Hiller, and Alving”
showed in the unanesthetized dog with one explanted kxdney this
same relation between renal oxygen consumption and renal blood
flow These mvestigators believed that whatever metabolic re
quirement alters the one function Itkewse alters the other Van
Slyke et al demonstrated what Hayman and Schmudt had also
observed, namely, that the increased osmotic work required of the
kidney 1n excreting an mmposed load of urea 1s performed with
out any measurable change 1n oxygen consumption

A study some four years later in 1940 by Eggleton, Pappen
hemmer, and Winton® reached simular conclusion from expert
ments on the anesthetized dog In these experiments renal oxygen
consumption was contintously momtored by photoelectric means,
and renal osmotic work was calculated from plasma and urme
measurements of several crucial solutes Using a sumilar system,
Kramer and Wimnton® 1n a study of the influence of urea and
changing artersal pressure on oxygen consumption again reached
a simlar conclusion when they found that urne formation and
oxygen consumption by the kidney are not related phenomena

Barcroft and Brodie? and Glaser, Laszlo, and Schiirmeyer™
have ponted out that the mechanical work performed by the
kidneys 1n concentrating and excreting the uninary solutes con
stitutes less than one per cent of the total renal energy production
as measured by 1ts oxygen consumption Recallng this fact, Van
Slyke states that The overwhelmingly greater part of the energy
produced must be utihized by the kidney for 1ts own nternal cellu
lar processes not related to the external work which the organ 13
performung  In this Tespect the kidney affords a contrast to
muscle’ 7

Usnally when we speak of the mechanical efficiency of 2
machime or an ammal we refer to the ratio between external
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work performed and total energy produced as measured by oxygen
consumption or heat production In thewr study of the isolated
dog kidney, Eggleton, Pappenheimer, and Winton® discussed the
efficiency of the kidney 1n performmg osmotic work n these
same terms However, 1n a sense to do so seems somewhat un
Just Because 1f the bulk of the renal energy production does, in
deed, support non-excretory functions, which may be just as 1m
portant 1n the physiologic contribution of the organ then an
crease 1n the osmotic work without a concomitant increase in
oxygen consumption can hardly be regarded as more ‘efficient ’
Such a view assumes that the non excretory energy expenditure
belongs to an inferor category like the heat lost by an iefficient
machine  Therefore, until we understand the nature of this 99
per cent of renal energy going for non-excretory purposes 1t would
seem better not to relate it to measurable work in terms of
efficiency

Be that as 1t may, an 1mportant pomt of this paper needs
stressng Eggleton et al ® showed that an 1ncreased osmotic work
of around 38 per cent (during 2 pressure diuresis) was associated
with an increased renal effictency of 25 per cent Similarly in a
ure2 dwresss the increase m osmotic work accompanymg a
doubled urine flow was in the order of 63 per cent, and the
organ s efficiency rose under these crrcumstances by about 59 per
cent It must be stressed, however, that the total efficzency, though
increased m these terms, never exceeds a few per cent. To ex
Press it n these terms makes more striking the fact that renal
work changes are 3 d without ble at m
renal oxygen consumption so long as blood flow remains constant
And under these conditions all attempts to show changes m oxy
gen consumption during forced excretory loads have failed 5673t

A recent paper by Crosley et al 12 would appear at first sight
to represent an exception to this conclusion It reports an
crease 1n renal oxygen 3 dunng the inf of sodium
lactate 1n man  This study was carnied out on six panents all of
whom had renal disease For several reasons, however, the con
clusions reached 1 this work must be regarded with some caution
For 1nstance, 1 two of the six cases (33 per cent of the series)
the inereased oxygen consumption was 5 and 8 per cent  Of the
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others only two cases showed an increase of as much as 50 per
cent 1n the remaming two it was 25 and 15 In terms of actual
change some of the differences fall very close to the hmuts of ac
curacy of the Van Slyke gasometric method for blood oxygen
Therefore, while representing the only reported change n renal
oxygen consumption without a change 1n renal blood flow, this
paper must remain of interest, especially because of the lac
tate infuston However, one would want to see greater differ
ences 1n a larger number of cases before accepting the findings
unequivocally

If the extremes of external excretory work are accomphished
by the kidney without measurable changes 1n total oxygen con
sumption, one might legitimately ask why the kidney exsts under
such a high oxygen tension Perhaps its enzyme systems require
a ngh oxygen tension for optimal activity

Although 1t 15 known that the kidney can synthesize and
break down glycogen, the organ does not display a pattern of gly
colytic metabolism in any sense comparable to that of liver or
muscle Its metabolic pattern appears to be predomnantly aero-
bic 1n contrast to the capacities for anerobic energy metabolism in
these latter two tissues In addition the Qo_ of kidney tissue
air or oxygen 1s about twice as hugh as iver Kidney possesses a
very active tricarboxylic acid cycle, again 1n contrast to hver where
this system 15 less active  Furthermore, as Bayliss and Lundsgaard®®
showed m 1932, the kidney perfused with cyanide loses m large
measure 1t ability to concentrate the urine and thus to perform
the osmouc work we have been discussing For these several
reasons one would suspect that the capacity of the kidney to catry
out osmotic work must depend primanly on aerobic energy
metabolism

‘To test this hypothesis more osmotic work expeniments
should be done under relatively anaerobic condittons such as
breathung low oxygen mixtures or njection of agents that form
methemoglobin  Such studies would however, have to be nter
preted 1 the hight of Pappenheimer and Kmters cell skimming
hypothesis * for according to this scheme the tubules would be
supplied with blood relatively poor mn erythrocytes But these
studies would have the advantage over cyanide expeniments 1
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hum starts at a blood glucose level around 350 mg per cent
The ‘physiologic’ nature of this change 1s supported by the
fact that the tubular epithelum appears perfectly normal after
the glycogen deposits have disappeared With the widespread
use of msulm 1n diabetes, glycogen deposits m the renal tubule
cells are no longer seen so frequently at autopsy

The role of the kidney 1n the protemn economy of the body
1s also an unknown factor Except for the synthesis of angio-
tomn nothing 1s known about protem production by the kidney
for use elsewhere m the body In its angiotonin production the
kidney seems almost like an endocrine organ Perhaps other
simlar functions will come to ight

It goes without saying however, that the kidney has a rapid
and active protein metabolism of 1ts own Thus fact 15 emphasized
by the rapid renal hypertrophy that occurs after unilateral neph
rectomy In the intact animal the protein turnover in the kidney
15 as rapid as several other organs and apparently more so than
liver For ple, Schoenh d the N content
of protein mutrogen from different organs after feeding N3
labelled L () leucine and glycine After leucme, hidney was as
nich i N* as mtestinal wall, almost as rich as serum, and one
and one half times as much as iver  Whether this dynamic state
m 1ts protemn pool has functional implications beyond the m
ternal economy of the kidney cannot be said 1n the present state
of our knowledge One wonders, however, whether a general
phenomenon resulting from renal malfunction, such as the anemia
of renal insufficiency, will ultimately be explamned 1 some such
terms

‘What relation the tubular absorption of protein bears to
these several aspects of renal protewn metabolism likewise cannot
be smd Olwver™ has clearly and repeatedly observed the intra
cellular protein droplets that appear n the proxmal tubular
cells within several hours after the ntraperitoneal myection of
egg white proten  These droplets have been shown by rmmuno-
logic means to constst of the same egg white protein that was 1n
jected Thewr app e and disappearance, after a variable
time, comcides with the dissolution and ulumate reconsutution
of the intracellular mitochondnia ‘The final disposition of the egg
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white protein that 1s filtered and then absorbed by proximal
tubule cells 1s not apparent from Oliver s studies However the
active participation of the cell mitochondna indicates that the
foreign protein has somehow been assumilated or turned over
1n the cell and thus entered 1ts protemn mass Clearly more work
1s needed before these and many related problems :n renal pro-
tein metabolism are answered

We have emphasized above the fact that the reasons for
the bulk of the active aerobic metabolism of the kidney are largely
unknown We shall see however 1n a later discussion that the
tricarboxylic acid cycle plays a synthetic and regulatory role n
the kidney beyond ats usual one as the final common pathway of
aerobic oxidation Several of the orgamc acids that comprise
this cycle are excreted 1n the urine 1n increased amounts under
various carcumstances and appear to play a role 1n anton conserva
tion and 1n calcium excretion  In addition recent experiments
mndicate that certain segments at least of this cycle are mvolved
1n the reabsorption and tubular secretion of some of the cycles
own mtermediate substrates Here a whole new area of renal
metabolism has opened vp

In the renal regulation of acid base balance there 15 a wealth
of miformation that nightly belongs to the subject of this book
‘We have chosen to deal specifically with the problem of
production and secretion This process 1s closely alhed with the
secretton of hydrogen 10ns and both mechanisms constitute the
means for conserving fixed cation in the hidney The reactions
of ammonia synthesis in tubular cells 1n the distal segment are
numately tied up with both amino acid metabolism and the tn
carboxylic acid cycle It appears that urinary ammonia 1s de
nived from plasma amino acids and certan of their amides and
11 turn these reactions are 1n close and dynamic equihbrium with
the cycle of aerobic oxidation

Any discusston of the biochemistry of the kidney must as
one of 1ts central themes consider the subject of transport mechan
1sms A number of smportant books have appeared on this gen
cral subjece #* * Qur d here are not ded to duph
cate these more complete works rather we will concentrate pn
manly on the transport of metabolites because 1n several cases
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certamn reactions of the intermediary metabolism of these sub-
stances appeat to have been adapted to function (in a way unre-
lated to these intermediary reactions) as the carrier in their
tubular transport mechamsm  For example phosphate transport
appears 1n some cells at least to mvolve adenosine triphosphate,
and amino acid transport utihzes some of the same reactions with
pyndoxal that occur mn transaminations within the cell The
1dentification of carriers and the nature of their reactions with
the substrate 15 thus a major aspect of the topic under study

The biochemustry of transport must also be considered from
another standpomt The tubular excretion of certam orgamc
acids and bases of exogenous onigin has been extensively studied
and 1s nightly a part of our subject This 1s particularly true
of certain dyes and the benzoic and hippurrc aad dervatives
Experiments with these compounds have taught us much both
positive and negative about their mechanisms of transport More
over 1t appears from this work that our study of transport should
concentrate more on the cell membrane than on the energy re
actions 1n the cell Intracellular reactions appear less often help-
ful to our und ding of these mect than do the nature
of the substratecarrier reactions at or in the cell membrane
This may seem an obvious statement but much work has focused
on the ntracellular reactions furmshing the energy for trans
port and this has led often to erroneous conclustons concern
g the nature of mtracellular energy metabolism m transport
mechanisms

Often the use of inhibitors has led n this direction and m
no case has this been more evident at some stages than m the
study of phlorizin an account of which 1s given in Chapter VII
Although this glycosuric agent does nhibit energy metabolism
this effect appears to be secondary to 1ts pnmary site of action
at the membrane Phlorizin has occupred an interesting and
mmportant posttion 1n renal physiology Not only does 1t produce
an unexplamed glycosuria but 1ts use 1n this regard has played
a major role 1n validaung the clearance techmque of measuring
glomerular filtration rate For the purposes of this book we seek
1ts mechamisms of action 1n order to understand the biological
transport of sugars This study has made good progress and its
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mmplications appear to reach beyond the kidney and even to
touch the important problem of insulin

The biochemustry of the kidney forms the basis for the
rattonal develop of drugs d d to have a highly speaific
effect on that organ Witness 1n this regard the now outmoded
use of paminchippuric acid to block the tubular excretion of
pemcillin This led to the subsequent development of carma
mide and Benermid 1 Beyer s laboratory  Or look at the develop-
ment of acetazoleamide (Diamox) as a specific mhibitor of car
bonic anhydrase work that grew out of the origmnal studies on
the effects of sulfonamides on this enzyme * When 1t was shown
that sulfamlamide would alkalimze the urine and that this effect
conld be understood 1n terms of an nhibition of carboruc an
hydrase the search was on for more effective agents to accomplish
ﬂus cﬂem Acetazoleamude resulted and others followed Now

de with some cl wtics of a carbonc anhydrase

mhxbxtor appears to accomphsh catton loss more perfectly Thus
the ding of a f; 1 cellular mechansm leads to
important drugs deslgncd to create a speafic therapeutic effect

Finally because of the elegant methods for studying its func
tion the hidney presents the physiologist with a unique subject for
the general study of cell biology Thus the metabolic aspects of
Tenal function  both draws from and contributes to this larger
area of knowledge And with this sort of raison d elre before
us we can see that our subject matter 1s neither too narrow to
merit book length treatment nor too parochial to speak for a
broader field of physiology
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THE TRANSPORT AND METABOLISM OF
PHOSPHATE

INORGAN!C orthophosphate 15 umique among the amons that
are transported across cells because of the major 1ole 1t plays 1n
their intermediary metabolism Coupled with cellular respiration
s the formation of a number of purine and pynimidine nucleotides
as well as creatine phosphztc ‘The adenine nucleotides an partic
ular (ad ATP —diphosph ADP, and—
monophosphate, AMI’) are central components of cellular energy
metaboltsm  More recently other nucleotides such as those of
undme, guanidine and cytidine have also been imphcated 1n
smportant biochemical reactions  Certain of the phosphate bonds
1n these¢ nucleotides contan a rich store of potential energy, and
their enzymatic cleavage or transfer releases this energy for use
1n biologrcal work such as muscular contraction secretion trans
port a vanety of synthetic reactions, broluminescence, and photo-
synthesis

Much work has been done on the brological transport of phos
phate across 2 wade vanety of cells both in mitro and mn wiwo, and
in a strthing number of 1nstances the evidence seems to imphicate
certasn aspects of this metabolism of phosphate 1n 1ts biological
transport It 1s the purpose of this chapter to examune this ev1
dence 1n some detail and discuss 1ts relevance to our understand
g of the tubular transport of phosphate in the kidney

‘The Charactenisties of Phosphate Transport
Across the Renal Tubule

In man? and dog?® the rate of phosphate reabsorption in
¢reases directly wath ats rate of glomerular filtration up to a point

13
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where a maximal rate of transport (Tm PO,y is reached. At
filtered phosphate loads above this Tm the rate of transport re-
mains constant and excess phosphate is quantitatively excreted in
the urine. These relationships between quantities of phosphate
filtered, excreted, and reabsorbed are illustrated in Figure 1.
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Figure 1. Relation between rates of filtration, excretion, and reabsorption of
inorganic orthophosphate in the dog kidney. From Pites and Alexander (2).

The transport of phosphate, as illustrated in these data, is
“active;” that is to say, it is carried ont in an “uphill” fashion
against an electrochemical gradient. A variety of other substances
such as glucose, sulfate, ascorbic acid, and certain amino acids
are similarly transported by active mechanisms. In his analysis
of such a mechanism in the case of glucose, Shannon? postulated
the existence of 2 membrane or cytoplasmic “carrier” of limited
quantity or capacity and showed that the maximat rate of glucose
transport was the algebraic sum of the several reaction rates of
the components of this carrier system. In simplified form, Shan-
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non visualized such a transport system requinmng at least two
overall reactions

o @
P+C=PC>P 4 C

As applied to the present discussion, P represents phosphate,
C, the carrier present 1n fixed quantity, perhaps at the lumnal
border, PC, the cartier phosphate complex Dissoctation of the
complex liberates inorgamc phosphate into the nterstitzal flud
where 1t then reaches the peritubular capillary bloed  Once dis-
socated, C 1s then free to combine with more phosphate coming
to1t from the tubular urine

‘The shape of the reabsorptive curve in Figure 1, the existence
of a Tm, and the magnitude of the Tm obviously depend on a
number of variables 1 such a hypothetical system Among these
are The quantity of the carrer substance, the affimity of phos
phate for the carner and the relative veloaty constants of the
reactions of association and dissociation  For there to be a maxa
mal transport rate (Tm) the second reacion must be first order
with a rate that 13 slow 1n companson to that of the 1mtial one
bcuvecn phosphate and carrer !n the cat* where no Tm for

p has been d d, the el of the carrier
s)stcm may be the same as those m dog and man except the first
reaction may be slower than the second or 1t physiologically at
tainable phosphate loads the carrier never becomes saturated.
Wilbrandt® has presented theoretical reasons for accepting the
1dea that the carrier 15 1n the membrane in the case of glucose, and
we will reach the same conclusion for phosphate

Thus an understanding of phosphate transport (as in other
similar mechanisms) mvolves the wdentfication of the carmer,
an estimation of 13 concentration,” 1ts location {on the mem
brane or 1n the cytoplasm), the nature of its reaction with phos
phate, and the hinetics of association and dissociation of carner
phosplmc cnmplcx To say this, of course, 1s to outline an
but nevertheless 1t would ap-

pear lh;u no(hmg Jess 1s rcquxrcd for a complete descniption of
the system
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It has seemed to the author that a careful examnation of
the phenomenon of phosphate transport across cell membranes of
a variety of Living species would be useful 1in devising a hypo-
thetical approach to the same transport system in hugher animals
For this reason 1t 1s of interest ot examine some of this knowledge

‘The Comparative Physiology of Phosphate Transport

A number of separate studies 1 recent years on different
biological systems have all tended to reach certam simlar con
clusions namely, that phosphate I 1tS transport across a variety
of cell \; s ch 1ly with a membrane carrier
And 1t seems likely that this carmier 1s 1n some nstances the same
adenne nucleotide system discussed earlier, functioning separately
from 1ts usual role 1n intermediary metabolism We shall now
examine some of the studies supporting this 1dea and then pro
ceed to a consideration of 1ts relevance to the problem of renal

transport of phospate

Erythrocytes~When orthophosphate labelled with P32 1s n
cubated with whole blood the phosphate leaves the plasma and
enters the cells This phenomenon has been studied by Gourley®
and exhibts the charactenstics of a first order reaction In human
blood the per cent P32 m the cells increases curvilinearly with
time, reaching a constant value by 7 to 8 hours Several character
wstics of this process show quute clearly that 1t 1s not a simple
diffusion of phosphate mnto the cell but an active mechamsm re-
lying m non nucleated cells, largely on glycolysis for 1ts energy
Thus the uptake 15 independent of external phosphate concentra
tion dependent on temperature and glucose oxidation and
mhibited by 1odoacetic acd and fluoride

In an attempt to determine the nature of the chemical reac
tions between orthophosphate and carrter, Gourley made tr1
chloracetic acid extracts of plasma and cells at different ume
intervals after addition of P32 and determined 1ts relative speaific
activity 1n the plasma and the several organic phosphorous frac
nons of the cell The results of his studies are shown m Figure
2 These data were analyzed by Gourley 1 texms of the postulates
set down by Zilversmit and his associates? govermng the cond
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tions that must be met n steady state sitations where one sub-
stance 15 acting as precursor for another The curve of specific
actvity 1n the precursor must be wutially higher than the one
for the product and the two curves must come mto equilibrium
when the specific activity of the product has reached 1ts maximum
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Figure 2 Precursor product study showing relauve speafic actruty of P 32

wn plasma phosphorus cell 1norganic phosphorous and scveral organic phos

phorous fractions of the red cell at intervals following add:tion of P 32 to

blood. The P32 appears most rapidly 1n the latale P of ATP 2and then

cquilibrates with the cell morganic P See text for explinauon From
Gourley (6)

Looked at in thus hight, 1t appears from the data of Figure 2 that
the labile phosphate groups of ATP are acung as the precursor of
e eelt inorgame phosphate and thus that ATP 1s somehow m
volsed in the transfer of inorgamic phosphate 1nto the cell In
additton to experiments such as these, Gourley has shown that
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10doacetic acad and fluoride which inhibat phosphate transport
also reduce the concentration of ATP m the red cell and the
turnover of P** m both stable and labile phosphate groups of
ATP

On the basis of these studies Gourley has suggested that ATP
may be the form in which inorgamc phosphate 15 transported
across the membrane mto the erythrocyte One wounld have to
mmagine the ATP 1n the cell membrane 1n a state of thermal ag1
tation coming 1nto contact with both the external phosphate
the medium and that inside the cell The scheme would thus
visualize phosphate transport 1n terms of the Shannon hypothesis
discussed above with the ademine nucleotide alternately bemng
phosphorylated to ATP and dephosphorylated to ADP  Here the
adenine nucleotide would be operating as the carrier completely
ndependent of its functions n respiratory energy metabolism
As a carnier we may designate it ATP ADP

Sea urchin egg—Similar conclusions have been reached con
cerming the transport of phosphate by the sea urchin egg In an
mngenious study Lindberg® showed that the unfertilized sea urchmn
egg has the capacity to metabolize radioactive orthophosphate
1ts surface to ATP This metabohizing layer he calculated to be
002 to 005 mucrons thick If the ferulized egg 15 culavated
sea water to which P3 1s added 1t takes up the tsotope primanly
1n the form of ATP which slowly makes 1ts way nto the egg This
penetrating ATP 1s largely bound to the structure of the egg
and Lindberg notes that 1t plays no noteworthy patt in the eggs
metabolism

Cardiac and skeletal muscle-Both sheletal and cardiac
muscle have been shown to ac it hosphate 1n 2
similar fashion Sacks and Altschuler® 1in 1942 studxed this phe
nomenon in vivo with radicactive phosphorous and showed that
phosphate enters the cells of both these muscle types by beug
converted to an orgamc compound presumably at the membrane
Conversely phosphate can leave the cell only by the hydrolysts of
these organic compounds at the membrane These observations
added further support to the earlier work of Furchgott and Shorr'®
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who studied the distnbution of P# in organic phosphorous frac
tions of cardiac muscle shices respinng 1n the presence of P2 in
vitro They found that the mntracellular morganic phosphate and
the phosphocreatine of the cardiac muscle have the same P** con
tent at a level only one fifth that of the medium Had the phos
phate entered the cell by simple diffusion they reasoned that the
equbibrium P?? content would have been the same 1n both 1ntr
cellular and extracellular phases

Bacteria—Mtchell and colleagues in a beautiful series of
studies™ 1212 have made a careful analysis of the transport of phos
phate across the cell membrane of Micrococcus pyogenes At the
surface of this cell there 1s an osmotic barner impermeable to m
organic phosphate  This barmer encloses a volume of some 1 7 ml
per gram dry weight of cells and within 1t the mnorganic phos
phate of the cell 1s confined at a ¢ of apy
01 M The inorganic phosphate of external and internal media
exchange by an active process that 1s sensitnve to phenyl Hg#+, ar
senate, 24-dmutrophenol, aureomycinate, and certan sulfhydry!
mhibitors  The existence of this osmotic barner and the char

s of phosph hange across 1t are 1n accord with an
exchange-diffusion system 1n which phosphate 1s shuttled across by
carrier molecules  Since mnhibition of the mechanism does not
depend on any alteration of either residual metabolism or fer
mentation it would seem that the phosphate exchange mechan
1sm although active, depends upon a carrier working within
the osmotic membrane barrier relausely independent of the aer
obic and anaerobic metabolism of the cell interior  Tlus system
m Micrococcus pyogenes appears to be speaific for H;PO,~10n In
terestingly, howeser 1t can also transport arsenate which competes
with a fower affinity than phosphate for the carrier  Although not
as defimite 1n Ins conclusion about the nature of this carmier as was
Gourley from hus work on erythrocytes, Mitchell seems to suspect
that the phosphate exchange m bactena likewse 1molves orgamie
phosphate combination  Perhaps these reactions are sumilar to the
ATP ADP phosphate carrier i the erythrocyte membrane or per
haps they miolve some different form of organic phosphorous
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combination Ths substance might then be in the glycero phos
phoprotemn complex that Mitchell and Moyle had shown eather
to be present 1n the cell envelope of Micrococcus #yogenes and to
account for some one quarter of 1ts total organic phosphate

Yeast—Agam similar concl about the nature of phos
phate transport have been reached by Kamen and Spiegelman™ in
their elegant studies with yeast The uptake of phosphate by this
orgarusm has a temperature coefficient too large to be based on
simple diffusion The process 15 inhubited by several agents known
to block organic phosphate formation, and again thete exists the
interesting competitive mterrelation between arsenate and phos
phate for the transport system Exchange 15 reduced in cells
metabolizing slowly, while pre treatment of yeast cells with a
substrate 1n the absence of phosphate accelerates the subsequent
phosphate uptake when the cells are transferred to a phosphate
medium

The phosphorylation of ADP or some other organic compound
in the membrane of the cell during phosphate transport would
assume the necessity of the breakdown of the phosphate ester
so formed to liberate 1norganic phosphate into the cell once trans
ported across the membrane A vanety of phosphatases have been
shown to be present 1n kidney tubule cells 1 Were the membrane
carnier for phosphate the ATP ADP system, thus phosphatase
would specifically have to be an ATPase That this enzyme 15
present 111 at least one cell membrane has been shown for yeast
by Rothstemn and Mewer ¥ Kidney contamns ATPase, but the
writer 1s not aware whether 1t 1s :n the cell membrane as well as m
the mitochendria

“Thus the above described studies have shown a membrane
carmier for phosphate 1n yeast, certain bacteria, erythrocytes, card
1ac muscle, skeletal muscle, and the developmng sea urchin egg
Much of the work has mnvolved studies of P** uptake and turn
over 1n the various organic phosphorous fractions of these cells,
and all of 1¢ pomts to some form of organic phosphate combinatton
1n the membrane as a component reaction of the phosphate carrier

system
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Situations Affecung Phosphate Metabolism
and ‘Transport 1in kidney

We will now turn our attention back to the renal tubular
transport of orthophosphate 1n 1 certain situa
tions where the transport 1s 2ltered 1 vivo and where these same
situations have been shown to be assoctated with a change 1r phos
phorous metabolism 1n the hidney 1n vitro These instances when
coupled with the evidence cited above lead one to the hypothesis
that phosphate transport across tubular cells of higher forms may
Itkewise involve the formation of organic phosphate complexes at
the cell membrane

A Parathyrord—It has long been known that disturbances
of parathyroid function are associated with altered blood levels
and uninary excretion of phosphate It 1s of particular nterest to
the present thesis that the njection of parathyrod extract 1s
associated with a phosphaturia in several species including man 1
dog¥andrat o Indeed Tepperman L Heureux and Wilhelm?
have taken ad: of this phospt 12 m developing an assay
procedure for parathyroid hormone We will not be concerned
here with the vanous fractions of parathyrord extracts and the
separate effects of these on caleaium and phosphorous 1n the body
Rather we will start with the conclusion (now rather well
founded) that parathyroid hormone does have an effect on phos
phate excretion 1n the kidney and examine the nature of that
¢ffect :n the hight of the hypothesis under consideration namely
that phosphate transport may involve some of the elements of
cellular phosphate metabohism

Several studies have shown ##% that the single injection of
parathyroid extract 1s sometimes associated with elevated rates of
glomerular filtration and renal blood flow and that the attendant
phosphatunia may merely result from thc accompanying elevation

i filtered load of phosphate with no d. rable al n
tubular r:nbsorpuvc capaaity ’me poss:bxhty of a specific tubular
effect of 1 reabsorption way

malenzlly adv:mctd by the work o( Sn‘ola” who studied Tm PO,
1 three patients before and after removal of parathyrord aden
oma Data from one of these cases 1s presented 1n Figure 3 As
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can be seen, the patient who was excreting large amounts of
phosphate preoperatively (with a low Tm PO,) showed a marked
mcrease m Tm PO, after operation with a cessation of phospha
tunia One may visuahize such pauents as TECe1VINg a continuous
endogenous infusion  of parathyroid hormone large amounts

AMol/min
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Figure 3 Observations on phosphate Tm 1n 2 hypop d male show

g the effects of parathyroid extract From Fhatt and Thompson (18)

from their own over producmg tumors Futhermore 1t 15 more
Iikely that this 15 an overdose of normal parathyroid sccretion
than would be the case with the njection of exogenous para
thyroid extract

Sumular results have been presented by Hiatt and Thompson'®
from studies of 2 man with postoperative hypoparathyroid In
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thus person Tm PO, was determuned before replacement therapy,
and, as can be seen 1n Figure 4, his Tm was around 170
pMol/munute ‘Two increasing levels of parathyroid therapy then
resulted 1n a marked reduction in Tm PO, This went down to
about 140 Mol /mmute at 100 USP umits daily for 5 days and
70 aMol/minute when the extract dose was increased to 900
unitsa day for 3 days These results represent a neat reverse comp-
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Figure 4 Observations on phosphate Tm in man before and following re
moral of parathyroid adenoma. Note the ncreased capaaty lo reabsorb 1n
organic phosp P 1y From Sirota (L

¥

lument of Sirota s shown 1n Figure 3 It 1s smportant to record that
1n neither Sirota s nor Hiatt and Thompson s subjects were there
accompanying changes i renl blood flow or filtration Tate
These obsenations on man arc to the author s knowledge the
first o of a definite parathyroid effect on phosphate
transport without concomitant alterations in renal blood flow or
filtraton rate  Furthermore, they suggest the idea that the effect
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mught depend upon a conditioning or adaptation of the trans
port mechanism  that 15 to say that parathyrord hyperactivity ex
tending over some time 1s a requisite for demonstrating the para
thyrod effect on the capacity of the kidney to transport phosphate

Another example of such an adaptive aspect of the para
thyroid Tm PO; interrelation 1s seen m the studies of Foulks?
who showed that an ammal kept for some time on a high phos
phate diet will then respond with a lowered Tm PO, to 2 single
njection of parathyroid extract P bly the high phosph
chet smulates the parathyroid and m some way adapts the
renal tubules so that the single challenging injection of para
thyroid will lower Tm PO,

‘The parathyroid secretion has recently been shown to affect
phosphate transport 1n a quite different and interesting way mn
the chicken Levinskhy and Davidson? have shown that there s
an wconstant secretion of phosphate by the chicken kidney
tubules both at endogenous and elevated plasma phosphate levels
However the mjection of parathyroid extract into the leg vemn
and hence the renal portal system 1s followed in all cases by an
ncreased rate of phosphate secretion 1n the kidney on the injected
side Agamn this change was noted to occur without any altera
tion of glomerular filtration This direct effect of parathyrord ex
tract on phosphate secretion m the chicken s illustrated n
Frgure 5

One wonders after seeing these data on the chicken whether
there 15 a bidirectional flux of phosphate 1n the renal tubule An
acceleration of the secretory limb of such a system would produce
a fall 1n the net reabsorption that 15 observed m man and dog
following parathyrord admunsstration Although the recent ob
servations of Pitts et al 2 using the stop flow technique of Malvin
and Wilde?” show only one overall site of phosphate reabsorption
1n the proximal tubule of dog the expenments do not rule out the
possibilaty of 2 bidirectional phosphate flux in this one nephron
segment

It 15 now interesting to note m relation to our hypothesis
assoczating phosphate transport and phosphate metabolism  that
a recent study points to a possible relationship of this sort 1n the
case of the parathyrowd effect on phosphate transport 1n the
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kidney De Verdier® imnjected rats intraperitoneally with P
thurty munutes followmng the admmstration of saline or para
thyroid extract (02 USP unuts per gram body weight) The kid
neys were then removed, freed of protein with trichloracetic acid,
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Higure 5 Experiments on the chicken showing the accelerated rate of phos-
phate excresion by the renal tubule following admunistration of panathyrosd
extract Each pair of bars represents night and left kidneys. Open bar repre-
sents the infused nide suppled bar non infused side Horzontal Line with
cach bar rep sate of gl 6ltration of phosph Total height
of bar represents rate of excretion of phosphate Thus bar below the horl
zontal line reans filtrauon with net teabsorption while bar above the hont
rontal line means filtrauon with net tubular excreton of phosphate  From
Davidson and Levinsky (25}

and the phospt i d by grad elution chro-
m:togr.lphv on 10n exchange reﬁm The relative speafic activity
of I''2;n the several phosphorous fractions was measured and was
found generally to be greater in those from the parathyrod
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nught depend upona conditioning or adaptation of the trans
port mechamism that 15 to say, that parathyroid hyperactwity ex
tending over somie time 15 a requisite for demonstrating the para
thyroid effect on the capacity of the kidney to transport phosphate

Another example of such an adaptive aspect of the para
thyroid Tm PO, nterrelation 1s seen 1n the studies of Foulks*
who showed that an anmmal kept for some time on a iugh phos
phate diet will then respond with a lowered Tm PO, to a single
mjection of parathyroid extract P! ly the lugh phospt
dret stimulates the parathyroid and 1n some way adapts the
renal tubules so that the single challenging mjection of para
thyroid will lower Tm PO,

‘The parathyroid secretion has recently been shown to affect
phosphate transport mn a quite different and interesting way 1n
the chicken Levinsky and Pavidson® have shown that there 15
an inconstant secretion of phosphate by the chicken kidney
tubules both at endog, and el d plasma phosphate levels
However the injection of parathyroid extract mto the leg vemn
and hence the renal portal system 1s followed 1n all cases by an
increased rate of phosphate secretion 1n the kidney on the mjected
side Agam this change was noted to occur without any altera
tion of glomerular filtration This direct effect of parathyroid ex
tract on phosphate secretion 1n the chicken 1s illustrated m
Figure 5

One wonders after seeing these data on the chicken whether
there 15 a bidirectional flux of phosphate 1n the renal tubule An
acceleration of the secretory hmb of such a system would produce
a fall 1n the net reabsorption that 1s observed 1n man and dog
following parathyroid administration Although the recent ob-
servations of Pitts et al 2% using the stop flow techmque of Malvin
and Wilde™ show only one overall site of phosphate reabsorption
1n the proximal tubule of dog the experiments do not rule out the
possibility of a bidirectional phosphate flux in this one nephron
segment

It 15 now mnteresting to note 1n relation to our hypothesis
associating phosphate transport and phosphate metabolism  that
a recent study pomts to a possible relationship of this sort 1 the
case of the parathyroid effect on phosphate transport 11 the
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kidney De Verdier® imjected rats intrapentoneally with P#
tharty munutes following the administration of saline or para
thyroid extract (02 USP umts per gram body weight) The kid
neys were then yemoved freed of protemn with trichloracetic acid
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Figure 5 Experiments on the chicken showing the accelerated rate of phos
phate excretion by the renal tubule following admmstration of parathyroid
extract Each pair of bars represents night and left kidneys Open bar repre
sents the mfused side stippled bar non mfused side Horzontal hne with
each bar rep rate of gl tar Sltration of phosphate Total height
of bar represents rate of excretion of phosphate Thus bar below the hon
z20ntal ine means fileration wath net reabsorption while bar above the hort
zontal line means filtration with net tubular excretion of phosphate From
Davidson and Levinsky (25)

and the phosph fractions sep: d by grad: elution chro
matography on 1on exchange resins The relative specific activaty
of P 1n the several phospt was d and was

found generally to be greater in those from the parathyrord
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jected than from the saline control rats From the fact that
this dafference was most marked 1n the unidine diphosphate frac
tion, De Verdier concluded 1t was most lIikely that the turnover
of phosphate 1n uridine d sphate or a denivatve of 1t was sm
ulated by parathyroid extract ‘This speaific conclusion seems a
bit too denvative from the evidence presented n the paper, but
nevertheless a general sumulation of phosphorous tumover
kidney after parathyroid extract 1s a most provocative observa
ton It should be repeated and extended with precursor product
studies of Zilversmit® in ammals treated chronically with para
thyroid and those on low and high phosphate diets with single and
repeated parathyroid hormone mnjections

The mcreased P** turnover in the orgamic phosphorous of the
Kudney after a single parathyroid mjection may be merely the
first mamifestation or first phase of an alteration 1n phosphate me
tabohism which only later, when repeatedly stimulated, mamfests
1tself as a more fully altered metabolic change with an associated
reduction in phosphate transport capacity The evidence indi
cating 2 need for continued stinulation 1n dog and man, with
erther high phosphate diet or repeated parathyrord injections
suggests the possibility of a biologic ‘adaptation’ of the phosphate
carrier system 1n these species stmilar perhaps to those adaptations
seen m specific enzyme systems Like tryptophane perovidase of
Iver® g galactosidase of bacter1a,®® and renal glutaminase mn
acidosis %2 The first are substrate induced adaptations The
adaptation 1n renal glutaminase, although not strictly analogous
to the g galactosidase 1n bacteria, may represent an effect of acid
0815 per se or a substrate induction secondarily associated with the
acidosis The parathyroid effect on phosphate transport mght be
fruatfully studied 1n terms of a hormone adaptation 1n one or more
of the enzyme systems concerned wath organic phosphorous metab
olism 1n the tubular cell membrane

The immediate effect of parathyrad extract on phosphate
secretion 1 the chicken Lidney would atgue aganst such 2 pro-
longed induction theory in this species However, 1t 1s not dfficult
to ;magine that the hypothetical site affected by parathyrord might
require 1nduction’ in one spectes and not 1 another or that the
requirements for induction 1n man or dog might vary from ndi
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vidual to individual and 1n any one individual with changing diet
and/or state of endogenous parathyroid activity In the absence
of organic phosphorous turnover studies i the chicken kidney
1t 15 difficult to correlate the parathyroid effect on phosphate
secretion 1n that ammal with any intermediary metabolic phe
nomena mvolving phosphate It 1s hoped that such metabolic
studies on the chicken kidney will also be done

B Effect of glucose and phlorizn—It has been shown?®
that the mfusion of glucose into dogs that are receving in
orgame phosphate in amounts sufficient to saturate the renal trans
port capacity will causé a marked drop mn Tm PO, Conversely
the admimstration of phlonizin 1n doses sufficient to reduce Tm
glucose will cause a striking increase 1n the tubular capacity to
reabsorb phosphate These effects are seen i the experiment of
Table ¥ performed on the dog

The studies of Dratz and Handler® are of interest i the
Iight of these observations since these authors have studied some
aspects of renal phosphorous metabolism during both glucose 1n
fusion and phlonzin injection  In their experiments performed
on cats one group of ammals was infused intravenously with
glucose untl frank glycosuria was established P3 was then given
ntrapentoneally and 10 to 60 minutes later the kidneys were
removed and total acid soluble phosphorous fractionated A sec
ond group of cats recerved phlornizin (50 mg /Kg intravenously)
Thirty minutes later when the phlorizin induced glycosuria was
present P32 was lskewsse given and 10 to 60 munutes later hudneys
were removed and phosphorous fractions 1solated Total phos
phorous concentration and relative speafic activity of P32 1n each
of several phosphorous fractions were then determmed The re
sults of experiments with the glucose loaded cats are graphically
summarized m Figure 6

In these animals the relative specific activity of P2 rematmed
unchanged m glucose I P and glucose 6 P fractions however 1t
was elevated in the ATP ADP fraction The total 2mount of in
orgame phosphate was decreased 1 the glucose loaded kidneys
A decrease 1n the total 10n of hosphate mn the

Ladney of the dog 18 what one might expect dun;\g glucose load
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1ng because, as we have seen, glucose loading causes 2 lowered rate
of phosphate reabsorption 1n that species ® In view of the cat
observations of Eggleton and Schuster,* however, one cannot say
whether such an expected situation would m fact be seen Eggle
ton and Schuster found that glucose appeared to stimulate phos
phate transport rather than depress it as we have seen to be the
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Figure 6 Relation between glucosunia and the specific actvities of phos
phorous fractions 1solated from kidneys of phlonzimzed cats 20 minutes after
mjection of P32 Shaded areas indicate the mean and standard deviation
of the speaific activities observed 1n control cats From Dratz and Hand
ler (34)

case m the dog ‘These authors pomt out however, that this
glucose stimulation 1n the cat might be the result of the de
pressed glucose reabsorption seen 1 this species at hugh glucose
Toads If this were the case the effect would be more analogous
to the situation 1n the dog where glucose transport 1s depressed by



32 Metabolic Aspects of Renal Funclions

phlorizin under these circumstances phosphate transport 1s ac
celerated No data on the effect of phlorizin on phosphate reab.
sorption are reported 1n the cat studies Needless to say such
formation would be of great value
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Figure 7 Relative speafic activity values of phosphorous fractions 1solated

from kidneys of glucose treated (o) and control { e ) cats Mean and Stand

ard deviation are shown where four or more observations were obtaned.
From Dratz and Handler (34)

Although Dratz and Handler do not report specific figures for
the total amount of ATP ADP n the two kidney groups the
increased relative specific activity of P3” in this fraction they say
may correlate with this teduced total morganie phosphate con
tent of these glucose loaded kidneys Thus in view of the definite
terrelations between glucose and phosphate transport 1n dog and
cat kedney 1t would seem fruitful to view these changes m phos
phate content and metabolism 1n this hight and Tepeat the P¥
studies 1n the dog where the interrelations are a bit more clear
cut
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In the kidneys from phlorizined cats a different picture was
seen 1n the vartous phosphorous fractions but agam a pacture that
18 consistent with the changes mn phosphate and glucose trans
port seen after phlonzin  Such an explanation presupposes in
the cat a phionzin effect hke that 1n dog and, as was mentloncd
above, cat data are not lable Thus the foll
must bear this reservation in mund The results of Dratz and
Handler s phlorizin expeniments are shown in Figure 7 There
was found to be an ncreased relative specific activity (RS A) of
P32 111 both glucose phosphate esters (glucose I P and glucose 6 P)
and the ATP ADP system However, the increase m P32 RSA
was statistically signuficant only in the ATP ADP fraction at 20
minutes after phlorizin In all these fracttons the P32 RS.A 1n
creased with the extent of the glycosuria and thus one concludes,
with the extent of the phlorzin action

The apparent increase in ATP ADP activity after phlonizin
seen 1n these cats 13 of interest in the hight of the increased trans
port of phosphate seen after phlonizin (Table I) Although Dratz
and Handler were discussing their results mamly in the hght of
glucose transport, they really seem more nteresting m relation
to the transport of phosphate For instance one wonders whether
there 15 a telation between the phlonzinnduced elevation 1n
phosphate reabsorption and the wncreased RS A of phosphate
the ATP ADP seen 1n the phlonizimized kidney or whether ATP-
ADP are involved in the carrier mechanisms for both glucose and
phosphate  These studies with glucose loading and phlorzin
glycosuria seem to pomnt in that direction and emphasize the tre
mendous need for more work in this most promising and im
portant area

G Effect of 24-dinitrophenol on Tm PO, and phosphate
metabolism—It 1s well known that the coupling of phosphoryla
tion with brological oxidation m tissues 1s markedly disrupted by
2 4 dinttrophenol (DNP)% The work of Green et al3® and
Hunterss indicates that DNP acts under certan conditions 1n

hondria as an ATPase accel Thus duning ox:dation in
lhc electron cartier chain the phosphorylation of ADP to ATP 15
normal, but the ATP 15 hydrolized 1mmediately to ADP with the
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result that there 15 a reduced or completely absent net uptake of
phosphate  Respiration, however, continues at a normal or even
accelerated pace 1n the presence of 2,4 DNP since supply of ADP
15 by no means a rate hmiting factor

For these reasons 1t was of nterest to test the effect of DNP
on the capacity of the tubules to transport phosphate because a
positive in vvo effect of this agent would be an mmportant add:
tional link 1n the chain of evidence that seems to support the
hypothes:s that relates phosphorous metabolism with phosphate
transport 1n 2 varety of cells

In Figure 8 are presented experiments on two dogs showing
that DNP in a dose of 10 mg /Kg causes a marked reduction in
TM PO, * Thus effect which appears within twenty minutes after
adminustration of the mhibitor seems to be transient 1n relation
to the total duration of the DNP effect on the whole amimal In
Experiment 1, and to 2 lesser extent 1n Experiment 2, Tm PO,
was returning toward control values by 60 minutes after the
drug was given But the dog continued to hyperventilate and be
hyperthermuc for an additsonal eight hours or so thereafter DNP
1n these doses has not been shown to lower glomerular filtration
or renal blood flow suffictently to account for this fall i phosphate
transport

The possibility must also be borne 1n mind that the extreme
hypervenulation associated with the DNP injection might be re
lated to the depression of phosphate transport Malvin and
Lotspeich®” have shown that dogs artificially hyperventilated
room air at 11 hiters per minute show a markedly reduced Tm
PO, Under these arcumstances the respiratory alkalosis 1s ac
companied by a profuse bicarbonatunia The transient nature
of the DNP depression of Tm PO, might argue against this expla
nation however, because the hyperventilation 1n the DNP treated
dogs continued long after the Tm PO, effect had passed and 1n

*Mudge has stated without presenting data (4m J Physiol 161175 1950)
that DN\P docs not affect the maximal rate of phosphate teabsorption in dog The
difference between this statement and the experunents presented here 10 un
explamned The transient pature of the DNP effect 1n some ammals means that
it could have been missed  Some such factor may explain the discrepancy
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the experiments of Malvin and Lotsperch Tm PO, was stll de
pressed fifty muinutes after the beginming of the hyperventlation

These experiments, therefore, must be interpreted with cau
tion 1 terms of any relation between phosphate transport and
the specific phenomenon of oxidauve phosphorylation The DNP
may be affectsng the phosphate carner quite independently of any

0+, Equlilbretion 20MIN with 2,4 DNP

20 EXP 1

40

60+

EXP 2
80

PERCENT REDUCTION Tm PO4

100

lo 20 30 40 50 6o
MINUTES
Figure 8 Two showng dep of phosphate T'm in the
dog followtng 1njection of 2 4cimitrophenol m 2 dose of 10 mg /kg mtra
venously (Unpublihed observations from the author s laboratory )

effect on the oxtdative phosphorylation system of the cell, as 1s the
case with the DNP mhsbition of phosphate transport 1n yeast and
bacteria There the b reactions m phosp P
are specificaily and separately blocked The experiments viewed
thus are presented as interesting observations i which 1t seems
possible that DNP may hikewse be affecting the membrane carrier
for phosphate 1n the hudney Whether this camer also mvolves
adenyl polyphosphates 1n the tubular cell membrane 15 an open
and unproven hypothests at present  But sn the hight of the expen:
ments discussed here it seems a worthwhile queston for expern
mental study
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Summary

We have examined a great deal of evidence from a vanety
of biologrcal species and have seen a number of instances where
the transcellular movement of orthophosphate seems to involve
a membrane carrier that forms an organic phosphate complex
In some cases, as 1n the erythrocyte, this carTier appears to in
volve the ATP ADP system Subsequent work may alter the exact
1dentity of the membrane carrier and may add new elements to
the complete mechanism hat has been attempted here 1s the
erection of an hypothesis dertved from an exammation of the
available comparative evidence which suggests that phosphate
transport 1n cells of gher forms may mvolve the formation of
stmilar organic phosphate complexes It 1s hoped that this treat
ment of the subject, without stating a dogmatic conclusion about
the nature of phosphate transport 1n the kidney, wiil sumulate
further research in this area That such research may alter or
completely upset the thesis developed here 1s a real possibility
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AMINO ACIDS AND GLUCOSE

I’x‘ Now sEEMs logical in the development of our thesis to focus
attention on two of the major components of cellular chemstry,
namely, amino acids and ghicose The amino aads are at the
center of protemn synthesis and growth, and, therefore, the wrans
port of these substances 1n and out of cells all over the body must
be related to the changing requirements of this process Glucose,
n hke manner, 1s probably the maimn energy source for cell hfe,
at least 1n some tissues such as brain and muscle

The kidney has an active glucose metabolism, 1t carries out
glycogen synthesis from glucose and non-glucose sources, and m
certain conditions, such as von Gierke’s disease and uncontrolled
diabetes, glycogen accumulates 1n 1ts parenchyma Besides 1ts
role 1n energy metabolism, glucose transport deserves special at
tention 1n this treatise because the mechanism has, like amino aad
transport, been exhaustively studied 1n a variety of cell types and
mntact organs

Some excellent information 1s available about the transport
and utilization of other metabolites such as lactate, ketones,
a ketoglutarate, and pyruvate Some of this mformation will form
the subject matter of the next chapter where attention wall be
focused on the tricarboxylic acid cycle However, because 2 mote
limuted treatment seemed to afford a greater umty in the present
essay, 1t will be confined to a consideration of the amino acids and
glucose As we will see, certain groupmngs of dysfunction n
hereditary disease make 1t natural to consider the amino acids and
glucose together and immediately following our discussion of
phosphate  In this, a5 m the next chapter, one sees a frustful
area for studying the transport of metabolites and 1ts relation to
their function 1n the cellular metabolism

38
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Amino Acids

Ammo acids circulating in the blood are mn a dynamic equi
librium with the amino acid pool inside cells, and this pool in turn
1s 1n 2 continual state of turnover as a result of the anabolic
catabolic cycle of protemns  For this reason the movement of amino
acids i and out of cells 1s an 1ntegral part of the overall process of
protemn homeostasis It 15 this amino aad transport process that
we will examine, first 1n the Lidney, to a lesser extent n the in
testine, and then 1n several other cell types where the process has
been studied with significant results These data will then be re
lated 1n so far as they can, to the dynamic state of body proteins
1n general

Renal transport of amno acuds—The first careful studies
on zmno acid excretion were those of Kurk? 1n 1936 who showed
that the total amino acid clearance was very low at endogenous
plasma levels but rose markedly when glycine was infused From
these studies 1t was obvious that amuno acids are reabsorbed by
the tubules Doty® subsequently showed that hisudine and tyro
sine at moderately elevated filtered loads are almost completely
reabsorbed while the N methyl and N acetyl tyrosines are poorly
reabsorbed even at low plasma levels In a subsequent study with
glyane infusion m dogs, Pitts® showed that over 2 wide range of
filtered loads the rate of ammo mitrogen reabsorption rises and

3s ally reaches a 1 value at loads some fifteen
times those at endogenous plasma amino nitrogen levels

Subsequent studies of this type,*S measuring total amino
mitrogen during fuston of a single amino acid, have shown that
the individual amino acids are filtered through the glomeruls 1n
proportion to their plasma level, then undergo tubular reabsorp
tion at dufferent rates Such data for five vepresentative amino
acids are shown in Figure 9 Glycine reabsorption 15 high and
st1ll rising over the range of filtered loads shown here With only
slight elevation of plasma levels of L arginine and L lysine, a Tm
for these ammno acids 1s reached, they are reabsorbed relatrvely
*poorly’ Leglutamic acid and Leleucine fall in between glycine
and the L forms of arginine and lysine DL alanmne, DL aspartic
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amino acids, the authors with good reason classed histidine among
the neutral rather than the basic group

The acidic amino acids, glutamic and aspartic, are of especial
mterest from several standpomnts They are the least effective
mhibitors of transport of either the neutral or basic group In
addition, the excretion of these acidic amino acids 1s not affected
n any general way by the other groups but rather by individual
ammno acids n dufferent ways For instance, the excrenion of both
aspartic and glutamic acids 1s most profoundly enhanced by alan
me, and alanine 1s the only amino acid affecting transport of both
aspartic and glutamic acids  Singly, histudine and asparagine
greatly enhance glutamic acid excretion, and glutamic acd and
glutamine 1n turn simularly increase the excretion of aspartic
acid

It 1s sigmificant, as the authors point out, ‘that the amino
acids mentioned—alanine, glutamine, asparagme, glutamic acid,
aspartic acid and histidine—either are, or may be readily con
verted to, the three amino acids participating 1 transamination
reactions It 1s also of great interest in this regard that alanmne
1s the only amino acid mhibiting the transport of both glutamic
and aspartic acids  Alanne, glutamic acid and aspartic acad con
stitute the main element of the two transamination mechamsms
which have thus far been 1solated These are (1) The aspartic
glutamic transaminase and (2) the alanine glutamic transamunase
‘The 1dea that transamination may play 2 role i amino acid trans
port has recently recerved strong support from the observation by
Neame and Wiseman'® that a portion of glutamic and aspartic
aads 1s transammnated during their transport across the small
ntestine

Kamm and Handler® came to the conclusion that there may
be more than one amno aad transport mechanism 1n the hidney
or that one mechanism may transport many amino acds that
have markedly different affinities for 1t As we shall see later in
this dascussion, there 15 much evidence to support the role of
pyridoxal (vitamin B,) 1n the transport of amno acids across
the cell membrane 1n Ehrlich ascites tumor cells  Pynidoxal phos
phate 1s also a part of the transaminase enzyme systems Thus
some aspects at least of amino acid transamuination may participate
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1n the renal, as well as mntestinal, transport of some or all of these
metabolites  So far as the writer knows, there has appeared no
carefnl study correlating rate of transamnation of 2 number of
aminoe acids by kidney or intestine with their rate of transport
these organs

The studies of Kamm and Handler were carried out with
specific microbiologrcal assay methods for each ammo acid  Therr
observation that the mnfusion of a single amino 2cid causes the
appearance of other ammo acids 1 the urine means that the
earhier experiments of Pitts* and Lotspeich and Pitts® may have
contained an experimental error In those expeniments plasma
and urne total « amino nitrogen was measured during infusion
of a single amino actd  Thus, 1n the light of hamin and Handler s
findings the unnary « amino nitrogen constituted not ouly that
from the single ammo acid bemng admnistered but, m addition,
that from other amino acids whose tubular reabsorption had been
mhibited Although perhaps not a large error, this phenomenon
would have caused an apparent lower rate of reabsorption of an
mdividual ammno acid (in terms of o amuno nitrogen) 1 direct
proportion to the extent of its inhibition of the transport of other
endogenous amtno acids from the glomerular filtrate

Kamm and Handler!! 1n a separate study have also observed
absarption of amuno acids 1 the small intestine  They employed
the Cor 1solated loop techmique in the 1at  In these studies a
second amino acid almost invariably inhibited the absorption of
the first and no obvious pattern of competitive interrelations be
tween ammo acids emerged as 1t did 1n the kidney In a more re
cent study, however Wiseman' has found such a pattern for
intestinal amino acid absorption  Using the 1solated sac of everted
golden hamster small intestine he has studied the preferential
transfer of individual amino acids from mixtures of these acids in
the testine  He found that certain L ammno 2ads are actively

against c d (The D 1somers are

not so transported, as Matthews and Smyth have shown %) Those
acds actively transferred are the L forms of proline histidine
and methionine Agan as m the kidney, the basic aaids, lysine
and ornithine, are not actively transported Those amino aads
with active transfer mechanisms compete with one another when
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Christensen s experiments glutamic acid was an exception to the
general competitive pattern Instead of blocking the transfer of
other amino acids 1t actually caused a higher concentration of
other ammo actds n cells  Presumably through sumulating trans
amination other ammo acids were formed ‘This 1s probably why
glutamic acid 15 not  essential from a dretary standpomnt 1t can
be formed from other amino acids and 1n tumn lead to the produc
tion of others 1n 1ts central position in the transammating system

From these studies 1t 15 easy to see why Cannon s rats had to
have therr essential ammo acids all at once and 1n the nght
proportions Presumably the speaficity of the amino acd carmers
at the cell membrane will allow transfer of the whole mxture of
amino acids m their proper proportions if they are presented mn
the night constellation But 1f the mixture 15 imbalanced they
are not carried mto cells 1n the night proportons for protemn syn
thesis and no growth occurs Viewed m this hght competuve
mterrelations among the several amino acids for transport across
cell membranes may have some teleological meaning

For ths reason 1t 1s perhaps an artifact unrelated to the real
function of amino acids when one observes the maximal reab-
sorptive transfer of one ammo acid 1n the absence of simultaneons
loading with the whole constellation of amino 2cids If such
experiments are to have real m terms of d pro-
tewn metabolism they mght better mvolve a study of the simul
taneous reabsorptive rates of the whole group of amino acids at
their own endogenous plasma levels

With this discussion of ammo acid transport 1 hidney 1
testine and certain tissue cells and a consideration of the relation
of this process to the general problem of protemn metabolism we
are now teady to examne 1n some detail 2 body of recent work
describing the chemical nature of the amino zad carrier atself as
1t has been studied m certain special cells

The amino acid carrter mechanism—The transfer of amino
acids 1nto a varsety of cell types has been the subject of a number
of brithant studies Spiegelman and Halvorson!® have observed
this process 1n yeast and have telated 1t to adaptive enzyme forma
tion 1 that species  Gale!® has studied amino acid uptake 12
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staphylococer both m the wtact and sonucally disrupted cell and
has shown that only under certain spectal conditions 1s the transfer
of the amino acids associated with the synthesis of new protemn
For nstance Staphylococcus aureus can take up G glutamic
acd which will then accumlate in the free form n the cell and
appear m 1ts protein without any new proten having been
formed But for this uptake to be accompanied with new protein
synthesis all the essential amino acids must be present along with
an energy source and the proper nucleic acids

Thus 1n his studies Gale has clearly differentiated the transfer
process by which the free amino acid 1s concentrated within the
cell (without concomitant protein synthesss) from the process
whereby amino acid transfer 1s coupled with synthesis of new
protetn  This distinction between uptake and protein synthesis
so clearly seen 1n the microorganism mn the presence of one single
amuno actd agam suggests the unrelatedness of the transport of 2
single amino acid at maximal rates i the kidney to the process
of protemn metabolism

In another series of studies Christensen and his col
leagues'# 1?2021 have analyzed the concentrative transfer of
amuno acids in rat diaphragm erythrocytes reticulocytes and most
extensively 1n the mouse Ehrlich ascites tumor cell They are free
growing 1n the ascitic fluid of the innoculated mouse and can be
easily harvested by aspiration of the fluid from the peritoneal
cavity

Using these cells Chrnistensen presents convinang evidence
that the active transport of an amino acid across the cell mem
brane nto 1ts free amino acid pool mvolves chemically discrete
reactions leading to the formation of a stabilized Schuff s base be
tween pynidoxal (vitamun Bg) and 2 metal chelate of the amino
actd These reactions as visualized by Chnstensen are shown m
Figure 10

Having thus stated the conclusion first let us back track a
hittle and examine n some detail the overall charactersstics of
amino acid uptake m these cells First we must examine the ev:
dence supporting the statement that the transfer process 1s active
and mvolves a carrier that reacts chemically with the amino
acid Then we will examine briefly the evidence that these reac
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tions involve formation and dissociation of a Schiff s base Iike
that 1n Figure 10 And finally we will ask about the relation of
this work to the problem of amino aad transport i the renal
tubule and elsewhere
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Figure 10 Reactions imvolved m the formation of a stabilized Scluf’s base

between metal chelate of an amino acd and pyndoxal postulated to take

place i the transport of amino acids across certain cell membranes From
Chnistensen Raggs Aspen and Mothon (19}

The uptake of ammo acids™® by the ascites tumor cells dn
phragm or nucleated erythrocytes an vitro results 1n a higher con
centration of the free amino acid mside the cell than i the extr2
cellular medium  For this reason the process 15 termed active
It Tequires enetgy and has been termed concentrative transfer
by Chnstensen The curve relatng uptake to ammo aad (81
centration 1 the medium has the charactensuics of an adsorp-
tion 1sotherm  thus indicating that there 15 a carmer of hmuted
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capacity i the membrane These charactersstics for the uptake
of tryptophane are scen 1n Figure 11 The process 1s temperature
dependent beyond the limuts of a temperature facilitated diffusion
It1s 1 addition nhibited by lack of oxygen cyamde and other
nhibitors of biological oxidation
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mouse Ehrlich ascites tumor cells Temperature 37°C ume 2 to 4 hours
From Riggs Coyne and Chnistensen (43)

These facts indicate that chenncal reactions are mvolved mn
the carrer mechanism That the carrier 1s not permanently
bound by the amino acid 15 shown 1n the mgenous studies of
Henz** who observed that the transfer rate of 1 C¥-glycine nto
ascites tumor cells was the same both before and after the cells had
been loaded with unlabelled glycine Thus the carner after re
acting with the ammo acrd and dissoctating from at 1s free to com
bne with 2dditional amino acid and then release 1t at a point of
hygher concentration within the cell
S The first clue to the nature of the chemical reactions mvolved
1n this mechanism came from the observation that pynidoxal sm
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tions involve formation and dissociation of a Schuffs base Iike
that m Figure 10 And finally we will ask about the relatron of
this work to the problem of amino acid transport i the renal
tubule and elsewhere
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Figure 10 Reactions involved in the formation of a stabilized Schuff's base

between metal chelate of an amino aad and pyndoxal postulated to take

place 1 the transport of amino acids across certam cell membranes From
Christensen Riggs Aspen and Mothon (19)

The uptake of ammo acids®® by the ascites tumor cells dia
phragm or nucleated erythrocytes i1 vitro results i a higher con
centration of the free amino acid mside the cell than 1o the extra
cellular medium  For this reason the process 15 termed  active
It Tequures energy and has been termed concentrative transfer
by Christensen The curve relaung uptake to ammo aad fan
centration 1n the med; has the ch 1stics of an adsorp
tion 1sotherm thus indicating that there 1s a carnier of limited
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capacity in the b These ch wstics for the uptake
of tryptophane are seen 1n Figure 11 The process 13 tamperalurc
dependent beyond the mts of a
It 1 m addmon, mh\bncd by lack of oxygen cyamde, and other
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“These facts indicate that chemical reactions are involved o
the carner mechanism ‘That the carrier 13 not permanently
bound by the amino acid 1s shown in the mgenious studies of
Hewnz"? who observed that the transfer rate of 1 Gi-glycme mto
ascites tumor cells was the same both before and after the cells had
been loaded with unlabelled glyane Thus the carmer, after re
acting with the amino aaid and dissotiating from 1t, 1s free to com
bine with additional amino acid and then release 1t at a pownt of
higher coneentration withun the cell
¢ The first clue to the nature of the chemical reactions nvolved
1n this mechanism came from the observation that pynidoxal sum
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tions 1nvolve formation and dissociation of a Schuffs base Iike
that 1n Figure 10 And finally we will ask about the relation of
this work to the problem of ammo acid transport 1n the renal
tubule and elsewhere
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Figure 10 Reactions wnvolved in the formanon of a stabiluzed Schuff's base

between metal chelate of an amino aad and pynidoxal postulated to take

place m the transport of amino zads across certain cell membranes From
Christensen Riggs Aspen and Mothon (19)

The uptake of amino acids'® by the ascites tumor cells dia
phragm or nucleated erythrocytes i vitro results 1 a higher con
centration of the free amino acid inside the cell than i the extra
cellular medium  For this reason the process 1s termed active
1t requires energy and has been termed concentrative transfer
by Chmstensen  The curve relating uptake to amumno zad &an
centration 1n the medium has the charactenstics of an adsorp-
tion asotherm thus indicating that there 1s a carrier of hmited
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capacity 1n the membrane These charactenstics for the uptake
of tryptophane are seent 1 Figure 11 The process 1s temperature
dependent beyond the Jimuis of a temperature facibitated diffusion
It1s 1n addition nhibited by lack of oxygen cyanide and other
inhibitors of biological oxidation
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mouse Ehrhich asates tumor cells Temperature 37°C time 2 to 4 hours.
From Riggs Coyne and Christensen (43)

These facts mdcate that chemmical reacuons are mvolved in
the carmer mechamism That the carmer 15 not permanently
bound by the ammno acid 1s shown 1n the ingenious studies of
Hemz"* who observed that the transfer rate of 1 C*glycme nto
ascites tumor cells was the same both before and after the cells had
been loaded with unlabelled glyane Thus the carrier after re
acting with the amino acid and dissoctating from 1t 1s free to com
bine with additional amino acid and then release 1t at a pomnt of
higher concentration within the cell
% “The first clue to the nature of the chemical reactions involved
in this mechamsm came from the observation that pyridoxal sim
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ulates the concentrative transfer of certain amino acids m the
ascites tumor cells and conversely that the process 1s less rapid 1n
cells from pyndoxal deficient mice 2% Metzler, Tkawa, and
Snell® had shown 1n an extensive series of studies that metal
chelation and Schuff's base formation are wmvolved m the cat
alytic function of pyridoxal 1n several reactions mvolving amino
acds  Among these are transamination, decarboxylation, and the
serine threonine interconversion These workers also showed that
4 mtrosalicylaldehyde, the benzene analogue of pyridoxal, can
also form stable Schiff s bases with metal chelates of some amtno
acids 2 Therefore, the subsequent observation that 4 nitrosahcyl
aldehyde, lthe pynidoxal, also stimulates the cellular uptake of
certain amino acids'® added strongly to the behef that sumlar
metal chelation and Schiff s base formation with pyndoxal 1s m
volved and perhaps rate limiting m the carrier reaction in ammno
acad transfer

The 4 mtrosahicylaldehyde stunulation of amino acid trans
fer immediately furnished a key aspect of the nature of the pyn
doxal function m the transfer process Smce 1t 15 unhkely that
4 mrosalicylaldehyde can be altered enzymatcally by phosphory
fation or that 1t can affect the energy yielding reactions of the
cell, its sumulatory effect on amuno acid transport mdicates that
pyridoxal, whose role 1t mimucs, does not necessarily function
1n the carrier reactions in a manner analogous to the function of
coenzymes tn tissue respiration

These observations led Christensen and his colleagues to a
defimtive study?® 1n which they showed that a number of circum
stances conditioning the formation of stabilized Schuff s bases be
tween pyridoxal and aming acid metal chelates also condition, 1
a parallel way, the concentrative transfer of ammo acids 1n the
ascites tumor cell Among these parallel circumstances are the
following (1) « or g amino acids are transported but not y This
function correlates with the capacity of these amino acids to
chelate with copper (2) Cntcal distance between amimno and
carboxyl groups of an ammno actd determines both transferability
and Schuff s base formation (3) Substitution of the 3 hydroxyl
group of pyndoxal with a methyl group blocks the capacity of
pyridoxal both to sumulate amino acid uptake and to form Schiff s
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base with the chelated amino acid  (4) Studies with o y-diamimo
butyrtc acid™* showed that this non metabolized amino acid 1s so
mtensively concentrated by the ascites tumor cells that they swell
up and are ultimately destroyed This diamino amino acid avidly
forms a metal stabilized Schuff s base with pynidoxal in the ratio
of one amino actd one metal two pyridoxal The structure of
this compound with nickel as the metal can be represented as
follows

If one prevents the formatron of this pyridoxyhdene derivative of
the diamino acid by substituting two N methyl groups at the o
position the concentrative uptake of the acd by the cells 1s
abolished

This, and additional evidence, has led Chnstensen and s
group to conclude that amino acid transport 1n the ascites tumor
cell 1nvolves formation of a metal stabilized Schuff s base between
amino acid and pyridoxal along the lines shown in Figure 10 In
the transport scheme shown n Figure 12 this amno aad complex
1s formed in the membrane and the reaction 1s probably enzy
matically catalyzed Energy is not required for rts formation or its
dissociatron when amino acid concentration mside and outside the
cell are equal However, energy 1s required 1if the carmier 15 to
concentrate amino acids mside the cell  Although there are a
number of ways this energy could be introduced, one way, as
Christensen has suggested would be to present the carrier m a
ugher state of chemical potential or energy form, at the outer
side than the inside of the cell membrane

Whether these studies bear any relation to the amimo aad
transport mechamism across the renal tubule or intestine 1s hard
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to say at the moment The kidney contains pyridoxal enzymes
such as transamingse But no studies have appeared analyzing
ammo acd transport i the kidney 1n terms of the carrier system
described above for the ascites tumor cell
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Figure 12 A conception of active tramsport. Discussion in text  From
Christensen Riggs Aspen and Mothon (19)

Fridhandler and Quastel®” have attempted such a study i the
1solated hamster intestme but without much success They found
that deoxypridoxine, a molecular analogue of pyndovine m
hibits amno acid transport across the intestme  But the effect of
this agent 1§ not lumited to amino aads for glucose transport 15
blacked as well at the lugh levels of deoxypyndoxme used This
observation with deoxypyndoxmne 1s by no means decisive because
the expenuments 1n which 1t wus used were done at levels of the
aromatic aldehydes which are mhibitory to amino acid transport
even 1f pyndoxal itself s used At these hugh levels of pyndoxal
there occur marhed shifts 1 efectrolytes between cells and sur
rounding medium, which cause the cells to swell Under these
arcumstances amino aad transport s infubited  Thus these ex
‘periments on the ntestinal absorption of amino acids are by no
means a enitical test of the Schiff s base-chelation theory

It would perhaps be a more hopeful approach to study the
tubular transport of substituted amino acids which are known not
ta form Schiff s bases of the kind discussed One recalls 1 thus
regard Doty s? observations that while tyrosme 1s almost com



Amino Acds and Glucose 53

pletely reabsorbed in the dog lidney, N methyl L tyrosine and
N acetyl L tyrosine are not ‘These N substututed dervatives
would not form the Schiff s bases with tyrosne Agamn the use of
some of Christensen s amino acids lacking o hydrogen? or amino
acids 1n whach carbon chaimn length and number of amino groups
are varied would provide an interesting basts for examining the
relevance of the Schiff's base 1dea for renal amino acid transport
The fact that arginine and lysine are poorly reabsorbed by the
kidney 15 a relevant observation here Both these ammo acids do
not form strong chelates because thewr nitrogen atoms are too far
apart i the carbon chain

The work of Christensens group 1s presented and discussed
here m some detail even though 1ts relevance to the problem of
reral amuno acid transport 13 an open question at the moment
It represents one of the most carefully worked out studies of a
carmer mechanism 1n cells of higher forms and 1t points the way
toward the type of analysis that 1s required before analogous renal

can be clearly und q

Glucose

The relation between glucose transport and 1ts metabolism
has been of interest to physiologists for many years Although
this relation 1s by no means completely understood at the present
some recent studies have clearly shown that the two processes
have features both separate and 1n common

That glucose as well 2s a number of other sugars 1s trans
ported by a variety of cells 1s well known In particular we shall
emphasize that the process has many similar features 1n both kid
ney and mntestine  For mstance, 1 both organs glucose transport
1s active, that 13, can be carried out agamst chemical gradients
as described for phosphate and amino acids  In both kidney and
intestine the mechamism 1s inhibited by phlonzin and exhibits
maximal transport capacity This phenomenon referred to as
Tm glucose, 15 shown strikingly 1n the data of Figure 13 taken
from the classical experments of Shannon and Fisher 2 Here 1t
15 seen that glucose reabsorption parallels plasma glucose (and
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hence glucose filtration) until a maximal rate 15 reached Beyond
this point the transport rate remams constant despate further
creases 1 the quantity of glucose presented to the tubules Shan
non and Fisher's analysis of this mechanism was discussed earlier
(Chapter 1I) 1n relation to phosphate where similar character
18t1CS are seen
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Figure 13 Relationship between glucose reabsorption and 1ts filtered load

m the dog Tm G for eack dog was taken as the mean of all observations at

plasma concentrations above the level of obvious glycosuria  The broken

Jme represents the relationship to be expected 1f reabsorption remains com

plete until load/Tm G equals ane The crossed symbols represent observa

tions where more than 99 per cent of the filtered glucase has been reabsorbed
From Shannon and Fisher (29)

Such an active mechanism undoubtedly has both passive
(diffusion) and active components determimng 1ts maximal ca
pacity However, mn view of the relative unpermeability of most
brological membranes for glucose and 1ts relative msolubility in
Liprds the active carrier component of the process probably rep
resents the major rate imiting factor n glucose transport The
nature of this carrier mn cell membranes must now recewve our

attention
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Vezdr® developed the hypothesis that sugar transfer 1 1n
testine and hidney 1nvolves phosphorylation of the sugar at some
stage m the cell, and he believed that the capaaty to phosphory
late hmuts the transport capacity On the basis of this concept
Lundsgaard thought that phlonzin inhibited glucose transport
by blocking 1ts phosphorylation 2 theory d d later (Chapter
VI) Largely on the basis of Lundsgaard s own work, this theory
was abandoned Its rejection was strengthened by the earlier ob
servation of Cor that unnatural synthetic sugars, such as 3 methyl
glucose, are also actively transported across the intestine ® It
has now been conclusively shown by Sols®? that neither 3 methyl
glucose nor galactose, which 1s also absorbed by the intestine, are
phosphorylated by any hexokinase present in the intestinal
mucosa *

In stiking contrast to this evidence argumg agunst 2 phos
phorylation theory of glucose transport mn kidney and intestne
the beautiful studies of Rothstemn and his colleaguess® strongly
support a phosphorylation theory for this process in yeast Roth
stemn found that glucose uptake by yeast 1s exquisitely sensitive to
uranium 1n the form of the brvalent uranyl 1on (UO,*+) He
studied the distribution of uranium between yeast cells and sur
rounding medium with varying concentrations of a number of
uramum complexmg agents Of all these agents studied, only the

gave p} with a sta
bxhty of sumlar magmtudc to that of the yeast uramum complex
In addition formations of the uranium phosphate and the yeast
uranium complexes were affected similarly by pH and mass law
conditions On the basis of these studies Rothstemn concluded
that glucose uptake by yeast mvolves formation of glucose com
plexes with polyphosph: n the memb and that these re
actions are stmilar to but completely separate from, glucose phos

*Snce thy work Diednch has found that during the intesunal absorption of
galactawe 1. the i galactom L RO, o foand wndicatng that 2 phosphorylaung sy

tem for galactose 15 apparently present (Diedrch D F PhI Thess University
of Wisconsun 1959)
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phorylations that occur during metabolism 1 the cell nterior
Using the uramum binding techmique, Rothstein has actually
measured the ber of these polyphosphate glucose carmer sites
1 the yeast membrane, finding 4 6 X 107 stes per cell Although
not proven by experiment, Rosenberg®! has suggested on theorett
cal grounds that glucose transport across the erythrocyte mem
brane may likewise involve formation of 2 metaphosphate ester
"Thus glucose transport 1n hidney and ntestine 15 obviously daffer
ent, at least 1n certain fundamental respects, from yeast and ery
throcytes However, as we will see subsequently, the method of
study used by Rothstein and his group would seem to offer real
promuse when applied with certam modifications to the renal and
ntestinal situation

Recent studies by Chinard, Taylor, Nolan, and Enns®® have
shown conclusively that the six carbon chain of glucose 15 not
split 1nto triose umts during 1ts transport across the renal tubule
of the dog Glucose 1 G+ was rapidly injected into the renal artery,
followed by the collection of serial samples of renal vemn blood
at close intervals of tume thereafter Having established that the
radicactivity mn renal vemn blaod was due to the labelled glu
cose rather than other non volatile compounds, the glucose was
degraded mucrobrologically, and 1t was found that essentially all
the radioactivity was still m the 1 C position  This absence of
randomzation of the labelled carbon during glucose reabsorption
m the ladney established the fact that there 15 no breakdown and
resynthests of the six carbon chain during its trans
nart. Fxactlv analogous conclu ached prev
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1 such an elegant way as Rothstein and his colleagues have done
m yeast However Rothstemn s method of study could be applied
to the problem 1 these more highly organized cells The use of
phlonzin may offer an approach n these organs analogous to
Rothstein s use of uranium mn yeast Phlonzin m kidney like
uranium 1n yeast appears to bind a membrane glucose carrier
and n perfused or 11 witro systems a study of the linetics and
the chemucal nature of this binding should 1n hke manner re
veal the nature of the glucose carrier and 1ts  concentration on
cells 1n kidney and intestine  Unul such precise studies are per
formed we will not und d pletely the problem of glucose
transport

‘The phenomenon furthermore 1s not the same 1 all mam
mahan cell types  For instance in muscle and lens sugar uptake
1s faclitated by insulin in contrast to mntact hidney intestine or
such 5 vitro systems as the Ehrlich ascites tumor cell¥” and slices
of kidney cortex 3 In these latter tnstances a number of sugars
penetrate the cells and reach diffusion equlibrium where the
sugar concentrattons 1n cell and surroundmg medmum are equal
Here where nonactuive transfer occurs where there 1s compety
tive mhibition among the several sugars transferred and where
the process 15 sensitve to phlorizin there 15 2 unique opportumty
to study the separate factors of diffusion carmer pores msuln
and the role of energy in the overall sugar transport mechanism
In those nstances where insulm exerts ts effect we have still other
factors apparently not operating 1 either the actve transport i
kidney and ntestine or the non active kind 1n the ascites tumor
cell or kidney cortex slice Thus sugar transport 1s really a series
of different pt mn several d. cell types Future
research will undoubtedly elab the and special
features of each different mechanism and explain m more de

tail the velation between glucose transport and its metabohc
assimilation

Phosphate, amuno acuds, glucose—congemital tubular dys
function—In our discussion thus far we have considered in de
tail the relation between transport and metabolism m the case
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of three major metabolites phosphate, ammo acids, and glucose
Before concluding discussion of this phase of our topic, 1t 15 of
mterest to recall that these three metabolites show simultaneous
dysfunction of therr renal tubular transport 1n at least one clinical
condition, Fancon1 s syndrome * Here 1n exther the juvenile form
or the similar condition seen 1n adults there 15 excessive loss i the
urine of morgamic phosphate, certamn amno acds, and glucose
The loss of phosphate leads to chromic hypophosphatemia with
demineralization of bone Cystine, making up a large part of the
urmary ammo acid, bemg relanvely insoluble oftentimes pre
cipitates and leads to renal calemnosis In additton, particularly m
nfants, there 15 a2 widespread appearance of cystine crystals
the tissues indicating a more general defect 1n cystine metabolism
Ths condition has been shown to follow typical Mendelian
genetic patterns 1n a number of families carefully studied The
defect seems to be 2 tubular lesion where the reabsorption of these
three substances 1s specifically absent or nearly so The lesion 15
n all likelihood a proximal tubular one on both functional and
motphologic grounds Phosphate, ammo acids, and glucose are
probably all reabsorbed mn the proximal tubules Darmady and
s associates have shown® by mucrodissection techmques that the
proximal tubules m this condition are shorter than nermal and
are jowned ta the glomeruli by a narrow, thin walled swan neck *

Other reabsorptive defects involving amino acids phosphate,
and glucose 1n greater or lesser degrees of seventy and speafiaty
are known The condinon known as ¢ystinuna 15 actually not
limted to a defect 1n reabsorption of cystine  One usually sees a
proportionally increased excretion of Iysine, and 1f Iysine excre
tion 1s hugh enough arginine also appears in excessive amounts
the urine  Occasionally ormithine appears as well

PDent and Roset® have discussed the associanion of these spe

cific ammo acids 1n thus tubular dysfunction syndrome 1n terms of
ble c 1n their molecular structure

| 4

«For an excellent discussion of the chimeal tubular dysfunctions the reader 13
referred to the articde by G H Mudge Am J Med 24 785 1958
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‘They suggested that they are stmilar m structure and thus per
haps simlarly affected 1n transport In all four there are two post
tively charged amino groups separated by a cham of four to six
atoms It has been suggested#? that their transport could involve
the combination of these positively charged amino groups with
sumlarly spaced negatively charged carboxyl groups projecting
from alternate glutamate or aspartate residues on a protein
surface
In the hight of Christensen s work discussed earhier one might
visualize an alternattve mechamsm explaiming the association of
these amino acids on the basts of a similar difficulty 1n the forma
tion of the ammo acid Schuff s base chelate As was pointed out
earlier diammo 2ads such as lysine and argimne do not form
strong chelates with metals because their nitrogen atoms are too
far apart  Such could also be the case for cysune where the two
sulfur atoms in the cham move the amino groups even farther
apart Whether the nitrogens are too far apart 1n ornithine to
preclude a stable chelate formation the writer does not know
Thus 1in those amino acidurias where there 1s fairly normal
nephron structure the tubular transport defect, genetically based
could be the result of an nsufficient or spatially altered com
ponent 1n the carrier mechamism for amino acds which was
dequate for the port of most bers of this series of com
pounds but inadequate {perhaps m supply of pyridoxal enzyme,
or metal) to react strongly enough with those ammo z2ads shown
above In view of Christensen s work 1t would be valuable to as
say the kidney tissue of cystinunies for pynidoxine and the trans
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aminase enzymes even though the appheability of the Schiff's
base-chelation theory to the problem of renal amino acid transport
1s not yet known The cysununc in whom there 1s not the gen
eralized prosamal tubular dysfunction of the Fancom's would
seem to be an 1deal subject for studymng the ammno acid carner
Ths would also be a particularly hopeful approach 1n a stram of
muce with a symlar hereditary defect 1n the renal tubules

Thus m the Fancom type syndrome phosphate amino acids
and glucose (as well as bicarbonate and potassium in some cases)
seem to be generally affected 1n the face of a general proximal
tubular lesion with 2 demonstrated morphological basis How
ever 1n the case of cysununa the lesion appears to be more
discretely mted to amino aaids of a definite structure

In certan cases of renal glycosuna  there is also a hereditary
and rather specific defect 1n glucose reabsorption and sumilanly
of phosphate reabsorption in renal hyperphosphaturia 1t 1s these
speafic hmuted hereditary tubular lesions that offer such frutful
grounds for the study of the biochemical lesion and thus the
normal carrier t for these bol Such a study as
has been suggested has provided the explanation of another hered
atary metabolic defect m the kidney the glycogen storage disease
of von Gierke Dr Gerty Con*® has shown that there 1s 2 marked
renal deficiency of glucose 6 phosphatase mn the proximal tubule

of these patients

Summary

The charactenstics of tubular transport of two major com
ponents of metabohsm amno acids and glucose have been de
scribed and examined In both cases these mechanisms have been
discussed 1n relation to the mntermediary metabolism of the sub-
stance as was done mn the case of mnorganic phosphate With
ammo acids and glucose however the mmmedsate relation be
tween their transport and metabolism was not as clear as 1t ap-
pears to be 1n some cells with phosphate Such a close telation
1n the case of glucose would be apparent 1f 3t could be shown
that 1ts transport involves phosphorylation 1n a way sipular to
thus process in anaerobic glycolysis  Although such a scheme
seems hikely 1n yeast and some erythrocytes the evidence does not
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support 1t 1 kidney or mtestine In addiion the evidence 1s
also against a cleavage of the glucose molecule 1 1ts transport m
these two organs Although a membrane carrier appears m
volsed m glucose transport in hidney, 1ts nature remans obscure

The characteristics of the amino acid carmier have been beau
ufully worked out in the Ehrlich ascites tumor cell and the
scheme appears 1n some respects to apply to skeletal muscle and
hver as well This scheme involves the formation 1n the mem
brane of a stable Schiff s base between an amino acid metal chelate
and the vitamin pyridoxal Since pyridoxal phosphate has been
shown to act as coenzyme 1n a varety of reacitons i the nter
mediary metabolism of 2mino acids 1t 15 tempting to see n this
mechanism an  adapted form of some of those reactions Thus
as Snell and his associates have shown the reactions whereby
pynidoxal enzymes act 1n amino acid transaminations decarboxyla
tions and other speaific interconversions show characteristics very
stmular to those mnvolving pynidoxal in the Schiff s base formation
during amino aad transport  Although this mechanism has not
Yet been generalized 1t furnishes a most plausible approach to
the study of amino acid transport in a varety of cells At the
moment 1ts apphicability to the problem of renal tubular amino
aad transport although not estabhished seems promising from
indirect bits of evidence This comprises simlarities 1 relative
Tates of transport of different amino acids in the kidney and as
cites tumor cells similarities mn competitive 1nterrelations 1n
transport 1n these two situations and sumlanties m ability to
form Schiff s base<helates and 1n capacity to be transported n
kidney Although by no means wedded to the Chnistensen theory
the writer has discussed 1t mn some detail because 1t represents the
most prectse work available on amino acid transport at present
Subsequent work may well explain the observed facts on different
and equally plausible grounds

‘We have centered attention briefly on those heredutary sttua
tons 1n which the renal tubular transport of phosphate, amino
acids and glucose 1s more or less reduced with a greater or lesser
degree of speaficity Like mutant neurospora, these patients lack
the ability to carry out one ot more of the speafic biochemical
Teactions 1n the tubular transport of these metabolites  Thus the
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wdentification of the mussing reactions will provide the informa
tion concerming the steps that function normally It has further
been suggested that the ncreased use of artificially mutant or
hereditanly defi Is may offer a valuable tool m study
g the biochemustry of transport i a manner analogous to the
study of genetic biochemustry 1n molds or bactera

Fally there 1s a need to study the relanon between the
transport of metabolites 1nto and out of cells m relation to the
assumilative needs of the cells for the metabolite 1n energy me
tabolism, synthetic reactions, and growth
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THE TRICARBOXYLIC ACID
CYCLE IN KIDNEY

THE SERIES of biological oxidations now known as the Tricar
boxylic Aad Cycle were described m therr present form by
Krebs® This sequence of reactions 15 presented n 1ts conven
tional form n Figure 14 which will serve as reference for the
discussion to follow The cycle 1s now generally accepted as the
final commeon pathway for the aerobic oxidation of carbohydrate
fat and protemn m many tissues of a wide variety of living forms

All the organic acids which constitute the mtermediate sub
strates of thus cycle have been 1dentified at one ume or another
m urnne of lower anumals and man Under 2 vanety of condi
tions their excretion particularly aitric and o ketoglutanc acids
shows remarkable vanations Although the full teleological rea
sons for these changes n organic acid excretion are not yet known
they appear to play an important role i anion conservation dur
ing the renal regulation of acid base balance In addition atrate
appears to keep calcium 1 soluton 1n the urine and thus prevent
renal calemoss

The mechanism of synthesis and excretion of some of these
cycle acids m the kidney has presented the observer with a senies
of facts of great intrmsic biological interest There 15 now at hand
a body of evidence suggesting that some of these orgamic acids
are synthesized by the cycle 1n the kidney and then secreted into
the tubular urine The cycle as 1t operates 1n renal tubular par
enchyma thus appears to be adapted to function mn the synthests
and transport of 1ts own mtermediate substrates Furthermore
this aspect of the cycle s operaton m the kidney appears to con
sutute the system Tegulatng the excretion of organmic aads m

84
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accordance with the changing requirements of acid base regula
tion and calaium excretion

Of course 1t also plays an 1mportant role 1n the mtrinsic
energy metabolism of the kidney Studies are in progress? that
are attempting to assess the importance of the cycle 1n the energy

PROTEIN CARBOHYDRATE FAT

ACETYL~CoA
+

28 _OXALACETATE  H0

MALATE CITRATE

0 He0
FUMARATE Crs-ACONITATE
2 SUCCINIC- o
DEHYDROGENASE
S£CCiNATE ISOCITRATE
‘2:32 2H
o “KETOGLUTARATE ~ OXALOSUCCINATE

co,

Figure 14 Sch of the a0 cycle

=
Tequirements of the hidney These studies have revealed thus
far that o ketoglutarate and pyruvate i particular are rapidly
extracted from renal artenal blood and utilized by the Lidney 2
This process can be shown to be affected by conditions that do
not change the transport of o ketoglutarate across the tubule
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Thus an wmteresting field of mvestigation 15 opening up m the
study of the refation between the tricarboxyhic acd cycle as 1t
operates in Tenal energy metabolism and 1ts function 1n orgamic
acid excretion tenal regulation of acid base balance, and claum
excrenon

So from several standpomts the tricarboxylic acd cycle m
the kidney presents the biologist and chimeaan with a vanety of
interesting and important problems, and 1t 15 to some of these
that we must now turn our attention

Citrate and o Ketoglutarate

Although st has been known for some tme that atric acd 15
2 constituent of normal human unne? and although unnary
citrate excretion 1s known to vary under many arcumstances
there has appeared no defimnve study, either by micropuncture
or clearance techmques, of its mechamism of excretion by the
kidney A few determinattons of citrate/creaumine clearance
ratios n the dogt mdicate that 1t 15 filtered and reabsorbed 1n
this species
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Figure 35 Data from three dogs showing the relauonship beween atrate

Bltration and reabsorption. Mo atrate Tra was observed i these ammals at
plasma carrate levels below those that produce ventricular fibnilaton  From
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Keyl® has shown that citrate 15 filterable from plasma over a
wide range of concentrations and has infused normal dogs with
sodium catrate up to their level of cardiac toxiaty In Figure 15
the results of these mitial studies on three dogs are shown It
can be seen here that citrate 1s filtered through the glomerul
and reabsorbed by the tubules Unlike glucose or phosphate,
however, ne Tm for aitrate has been demonstrable over the rather
wide range of filtered loads achieved 1n these animals Therefore,
1f a maximal rate of citrate reabsorption does exist m the dog
kidney, 1t cannot be shown at plasma levels below the pont of
cardiac toxicity

Effect of acrd base balance—In 1931 Ostberg® first demon
strated that unnary aitrate excretion nses 1 alhalosss This ob-
servation was confirmed five years later by Sherman, Mandel, and
Smnh‘ and has since been repeatedly observed by others $* The

15 d rable m bolic alkalosts produced by
mfuuon of sodium bicarbonate However, Cooke and his asso
clates* have shown that total orgamc acid excretion rises much
more sharply 1n rats when they are given potassmm bicarbonate
after a prel y period of p ‘The results
of one of therr experiments are llustrated 1n Figure 16

Potasstum depletion was effected by feeding a low potassium
diet coupled with the ad ration of desoxycor ace
tate (to facilitate the renal loss of potassium) Following the
depletion period potassium bicarbonate was given mtrapersto-
neally 1n 2 dose of 6 mEq/Kg/day for 5 days The data of Figure
16 show that this treatment produced a marked n
organic actd excretion, most of which was citrate It 15 important
to note that this organic aciduria was accomplhished without much
elevatton 1n bicarbonate output or nise m urme pH It should
also be noted that 1t was accompanted by a decrease 1n chlorde
excretion Here 13 an indication that the excretion of organic
acd anion may be acting to conserve the fixed amon chlonde

In a study confirming and extending these findings, Evans,
Maclntyre, MacPherson, and Milne® observed the effects of both
metabolic and respiratory alkalosts on orgame acid excretion 1n
man and of metabolic alkalosis 1n the rat They showed that
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organic aciduria occurs 1 man in response to either bicarbonate
mfusion or potassium depletion and that 1t does not necessanily
require alkalinzation of the urine  Figure 17 shows one of ther
experments on a man with primary aldosteronism with potassium

INGREASED DAILY ORGANIC ACID EXCRETION IN HYPOXALEMIC
6 _ALKALOTIC RATS WITH INJECTION OF POTASSIUM BIGARBONATE

6 mEq/Kg/day

@

44

ANIONS EXCRETED {mEq/Kg/day
w

o & 2 8 24
GUMULATIVE DOSE POTASSIUM BIGARBONATE WITH DAYS

Figure 16 Observavons on hypokalemic rats illustrating the ancreased daily
orgame acd excrenon follpwing the injecton of potassium bicarbonate
From Cooke et al (8)

depl ‘The ad ration of p chionde to this man
produced a marled retention of p and an ton
of organic acid excretion  This was mosdy crtric acd, but there
was 1n addition a measurable rise m exeretion of 2 Letoglutarate
These two acids of the tricarboxyhc acid cycle always appear to
comprise the organic acids thar are excreted in metabolic alka
Josis both 1 man® and rat #2°

The study 1 Figure 17 fusther shows quite clearly that an
alkalime urine 1s not an absolute requistte of the orgamic aaiduna,
indeed, 1 this expenment 1t occurred 1 the presence of a falling
unne pH  And finally 1t 1s smportant to record that there 15 no
change in plasma level of these ands during their augmented Tate
of excrenon  Thus this process must be the result of decreased
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tubular reabsorption or an imncreased tubular excretion of citrate
and o ketoglutarate rather than a change mn their rate of glom
erular filtration
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Fgure 17 Observations on a pavent with primary aldosteromsm show

mg the increased excretion of aitnic and a ketoglutanc aads following the

admimistration of KC!' 200 mEq/day duming the nterval mdicated by the

cross hatched bar at the top of the figure Note that the increased excretion

of orgatuc acids occurred despite a fall 1n urnary pH  Discussion tn text
From Evans Maclntyre McPherson and Milne (9)

Evans et al ¥ went on to observe in their human subjects that
sheve was an even greater increase IR organic aad excrenon dur
ing Tespiratory alkalosis caused by hyperventilation than they
had found 1n metabolic allalosis Agan atne and o ketoglutaric
acids were the main p of the resp Y resp But
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1 addition, there was a fraction 1 all cases that was neither of
these acids  In one subject this turned out to be lactate and
pyruvate However, 1n this subject the plasma level of these two
acids was elevated, whereas 1n none of the Tesprratory alkalotics
was there plasma elevation of citrate or aketoglutarate Thus
the increased excretion of pyruvate and lactate seen 1n the one
subject can probably be explained on the basis of elevated filtered
load of these two acids Such an explanation, however, cannot
account for the higher levels of excretion of citrate and a Leto-
glutarate seen 1n the respiratory alkalosis

In metabolic alkalosis produced by the infusion of sodium
bicarhonate there are elevated plasma pCO, and HCO, with
ac ipanying bicark 12 and elevated urmary pH On the
other hand, n resparatory alkalosis produced by prolonged hyper
ventilation, while there 1s alsa bicarbonatunia and high urme pH,
the situation 1n the blood 1s quute different, there 1s lowered pCO,
and HCO; Yet n both conditions (the respiratory more than
the metabolic) increased quantities of citrate and « ketoglutarate
appear 1 the unne without measurable change m therr plasma
levels

‘What 15 the common denominator i these conditions, and
why 13 the orgamc acid response greater afier hyperventilation
than after bicarbonate infusion or potassium depletion? It may
be that there 15 a common change 1n ntracellular pH 1n all these
ar Potassium depl 15 known to reduce the b
carbonate content of Tenal cortex shicest! and thus 1n all likelt
hood the intracellular pH In addition, 1t reduces the capacity to
reabsorh bicarbonate in the kidney* In repletion with either
potassium chloride or bicarbonate, urinary organic aad excretion
nises 'With potassium chloride it may occur with a fall i unine
pH, with the bicarbonate salt there may be a shght ise or no
change at all m pH Thus unine pH does not seem to be directly
related, but n both cases mtracellular potassium concentration
1ncreases with an almost certam rise in ntraceliular bicarbonate
and pH

Stern, Ochoa, and Lynen™® have shown that the * condensing
enzyme’ system i tissues that synthesize citrate from oxaloacetate
and acetyl coenzyme A 1s extremely pH sensitive, more atrate
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being formed as the pH rises Were changes mn intracellular pH,
comcident with 2 nising intracellular potassium concentration, to
cause such an increased rate of citrate synthesis in vivo, one could
then assume that citrate, and 1ts oxadation product e ketoglu
tarate, could be present m high enough concentration to diffuse
out of the cells to the point of lower concentration n the luminal
unme In strong support of such an hypothesis 15 the report of
Mulne, Sciibner and Crawford * They have observed 1n normal
Tats that the administration of potassium bicarbonate causes a rise
in renal tissue citrate within twenty minutes to levels comparable
with those seen 1n kidneys from rats treated with fluoroacetate
Thus 15, 1ndeed, a striking and rapid 1ise 1n ntracellular citrate
and most germane to the problem of orgamc aciduna seen 1n this
condition The fact that the organic aciduria occurs without any
change 1n plasma orgamc acid level in the presence of a sharp
nise mn renal tissue citrate makes tubular secretion of citrate a
most hikely possibility

Although never directly demonstrated this ikelthood of tub
ular secretion of citrate 1s further strengthened by the studies
of Orten and Smmth?® published mn 1937 They infused dogs with
sodium salts of a number of organic acids and noted that with
some of them there was a marked rise mn urmnary citrate excretion
{Fig 18) This response was most evident with malic and suc
anmc aads  Although not shown 1n the figure, the authors also
Teport large ncrease i citrate cxcreuon following maleic acd
and the succimic dehyd 1 Although
bicarbonate 1tself caused a mxld ncrease m citrate excretion this
response was insgnificant in companson to what occurred with
similar r1se 1 uninary pH during nfusion of malate or succinate
Orten and Smath stressed m their paper that nising pH was not
the primary or even necessary correlate of the citratuna they
$aw with substrate infusions or that was seen 1n alkalosis This
conclusion 15 strengthened by the data of Evans et al discussed
above Although the citraturia seen during infusion of these pre
cursors could be the result of a depressed aitrate reabsorption
these data could also mean that citrate 1s synthesized by the
tubules from other acids of the tricarboxylic acid cycle and then
secreted 1nto the urine
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Tlus conclusion drawn from the work of Orten and Smth
15 1n harmony with the subsequent studies of Krebs* and the
recent work of Nordmann and Nordmann ¥ Rrebs was stimu
Iated by Orten and Smuth's experiments repeated and extended
them 1n rats and rabbits and explained them n terms of the
tricarboxylic acid cycle that was just coming to definitive form
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Tigure 18 Observauony on unmary atne 2od excretion and pH an a dog

g penods of of b and a number

of arganic 2ads The findings 2re discussed 1n the text. From Orten and
Smuth (15)

n fus laboratory  His concept of the cycle reactions was not avail
able to Orten and Smuth when they did their experiments a few
years earlier, and therefore they were unable to explamn therr
results 1n terms of his scheme

Nordmann and Nordmann have presented an elegant paper
chromatographic techmque for 1dentifyng and measuring all the
cycle acids 1n unne and using this have studied orgame acid ex
cretion dunmg cycle substrate nfusions  In both rat and man
atrate and o ketoglutarate excretion nises after infusion of
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s ketoglutarate, succmate, and L-malate These mvesugators see
the kidney as the major site of citrate metabolism 1n the body
Although 1t 15 questionable whether it 15 the ‘major site,” the
kidney does have a brisk uptake of aitrate  This fact was shown
first by Martensson® using the perfused Xidney and has more
recently been shown again by Herndon and Freeman' using
renal arterio-venous extraction on the mtact kidney i situ

The lack of a relationship 10 all these studies between urine
pH and organic acid excretion makes 1t appear unlikely that the
ctrate so formed within the cell diffuses 1n accordance with a
pH gradient This conclusion 1s strengthened by the fact that
the molecular properties of aitrate and « ketoglutarate are very
unkike those of sub d by a diff mechamsm  As
Milne and colleagues* pownt out, their molecules contain many

ACIDOSIS ALKALOSIS
Tubule Inferstitot Tubale tnterst il
Lumen,_ Flug | _ Llumen _ Flud
Na*J [+
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\cl
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Figure 19 A hypotheucal scheme viswahzing an amon exchange between

organic acid and chloride acting as an anlen conservation mechanism

alkalosis comparable 1o the cation conservation exchange mechanism 1n ac

dosis involving ammonsa hydrogen and fixed cation Discussion 1 the text.
From Cooke et al (8)

polar groups, thus rendering the free acid relatively ipord msolu

ble and less diffusible across brological
Cooke® has suggested that organic acids are secreted by the
tubules He p that this h mught fi ac

cording to the scheme shown 1n Figure 19, as an anion exchange
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mechamism m alkalosis  Such a scheme vasualizes the conservation
of the chloride anion 1n alkalosis as analogous to the conservation
of the fixed cation m acidosss  Thus 1n alkalosss there 1s an amon
exchange between C1- and organic acids (OA-) just as m acidosis
there 1s a cation exchange between Na+ and H+ The exstence
of such an organic acid anion secretory mechamsm for citrate and
a ketoglutarate remains to be demonstrated directly But the
likelihoad of 1ts exstence 1s a strong one on the basts of the
studies of Orten and Smuth,™ Krebs,*® and Nordmann and Nord
mann" discussed above In an analogous situation the tubular
secretion of malic acid duning mfusion of aitrate, « ketoglutarate,
or succinate has been positively demonstrated i the dog 2% This
phenomenon will be discussed 1n detail below Whether organic
acid excretion functions as an amon exchange system conserving
fixed amon tn alkalosis remains to be seen, nevertheless, 1t 15 an
interesting teleological suggestion

Citrate et and the rual cycle—~Varations 1n
citric acid excretion comading with the phases of the menstrual
cycle have been observed by Shorr, Bernheim, and Taussky 2
Cuirate excretion 1s lowest during menstruation, then nses
the mmmediate postmenstrual period until it shows a dip for a
day or two m the mid period of the cycle Thus 1s followed by a
y1se to even higher levels of excretion than before, and this 15 sus
tamned until the sharp fall just before the onset of the next men
struation

Evidence supporting the hormonal nature of this cyche varia
nion 11 atrate excretion denves from hormone substitution stud
1es  Estradiol given to two amenorrhesc femnales caused significant
elevation of citrate excretion and a return to normal rates when
treatment was stopped, the reverse effect was observed when
testosterone was given to a man with pituitary hypogonadism
Sumlar results were obtamed when this steroid was administered
<0 an amenorrheic female

Such results indicate a sex hormone control over citrate ex
cretion both i the male and female, estrogens and perhaps
progesterone mcreasing and testosterone decreasing the rate of
citrate excretion It 15 not known whether these effects repre
sent altered glomerular filtration, tubular transport of citrate, or
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both Clearance studtes will have to be performed to answe
problem  Furthermore, 1t i3 not clear whether the hom
affect the renal handling of aitrate directly or whether they
duce changes in acid base equihbrium which then secom
affect the renal aitrate roechamisms

Relation to caloim excretton—Except 1n certain typ
severe acidosis the excretion of citrate and caleium generall:
parailel Curate excrenon 1s low 1n hypoparathyrordism,™
along with calcium, 1t mises after treatment with parathyror
tract or vitamin D preparations

Under certain conditions where rats are given a diet I
phosphorous but high i calcaum, the chromic admimstraty
the carbonic anhydrase infubitor, acetazolearide will cauy
formation of renal calculs 1n the tubules heginning at the co
medullary yjunction  Harmson and Harmson who observed
phenomenon® also noted that acetazolearmide completely int
the renal excretion of citrate even though the urine bec
alkalme Since plasma citrate 15 unchanged after acetazolear
this drug probably causes an ntracellular acidosis which m
reduces the cellular synthesis of citrate and thus 1ts excre
Although not reported 1n the lhiterature to the authors b
edge, 1t would be of great mterest to measure renal ussue ¢
after acetazolearmide treatment  For if the formulation, disc
earlier 15 correct, 1 de, Like p defi
a general metabolic acidosis should lower the ntracelinlal
and thus the capacity of the tubule cells to synthesize cv
Such measutements of renal tissue citrate after acetazolea
{and 1 potassium deficsency) would afford a vatal counterpa
the observed high level of citrate in the hidney of the rat
Teceving KHCO,
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Thus cstrate excretion 15 a complex process which has been
only superficially studied Renal ussue citrate levels and careful
expenments with cleatance and stop flow techniques are required
ta elucidate the contributions of glomerular filtration and tubular
function 1 ctrate excretion under a variety of arcumstances
These should include studies during acad base changes produced
by infusions of aads and alkali, acetazoleamide, hyperventilation
and potassium depletion  The clanification of a possible tubular
synthests and secretion of curate 15 a ficeded research  And finally
a study of sex steroids and parathyroid hormones would add much
useful information 1n the understanding of the mechansm of
itrate excretion

As with phosphate, amino acids, and glucose, we are dealing
with an important metabolite when we consider ctrate, and from
the discussion that follows we will see that the cellular metab
olism of such substrates places major conditions on our approach
to the study of their excretion and transport

Tubular Synthesis and Transport of Mahc Acid
During Infusion of Gycle Acids

In 1953 Craig, Maller, and Woodward™ reported that during
the infusion of either e ketoglutarate or succinate 1n dogs there
was filtration and net tubular secretion of malic acid 1n the urme
Under these conditions the addition to the mfusion of the suc
cmc dehydrogenase inbubitor, malomic acid, caused an abrupt
drop 1n malate excretion presumably by mhibiting 1ts tubular
secretion In addition, these mvestigators showed that after mal
onate there was still a net filtration and reabsorption of malic
acd ‘Thus for this organic acid there appeared to be combined
processes of glomerular filtration, tubular secretion and reabsorp
tion operating 1n 1ts overall mechamsm of excretion

These provocative observations have recently been repeated
and ded by Vishwakarma and Lotsperch® In Figure 20
ate summarized she resalts of thewr studies on make acd excre
tion 1n the dog during infusion of three substrates m the cycle
namely, citrate, o hetoglutarate, and Durnng nfi
of the sodium salts of any one of these three acids there 1s an ele
vation of both plasma level and unnary excretion of malic 2ad
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Thus atrate excretion 1s a complex process which has been
only superficially studied Renal tissue citrate levels and careful
expeniments with clearance and stop-flow techniques are required
to elucidate the contributions of glomerular filtration and tubular
function mn citrate excretion under a varety of circumstances
These should include studies during acid base changes produced
by infusions of acids and alkal, acetazoleamide, hyperventilation
and potassium depletion  The clanification of a possible tubular
synthests and secretion of citrate 15 a needed research  And finally
a study of sex sterords and parathyroid hormones would add much
useful mformation n the understanding of the mechamsm of
citrate excretion

As with phosphate, ammo acids, and glucose, we are dealing
with an important metabolite when we consider citrate, and from
the discussion that follows we will see that the cellular metab
olism of such substrates places major conditions on our approach
to the study of their excretion and transport

Tubular Synthesis and Transport of Malic Aad
Durnng Infusion of Cycle Aads

In 1953 Craig, Muller, and Woodward® reported that during
the infusion of either a ketoglutarate or succinate 1n dogs there
was filtration and net tubular secretion of malic acid 1n the urme
Under these conditions the addition to the mnfusion of the suc
cnic dehydrogenase mhibitor, malome acd, caused an abrupt
drop in malate excretion, presumably by mhibiting ats tubular
secretion In addition, these mvestigators showed that after mal
onate there was still a net filtration and reabsorpbon of malc
acad Thus for this orgamc acid there appeared to be combined
processes of glomerular filtration, tubular secretion and reabsorp
tion operating 1 its overall mechanism of excretion

These provocative observations have Tecently been repeated
and extended by Vishwakarma and Lotspeich? In Figure 20
are summarized the results of their studies on mahic acid excre
tion 1n the dog during mfusion of three substrates 1n the cycle
namely, citrate, o hetoglutarate, and sucanate  Duning nfusion
of the sodium salts of any one of these three acids there 15 an ele
vation of both plasma level and urmary excretion of malic acd
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each of these substrates and then secretes 1t nto the luminal
urme The synthesis and secretion of malate from precutsors
must mvolve at least some of the elements of the tricarboxylic
acid cycle This 1s evidenced by the fact that the net secretion
of malate 1s completely inhibited by malonate,  speaific compets
tive mhibitor of succinic dehydrogenase This enzyme lies be
tween each of the precursors and malate 1n the trcarboxylic aad
cycle m most tissues It 15 thus visualized that malate secretion
demanstrated here during infusion of its precursors 1s a process
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Figure 21 The relationship between 1 makc 20d filtered excreted and re
absorbed in the dog These observations are taken from experiments during
the snfusion of sodmm 1 malate Note that under these conditions there 1s a
Tm malate which 15 quite constant over a wide Tange of filtered malate loads
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similar to that postulated above in our discussion of citrate and
a ketoglutarate

These experiments on the dog showing malate secretion dur
ing infusion of citrate o ketoglutarate or succinate have been
partially confirmed 1n the chicken Vishwakarma® has shown
that succinate mnfusion n this species also leads to malate secre
tion by the renal tubules

Malate excretion during infusion of L malate or fumarate~
It next became of mterest to study the pattern of malate excretion
1n the dog during nfusion of fumarate or malate 1tself both of
which appear after sucamc dehydrogenase in the cycle Malic
acd 1s freely filterable over a wide range of plasma levels and
when one studies 1ts mechanism of excretion dunng infusion of
sodium L-malate it can be observed that L malate 1s filtered and
undergoes a net tubular reabsorption In contrast to the exper:
ments with citrate o ketoglutarate or sucanate no tubular se
cretion was seen The data® summarized in Figure 21 reveal
that malate exhibits a reabsorptive Tm at filtered loads above
6 to 8 mg per minute In this respect therefore malate reab-
sorption during L malate infusion resembles reabsorptive mech
ansms for glucose sulfate phosphate and amino acids

Subsequent experiments on mala!e excretion during fumarate
wfuston led an il e 10 the capacty of the
tubules to reabsorb malate under these circumstances Table III
shows experiments tllustraung this difference  During infusion
of both substrates marked elevation of plasma malic levels were
observed With both substrates there was always glomernlar fil
trauon with net reabsorption In contrast however even though
the filtered load of malate was nearly 1dentical 1n the two expert
ments the reabsorptive rate of malate was $1x to seven times
higher during the infusion of fumarate than 1t was during the
mfusion of L malate 1tself  Subsequent studies designed to eluct
date thus observation showed that fumarate 1n very small amounts
exerts a catalytic  effect on malate reabsorption  For instance
as 13 seen i Figure 2° the addition of as httle as one sixtieth
the molar amount of fumarate to an L malate infuston rases the
rate of malate reabsorption three or four fold even though the
filtered load of malate does not show a proportional tise
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cach of these substrates and then secretes 1t nto the luminal
urine The synthesis and secretion of malate from precursors
must mnvolve at least some of the elements of the tricarboxylic
acid cycle  Ths 1s evidenced by the fact that the net secretion
of malate 15 completely inhubited by malonate, a specific compeny
tve anhibitor of succinic dehydrogenase ‘Tlus enzyme lies be
tiveen each of the precursors and malate 1n the tricarboxyhe acid
cycle 1 most tissues It 15 thus visualized that malate secretion
demonstrated here during mfusson of its precursors 1s a process
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sumlar to that postulated above m our discussion of citrate and
a ketoglutarate

These experiments on the dog showing malate secretion dur
ing infusion of citrate o Letoglutarate or succinate have been
partially confirmed in the chicken Vishwakarma® has shown
that succinate infuston mn this species also leads to malate secre
tion by the renal tubules

Malate excretion during mnfuston of L malate or fumarate—
It next became of mterest to study the pattern of malate excretion
1n the dog durning infusion of fumarate or malate wself both of
which appear after sucamc dehydrogenase n the cycle Malic
aad 1s freely filterable over 2 wide range of plasma levels and
when one studies 1ts mechamism of excretion during mfusion of
sodium L malate 1t can be observed that L malate 1s filtered and
undergoes a net tubular reabsorption In contrast to the expen
ments with citrate o ketoglutarate or succnate no tubular se
cretion was seen  The data® summarized i Figure 21 reveal
that malate exhibits 2 reabsorptive Tm at filtered loads above
6 to 8 mg per minute In this respect therefore malate reab
sorption during L malate mfusion tesembles reabsorptive mech
ansms for glucose sulfate phosphate and amino acids

Subsequent experiments on malate excretion during fumarate
nfusion revealed an mteresting difference 1n the capacty of the
tubules to reabsorb malate under these aircumstances Table 111
shows expeniments 1llustrating this difference During infuston
of both substrates marked elevation of plasma malic levels were
obsenned With both substrates there was always glomerular fil
tration with net reabsorption In contrast howeser even though
the filtered load of malate was nearly identical in the two expert
ments the reabsorptive rate of malate was six to seven times
tugher during the infusion of fumarate than 1t was during the
fusion of L malate 1tself  Subsequent studies designed to eluct
date this observation showed that fumarate in very small amounts
exerts 2 catalytic effect on malate reabsorption For instance
as 13 seen m Figure 22 the addition of as little as one sixtieth
the molar amount of fumarate to an L malate infusion rases the
Tate of malate reabsorption three or four fold even though the
fltered load of malate does not show a proportional nise
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each of these substrates and then secretes 1t mnto the lumnal
urme The synthesis and secretion of malate from precursors
must 1mvolve at least some of the elements of the tricarboxylc
acad cycle This 1s evidenced by the fact that the net secretion
of malate 15 completely inhubited by malonate, a specific competr
tive mhibitor of succimic dehydrogenase This enzyme hes be
tween each of the precursors and malate i the tricarboxyhic aad
cycle 1n most tissues It 15 thus visualized that malate secretion
demonstrated here during infusion of 1ts precursors 1s a process
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sumilar to that postulated above 1n our discussion of citrate and
o ketoglutarate

These experiments on the dog showing malate secretron dur
g mnfusion of aitrate e ketoglutarate or succinate have been
partially confirmed m the chicken Vishwakarma?® has shown
that succinate mfusion n this species also leads to malate secre
tion by the renal tubules

Malate excretion during infusion of L-malate or fumarate—
It next became of 1nterest to study the pattern of malate excretion
m the dog during infusion of fumarate or malate iself both of
which appear after sucamc dehydrogenase 1n the cycle Malic
acid 13 freely filterable over a wide range of plasma levels and
when one studies 1ts mechanism of excretion dunng nfuston of
sodrum L-malate 1t can be observed that L malate 1s filtered and
undergoes a net tubular reabsorption In contrast to the expert
ments with citrate a ketoglutarate or succinate no tubular se
cretion was seen The data™ summarized m Figure 21 reveal
that malate exhibuts a reabsorptive Tm at filtered loads above
6 to 8 mg per minute In this respect therefore malate reab
sorption during L malate snfusion resembles reabsorptive mech
amsms for glucose sulfate phosphate and amino acids

Subsequent experiments on malate excretion during fumarate
nfusion revealed an mnteresting dilference mn the capacity of the
tubules to reabsorb malate under these crrcumstances Table III
shows expeniments illustrating this difference  Durng nfusion
of both substrates marked elevation of plasma mahc levels were
observed With both substrates there was always glomerular fil
tration with net reabsorption In contrast however even though
the filtered load of malate was nearly rdentical in the tso expert
ments the reabsorptive rate of malate was six to seven tumes
higher dunng the infusion of fumarate than 1t was dunng the
infusion of L malate 1tself Subsequent studies designed to eluct
date this observation showed that fumarate 1n very small amounts
exerts a catalytic effect on malate reabsorption  For nstance
as 1s seen an Figure 22 the addinon of as Iittle as one sixtieth
the molar amount of fumarate to an L malate 1nfusion rases the
1ate of malate reabsorption three or four fold even though the
filtered load of malate does not show a proportional rise
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TABLE II1
EXPERIMENTS ON THE SAME DoG SHOWING HIGRER RATE OF MALATE REABSOR,
Durax RATE THAN DURING L-MALATE InFustons FroN
Total | Glomerular L Mol Aot
Concurrent | Filfratton

Time Rate Plasma Filtered Excreted Reabsorbed
min mi/mm meg/ml mg/mn mg/run mg/mun

Fumarate Infusion
3040 111 6 336 315 79
40-50 114 331 369 900 279
50~60 109 0 327 357 900

L Molate Infuston
3040 930 420 320 350 40
40-50 934 390 365 304 61
50-60 98 3 336 330 1 59

The nature of this catalytic effect of fumarate on malate
reabsorption 15 not clear on the basis of studses so far It may rep
resent a specific facilitation 1n the carner system for malate across
the tubule based on the sumilarity of molecular structure of the
two acids  We have already seen that malate can be both secreted
and reabsorbed by the tubules Were fumarate to mhubit a secre-
tory hmb in this bidirectional flux, there would be measured
an increased net reabsorption of malate This seems an unhikely
possibihity, however, 1n view of the magntude of malate reabsorp
tion dunng fumarate infusion Here the reabsorptive Tate 15 some
s1x to seven times greater than the entire malate transport during
malate mfusion Thus the postulated secretory element would
have to be greater than the 4 to 8 mg/mm reabsorptive ele-
ment m order to have ats inhibiuon produce a net reabsorptie
increase some 6 to 7 tumes this amount  For these reasons a direct

umulatory effect of f on malate reabsorption seems at
present 2 more likely explanauon of the observed phenomenon

One must also consider the possibility that fumarate 15 cata
lytically ncreasing the utilization of malate by the tuhulc' cells
When one measures the net ‘ reabsorption” or ‘secretion’ of 2
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substance by clearance techniques, one merely observes that more
or less of the substance appears in the urine than was filtered
through the glomeruli in a unit of tme Therefore, one cannot
say with certainty that these observations represent true reabsorp-
tion or secretion. Thus is especially the case with metabolites such
as those under discussion,
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MALATE  MALATE+ FUMARATE

L-MALATE REABSCRBED {mgm/min )
@

O GALATE MALATE sFUMARATE
Figure 22 Expenment on the dog illusraung the “catalytic” effects of
fumarate on 1malate reabsorpion Discussion mn text. From Vishwakarma
and Lotsperch (21)

A measured net “reabsorption,” for instance, could result if
the tubules “utilized"” a metabolite presented to their Juminal cell
borders by the glomerular filtrate. Thus catalytic amounts of fu-
marate could accelerate the renal “vtilization” of malate, or its re-

or both, of r

ption,
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using clearance techmques, and utilization by arteriovenous dif
ference studies are required to differentiate these two processes

As was mentioned earlier, Cohen? has Tecently performed
such studies with a sertes of oxidative substrates including aceto
acetate, lactate, pyruvate, and a ketoglutarate Acetoacetate has
a high rate of reabsorption and a low rate of utihzation pyravate
and «ketoglutarate, on the other hand, show low rates of net
reabsorption but high rates of utihzation Such studies have not
yet appeared for malate but will be helpful 1n locating whether
the fumarate effect 1s on malate reabsorption, utiltzation, or both

These expertments with malic acid duning mnfusion of dif
ferent tricarboxylic acid cycle substrates indicate that the cycle
functions 1n the kidney not only 1n its oxidative metabolism but
also 1 the transport of at least one of its own ntermediates
malic aad The citrate expeniments of Orten and Smath,™® the
confirmatory experiments of Krebs ¢ and the more recent studies
of malate infusion 1n the rat!? strongly support the theory that
m addition to synthesizing and secreting malate from cycle pre
cursors, the tubules can likewise make citrate from malate and
succinate and secrete 1t into the urine These studies have been
discussed 1n relation to the phenomenon of organic acid excretion
1n alkalosis where citrate 1s the major 1on Whether the secretion
of malate represents a related process remains to be seen

Comparison of D and L malic acid transport wn the kidney—
From a metabolic standpomt L malate 15 the natural isomer that
1s oxidized 1m the cycle to oxaloacetate by the DPN linked malic
dehydrogenase enzyme system 1n kidney and certain other tissues
Prelminary expeniments designed to study the mechamism of
excretion of malate during infusion of the D 1somer in the dog
produced equivocal results Sometimes there was net reabsorp
tion at others, net secretion [t was therefore, decided to per[arm
similar experiments mn the chicken m an attempt to clanfy the
problem

The chicken has a renal portal crcnlation  Sperber™ has
shown that a substance admmstered mnto one leg vem of thus
spectes will perfuse the mterstiial space around the renal tubules
before reaching the general systermic venous return and thence
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may be able to synthesize citrate during succinate or malate m
fusion and secrete 1t 1nto the urine 1n the dog Wathout any
change m their plasma levels the excretion of citrate and to a
Iesser extent o ketoglutarate changes from a low rate m met
abolic acidosis to a high rate 1n ether metabolic or resprratory
alkalosis  This phenomenon 1s hest seen dumng potassium Teple
tion of potassium-depleted rats or dunng primary aldosteromsm
and hypervent:lation in man  The 1ncreased rate of atrate and
aketoglutarate excretion seen n these mstances does not neces-
sanly depend on the excretion of an alkaline unne but 1s more
Likely related to changes 1n intracellular atrate and o ketoglu
tarate synthesis at higher intracellular pH The possibility that
organic acid secretion acts as a fixed anion conservation mecha
mism mn alkalosis was discussed and needs additional work

Changes 1 atrate excretion independent of plasma citrate
concentration also occur as a result of sex hormone and acet
azolearmde admimstration The sex hormone effects have not
been studied carefully the acetazolearmde mhibition of citrate
excretion 1s best understood again as an mtracellular aaidosis with
consequent effects on citrate synthesis and secrenon One 1m
portant function of citrate 1 urme 1s ats solubthzation of cal
cium with which 1t forms a chelate and thus prevents renal cal
CINosis

One can demonstrate quite clearly the tubular secretion of
malic aad during mfusion of atrate aketoglutarate or suc
cinate all of which are precursors of malate 1 the tricarboxyhic
aad cycle In contrast dunng infusion of malate or fumarate
tubular secretion of malic acid cannot be demonstrated It 15
filtered through the glomerult and shows a net tubular reabsorp-
tion Agam dunng Lmalate mfusion its reabsorptie rate 1s
markedly increased upon addion to the nfusion of aatalytic
amounts of fumarate The mechanusm of this interesting effect
15 not clear at present In the chicken malate 15 synthesized from
succinate and secreted by the tubules as 1¢ 15 m the dog

Also 1n the chicken 1t has been shown that there 15 2 striking
difference 1n the excretion of the natural and unnatural forms
of malic acid. The D form 15 secreted by the tubules at 2 high
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rate while the L form 13 not. And this sectetory mechanism 1s
functionally separate from both those for other organic aaids and
the strong organic bases

These studies were discussed 1n the hight of a close relation

between the tricarboxylic acid cycle as an oxidative mechanism in
cells and the synthesis and transport of the cycle's own inter
mediates 1n the lidney tubule The field of renal utlization and
excretion of oxidative substrates 1s a new one and offers great
promuse not only for our understanding of basic transport proc-
esses of orgamc acids but for the whole problem of renal regula-
t10n of acrd base balance and renal energy metabolism as 1t relates
to the synthetic and excretory activities of the kidney
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THL SYNTHLSIS AND SLCRETION
Or AMMONIA

EACH DAY the normal individual produces large quantities of
acid as b products of metabolism The weaker carbomce acid 15
converted to carbon dioxade and excreted by the lungs, but the
stronger, noniolatile acids, such as phosphoric, sulfuric, and
8 hydroxybutynic, must be excreted by the kidneys A certain
proportion of this acid foad 1s excreted as buffer acids in the free
titratable form  However, withm the confines of urmary pH, the
quantity of strong acid that can be excreted 1n this way 1s himited
Thus 1f there were no other mechanism for excreting strong acid
anions without the concomtant loss of fixed cations, there would
be an ntolerable drain on this cation reserve in the body For
tunately such an additional mechanism does exist the tubule
cells produce and secrete ammonia and absorb the fixed cation
m return  In this function the kidney plays a major role 1n the
regulation of the acid base balance of the body

During the course of each day the equivalent of 300 to 500
ml of 01 N acid may be lost in the urme n the form of am
moma However, we know that this represents only a part of
the potential capacity to excrete acid by this means  For instance,
1 diabetic acidosis the ammoma secretory mechamism undergoes
an adaptive hypertrophy to the extent that 1t can excrete ten
times the amount lost under normal condstions This phenom
enon 1s llustrated in Figure 25 The experiment of Sartonius
Roemmelt, and Pitts! shows the changes 1n ammonia, titratable
aad, and sodium before, duning and alter a period of expent
mental metabolic acidosss 1n man By days ten and eleven, at
the height of the acidosis the fixed cation sodium, which had

[
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iniu'ally taken almogy the ntire aeiq
Teplaceq b
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The Source of Un'nzxy Ammop;,
Nasp and Benedicﬁ‘ firse showeq conclusimly in 19g; that
2mmonj, formeq 4, the kidney from some Precursor the
me ¢, t mOonia cappe from bloog Urez,s ¢
Others from aming Aacids,s ang still others from the amide Ditrogen

Of plasmy, Proteinse g, 1948 vap Slike ang his atesT studyeq
J il 15 of plasm,

ex| ous pj Ogenous Constituep
in the dog wi, an xplanteq Kidney, Their Studjes showegq thay




The Synthess and of A o1

1 the aaidotic animal some 60 per cent of urmary ammoma could
be accounted for as commng from plasma glutamme and some
40 per cent from plasma amino acid natrogen

Subsequent studtes have shown that the infusin of glata
mne, asparagine, and certain ammno 2c1ds m normal® and acidotse
dogs® 1° elevates the rate of ammonia excretion in the urine In
1941 Bliss® showed that thus effect could follow the njection of
both natural and unnatural 1somers of certatn ammo acids, es
pecially alanine and leveine im acidotic dogs The subsequent
studies of Lotspeich and Pitis® and hamin and Handler? further
demonstrated that some ammo acids do and others do not en
hance ammon:a excretton when their plasma levels are elevated
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Figure 26 The relavonship between ammonsa excretion and rate of gluta
tune infunon in the dog  (Unpubluhed data from the author s laboratory)
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by mnfusion In general the amino acids fall mnto three groups of
descending capacity m this regard L glutanune, L-asparagine,
L- and D alanme, and L histidine are highly effective, L aspartic
acid, glyaine L leucine, L methionine, and Lcystemne are moder
ately effective, and L-glutamic, L lysine, and Larginine are com
pletely mneffective i sumulating ammoma excretion  The rela
uon between the admimistrauon of certain amuno acids and

a L-ARGININE

0% A L ~LYSINE

(2-{ a DL~ALANINE

® GLYCINE I\
@ L-LEUCINE / .

CHANGE IN AMMONIA EXCRETED
(MILLIEQUIVALERTS PER MINJ
o

o T —r 11 T 1 1T -1 171
2 A 6 8 (0 12 14 16 18 20 22 24
PLASMA AMINO NITROGEN (MILLIGRAMS PERCENT)

d raie of am
Figure 27 Relationship between plasma amino Ditrogen an
moma excretion during mnfusion of several different ammo acds From
Lotsperch and Pitts (10)

glutammne and the changing Tate of urnary ammonia excretion
15 shown 1n Figures 26 and 27 The abiliy of glutamine, DL
alanine, glycine, and to a lesser extent L leucine to increase the
Tate of ammonia excretion 15 apparent from these data In con
trast, however, L-arginme and Llysine are completely without
effect 1 thys function
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The Biock al Reactions 1 A Synth

If one concludes that urinary ammona derives from amino
acids and therr ardes 1t 1s necessary to demonstrate the appropr
ate enzymes and reactions whereby the ammonia from these pre
cursors can be removed and made available for secrenion into the
lumrnal urine It has been assumed n Tecent years that the am
moma s produced by the straight forward deamination of the
amtno acrds themselves The ammoma so produced then diffuses
nto the tubular lmid The enzymes glutaminase™ and asparag
inase’? are present 1n kidney as well as at least three amino acid
deaminases glycine oxidase,’s D amino acd oxidaset and L
amino acid oxidase **® The reaction whereby ammomia 1s pro
duced by these mechanisms may be written as follows
[ Deam nation of Ammo Aad

R—CR~COOH + 1/2 O, 2m no add oxidaw — R—C~COOH + NI,
© Deamudation of Glutamine
H,N—cl ~CH,~CH,~CH—COOH glutaminase — HOOC—CH,~CH,; —-zl:n—cuou

ni, N

3
In their studies on amino aad infusion Lotspeich and Pruast®
noted a correlation between the capacity of an amino aad to
accelerate ammonia excretion and the rate at which that same
ammo acnd was enzymatically deaminated They assumed a simple
leading to i from ammo
acids and 1t seemed logical that any one amino acid s capacity to
act as an ammoma precursor should be limited by 1ts rate of oxida
tine deamination  However, this theory was effectively cniticized
subsequently by hamin and Handler® who showed that the corre
lation noted by Lotspeich and Pitts®® was not absolute 1n a larger
series of amimno acds Furthermore they pointed out that L-amino
oxidase as such 15 not present to any measurable degree 1 dog
kidney Inview of the more recent work on mtermediary metabo-
lism of amino acids, the enucism of a simple deamination theory of
ammomna synthesis appears Jusutfied and ;\ltemanve posnblhues
suchasa ypoth must be:
‘The present concept centers largely on glutamine as the
mam source of uninary ammoma ‘The assumption 15 made that
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In addition, 1t 1s necessary to discuss the relation of the tn
carboxylic aaid cycle to this process ‘Through 1ts intermediates,
aketoglutarate and oxaloacetate, this cycle 15 10 close dynamic
equilibrium with amino aaid turnover on the one hand and glut
amne metabolism on the other through the complex reactions
of t 1on and d dation For this reason the avail
able supply of tricarboxylic 2cid cycle intermediates in the course
of aerobic respration 1n kidney could vitally affect the capacity of
the kidney to produce ammonia from glutamine

We must therefore, turn at this pomt to a somewhat de
tailed discussion of amino zaid and
and the tricarboxylic acid cycle as they relate to the mntracellular
assumilation of glutamine

T and D d

Since the pioneer work of Braunstein and Kritzman!? mn
1937, 1t has been apparent that there are intermolecular transfers
of amino groups from amno to keto acids 1n certam tissues In
this process a new amino acid and new keto acid are formed This
type of reaction has been termed transamination and can be
Wwritten 1n general terms as

R-CH-COOH + R—-C-COON = R~C—COOH + R ~CH-COOH
H, 4 NH,
Amino'adid R Keto 2ad R Keto acid R Amind acid R
As an example of this reaction one can cite the transamination
between glutamic and pyruvic acids leading to the formation of
alanine and o hetoglutane acrd
HOOC~CH,~Ci1,~C1-COOH + CH,~C-COOH

i
Clutamic acid Pyrumc acid
& HOOC-CH,~CH,~C~COOH + CiI,~CH~COON
R,
« Retoglutaric acid Alaine

Braunstein and Kntzman s work has revealed that some six
teen amino acids, when incubated with muscle tusue, are capable
of transammations of this type  Subsequent work has shown that
the enzymes called transaminases are present 1n a vanety of tisues
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including kadney  Several keto acids can act as acceptors of the
amino group of glutamic acid and conversely several amino acids
other than glutamic aaid readily yield their ammno groups to
e ketoglutaric Two enzyme systems Carrying out transamination
reactions have been purified both contain pyndoxal phosphalc
They are (1) The aspartic glut g the
reaction—q ketoglutaric acd 4 aspartic acid = oxalaceuc acd +
Leglutamic aaid and (2) the alanine glutamic transaminase cata
lyzing the reaction—a ketoglutanc acid 4 Lalanine = pyruvic
acid 4 L glutamic acid

One can see m both these reactions the key position of
= ketoglutaric and L glutamc acids both reactants are always
mvolved These t 101 systems rep a major central
pathway in tissue metabolism for the synthesis and mtercon
version of amno acids It 15 easy to see therefore that this vast
pool of amino acid metabolism could easily form a route over
which amino groups could be passed in the synthes:s of glutamime

In addition to transamination reactions of the type just dis
cussed there are also transamination deamidation reactions in
volving amno acid amides These have been described and sum
marized by Mester #1® In the case of glutamine 1t has been
shown that certamn keto acids stmulate the simultaneous and
coupled transamination of the ammo group to the Leto acid and
the deammidation of the amide group with formation of free am
moma Meister has shown clearly that these reactions occur m
two steps as follows

1) Glutam ne + a keto and ~—» a ketoglutaram ¢ 2ad + ammo aad
) o Ketoglutaramic 2ad + H,0 —» o ketoglutanc acid + NH,

Here the first step 1s transamunation with formation of the new
ammo acid and keto analog of glutamume then 1n the second step
the d dation of o ketogl acid yrelds e ketoglutanic
acid and free ammonia

The analogous reactton with asparagine forms o ketosuc
cmamate 1n reaction (1) which then 1s deamidated to oxalacetate
and ammonia n reaction (2) The enzymes mvolved m these
reactions also contain pyridoxal (vitamin Bg) as was the case 1n
the transamrnases discussed above
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Relaton 1o the Tricarboxylie Aad Cycle
and Glutamic Acd Dehydrogenase

These t d d: all 1nvolve
aketoglutaric and glutamc aaids  Glutamic acid 1n turn can be
oxidatively d d to yield and ak lutaric acd

by an enzyme called glutamic dehydrogenase which utilizes coen
zyme I or II With coenzyme II (TPN) this reaction occurs in
two steps

coon coon
H,
[) éu, + TPN = éu, + TPNI,
H-NH, ~\H
ooH 00H
coon coon
cn,
@ &]:n +0 = én + NH,
=N\H =0
00H CooH

In the formulation of Duda and Handler'® these reactions
would play an intermediary role m the synthests of glutamine
from ammoma that onginated 1n L-amino acids  Thus af the
renat production of ammonia dcpcnds on a continuing mlmcellu
Iar synthesis and then d d dus
dehydrogenase system with an adequate supply of oxidized TPN
becomes a vital element m the mechanism  Whether the oadative
deamination of glutamic acid by this enzyme system can function
directly as a source of urinary ammonia 1s unknown at present
However, from the avalable evidence this possibility appears un
Likely

1€ glutamic dehydrogenase does play thus intermediate role
between L-amino acid transamination and glutamine synthests
then wn active eytochrome reductase becomes essential an the ter
minal electron carmier system to mamtan a supply of oxidized
TPN for the glutamic aad deamination  Thus for this reason, as
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well, the general level of oxidative respiration 1n Lidney affects
1ts capacity to produce ammonia

Relation between tnicarboxylic acid cycle and fate of am-
momna produced by dearmdation of glutamme—It 1s well known
that substrates i oxidative metabolism can affect both the rate
of production 1n gl d dation and 1ts final
disposition 1n the ussue  Thus pyruvate and certamn other keto

IOL

Pyruvate + NHCl

9
8
7
6
51 Pyruvate +glufamine
4

3

2

w
l 3

ACETOACETATE FORMED ( uMoles /hour)

PR S SUNP R ST SRS S T T DY
2 34 56 7 8 910
FUMARATE (uholes /fiask)}
Figure 28 A comp of the s effect of chlonde

and glutamine n guinea pig liver homogenate 1 vitro 2t vanous levels of

fumarate For relation of these observations to the problem of ammom

production in the kidney see duscussion 1n the text. From Lowpeich {Un
published observations)
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cids can late the gl d dation
ystem, and o ketoglutarate can act as an acceptor for the am
10ma 5o produced in 1ts reductive amination to glutamate For
hese reasons 1t 1 Teasonable to assume that ammomia produced
nthin the cell can either diffuse nto the tubular unne or, m
he p of an zbundant supply of a ketogl bed
3 msld: the cell 1n formmg glutamate by reductive ammalmn
[0 test the capacity of glutamine to particspate 1n this reductive
mination of « hetoglutarate, experiments such as those shown
n Figure 28 were performed

Recknagel and Potter® had studied the function of ammonia
tself, 1n the form of NH,CI, to carry out this reaction They used
omogenates of rat liver, pyruvate was the substrate, and ace
oacetate accumulation was used as a measure of the amnation of
ketoglutarate i the presence of NH,Cl In this system pyruvate
cads to a ketoglutarate which 1s then converted to glutamate
[his piles up and blocks the tricarboxylic acid cycle by cutting
ff the supply of oxal for the 1nitial 4 reaction
n the absence of sufficient oxalacetate, the acetate fragments from
yruvate condense with each other to form acetoacetate The
ddition of fumarate regenerates a supply of oxalacetate which
hen condenses with the acetate to form citrate and the aceto-
cetate accumnulation 1s reduced  Thas effect of NH,Cl 1n aminat
ng a ketoglutarate 1s seen in the large increase mn acetoacetate
between bottum and top curves in Figure 28 In addition, the
data reveal the way in which g of fi
reduce the acetoacetate production

In the middle curve 1t 18 seen that addition of glutamine to
the homogenate respiring pyruvate causes almost as much aceto-
acetate to accumulate (at low fumarate levels) as did NH,C)
iself  Furthermore, as fumarate concentration 1s 1nereased, the
amount of acetoacetate that accumulates 1s sharply decreased 1n
dicating that the formation of glutamate in the reductine amina
tion of a« ketoglutarate 1s Iikewise decreased

These data are consistent \mh the concept that the ammoma
formed in the d d of 1 lable for the re
ductive amimation of e ketoglutarate  And to the extent that this
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reactron takes place, the ammoma so produced from glutamme
will not be free to diffuse mnto the urine Thus both the produc
tion of 1 the t mation deamidation systems 1n the
kidney and 1ts availabihty for diffusion 1nto the urine depend on
anumber of important variables Among these may be the supply
of pyruvate and other keto acids, the supply of « ketoglutarate pro
duced n transamination reactions or i the tricarboxylic acd
cycle, and the availability of oxalacetate which determnes the
tate at which the cycle tutns For these reasons it 1s obvious
that we must take 1nto account the whole complex and dynamic
equhbbrium between glutamine (and other amides), the ammno
aad transamination Teactions, the deamination of glutamate,
and finally the tricarboxylic acid cycle when attempting a com
plete description of ammonia production 1n the kidney By
way of summarizing these complex relations we have been dis
cussing, Figures 29 and 30, taken from Meister, are presented
All this discussion ponts forcefully to the necessity of 2 much
broader approach to the problem of the renal production of am

a~KETO ACID a-AMINO ACID

N oluTamne
TRANSAMINASE

GLUTAMINE G- KETOGLUTARAMATE
GLUTAMINASE {KREBS}
EN Hs (GYCLE)
o
GLUTAMIC I
DEHYDROGENASE |, a4

e
a~KETOGLUTARATE

SLUTAMATESC,

GLUTAMIC
TRANSAMINASE

e

a-KETO ACID' 'a-AMINO ACID

Figure 29 bol 3t between gt amino
aads, and the hrebs tncarboxylhie acd eycle 1 ussues. For relation to am
monua synthests m the kidney, see discussion 1n the text From Meister {19)
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monsa At the moment the research m this area 13 too narrowly
focused on the problem of g dation without enough
attention to these other aspects of a very complex steady state
situation

Q-KETO ACID\ /a-AMlNO ACID
ASPARAGINE
TRANSAMINASE

4

Jr— a~KETOSUCCINAMATE
ASPARAGINASE
2 >
NHy NHg
ASPARTATE S OXALACETATE
GLUTAMIC
TRANSAMINASE
a-KETOGLUTARATE™ GLUTAMATE
Figure 30 of vath ammo aads am

moma production and mzcmedum of the krebs tncarboxylic aad cycle
For relation to ammon a synthests 1n the kadney see d scuswon 1n the text.
From Meuter (10)

Mechamism of Ammonia Diffusion Into the Urnine

A number of careful studies have now conclusively shown a
close inverse relation between unine pH and rate of unmary am
monia excretion 222" This relation 1s clearly seen in Figure 31
from data presented by Pitts®! on a dog 1n normal and aadotic
states The capacity 1o excrete ammomia at a higher rate at any
given pH 1n acidosis will be discussed 1n some detail below How
ever, the fact that m both the normal and the actdotic dog there
15 2 hinear relation between ammonia excrenon and unnary pH
indicates that while degree of acidosts 15 one condition governing
rate of ammoma excretion urnnary pH 18 another and constant
facror 1n both situations

It 15 visualized (Figure 32) that ammonia 15 :ymh:mcd n
the tubule cells in the form of the free bage (~*7* - v+ - -
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Figure 32 Scheme allustrat ng the source of hydrogen sons 2nd ammonia
in the kidney and therr interrelat ons in the uninary excretion of ammoma
and utratable aod. From Pites (21}

Orloft and Berliner® have studied the physicochemical as
pects of the pH regulation of ammon:a secretion  They analyzed
the factors governing the diffusion of ammonta asa weak base n
termis of facobs * general description of the mode of accumulation
of weak electrolytes by cells  Jacobs postulated that the distnibu
tion equilibrium of such weak electrolytes between cells and their
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surrounding mediem 1s governed by the pH of the medium, the
pKa of the weak electrolyte, and the permeability of the cell
membranes to the uncharged, hipidsoluble species It 15 the
urnonized species of the electrolyte that 15 diffusible, and 1n the
case of ammonia this 15 the free base (NH,) Orloff and Berlmer
have shown that their experimental results conform to a theory
based on these postulates and accordingly they visuahze free
ammona {NHy) as the diffusing species

Bemng more lipid soluble, NH; moves easily across the tumr
ual membrane mto the more acid tubular urme where 1t 1s

trapped by H+ 1ons and converted to the ammonmum ron

(NH,*) which 15 non diffussble, non lIipid soluble and thus does
not penetrate back into the cell Hence a diffusion gradient 1s
established between cell and lumen, and the conversion of am
monia to ammonivm 10n serves not only to maintain the direction
of the duffusion equilibrium n favor of continuous ammonsa
secrenion but in buffering the hydrogen 1ons that are secreted,
this ammona diffusion facihtates the final H¥ = Na+ exchange
across the tubules According to this scheme the secretion of
ammoma by stself does not conserve base 1t does so only 1 so
far as 1t 15 converted to ammomurm 1on by the secretion of H+ It
1s this process along with the buffers in the tubular unne that
mamntains the secretion of hydrogen 1ons and thus the exchange
reabsorption of fixed cation

The pH gradient between cell intenor and lummal vrmne 15
suffictent to facilitate maximal secretion of ammoma under nor
mal and acidotic conditions 1n man and dog Thus rate of secre
tion of ammona under these circumstances 1s not lumted by dif
fusion but by rate of 1ts mntracellular production

Thus fact was forcefully demonstrated in the beauuful studies
of Leonard and Orloff*s on the regulation of ammoma excretion
m the tat These invesugators performed expenments which
support the 1dea that in this species m contrast to man and dog
rate of urinary ammonia excretion 1s governed more by 1ts mntra
cellular production than by urinary pH For instance, 1f one pro-
duces an acate acidosts 1n the rat with NH, CI, the infusion of
sodium bicarbonate causes a progressive rise m urine pH with 2
characteristic fall 1n ammonia excretion In contrast however,
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- « « % ~ehonate snto rats made acidotee by
[T = emntler dechine
0 AMMOMA EXCTEULH uye oo “*. age The

exeretion of the exogenous base, atabnne, 2 pitees = ot affected
by cetlutar production, drops sn a sumilat way Gver the urine pH
Tange mn both types of acrdoss Thus unnary pH and daffusion
gradients appear constant facegrs for ammowma it both types of
andons, But intracellular ammoma productuon differs w the two
stuations

I ac2d wrines, below an mdeterminate pH, somevwhere be
tween 6 25 and 6 G0, rate of ammonia secreton 1§ not lumted by
unne flow whether m water or osmotic dintests  However, at
unne pH abose § 5 to 7 O, rate of ammonta secrelion does become
bmuted by ursne flow # Under these conditions the pH gradient
for diffusion 1t sulficrently shght and close to the pha of ammonia
asell so that volume of unne fow past thé arWmonia secreung
cells becomes rate himiting 1n the establishment of the diffusion
equilibrium

The Mecharsm of Adapuve Changes i Rate
of Ammoma Excreton

We have scen i the experiments of Figures 25 and 31 thar
the kidneys show a remarkable capaaity to sncrease their rate of
ammona secrerion 1a acedosis and that they are capable of secret
6§ mote ammoria at any one utitary pH sn acrdoses than under
normal conditrons  Smnce 1t has been so canclussely shown that
Tate of secretion of ammontx tnto acd urines 18 not himuted by
diffusson across the cell membrane but rather by tate of ammonia
production within the eel), we must look 10 changes in the produc
ton mechamsms for an exp), of the adap L
shownn with ab

1 acud base balance
The eapacity of the eell to increase its race of ammonua pro-
ducnon could depend upon one or more vanables 1 the reactions
of this production as we hate discussed them (1) The enzymes
Uy op g on subop 1o of suk
tould be furmsshed more substrate  (2) With a fixed amount of
enzyme and substrate, other conditions mndirectly affecting the
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rate of the overall synthetic reaction could become rate hmiting
Such factors might be, as we have seen, the rate of oxidation 1n
the tricarboxylic actd cycle, the supply of oxidized coenzymes such
as TPN and the rates of turnover mn the transamiation-deamda
ton system  In addition, changes m mtracellalar pH or con
centration of jons such as K+ or Mg++ could witally alter the
Lnetcs of the reactions wnvolved  (3) Lastly, there could be a
true mduced ncrease mn one or more of the enzymes 1nvolved 1n
ammoma synthesis Information about some of these variables
1s available

There has been no measurable change noted mn the plasma
level of glutamine” or amino acids'® in gomg from the normal to
the acidotic state ‘Thus vanation 1 substrate availability ap
pears an unlikely factor 1n the capacity to 1ncrease ammoma out
put at endogenous plasma levels of glutamsne and ammo aads
Aside from the experiment on the effects of fumarate concentra
tion pn glutamine assimilation shown mn Figure 28, there have
been no direct observations of effects of 10ms, cofactors, or tn
carbaxylic acid cycle vamations on ammonia excretion How
ever, changing xates of cycle activity must certamnly affect the m
tracellular capaaty to produce and thus to secrete ammoma

Glutammnase adaptation—Of all these possible vanables, the
one that has been most clearly shown capable of adapuve change
n some species 1s the renal glutaminase system, a complex of at
Teast three enzymes that are involved somehow 1n renal ammonia
synthesis In a study using slices of rat renal cortex, Davies and
Yudhin® first presented direct evidence for an adaptive change m
ammoma synthesis from glutamme and several amino acids
witro  Rats were made chronically acidotic or alkalonc by the
ingeston of HG1 or NaHCO, m doinking water for at least three
months Kidney slices from these animals were then ncubated
11 the Warburg apparatus with substrate 1n a gas phase of 100 per
cent oxygen at 37° C Glutarine or one of the amino acids was
2dded and the ammoma hberated 1 30 minutes was measured

As can be seen 1n Table 1V, ammoma production was mark
edly increased 1n slices from acidotic and somewhat decreased n
those from alkalatic rats 1n the presence of L-glutamine, glyane,
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and Lleuune There was however no sigmficant change over
control slices m either acdosis or alkalosis when Lalanme or
Leasparuc actd were substrates

These results suggested to the authors that there was an
adaptive increase 1 glutamenase activity 1n the slices as 2 result
of the chronic acidosis and no such change m alkalosis Thewr
studies with glyeine and L leucine 1n slices were mterpreted mn
terms of changes 1t Lamno oxdase and  glyane oxadase

TABLE IV
ErFECT oF CHRONIC ACIDOSIS AND ALEALOSIS ON Am(uvn Propucmioy BY Rat
KIDvEY SLICES IN VITR(
(Taken from B M A Davies and J Yudk n Bmchem J 52407 1952)
Ammonza Produced (ug  NHz— N/mg dry wifkr)

Substrate Normal Acsdosss Alkalosis
L-Glutarmine 190 =06 360 =33 150 =08
Glyane 061 =001 159=007 043 =00t
L-Leuc ne 194005 301003 102+003
L-Aspartic Acd 353=005 381006 373%011
L-Alanine 028+001 028=001 028001

‘Whether 1t 15 justifiable to reach such conclusions regarding single
enzymes from studies with whole tissue shices 1s doubtful because
of the complex pathways of metabolism prevailing in such rela
tively well organized tissue Nevertheless the acidotic increase in
ammonia production from these two amino acids 1s defimte  The
exact enzyme concerned must be identified with less complex
Preparations

The lack of change 1n ammonia production by the slices with
Lralanine or L-aspartic acid was interpreted as a lack of change 1in
transaminase  The authors concluded that this enzyme system
was most hikely responsible for Lalanine and Leaspartic acid
deammation  Even though the results of this study must be mnter
preted wath caution 1n terms of single enzymes mnvolved (particu
ularly in the light of Duda and Handler s studies'®) 1t neverthe
less represents the first clearcut demonstration of some kind of
an adaptive inerease with acidosis and decrease with alkalosts m
from g and certain amino acids

m utro
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rate of the overall synthetic reaction could become rate kmiting
Such factors might be, as we have seen, the rate of oxidation
the tricarboxylic acid cycle, the supply of oxidized coenzymes such
as TPN, and the rates of turnover 1n the transammnation-deamida
tion system In addition, changes in intracellular pH or con
centranion of ions such as K+ or Mg++ could vitally alter the
kmetics of the reactions mvolved (3) Lastly, there could be a
true mdnced increase 1n one or more of the enzymes 1nvolved 1n
ammonia synthesss Information about some of these variables
1s available

There has been no measurable change noted 1n the plasma
ievel of glutamne” or amino acids'® 1n going from the normal to
the acidotic state Thus vamation in substrate availabihty ap-
pears an unlikely factor in the capacity to mncrease ammonia out
put at endogenous plasma levels of glutamine and amno aads
Aside from the experiment on the effects of fumarate concentra
tion on glutamine assimilation shown in Figure 28, there have
been no direct observations of effects of 10ns, cofactors, or tn
carboxylic acid cycle vanations on ammonia excretion How
ever changing rates of cycle activity must certamnly affect the m
tracellular capacity to produce and thus to secrete ammoma

Gl dap Of all these possible variables, the
one that has been most clearly shown capable of adaptive change
m some species 15 the Tenal glutamsnase system, a complex of at
least three enzymes that are mvolved somehow m renal ammonia
synthests In a study using slices of rat renal cortex, Davies and
Yudkm?® first presented direct evidence for an adaptive change 1
ammonia synthesis from glutamme and several amino acids i
witro  Rats were made chromically acrdotic or alkalotic by the
ngestion of HC1 or NaHCO, 1n drinking water for at least three
months Kidney shices from these ammals were then mcubated
1n the Warburg apparatus with substrate 1n a gas phase of 100 per
cent oxygen at 37° C  Glutamune or one of the amino acids wa:s
added and the hb d 1n 30 was

As can be seen m Table IV, 2mmonia production was mark
edly increased mn slices from acidotic and somewhat decreased 1n
those from alkalotic Tats 1n the presence of L-glutamine, glyane,
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and Lleucine There was however, no sigmficant change over
control slices 1n erther acidosis or alkalosis when Lalanine or
L aspartic acid were substrates

These results suggested to the authors that there was an
adaptive increase 1n glutaminase activity 1n the slices as a result
of the chronic acidosis and no such change 1n alkalosss Ther
studies with glycme and L leucine in slices were nterpreted in
terms of changes 1 L amimo oxidase and glycine oxidase

TABLE IV
EreECT OF CHRONIC ACIDOSIS AND ALKALOSIS ON AMMONIA PRODUCTION BY RAT
KroNey SLICES ¥ VITRO
(Talunjmm B M A Daves and J Yudkin Biockem J 52 407 1952)
mmonia Produced (g NH— Nfmg dry wifhr)

Substrate Normal Acsdosis Alkalosts
L-Glutam ne 190 =06 360 =33 150 =08
Glycine 0 64001 159=007 043=001
L-Leucine 194005 301+003 102003
L-Aspartic Aad 353+005 3 81006 33+=011

n ne 02800t 028001 028001

Whether 1t 1 justtfiable to reach such conclusions regarding single
enzymes from studres with whole ussue slices 15 doubtful because
of the complex patt of ling o such rela
tively well orgamzed ussue  Nevertheless the acidotic increase i
2mmonia production from these two ammo acids 1s definite The
exact enzyme concerned must be identified with less complex
Preparattons

The lack of change m ammoma production by the shices with
Lralanine or L aspartic acid was mterpreted as a lack of change
transaminase  The authors concluded that this enzyme system
was most likely responsible for Lalamine and L aspartic acid
deamination Even though the results of this study must be inter
preted with caution 1n terms of single enzymes involved (particu
ularly in the light of Duda and Handler s studies'®) 1t neverthe
less represents the first clearcut demonstration of some kind of
an adaptive ncrease with acidosis and decrease with alkalosis 1n
d from g and certain amino acids

m vitro
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This line of study was extended a few years later m 1955
by Rector, Seldin, and Copenhaver”” who worked with homog
enates of rat kidney and measured glutaminase activity directly
The results of their studies are shown 1n Figures 33 and 34 Fig
ure 33 presents a comparison of the time course of the glutaminase
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Figure 33 Obsenations in acidotsc rats showing the parallel changes in rai¢

of ammomta excretion and actwity of glutaminase with continuous daly

admimstration of ammomum chloride From Rector Seldin and Copen
haver (27)

adaptation and the increase in ammoma excretion during suc
cessive days of chlonde ration 1n rats ‘These
two vanables parallel one another and appear to Teach maxymum
values around six to seven days The direct proportional rela
tionship between glutaminase adaptation and unnary ammonta
output 15 even more strikingly shown n the massed data of
Figure 34




The Syntl esis and Secretion of Ammomna 109

Combining a standard electrolyte deficient diet with ever
mcreasing acid loads (NH,C1) points were obtained which fell
along the straight Iine relating gl activity to
excretion during the adaptive phase Although these data do not
define the exact role of glutarminase m ammonia synthesis they
do emphasize that 1t must be glutamine and glutaminase that are
most directly rate limiting m the synthesis of ammoma and thus

e T T T
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rv=095
P =< 00!
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Figure 34 The direct relationship between ammoma excretion i the urine
and renal glutaminase acuvity in the rat Experimental conditions as indi
cated 1n figure 1nset. From Rector Seldm and Copenhaver (27)

clanify the questions raised concerming the studies with slices
These elegant data pomnt directly to glutaminase as the enzyme
system that adapts and thus enhances the capacity of the kidneys
to excrete more and more ammoma as acidosis continues It 1s
hoped that a sumilar analysis of the amno aaid oxidases and trans
aminases will be carried out
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The study of this glutamnase adaptation was carried further
by Goldsten Ruchterich and Dearborn® in the guinea mg
These authors had noted that m this species also renal gluta
minase actwity 15 increased i acidosis oddly enough they found
an ncrease 1 alkalosis as well # Penetrating the problem more
deeply they studied the changes 1n the three separate components
of the glutaminase complex which they described on the basis
of therr own and already exasting studies 1

There are three main enzymes involved 1n the general me
tabolic assumilation of glutamme and these are all grouped under
the general utle gl Gl 1 15 a hydrol
enzyme with a pH optumum of 74 and activated by phosphate
Glutaminase I 1s also a hydrolyzing enzyme but differing 1n ats
pH optimum of 88 and 1ts dependency on o keto acids This
enzyme appears to be identical with the glutamine transaminase
deamidase system described i hver by Meister® and discussed
earhier Fmally there 1s the glutamine synthesiung enzyme sys
tem (giutamine synthetase) that forms glutamine from glutamic
acid and ammonia Thus system has an optimum pH of 74 m
homogenates requires ATP and magnesium tons and 15 mbibited
by p-chloromercuribenzoate

Since Goldstemn ef al did not know which components of
this complex were involved in the glutaminase adaptation m
the guinea pig they decided to examune the actvity of each com
ponent separately m both the acidouc and alkalotic ammal This
analysis 1n kidney homogenates revealed that in acidosts the 1p
crease was hmited to Glutaminase I while 1n alkalosis the activity
of all three enzymes were enhanced

The change in these enzymes resembles in some respects a
true mduced adaptation of the type described 1n microorganisms
by Mandelstam® and Monod®! and shown to take place m mam
malian hiver tissue mn the tryptophane peroxidase system by
Knox* It differs however m one fundamental respect from a
true enzyme mduction Glutammase does not appear de novo
m the presence of substrate as does g galactosidase 1t only shows
an tnereased actvity 1n response to a change mn acid base balance
of the whole animal  Goldstein 1n a separate study ® however has
attempted to analyze the glutaminase increase in terms of 2 true
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enzyme nduction and has concluded that 1t does meet the major
q of such a biol 1 ph That there 1s an
absolute increase n glutaminase I 1n aadotic guinea pig kidoey
15 apparent when enzyme activity 1s expressed m terms of cell
numbers reflected 1n the desoxyribosenuclerc acid (DNA) con
tent of the homogenates ¢33 In addition ethiomine which blocks
protemn synthesis blocks the g I change i
added 1n excess with ethionine permuts 1t In these respects 1t 1s
an enzyme mduction
Whether the mduction 1s 2 direct substrate effect as 1s the
B gal dase 1n for ple ¥ or the indirect
result of some other mtracellular function such as pH pCO, or
potassium concentration 15 not clear from available experuments.
The d 1on that renat gl under cer
tamn cond np 4 m rats® without additien
of acid or alkaline load to the diet makes one wonder about the
tole of intracellular potassium pH or concomitant changes m
bicarbonate in the enzyme adaptation Such factors may, 1ndeed,
alter metabolic pathways to elevate intracellular concentranon ¢
a particular substrate This mn turn could cause the chapm rg
the specific enzyme 1 the classical sense of an induced adaptztsve.
‘The increase 1 Glutamnase I 1n acidosis 18 easier 10 comy-
prehend teleologically than the ncrease m all three gl
hol systems 1n alkal The two peaks in 2ammomes
excretion (m acidosts and alkalosis) occur in the guinea jzisd
and rabbit ® these two species are herbivores In the rz > 214
dog 21 % both carmvores no such increase n ammona xerenon
mn alkalosts has been observed Perhaps this difference beticeen
carmvores and herbivores 15 related to the persistently greater amyd
ash dict m the former specres Perhaps also the elevated 2rraorss
excretion 1n alkalosis where 1t 15 seen 1s a result of ll"caba':'z:zﬁ)’
high rate of urine flow resulting from the experments Procedume
used to produce the alkaline urines At such high rrine pHs
;so::’ri!lmve seen ammonia excretion becomes a fonety 1 o e
Thus 1n the rat and guinea pig wher
taminase I has been seen ufl chmml:: Ecxdon: :;ulww =
eozyme

gla-

adsper
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tion must be one factor at least 1n the continung eapacity of the
kidney to excrete ammoma However, 1t apparently cannot be
the whole story Leonard and Orloff?s have clearly shown in the
rat that there can be a fourfold wncrease tn ammonia excretion
after only twenty four hours of NH,Cl acidosts without any de
monstrable increase 1n renal glutaminase activity The enzyme
activaty does wcrease after more prolonged treatment but the
capacity to excrete 15 not much d over what 1t
was 1n the twenty four hour acidotic ammma! In this same vein 2
should also be mentioned that 1n the dog all attempts by Rector
and Orloff*¢ to show an ncrease 1n renal glutaminase during pro
longed acidosis have failed Therefore, 1n the capaaity to mncrease
ammonia excretion without an enzyme adaptation other factors
n the brock al reactions of gl bolism must be
operative

One such factor could be the changing rate of citrate and
« ketoglutarate production with the reduced pH nside the tu
bular cell n acidosis A smaller available supply of « ketogly
tarate could concewably alter the eqmiibnum 1n glutamine me
tabolism and favor free ammoma secretion 1nto the urme More
will be said about this 1dea 1n a larger context later m thus chapter
At the moment such an hypothesis remams purely speculatrie in
the present discussion

At the ume of this wnting a paper has appeared by Madson
and Seldin® purporting to show an adaptive ncrease i the hu
man kidney during chromc acidosis 1 * glyane oxidase, gluta
munase asparagmase Leamino aad oxidase and Dammo acd
oxidase  This work 1s open to such serious criticsm that 1t de
serves comment 1 the present discussion of enzymatic adaptation
1n renal ammenra production

Normal male subjects were made chromeally acidonc by the
mgestion of ammonsum chlonide at three mcreasing dose levels
After measuring basal ammonia excretion at each level several
amino acids were given by mouth and the Augmentation in am
monia excretion after each individual amino acid was measured
“The amno acids that had no augmenting effect were Lelysine and

presumably other diammno acids ~ Glutamic and aspavtic acids




The Synthesis and Secretion of Ammonta 13

and proline caused a small but constant increment Glycine, glu
tamtne, asparagme, L and D alanme, and L leucine each progres-
sively augmented ammonia excretion n stepwise fashion parallel
g the increase 1n NH,Cl load

The authoss conclude from these experiments that  In the
light of these considerations, the data indicate that glycine oxt
dase, glutaminase, asparaginase, L ammo aad oxidase, and
D amno acid oxidase show adaptive increases 1n the human kid
ney foll g the chromc of strong aads

These conclustons seem very risky and far reachung on the
basts of the experiments and their design The amino acids were
given by mouth, thus 1t 1s hard to know how their varying rates
of absorption 10 the intestne and their metabolic assimlation
1n the liver altered them before they reached the kidney For this
reason 1t seems very risky, particularly in the absence of any di
rect measurements of blood ammo aaids or kidney enzymes, to
conclude that the parucular ammno acid given orally actually
sself reached the lidney in suffiient concentration to *adapt
1ts particular enzyme The hlelihood that the amino acid did not
reach the kidney as such 1s strengthened by the work of Duda and
Handler, discussed earher, showing that ammo acds passing
through the liver are ly ¢ d to gl either
directly or indurectly through transamnation reactions Finally
the paper overlooks the fact, discussed here, that such changes
n ammonia excretion as those seen after amino actd admmustra
tion can occur without any observable change in glutaminase

Before we will have a really clear picture of the brochemrcal

Ived 1n renal production and 1ts adap

tive changes there will have to be clean cut experiments with
1sotopically labelled ammo acids and their amudes m which pre
cursor product studies like those of Duda and Handler are per
formed on renal tissue, urine, and renal arteriovenous blood
samples  As yet the problem 15 not clear and with the exception
of the apparently clearcut results 1n the rat and guinea pig the
problem of induced enzyme adaptation 1n ammonia excretion
remains something of an enigma
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tion must be one factor at least 1n the contiung capaaty of the
kidney to excrete ammonia  However, 1t apparently cannot be
the whole story Leonard and Orloff*s have clearly shown mn the
rat that there can be a fourfold increase in ammoma excretion
after only twenty four hours of NH,Cl acidosis without any de
monstrable increase 1 renal glutaminase activity The enzyme
activity does ncrease after more prolonged treatment, but the
capacity to excrete ammonia 15 not much ncreased over what 1t
was mn the twenty four hour acidotic ammal In this same vein 1t
shonld also be mentioned that 1n the dog all attempts by Rector
and Orloff** to show an increase 1n renal glutammase dunng pro-
longed acxdos:s have falled Therefore, 1n the capacity to mncrease
ammonia excretion without an enzyme adaptatton other factors
m the biochemical reactions of glutamne metabolism must be
operauve

One such factor could be the changing tate of citrate and
a ketoglutarate production with the reduced pH mside the tu
bular cell 1n acidosis A smaller available supply of aketoglu
tarate could conceivably alter the equlibnum 1n glutamne me
tabolism and favor free ammonsa secretion imto the urme More
will be said about this 1dea mn a larger context Jater 1n this chapter
At the moment such an hypothesis remains purely speculabve in
the present discussion

At the ume of this writing a paper has appeared by Madison
and Seldm® purporung to show an adaptive mcrease 1 the hu
man kidney dunng chromic acidosis 1 glyone oxidase, gluta
munase, asparaginase Leammo acd oxidase, and Dammo aad
oxidase  Thus work 15 open to such serious cricism that at de
serves comment 1n the present discussion of enzymatic adaptation
1n renal ammoma production

Notmal male subjécts were made chromcally acidosic by the
tngestion of ammontum chlonide at three wcreasing dose lesels.
After measuning basal ammoma excretion at each level several
amimo actds were given by mouth and the augmentation 1n 2m
monia excretion after each mdrvidual amimo acid was measured

The amino acids that had no augmenung effect were Llysine and
pr bly other d acds Gl and aspartic acds

F
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and proline caused a small but constant increment Glycine glu
tamine asparaomt L and D alanine and L-eucine each progres
sively 1n step’ fashion parallel
1ng the mcrease m NH,Cl load

The authors conclude from these experiments that  In the
Light of these conuiderations the data indicate that glycane oxt
dase glutammase asparaginase L-amno acid oxidase  and
D amino acid oxidase show adaptive mcreases n the human kid
ney foll g the chronc a 1on of strong acds

These conclusions seem very risky and far reaching on the
‘banis of the expeniments and therr design  "The amino acids were
gven by mouth thus it 15 hard to know how therr varying rates
of absorpuion 1n the ntesune and therr metabolic asstmtlation
1n the liver altered them before they reached the kidney For this
Teason 1t seems very risky particularly 1n the absence of any di
tect measurements of blood amimo atids or adney enzymes to
conclude that the particular ammo acid given orally actually
1tself reached the lidney in suffiient concentration to  adapt
115 particular enzyme The hikelthood that the amino acid did not
reach the Lidney as such 1s strengthened by the work of Duda and
Handler discussed earher showing that amno aads passing
through the liver are extensively converted to glutamine either
durectly or indrrectly through transamination reactions Finally
the paper overlooks the fact discussed here that such changes
n ammonia excretion as those seen after amino acid administra
fion can occur without any observable change mn glutammase

Before we will have a really clear prcture of the brochemical

t tved 1n renal production and 1its adap
tive changes there will have to be clean cut experiments with
1sotopically labelled amino acids and therr amides in which pre
cutsor product studies hike those of Puda and Handler are per
formed on renal ussue urne and renal arteriovenous blood
samples  As yet the problem 1s not clear and with the exception
of the apparently clearcut results in the rat and gumea pig the
problem of induced enzyme adaptation in ammonia excretion
remans something of an emigma
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Sate of urmary ammoma secretion and s relatron to gluta
mmase distribution—It was first shown directly by Walker®
the amphibian nepbron that glomerular filirate proximal tubu
lar and first part of distal tubular urine are ammonia free (Fig
are 35) Ammema starts to appear in the middle of the distal
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Figure 35 Obsenations from mucropuncture studies on the nephron of
the nectutut showing the appearance of ammonia n the unine of the duzal
twbule and collecting ducts From Watker (38)

tubule and increases to a peal. m the collecung duct Recent
studies using the stop flow technique have confirmed the cuseal
tubular site of ammonia secretion ® That andification of the
unne also tales place i the dustal segment further emphazsizes
the intesrelatedness of thus process and ammoma secretton as dis
cussed 1n the first part of this treatise
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Two recent studies® 4! have been concerned with the dis
tribution of the glutaminase enzymes m the various zones of the
kidney of several spectes In dog and rabbit the hadneys were dt
vided into cortex outer and inner medulla n rat and guinea pig
1nto cortex plus another zone that mncluded both outer and mner
medulla In these several tissue zones assays were carried out
for the three glutamine assumilating enzymes In all four species
enzyme activity was highest m cortex and inner medulla 1n all
spectes glu.‘nmma:e I actiity was always higher than esther gly

HHorg ‘The activity of these latter
two enzymes was found only 1n outer medulla and cortex These
sludles show that the distnibution of glutaminase I (the main

drol enzyme 1n s ) 15 dis
mbutcd 1n cortex where distal tubules are Iocau:d and 1n inner
medulla where collecting ducts converge toward the papilla
Thus the distribution of glutaminase I correlates most closely
with the neph sites of seen 1n Fagure 35
Furthermore the presence of glutaminase I (and none of the
other enzymes) m the area of the collecting ducts suggests the
importance of the collecting ducts as a site of ammoma secretion

‘The Adrenals and Ammoma Excretion

It was reported by Jumenez D1az*2 1n 1936 that patients with
Addison s disease show a decreased capacity to excrete ammonia
Russell and Wilhelmr*® subsequently observed that kidney shices
from adrenalectomized rats show a simlar decreased capaeity to
make ammoma 1 vitro A number of studies simce then have
attempted to learn whether these observations can be repeated
under controlled experimental conditions and 1f so whether the
mechanism of adrenal control of ammonia excretion can be ex
planed on a mechanustic or teleologic basis

Harnis Hartmann Rolf and White** observed that the ad
renalectomized dog 1n whom water and salt output are mamn

tamed d shows a larly d d capacity to excrete
both m sp and exp Ily induced ac1
dosis  Desoxycorti acetate ad teparrs this

defect  Sartomius  Calhoun and Pitts's subsequently presented
silar conclusions based on experuments with rats
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Site of urtnary ammona secretion and s relation to gluta
munase distributron—It was first shown directly by Walker® in
the amphibian nephron that glomerular filtrate proximal tubu
lar and first part of distal tubular urine are ammoma free {Fig
ure 35) Ammonia starts to appear 1n the middle of the distal
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Figure 35 Observations from micropuncture studies on the nephron of
the necturus showing the appearance of ammonia 1n the urine of the & stal
tubule and collecung ducts  From Walker (38)

tubule and increases to a peak mn the collecting duct Recent
studies using the stop flow techmque have confirmed the distal
tubular site of ammoma secretion ® That acidification of the
urine also takes place m the distal segment further emphasizes
the mterrelatedness of this process and ammoma secretion as dis
cussed 1n the first part of this treatise
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Two tecent studiest? 4 have been concemed with the dis
tribution of the glutammase enzymes 1n the various zones of the
kidney of several species In dog and rabbit the kidneys were di
vided 1nto cortex outer and mner medulla in rat and guinea pig
1nto cortex plus another zone that included both outer and inner
medulla In these several tissue zones assays were camed out
for the three glutammne assimlating enzymes In all four species
enzyme activity was highest 1n cortex and inner medulla 1 all
species glutaminase I activity was always higher than erther glu

I or gl synth The activity of these Jatter
two enzymes was found only 1n outer medullz and cortex These
studies show that the distribution of glutaminase I (the mam
gl ydrol enzyme 1n synthesis?) 15 dis
tributed mn cortex where distal tubules are located and n inner
medulla where collecting ducts converge toward the papilla
‘Thus the distnbution of glutaminase I correlates most closely
with the nephron sites of ammonia secretion seen 1n Figure 35
Furthermore the presence of glutaminase I (and none of the
other enzymes) m the area of the collecting ducts suggests the
mportance of the collecting ducts as a site of ammonia secretion

The Adrenals and A

It was reported by Jimenez D1az®% 1n 1986 that patients with
Addison s disease show a decreased capacity to excrete zmmoma
Russell and Wilhelm1*® subsequently observed that kidney shces
from adrenalectomized rats show a similar decreased capacity to
make ammonia 5 vitro A number of studies since then have
attempted to learn whether these observations can be repeated
under controlled expenimental conditions and if so whether the
mechanism of adrenal control of ammoma excretion can be ex
plained on a mechanistic or teleologic basis

Harms Hartmann Rolf and White*t observed that the ad
renalectomized dog 1n whom water and salt output are main

tawned ffected shows a larly d d capacity to excrete
both 1n st and exper 1ly mnduced ac1
dosis  Desoxycortic acetate ad, Teparrs this

defect Sartorius Calhoun and Puts®® subsequently presented
wmilar conclunons based on expenments with rats
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Site of uninary ammonia secretion and uts relation to gluta
munase distribution—It was first shown directly by Walker®®
the amphibian nephron that glomerular filtrate proximal tubu
lar and first part of distal tubular urine are ammona free (Fig
ure 35) Ammoma starts to appear in the middle of the distal
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Figure 85 Observations from mucropuncture studies on the nephron of
the necturus showmng the appearance of ammonia in the urine of the d stal
tubule and collecting ducts From Walker (38)

tubule and increases to a peak 1 the collecting duct Recent
studtes using the stop flow techmque have confirmed the dustal
tubular site of ammonia secreuon ® That acidificauion of the
urine also takes place mn the distal segment further emphasizes
the mterrelatedness of this process and ammoma secretion as dis
cussed 1n the first part of this treatise
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Two recent studies®® 4! have been concerned with the dis
tribution of the glutaminase enzymes 1n the various zones of the
ladney of several spectes In dog and rabbit the kidneys were di
vided 1nto cortex outer and wnner medulla 1n rat and guinea pig
1nto cortex plus another zone that included both outer and inner
medulla In these several tissue zones assays were carried out
for the three glutamine assumilating enzymes In all four species
enzyme activity was highest 1n cortex and nner medulla 1n all
speaies glutaminase I activity was always higher than erther glu

I1 or gl ‘The actwvity of these latter
two enzymes was found only 1n outer medulla and cortex These
smd:es show that the distnbution of glutaminase I (lhc mam

lyzing enzyme 1n t 15 dis
trbuted 1n conex where distal tubules are Iocated and n mner
medulla where collecting ducts converge toward the papilla
Thus the distnbution of glutaminase I correlates most closely
with the neph sites of seen 1n Figure 35
Furthermore the presence of glutaminase I {and none of the
other enzymes) 1n the area of the collecting ducts suggests the
importance of the collecung ducts as a site of ammonia secretion

The Adrenals and A E

It was reported by Junenez Diaz*% 1n 1936 that patients with
Addison s disease show a decreased capacity to excrete ammonia
Russell and Wilhelm1*® subsequently observed that kidney shices
from adrenalectormized rats show a similar decreased capacity to
make ammonia sn vitro A number of studies since then have
attempted to learn whether these observations can be repeated
under controlled experimental conditions and 1f so whether the
mechamsm of adrenal control of ammonia excretion can be ex
plamned on a mechanistic or teleologic basis

Harns Hartmann Rolf and White!t observed that the ad
renalectormzed dog 1n whom water and salt output are mamn
tained unaffected shows a sumlarly decreased capacity to excrete

both 1 sp and exp 1ly mnduced aa
dosts  Desoxycor acetate ad Tepairs this
defect  Sartorius Calhoun and Pitts' subsequently presented
similar conels based on exp with rats
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In both these latter studies there were uncontrolled variables
that require them to be mterpreted with caution In those by
Harris et al 4 there were no measurements of renal blood flow
(RBF) or glomerular filtraton rate (GFR) In their experiments
where a defect of ammonia excretion was shown with so-<alled

normal electrolyte and water excretion, the absence of these
measurements means that the imparred ammonia excretion could
have been related to renal hemodynamic collapse This same
criticism must be applied to the experiments on the 1at!s whose
RBF and GFR have been shown by Lipman’® to be extremely la
bile during any lind of manipulation or stress ‘The author has
seen m his own laboratory that the admimstration of NH,Cl
to the adrenalectomized rat 1s often a shocking procedure and can
reduce GFR by 50 per cent or more

It may be, as Schwartz Jenson and Relmant’ have reasoned,
that sodium reabsorption itself 15 a stmulus to unnary acdifica
uon and ammonia excretion In ther subjects sodium sulfate
nfusion produced a drop 1n unne pH and mise 1n rate of am
monia excretion only when sodium 1ntake was low and the adrenal
steroid comy d F, was ad d Leonard and Orloff™
found exactly similar requirements for a sodium sulfate sumula
uon of urmary acidificatron mn the rat If this view 1s correct,
namely that acidification and ammoma excretion depend pn
manly on sodium retention, then the adrenal may play 1ts role
m ammonta secretion purely by facilitating this sodium reabsorp-
tion without any necessary change 1n general acid base balance of
the body

Such an explanation has the added advantage that it removes
the necessity of postulating an adrenal effect on substrate or en
zyme aspects of ammoma producton It 15 1 harmony m this
respect with the observations of White and Rolf*® who found
renal glatamnase actevty i the ladney of rat, rabbyt, and dog
the same 1n normal and adrenalectommzed states, and with the
report of Wilson and Seldm® that the glutamnase adaptation oc
curs Just as readily mn the adrenalectomized as mn the intact

anmmal
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Summary

The expenimental evidence at hand seems to pont to glu
tamine as the mam direct source of unnary ammoma Amno
acids appear to act i this capacity only m so far as they are con
verted to g] after d 10N OF tr Glu
taminase I the hydrolyzing enzyme present 1n both cortex and
mnner medulla stands as the most likely rate limiting enzyme sys
tem 1n the bioch al leading to
‘The relation of the tricarboxylic acid cycle and the transarmina
tion deamidation systems to the reactions producing ammonia
appears close and capable theoretically of altering the rate of the
process o Retoglutarate a major reactant of both the tricar
boxylie acd cycle and transzmunation deamidation  occupies 2
central position 11 the complex of metabolic pathways crisscrossing
glutamine assymilaion Thus further work 15 needed on the
relation of this metabolite to uninary ammonia production

Ammonia appears to diffuse as the free base (NHy) along
a pH gradient into acid urine where 1t 15 converted 1nto the pon
diffusible ammonium 10n {(NH,*) by combiming with H+ ion
concomutantly produced and secreted by thc tubule cells The
interrelation between this cf 10n
and the conservation of fixed cation has bcen dlscussed

‘The distibution of glutaminase 1 correlates best with the
demonstrated sttes of ammoma secretion i the nephren of both
the amphibian and mammalian kidney The adaptive increase mn
the capacity to excrete ammonia 1n chronic acidos:s correlates well
1 certain species with the adaptive mncrease in Tenal glutaminase
acuvity particularly glutaminase I In acute acidosis however
increased ammonia excretton does not always correlate with an
enryme change and i the dog no adaptation 1n glutaminase even
m chronic aaidosis can be demonstrated Thus other factors 1n
ammoma production must account for the change in ammonna
excretion n these instances  Although much attention has been
grven to the glutamnase problem and s changes 1n some species
are most convincingly correlated with the capacity to excrete
ammonia we must maintain an open mind to the posaibihity that
the glutaminase changes where they are seen are expermmental
artifacts unrelated to the basic mechanism of adaptation
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The meaning of the rise 1n ammonia excretion 1n acidoss 1s
leologically understandable However this 15 not tmmedately
the case in the elevated ammonia excretion seen 1n alkaline urimes
m certan spectes The diffusion of ammonia mto such hghly
alkaline urines runs counter to the mechamsm of diffusion of am
moma and other bases which require an acid urine to produce a
diffusion gradient and an ammoma trap  ‘Therefore 1t 1s tempt
g to ascribe the elevated ammonra excretion 1n alkalosis to the
high rate of urine flow prevailing n those mstances where 1t has
been demonstrated That unine flow becomes such a hmiting
factor ;n ammona excretion 1n alkalme urines has been clearly
shown
The evidence from studies on adrenalectomized animals ap-
pears to the writer inadequate at present to support the firm con
clusion that the capacity to secrete ammona 1s yeduced 1n adrenal
msuffictency Renal blood flow 1 a Iabile functon 1n the adrenal
ectomized ammmal and the acidotic stimulus 15 often a sufficient
stress to reduce blood flow to near shock levels This i atself
will reduce ammonia excretion  Until this hemodynamic variable
15 carefully controlled 1t will be hard to assess accurately the ca
pacity to excrete ammoma 1n the absence of cortical sterords
A posstble role of the adrenal 1n ammoma excretion scems
better derived from studies of intact rats and man relaung acd
and ammoma excretion to sodium retention without any change
1n general acd base balance Here the cortical steroids by pro-
motmg sodrum reabsorption appear to stimulat¢ ammonia excre
tion These stuches perhaps do not take fully enough 1nto account
possible effects of the adrenal steroids other than their sodiwm
retamnmng funcrion  The associated loss of potassium 1 the so-
drum restricted compound F treated men of Schwartz et al¥?
mght be expected to produce an mtracellular acidosts which 1
turn could alter the susceptibility of the tubule cells to the acidi
fymg effects of the sodium sulfate Nevertheless the exact role of
the adrenal 1n ammonia excreton remains to be described fully

Relation between organic acd eacretion n alkalosis and
ammomia excretion i acrdosis—In the last chapter we saw that
atric and o ketoglutaric acids of the tricarboxylic aad cycle are
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excreted at increased rates during metabolic alkalosis of the tubu
lar cell mterior It seems worthwhile at this point 1n 2 summary
to relate this ph to the problem of excretion

It has been suggested by Coole and associates (Chapter 1V)
that the tubular secretion of organic acid anions may represent an
exchange mechanism conserving fixed anton (chlonide) 1n alka
losts 1n a manner analogous to the fixed cation conservation mn
acidosis through NHy and H+ secretion  Although the tubular
secretion of citrate or aketoglutarate remams to be demon
strated this amon exct hests remains an g idea
worthy of investigation

In the light of this 1dea, 1t 15 temphing to postulate that the
ammoma excretion of actdosts and the orgamic acd excretion
ot alkalosis may be two closely related phenomena, that 1s, may
Tepresent two different equilibrium states 1n a common brocherm
cal mechanism We have seen that glutamine exists 1n a dynamic
steady state with the tricarboxyhic acid cycle through the reactions
of transamination deamidation Now, 1 metabolic acidosis the
evidence ind that intracetlular synthesis of citrate and a keto
glutarate s low Under these circumstances the excretion of these
acids 1s almost mil while that of ammonia 1s high One could,
therefore, visualize that 1 acidosts glutamune assimilation in the
presence of a reduced supply of « ketoglutarate, shufts away from
reductive amination toward an equilibrium favoring deamidation
with diffusion of free ammoma 1nto the urine

In contrast to thus state of affaiss, the shuft toward alkalosis
would produce a d: The m the cell
would seem to lead 1n a different direction favoring orgamic acaid
production and reductive amination At the higher intracellular
PH the condensing enzyme system would male more atrate
which 1n turn would provide more a hetoglutarate to act as an
ammona acceptor 1n a reductive amnation that would produce
glutamate In alkalosis mtracellular pH would be hgher and
thus closer to the pH op of the gl
deamsdase systemn of Mester Under these sarenmstances am
monta would be formed for the reductive amination of o keto-
glutarate  Ammonia would not diffuse 1nto the urine, but organic
aads being produced at a high rate would If tius theory were

h
YP




120 Metabolic Aspects of Renal Functions

true one should find increased levels of glutamic acd 1n the
renal tissue in ntracellular alkalosis as a result of the postulated
elevation n reductive amination To the writer s knowledge this
observation has not been made but would constitute a crucal
test of the theory

This concept would not only link ammona and organic acd
excretion as cation and amon conservation mechanisms but would
also explain the mechamsm of the dynamc shuft from ammoma
excretion 1n acidoss to organic acid excretion 1n atkalosss on the
basis of a shifting metabolic equilibrium 1n the complex of bio
chemical reactions involving glutamine the amino acids and the
oxidative tricarboxylic acid cycle If this formulation were to be
proven true on the basis of expernment 1t would explam how
changes 1n 1ntracellular pH or potassium concentration could
affect a basic biochemical equilibrium and thus set into motton
either cation or amon conservation mechanisms according to the
needs of acid base balance at the moment

A comprehensive exammnation of the mechamism of ammon:a
excretion mvohves one mn fundamental biochemistry of amino
acids and their amides problems of cellular permeability and dif
fusion enzyme adaptation and shifting steady states in complex
reactrons i response to changes in acid base balance at the whole
body and cellular level It 1s necessary to see these basic mech
anisms n a teleological ight and to explam them mn terms of the
total economy of the body as 1t reacts to environmental change
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ORGANIC ACIDS AND BASES

IN OuR piscussion of metabolism and transport up till now we
have constdered for the most part metabolites synthesized 1n the
body And n this context we have exammned the tubular secre
tion of certain endogenous substances such as organic acids, ike
atric and mahic and the weak orginic base, ammoma In the
present discussion we will consider the mode of excretion of cer
tain organic acids and bases of exogenous origin substances which
are for the most part foreign to the body These are stronger
acids and bases, only slightly dissociated at pH of cell or tubular
urine thus unlike the weak base, ammoma, they are relatvely
mnsoluble 1n hipids and therefore do not diffuse readily into or
out of cells These compounds are filtered by the glomerult and
actyely excreted by the tubules

The tubular excretion of phenol red and para aminohip-
puric acid (PAH) will recerve major emphasis 1n the first part of
our discussion These organic acid anions are of particular 1n
terest for several reasons within the context of renal physiology
The mechanism of thetr tubular excretton 15 widespread among
the animal species and, 1 addition, of the several foreign acids
excreted by the xubules their mechanisms of transport have been
the most f d Thus a2 d of the tubular
excretion of these and related substances must occupy a central
posttion 1 any contemportry discussion of the metabohc aspects
of renal function

The tubular excretion of organic bases involves mechamsms
related, but i some ways sepatate from that which handles these
exogenous orgamc acitds  Prototypes in this system may be repre
sented by the sympatholytic drug tetracthyl chlonide
{TEA), and the mctabolite of nicotnic aad, N methylmicotina
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mide (NMN) The study of the mode of excretion of these two
quaternary ammonium bases has presented us with interesting
new problems n tubular transport and cellular metabolism  Some
of these will be considered 1n our discussion of weak organic base
excretion 1 the second part of this essay

Phenol Red and Para Amnohippunc Aad

The first positive demonstration of renal tubular excretion
of a foreign substance appeared 1 1923 when Marshall and
Vickers! showed that the dye phenol red 1s excreted by the
tubules of the dog kidney The subsequent studies of Chambers
and Kempton? emphasized the active nature of this mechanism
Ustng cultured cysts of chick embryo mesonephric tubules these
workers observed the utraluminal accumulation of phenol red
1n higher concentration than 1n the surrounding medium Within
the next few years Shannon s* work on the excretion of phenol
red 1n the dog appeared and then similar studies on man 4® These
experiments established the fact that m both man and dog the
clearance of phenol red at low plasma levels 1s at or near the
rate of renal plasma flow They further showed that phenol red
1s excreted by glomerular filtration and tubular excretion this
latter process exhibiting a maximal rate (Tm) at elevated plasma
levels

It 15 now a matter of history that a large number of other
weak orgamic acids are also excreted by the tubules and that
these substances compete with one another for what appears to
bea common transport mechamsm Some of these are Diodrast
hippuran p aminohuppuric acid p aminophenacetunic aced p ace
tylammohippuric cmnamoylglycine penicillin and phlonzin

The introduction of the PAH clearance as a measure of effec
tive renal plasma flow® brought this member of the senes 1nto
speaial prominence In the studies that have followed on the
nature of the transport mechanism of these organic acids the
bulk of experimental work has centered on phenol red (and other
dyes) and PAH (and related denvatives of benzoic and hippuric
aaid) Therefore 1t 1s the studies with these two classes of com
pounds which must be followed to see what has been learned
about exogenous organic acid transport n the lidney
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Hober” has extensively analyzed the physico-chermical aspects
of the active tubular transport of a number of acid dyestuffs 1n
the frog kidney Using sulfonic azodyes and a series of naphtha
lene and benzene dervatwves, he developed a ‘ nonpolar polar
theory to explain the molecular basis for transport of the dye
He assumed that the transfer of a nonpolar polar dye depends
on a preiminary orientation and attachment of the molecules
to the acting orgamic structure probably to the cell surface, by
lhe organophlhc half while, by a suitable partial rotation of the

the hydrophlic half could be anchored 1n
the aqucous surroundings  He concerved this loose attachment
by van der Walls forces to precede the actual active transfer
process The more mumate nature of the bonding between dye
and surface site was not discussed by H8ber however, his studies
were classic 1n the way they related critical molecular structure
to active transfer, and they have had a great wmnfluence on subse
quent approaches to this difficult problem One such study will
be discussed later in an attempt to relate transfer capacity to
molecular structure 1n a group of benzoic acid derivatives

Since these earlier studies with phenol red excretion and the
physico-chemical aspects of dye transport, this field has receved
valuable attention from Forster and his colleagues With the in
troduction of the teased tubule preparation of the flounder and
the thin slice of kidney cortex,® 2 valuable tool was provided for
studying certain aspects of transport m uitro

Using the flounder tubule Forster and Taggart® studied
certain metabolic aspects of phenol red transport from suspending
medium 1nto the tubule lumen Under the conditions of their
experiments this process requires oxygen, 1s depressed by cold
and a variety of metabolic inlubitors including certain heavy
metals, 10doacetic acid, cyamide azide, and 2,4-dimtrophenol In
an extenston of this work with 2 4-dinutrophenol, Taggart and
Forster®® tried a number of different substituted phenols and
found a good correlation between capacity to * uncouple™ ouda
tion and phosphorylation (as evidenced by stimulation of respira
tion 1n hidney munce) and capacity to block phenol red transport
Pieric acid was the only exception ta the correlation It 1s not 2
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typical uncoupler 1ts inhibitory effect 1s believed by the anthors
to be non speaific
These data with 2,4 dimitrophenol, and other substituted phe-

nols, present rather convincing evidence that phenol red trans
port requires mtact coupling between oxidation and phosphoryla
tion It 1s unhkely that the phenol red itself 1s phosphorylated
during transport Since the concentrauve transfer of phenol red
i the cell or tubule lumen requires the expenditure of energy,
1t 1s more likely that the requirement for oxidative phosphoryla
tion relates to the elevation of the carrier to a higher energy level
at a certamn place within the cell or 1ts membranes

The studies wth nitrophencls have a more specific meaning
1n terms of the transport mechanism than do the experiments with
the less specific inhibitors such as mercury, cyanide, azide, 10do-
acetate, etc It 15 dufficult to interpret effects of these mubitors
1n terms of any one enzyme system as 1t functions mn the overall
transport mechamism The good correlation between transport
mhibition and sumulation of resprration 1n the case of the un
couplers affords a basis for a more specific interpretation m terms
of site affected than do studies with 10doacetate or heavy metals
These may affect 2 number of enzyme sites 1n a non specific way
with or without general effects on resprration The same may be
said for ande and cyanide which are known to affect potassium
transpm't under circumstances where oxygen consumption e
mains unaffected 1

Steps in the transport process—The overall process of trans
porting a substance from pertubular fluid into the tubular lumen
mvolves at least two barners or steps Step I represents trans
port across the cell membrane on the peritubular side of the cell
with subsequent mtracellular accumulation  Step 17 1s the trans
port across the luminal membrane mnto the tubular flind

The tubular excretion of a seres of dyes and PAH has been
analyzed both in vtvo and n wifro 1n an attempt to understand
the role of these two separate steps in the transfer process No
matter which species was examined, the overall process shows
dependence on cellular respiration with coupled phosphorylation
In addition there are competitive mnterrelations among the several
substances transported
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In 1solated surviving tubules of flounder'?'3 or other cold
blooded forms several dyes of phenolsulfonphthalemn senes are
actively transported from suspending medium 1mnto tubule lumen
an vitro  This occurs under fixed conditions which favor aerobic
metabolism  The process occurs at room temperature with
buffered balanced saline medium These dyes accumulate within
the tubular lumen 1n concentration higher than in the medimm
thus actave transport by defimition has occurred  Phenol red and
chlorphenol red are most active 1n this regard  Certain other dyes
are sluggishly taken up but rather than appeaning in the fumen
they accumulate withun the cell as Hong and Forster'® say they are

trapped 1n the cell These trapped dyes block the intraluminal
accumulation of those like chlorphenol red that are more actively
transported  Simlanly cold anoxia ande cyamde and 2 4-dim
trophenol inhubit the uptake of the active dyes Since both these
inhibitors and the trapped dyes prevent the mmtial uptake of
chlorphenol red or phenol red from the medium Hong and
Forster'® conclude that the transport across the pentubular cell
{Step I) 1s bolically linked and subject to com

petttive iInhubition by the several dyes in the series

Using the 1solated flounder tubule preparation Puck Wasser
man and Fishman™ examined these two steps 1n a different way
They found that Step I (from extracellular fluid to inside of the
cell) 1 the flounder 13 active dependent on coupled d:
and phosphorylation and specifically requires potassium ion
Step 11 {from cell wnto tubule lumen) also displays a speafic but
different 10n1c requirement 1n this case for calelum  In sts ab
sence for mstance phenol red will accumulate in the cell but not
1n the lumen If both calcium and potassium are missing phenol
red enters neither cell nor lumen Thus the active transfer of
phenol red 1 the flounder tubule imvolves both steps cach of
which 1s actwe and requires energy

In a more recent study Hong and Forster' have analyzed
the role of Step 11 1n dye transport 1n another way In their ex
penments founder tubales were Miowed to accumulate chlor
phenol red or phenol red unul the dye was 1n high concentration
10 the lumen  The tubules were then transferred to an 1ce box
or kept at room temperature and observed for run out of the
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dye from the lumen It was found that cold as well as compets
twve or metabolic mnhibtors facihitated the run out of the dye 2
process 1nterpreted by the nvestigators to mean an inhibition of
Step 11 They visualized the ability to maintain hugh intraluminal
dye concentration as 2 manufestation of the continued active trans
port of dye across the luminal cell membrane 1 this process 15
blocked by cold anoxsa or ihibitors the dye diffuses back
through the cell nto the suspending medium  This 15 called

run out  The parallel but inverse relation between conditions
affecung both uptake and run out of dyes in the cold water
flounder tnbule seems to indicate as the authors concluded that
transport across the membranes on erther side of the cell 15 actve
and displays specific 1onic and energy requirements

These two steps of the transport process show important
sumilarities as well as differences 1n the warm as compared to the
cold blooded hdney Using thin shees of hidney cortex Forster
and Copenhaver®® have studied the accumulation of PAH and a
number of dyes i the rabbit tubule In this system the slice 15
able to accumulate phenol red chlorphenol red or PAH so that
the concentration of substance i the shce 15 some 10 to 20 times
higher than 1n the medium This concentrative uptake 1s ex
pressed in terms of the slice to medium ratio (S/M)

Microscopic exammation of these rabbt kidney slices showed
that none of the dye accumulates 1n the tubule lumen as 1t does
1 the flounder frog turtle dogfish and chick mesonephnc cyst
It 15 concentrated only within the cell Metabolic and compets
ave nhibitors including Diodrast and Benemtd affect this mtra
cellular accumulation m a manner entirely analogous to te
intraluminal accumulation process seen m the cold blooded
species It seems logical to conclude therefore that active trans
port of dyes and PAH 1n the mammalian tubule cell mvolves only
one step rather than two namely transport across the pentubular
cell membrane with intracellular accumulation  The active trans
port step from nside the cell across the lummnal membrane 15
musing mn these warm blooded tubules

‘The mmpl of thiy daff e raise several
questions  Forster!s has suggested that 1t may be related to the
differing rates of glomerular fileration 1n the hidneys of the two
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types of amimals The warm blooded mammal with a high rate
of glomerular filtration mamtans a rapid fow of fuid down the
proximal tubule Thus flund flowing rapidly past the tubular cell
that 13 loaded with arganic acd constitntes & fluid phase of es
sentially zero organic acd and thus 2 duff
gradient between cell and tubular flud 15 created  What 13 more,
xhe czmtmucd renewal of ths fled phase as 2 result of continued
Al the diffy gradient and thus
m these spcc:es vo active S(ep 1113 yequured at the luminal border
18 to £ out of the cell
On the comr.\ry however, i those cold biooded species with
a low mate of glomerular fltration such a self perpetuaning
diffusion gradient between cell and tubular unne does not exist
With the stuggish unne flow of these species the tubular flmd
lly & stauc extracellular flutd compartment
Under these circumstances intraceliular dye or PAH would
smply come 1nto diffusion equilibrium with thss statc flmd
phase and very hnde movement out of the cell would take place
However, with the exastence of an active transport at the luminal
border of the cell a concentrative transfer of dye can take place
asatas actively lifted 1o a level of hugher concentration in the
tubular lmd  Thus the cold water anmimal with a very low rate
of glomerular flow 13 able to excrete substances by active two-
step excretion 1 the absence of the ready made diffusion gradsent
afforded the warm blooded animal by virtue of hus fugh rate of
glomerular filtration
‘Tlus theory has recently received some expenimental venfica
tion 1n studies on rabbits by Foulles and Mller ¥ Unnary con
centration of PAH duning manmtol diuresis was taken to repre
sent 1ly that ¢ of PAH ob 1n the proxt
mal tubules where 1its excreton occurs  Smce unne PAH con
centration under these circumstances was always substantally
below that found in renal cortical tissue from rabbus excretng
PAH at Tim rates, 1t was concluded that a concentrating step at
the fummal border of the cell was not required for PAH excre
uon e the wubalar wone  These Sndngs wase sisengihened
by the additional observation that stop flow {ractions of unnes
g PAH showed {ly the same PAH concentrations
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(after correction for water reabsorption) as did bladder urines
during mannttol diuresis

Thus these experiments are 1n harmony with the rabbt lid
ney cortex slice studies of Forster and Copenhaver Proximal
tubular unine PAH concentration 15 apparently enough below
mtracellular PAH levels even under saturation conditions, that
an active transport step at the luminal border 1s not required It
15 hoped that similar studies, perhaps with micropuncture tech
niques, can be done on cold blooded species

Nature of the transport 7 for PAH—Stimulated by
the studies of Stern, Eggleston Hems, and Krebs™ on the con
centrative transport of glutamate 1n brain slices and the work of
Chambers and Kempton on phenol red transport in the chick
mesonephros Cross and Taggart!® in 1950 imtroduced an adapta
tion of Forster s technique® for studymg active uptake of dyes m
thin slices of kidney cortex and used this preparation n an 1m
portant study of PAH transport in vitro  They showed that shices
of rabbit kidney cortex are capable of accumulating PAH against
a considerable concentration gradient 1n a buffered balanced s2
Ime medium  This process 15 dependent on oxygen and 1s con
siderably more rapid at 37° than at 25° G It 1s depressed by a
variety of inhibitors, among them 2,4 dimitrophenol, . un
coupling concentrations where oxygen uptake defimtely 15 ele
vated Thus the transport of PAH in vilro resembles i many
ways that seen for certain dyes m the flounder tubule

Perhaps of greatest subsequent 1nterest 1 this work was the
observation that the uptake of PAH 1n the rabbit cortex slice
was simulated by acetate and to a lesser extent by pyruvate (Fig
36) The uptake was found to be inhibited by dicarboxylic acds
of the citric acid cycle and a number of fatty acids of mtermediate
chain length (C; C,) In general the longer the fatty acid chamn
length the greater the inhibiion These observations of acetate
sumulation and fatty acid mhibition were to play a major role
1n the subsequent investigation of the PAH transport mechanism
and proved the jumping off pomt for an 1ntensive nvestigation by
Taggart s group and a number of other workers
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In an ingenuous study mn the mtact dog, Mudge and Tag
gart®2! were able to show that many of the same conditions
that affect PAH accumulation m the kadney cortex shice likewsse
affect PAH excretion 1n the hiving kidney Thus acetate stimu
lates and 2,4-dimtrophenol depresses Tm PAH 1n the dog This
latter effect on Tm PAH occurs without any change m the re
absorptive Tm for glucose Again, as m the slice, succinate and
fumarate as well as certain other metabohc intermediates de
pressed the Tm for PAH An expentment of Mudge and Taggart
showing the stmulating effect of acetate on Tm PAH 1s shown

.
2

ACETATE

0] PYRUVATE

4 o KETOGLUTARATE
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Figure 36 The effect of acetate pyruvate s ketoglutarate and octanoate on
the uptake of PAH by thin shices of kidney cortex 1n utre For discussion,
sec text. From Cross and Taggart (19)



132 Melabolic Aspects of Renal Functions

m Table V' These effects of acetate and 2,4-dintrophenol on
PAH transport both 1 vitro and in vivo led to an interesung
line of speculation and experiment on the nature of the carrer
for PAH 1nt the hidney
TABLEV
EFFECT OF ACETATE ON Thran

# Amsmohsppurate ’ Tm
Time Cr v Arersge
P uv l G X P Tm Control
mm ml /mn ‘ wg % I mg /min ‘ %
~41 4 gm creatmine and 4 gm PAH 1 100 m) waterts
~ 37 Sustaming infusion started 7 5 mg creatmmne and 27 mg PAH

per mi 1n 15otonic saline at 2 ml /mn
0~ 20 628 2 40 61 4 428 386 102 92
20~ 40 702 395 59 1 528 41 4 114 103
40 60 66 3 542 58 3 503 387 116

60 Second infusion started 0 8 mg PAH per ml in Na acetate 280
mEq/l at 15 m] fmun

60~ 80| 738 103 380 60 2 428 17 4 158
20 100 75 4 133 562 622 424 198 180
100~120 69 2 155 554 589 383 206 187

The experiments with 2,4 dinitrophenol clearly showed that
a supply of bigh energy phosphate 1s required This observation
and the acetate stumulation were fitted 1nto a working hypothests
along these limes  Beyer and hus associates had made the mterest
ng cobservation that Benemid, which mhibits PAH transport in
witro and tn Vrvo, likewise inhibats the synthesis of PAH from
p 2aminobenzoic acid (PAB) and glyane in idney Concentra
nons of Benemud that accomplish this inubinon do not mterfere
with etther oxygen consumption or oxidative phosphorylation
Foth Beyer™ ** and Taggart* reasoned that the transport of PAH
might imvolve 1ts hydrolysis to PAB and glycine and then the
resynthesis of PAH from these compounds

Cohen and McGilvery™ had studied the synthesis of PAH
from PAB and glyane and had shown that the reaction requires
high energy phosph It seemed r ble, therefore, that the
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effects of 2 4 dimtrophenol and Benemid on PAH transport could
be explaimned by assuming that both these agents interferred with
the PAH resynthesss step 1n the hypothetical transport scheme
This 1dea however was effectively ruled out by an expen
ment of Taggart s2¢ with PAH Jabelled with G 1n the carboxyl
group The assumed hydrolysts and resynthesis of PAH would re
sult 1n the dilution of the 1sotopic carboxyl carbon by the incor
poration of unlabelled glyane carbon 1n the PAH dunng the
ynthesis phase The rauon of the C* PAH to a dog and
the recovery of the PAH from the urine showed that the speaific
radio-activity of the recovered and oniginal PAH were 1dentical
hence 1t was very unlikely that the postulated scheme of hydrolysis
and resynthes s was valid
Taggart then turned his attention to the possible role of
coenzyme A m PAH transport scheme® To mvoke coenzyme
A seemed logscal for several reasons not the least of which was that
it explained the apparent untque role of acetate 1n PAH trans
port Lynen Reichert and Ruefl™ had clearly shown that the
active form of the acetate that 13 condensed in the tricarboxyhic
actd cycle 1s the acetyl mercaptan of coenzyme A (CH,CO 5 CoA)
In the formation of this compound ATP 1s required The ltkels
hood that acetyl CoA was involied in PAH transport loomed large
1 light of the observation by Beyer s group®® that Benemd inhib
sted both PAH transport and hippurate synthesis as discussed
above Chantrenne 7 observed that coenzyme A 1s required for
hippurate synthests in Cohen and McGalvery s system and when
Schachter and Taggart® subsequently prepared benzoyl 5 CoA
asthe actieated form of benzoic acid 1 the luppurate synthetic
system the coenzyme A theory gained strength
With these facts 1n front of them and with the knowledge
that many other acyl mercaptans of CoA had been prepared such
as butyryl CoA sucanyl CoA palmityl CoA and then Benzoyl
Co\ Taggrt and Ius group were led to speculate that PAH and
various other carboxylic acids that are esther transported or like
Benemid Vlock transpore likewise form acyl mercaptans with
CoA In such a scheme acetate would play a central role 1n an
obligatory evchange reacuon facilitating erther the synthesis or
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degradation of the hypothetical intermediate, p ammotuppuryl
CoA These reactions were visualized as follows

1) CoA—S—acetyl + PAH = CoA’S—PAH + acetate
2) CoA—S—PAH + H,0 — CoA—SH + PAH

Thus PAH would be carried to a2 higher energy level
combination with the carrier as the coenzyme A form The simple
hydrolytic cleavage of this complex would hiberate PAH into the
cell and allow 1t to accumulate there 1n higher concentration than
outside  The overall reaction would involse the conversion of
ATP to AMP and pyrophosphate and thus would invoke ATP as
the energy source for the active transport The scheme also would
allow for the recycling of acetate and would thus explamn the fact
that 1t stimulates PAH transport 1n catalytic amounts

Ths theory, put forward by Taggart as frank speculation 2
was recently subjected to a critical examination n his own labo-
ratory™ and was shown by a decisive experiment to have serious
limitations  On the grounds that 1t 1s the carboxyl group of the
PAH that reacts with the carnier (perhaps to form the PAH-S CoA
denvative), PAH labelled with O 1n the carboxyl group was
admunstered to see whether such bonding could take place dur
ing PAH transport The labelled PAH was slowly infused mto
the renal artery of one hidney of a dog OFf 82 mg so given, 72
mg were recovered from the ureter of the mnfused kidney, and
1t was shown that some two thirds of this entered the unne by
tubular excretion Taggart postulated that information concern
1ng the extent of loss or retention of the carboxyl O in the PAH
during tubular transport should set imits on the type of mech
anism nvolved In particular it was evident that CoA bondmg of
the type outhned above would result i appreciable loss of car
boxyl oxygen

When the labelled PAH 1solated from the urine was degraded
and analyzed for 1ts O, 1t was shown quite conclustvely that there
had been essentially na loss of carboxyl 0" This decisive expert
ment showed therefore, that the CoA bonding with the carboxyl
group could not occur as Taggart had ongnally visuahzed 1t
The experiment also Tuled out an amide bonding between car
boxyl and amine groups (CO NHR) *
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Taggart has posed other possible types of bonding between
carboxyl group and PAH* and besides ruling out thiol ester and
amde bonding he also considers an ester type (CO O CH,R) as
unlikely because of the acyl-oxygen bond ( CO Q) 1s more Lable
to hydrolytic cleavage than 1s the methylene-oxygen bond
{OCH,) Cleavage of the CO O bond would entail loss of
carboxyl oxygen More likely carboxyl bonds would be a car
boxylic phosphortc anhydnde (CO O PO,HR) or an 1omc type
of bonding between PAH and carner (COO~R+) Neither of
these can be ruled out by the O experiment

Recently kellerman 3 working 1 Taggarts laboratory has
prepared benzoyl and hippuryl adenylates Kellerman has shown
that enzymatic cleavage of both these adenylates takes place at the
O P bond i the molecule Furthermore he has observed that 1t
1s posstble to join a carboxyl group in covalent linkage of the
type i the acyl adenylate and to hiberate 1t again without loss of
1ts original oxygen atoms etther to the surrounding medium or
to other reactants

These facts are interesting m light of Taggarts finding that
0" Jabelled PAH suffers no loss of 1ts carboxyl oxygen during
transport  Although Kellerman 1s careful not to make undue
clauns for the acyl adenylates in carboxylic acid transport his
beautsful work 1s consistent with the idea that the acyl adenylate
of lippurate and PAH may be formed n the reactions with the
arrier during their transport That benzoyl adenylate and hip
pury! adenylate would be handled quite differently however will
be seen below when we examine some recent experiments mn
molecular specificity of transport in this system

Although excluding the coenzyme A thiol ester theory of
PAH transpore the O and adenylate studies sull leave unex
plamed the sumulation of PAH transport by lactate pyruvate
and acetate 1ts inbubition by low concentrations of the dicar
boxylic acids of the cycle and by farty acds of intermediate chain
length (C,C,) However recent experniments by Schachter
Mams and Taggart? have thrown new light on the meaning of
‘hese phenomena

These workers have studied the synthesis degradation and
actine accumulation of a number of aliphatic acyl glycnes by
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ladney tissue of several spectes It has been shown that these
synthetic reactions, lile that for hippurate, tnvolve the formanon
of the acyl thioesters of coenzyme A which are the energy nich
mtermediates m acyl glyene synthess The teactions are as
follows
1) R~COOH + ATP + CoA—SH = R~CO-5~CoA + AMP 4 PP,
2) R~COS-CoA + NH,~CH,~CODH ~ R-CO=~NH~CH,~COOH + Cot-5lt
Further studies showed that a senses of these acyl glyanes
were themselves actively accumulated by kidney cortex shees
However, since they are ssmultancously hydrolyzed by enzymes in
the hidney at rates decreasing with lengthening carbon chamn of
the acyl group, sigmficant §/M ratio could only be observed
with long chan acyl glycines such as n valeryl and wocapryl gly
cmne 'The important observation was then made (Fagure 37) that
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carmier for phenol red, Diedrast, pemaillin, phlonzin and other
substances transported by the same system’ Likewise the mh

bition of PAH transport by B d 15 hard to und d esther
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Figure 38  Effect of acetate cong on PAH I by tun
shi‘:‘sr of kudney cortex m various species  Speacs capable of synthennng

this acuy
acyl glycines (PAH]) are designated by () peces not possesing
Fee 1ty by {(¢) From Schachter Manis and Taggart (28)

1 terms of the appearance of competing acylglyanes or the n
hibition of hippurate synthesis If Benermid mfubition of hippu
rate synthests were to do anything 1n terms of acylglycine compett
tion mn PAH transport, one would expect 1t to stumulate rather
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than inhibit since 1n 1ts presence there would be decrease mn tis
sue hippurate concentration and thus removal of 2 competitive
mhibitor of PAH transport Thus Beyer s correlation® between
canmamide and Benemid depression of PAB glycination and PAH
and phenol ted transport although impressive 1s unexplamed
1n terms of the acyl glycme formulation

The relation between hellerman s observations that benzoyl
adenylates can be formed and Taggart s list of possible carboxyl
bonds remains mcomplete at present That PAH and the other
carboxylic acids that share the tubular excretory system must
be activated to effect their concentrative transfer into the renal
cell 15 a thermodynamic necessity 1n terms of active transport
That hugh energy phosphate should be mmplicated m the mecha
nusm and probably at this activation pomt seems logical and
well established from the data at hand That the mhibition of
organic acid transport by Benermid may be unrelated to esther
these energy reactions or the inhibition of PAB glycination 1s ev
denced by the fact that 1t inlubits PAH transport 1n the absence
of any inhibttion of oxidation or phosphorylation ** And further
more 1t 1s hard to relate the Benemud effect on the transport of
such disparate substances as PAH phenol red Diodrast and
urea® to either 1ts carboxylic aaid structure or ats infibition of
PAB ghycmation

Héber s nonpolar polar theory has pointed out the necessity
for organophilic and hydrophilic groups on the transported mole
cule His theory suggests an 1onic bonding between acid and car
rier on the L an 1dea also d by Taggart These
thoughts bring us then once more to the central and recurring
problems of molecular specificity i this transport system

y for transport of benzowc and lppuric
acid denvahves—knocf:l and Huang® and Despopoulos Archer
Huang and knoefel®s have provided valuable informaton con
cerning organic acd transport uttlizing a sertes of substituted
benzotc and tuppuric acids  Benzoic aud 1tself and a group of
todo- ammo- or hydroxy substituted benzoic acids all show net
Teabsorpion in the dog hidney However substitution of benzoic
acd with acylamido groups (acetamido or even better proprona
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mido) mn the 2, the 4, the 3, or the 3,5 positions causes tubular
excretton of the compound 3

In a more detailed analysis of specificity of the acylamido
structure, Despopoulos et al *® have made parallel studies of the
rabbit hidney cortex shee accumulation and the mode of renal
excretion of a series of these substituted benzoic and hippunc

NH=CHa - COCH TH-CHZ'COOH NH - CH,~ CO0H
€=0 c=0 c-0
NHp
iz
NHp
ortho meta porg
ate ate @minch ppurate

acids * All three of the following amino substitutions of hippunc
acid are accumulated by the slice and excreted by the tubules
In each of these the acylamido group 1s present and 1ts proximity
to the amno group does not seem to affect 1ts capacity for trans
port Nor 1s the amino group necessary since hippurc acid atself
15 excreted ¥ None of the following amino substituted forms of
benzoic acid 15 excreted by the tubules

COOH

SR VRNNY

ortho mata pera

Beazaic Acid

Houwever, if one changes the carboxyl group here to an aceta
mido group 1n either meta or para substituted forms, these

*The formulae shown on this and the next page do not appear i the
ence No 35 aited above  However Dr Despopouip has gaven permission for et
mclusion here
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acetamido benzoic acids are avidly accumulated by the shice and
excreted by the tubules

Netther ortho ac dohippuric nor ortho ac
201c acids are accumulated or excreted Despopoulos believes that
1f the acetamido group 1s spatially oriented too close to another
acylamido group (as in ortho acetamidohippurate) or a carboxyl
group (as 1n ortho acetamidobenzoate) some sort of closure by
ntramolecular attraction occurs (as visualized by the dotted lines
between hydrogen of the acetamido group and the oxygen of the
other acylamdo or carboxyl) and this prevents bonding of the
compound with the transport carrier

1 b

NH~CHy - COOH o
i /
C\ C.
o o
i i
H
i i
N N
| |
<I:-cH3 ;:-cu‘,
(] [+]
ortho
ceetom doh ppurcts acetamidobenzocte

These studies point to the mmportance of the acylamido group 1n
mparting transport capacity to these benzoic acid derivanves

From more recent studies however, Despopoulos’” has
reached the I that the acylamido hypott Ithough
consistent 1n the series of compounds whose study supported st,
may be too hmited Working with an even larger series of com
pounds, alip as well as pOF belieses that
the critical structure, whether 1n ning or straight chamn organic
acid must be as follows

Laed

H
It s0 happened that 1n all their carlier compounds reported and
discussed above R was a ning structure, but apparently st can
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mdo) 1n the 2, the 4, the 3, or the 3,5 positions causes tubular
excretion of the compound

In a more detailed analysis of specifictty of the acylamido
structure, Despopoulos et al 33 have made parallel studies of the
rabbit kidney cortex shee accumulation and the mode of renal
excretion of a series of these substituted benzoic and hippuric

NH—CHp - COOH NH~ CHy - COOH [T
c=0 c=0 c:=0
NHp
NHy
NHy
ortho meta pora
ofe ate cminofppurale

acids * All three of the following amino substitutions of hippuric
acid are accumulated by the slice and excreted by the tubules
In each of these the acylamdo group 1s present and 1ts proximity
to the amno group does not seem to affect 1ts capacuty for trans
port Nor 1s the amino group necessary smce hippunc acid aself
1s excreted  None of the following amino substituted forms of
benzoic acid 1s excreted by the tubules

oo CO0H €o0H
NHp
NHo
Ny
ortho meta para

Benzoic Atid

However, 1if one changes the carboxyl group here to an aceta
mdo group wn ether meta or para substituted forms, these

*The formatac shown on this and the next page do not appert in the sefer
ence No 35 cited above However Dr Despopoulas has given permussion for their
wnclusion here
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acetamido benzoic acids are avidly accumulated by the shice and
excreted by the tubules

Neither ortho acetamxdohlppul‘lc nor ortho acetaminoben
z01¢ acids are ac lated or Despopoulos beheves that
if the acetamido group 1s spatially onented too close to another
acylamido group (as 1n ortho acetamidohippurate) or a carboxyl
group (as mn ortho acetarmdabenzoate), some sort of closure by
ntramolecular attraction occurs (as visualized by the dotted lines
between hydrogen of the acetamido group and the oxygen of the
other acylamido or carboxyl), and this prevents bonding of the
compound with the transport carrier

NH =CHp - COOH o

| Y

c N c
N 9
H {
I i

2 A

N N

| |

C~CHz C-CHy

1 1

o [}

1
acelomidohippurate acelomidobeanzocte

These studies point to the importance of the acylamido group n
impartng transport capacity to these benzoic acid derivatives

From more recent studies, however, Despopoulos® has
reached the conclusion that the acylamido hypothesss, although
consistent 1 the series of compounds whose study supported 1t,
may be too lumted Working with an even larger senes of com
pounds, aliphatic as well as aromatic, Despopoulos believes that
the critical structure, whether 1n ning or straight chain orgamc
acid must be as follows

Fvod
I

It 50 happened that m all their earlier compounds reported and
discussed above “R” was a ring structure, but apparently it can



{19) IpuTaguAL wory 2nam Loupry i Aq PRPBHXI 94 03 UMOUY §IMIIOW 3o ampnng  6g aundiy

uvpoIyg #}04nddiy ~Axo2phl =0 upindd |y 8plwDU0ID) & nvadsuog
o
4
O &
N0 «zu W BN 2o o
g i N
o/m TR @.xz.mm:o.@.w'b NeN SHo
8 o © 0uS VHO MO
0\ ]
N
PRD 94320-1 doy N joumddiy: d| spanddiy-ovywy & uniueg Pl ~jouayd
~9Uuopakd =2 w ﬁ\\o
o 1 9 €HO-0~H 2N + o
i ,«uu oM 00 y =0
oo’ B .V [ oﬂu 3 _“,_V Hn
+0 Y ON.A I HO|
4 »zw ;zoJ\zu{zx '\ [4PN-S o/ w:u/ W% y ,zz: WY 5| wo f
i
o o
{uppavjasoan) xodop isoupola 2joanddiy-ouwy- ey & LT
1 1 %N 1D
n_v_ m O O +N m:ﬂo
A0 N A N 2, 2HN O €2,
A Nl |¥eN-0 ZHO. 0 |sN-oy MO A FHZ = aN-H%
LA TR A R e STV i _
S 0 o L)




Organie Acids and Bases 143

be straight chain as well It 1s the ketone group separate from the
carboxyl by a nitrogen and a carbon that appears to represent the
cntical configuration

Such groups or ones closely related are seen 1 the molecules
of many substances showing excretory transport mn the kidney
{Figure 39) Thxs fact 15 apparent when one looks at their form
ulae  especiall m Diodrast Jopax
p-aminchippurate 2 pyndone 1 aceuc ac:d Hippuran and
O hydroxyhippurate

Tetraethylammomum and N methylnicotinamide are organic
bases not sharing the organic actd mechanism they will be dis
cussed separately below It 1s hard to see how phenol red fits
the scheme of critical structure It fits Hébers nonpolar polar
theory but 1t has neither carboxyl nor nutrogen and 1t would
stretch the 1maganatton to try to see 1ts structure 1n any way an
alogous to the Despopoulos scheme Thus phenol red and many
dyes whose transport shares many aspects of the mechanism for
the benzoic and ppurnic acds must remaimn 1n a separate  bio
chemorphological class at present It 1s hoped that further studies
on their eritical molecular structure will be carried out to extend
the classic experiments of Héber and allow us to go further
describing therr transport mechanism

‘The key to the nature of the bonding between substrate and
carrier for the substituted benzoic acids (of which PAH represents
a classic type) may come from a combination of the approaches
ustng various substituted benzoic acid molecules on the one hand
and cnitical 1sotope distribution experiments such as Taggart s
with O labelled PAH on the other Many fruitful avenues
seem open for research 1n this direction One thinks back 1n this
Tegard to the elegant hiochermical analysis that drew heavily on
known chemical reactions between chelated amino acids and the
vitamin pynidoxal A sumlar approach with the acylamidoben
zoates might prove fruitful Do they chelate with metals or hy
drogen? The abolition of transport that occurs when one acyl
amido group comes too close to a carboxyl or another acylamido
Oxygen 1 the molecule suggests the § v of an oxygen
hydrogen bond or a chelauon between carboxyl group metal (in

b ) and gen 1n the acylamido group The mvestiga
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tion of metal chelates of acylamidobenzoic acids should be carned
out and a comparison made between crtical molecular structure,
capacty to form chelates and transportability by kidney i1 mitro
and n vivo

Thus we have seen a trail of research 1 active tubular excre
tion that started back with Marshall and Vickers and Chambers
and Kempton, both groups showing 1n different ways the tubular
excretion of phenol red The trail has led through a vexing yet
brilliant senies of studies on the various aspects of the process
1ts steps, 1ts comparative physiology and biochemistry, 1ts molec
ular specificity, 1ts dependence on metabolism and high energy
phosphate, and 1ts competitive nterrelations with the several
member molecules that ‘use the mechanism And now we are
at the point where we seem about to understand the nature of the
carmier and 1ts association with the substrate during the trans
port process It 1s this chapter in the story that awaits wniting

Organic Bases

Like the orgamc acids which we have just discussed, the
elimmation of a number of organic bases by the kidney mvolves
not only glomerular filtratton but tubular excretion as well
Sperber was the first to demonstrate the tubular excretion of the
quaternary base, N methylnicotinamde (NMN), i the chicken i
Beyer and his colleagues subsequently showed 1n 1950 that NMN
15 also handled 1n this way by the dog Lidney 3 These same excre
tory charactenistics were shown for tetraethylammonium (TEA)
by Rennick and her colleagues m 19544 and for meptperphent
dol (Darstine) by Beyer and his associates 1n 1953 4 Orloff, Aro-
now, and Berliner*” showed 1n that same year that the non quater
nary base, 2 benzyl 2 imdazoline (priscoline) 1s also excreted by
the renal tubules

A body of mmpressive evidence supports the conclusion that
these orgawe bases are not transported by the same mechanism
that handles the orgamic actds such as phenol red and PAH 'The
organic base h 1s not bited by B d or PAH
Neither 1n turn do any of the organic bases infubit the tubular
“ransport of PAH In addition, the two mechamsms are differentt

ted on the basis of their sensitivaty to the basic cyanine dye #863
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Renmeck, handel and Peters® have vecently shown that
both TEA and NMN excretion by the tubules of the dog and
chicken are mardedly inhibited by this dye  In the dog, for 1n
stance, as hittle as 125 pMol per kilogram of body weight blocks
the transport of these bases This phenomenon for TEA and
NMN 1s seen 1n the diagram of Figures 48 and 41 That PAH and
phenol red transport are not inabited by tis ¢cyamne dye further
emphasizes the separateness of the organic acid from the organic
base transport mechamsm
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Figure 40 Infubinon of the tubular excrenon of temraethylammonum by
the banc dye cyamme #863 i the dog From Renmick Kandel and
Peters (43)

This cyamne dye #863 1s tughly concentrated 1n the kidney
where 1t 15 avidly attached and not eanly dissociated from the
cells. Dilferentral centrifugatton studies have shown that 1t 1s pre
domunantly located 1 the d Since the
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house the enzymes of most of the reactions of oxdative phosphory
Iation 1 cells, 1t 15 tempting to speculate that cyanine dye may
mhibie organic base transport by disrupting oxidative phosphory
lation  This speculation 1s strengthened by the fact that certan
other dyes, such as methylene blue, are known to be * uncouplers
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Figure 41 hih of tubular ol N thyl de by the

basic cyanme dye #8638 in the dog From Renmck handel and Peters (43}

of oxadation and phosphorylation However, Renmick et al ¥
thnking of this possibility, point out that the concentrations of
cyanme dye #863 required to mhibit oxidation and phosphory
lation are much higher than the amounts that they found to be
present 1n mitochondria  Thus the dye mnhibition of the base
transport must be on some other basis, perhaps a competition
with the base at a higher degree of affinity for some component of
the carrier system

Like the orgamic acids the tubular excretion of certam of
these organic bases reaches maximal rates at high loads This
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fact 1n the case of TEA excretion 1 the dog 1s illustrated n
Figure 42 These data are taken from the studies of Rennick,
Calhoon, Gandia, and Moe %

Recently several groups of investigators have attempted to
understand organic base transport by use of the shece'® with
studses similar to those discussed above 1n connection with PAH
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Tigure 42 Relation between plasma tetraethylammomum conrcentration

and s filtraton excrenion and tubular secreuon in the dog kidney Note

that vhis quaternary ammonium base exhibits a secretory Tm in this species
From Repnick Calhoon Gandia and Mo (40)

For instance, Farah and Renntcké have compared the uptake of
TEA and PAH under a vanety of conditions by lidney cortex
Slices of the dog o Ketoglutarate, succinate, and octanoate, while
markedly inhibiting PAH uptake had essentially no effect on that
of TEA, confirming previous observations by the same authors
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mn the intact dog  Study of the effects of cyanide, ande, sodim
fluoride, 1odoacetic acid, and 2,4 dimtrophenol showed that each
of these mhibitors blocked the in vitro transport of both TEA and
PAH Several other mhibitors, such as malonate fluoroacetate
dehydroacetate, phlorizin, and Antimyair A (which the authors
differentiate as * Krebs' cycle inhubators ) showed the well known
block of PAH uptake but were without effect on TEA They con
clude that the transport mechamsms for TEA and PAH are differ
ent on the basts of their metabolic requirements, the TEA mech
amsm can continue to function after blocking the hrebs cycle
by 2 number of mhibitors which depress PAH transport  There
fore, they say “It 1s thus likely that the tetraethylommonum
transport mechantsm obtams 1ts energy from a source other than
the Krebs’ cycle

Such a conclusion, based on studies with a group of inhibitors
whose effects 1n fairly well organized tissue are not that specific
would seem somewhat dangerous Phlonzin and Antimycn A
cannot be considered primanly mhubitors of the Krebs cycle but
rather affect sites 1n the terminal electron carrier system with
secondary effects mn the cycle As we will see later 1n our discusston
of phlonzin, this mhibitor acts at a membrane and 1 mitechon
dna 1t results i 2 disruption of therr osmoregulatory capacity,
they swell inan 1sosmottc’ environment and as a consequence the
whole of their oxidative machinery 1s affected Thus the differ
1ng results obtamned with a variety of inhtbitors on PAH and TEA
transport 1n slices must be mterpreted with caution mn terms of
differmng energy sources for the transport mechamsm until 1t 15
carefully determined whether the mhibitors 1n their experiments
were actually distupting resg y energy bolism or block
1ng some non Tespiratory carrier system

Farah, Rennick, and Frazer have studied the effect of a

number of organic bases on tetracthyl. transport in the

dog rena) cortex shices Some of these bases are themselves ex
creted by the tubules Priscohne, guamdme methylguanidine,

p)pendme, and NMN inhibited TF *e but mn the con
centrations used had little effect on PAH ‘These find
1ngs afford 1 support for that TEA and
=T et rent mec
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The demonstration i vitro that one base mhibuts the uptake
of another suggests that the authors are dealing with a situation
where the several bases compete for the carmer system on the
basts of substrate enzyme speaifiaity It would be useful perhaps,
to carry out kinetic studies relating mhibitor concentration (the
second orgamic base) to reaction velocity (uptake of first orgamc
base) in a Burke Lineweaver relation  Even though such a study
with slices or 1solated mitochondra would be relatively crude,
because one would be dealing with a multienzyme system condi
tioned by permeabihity factors and a complex orgamized steady
state, nevertheless one might obtain some 1dea of the nature of the
competitive nterrelations and the relative affinities of the various
bases for the carrier system

In another senes of expeniments on organic base uptake by
slices, LeSher and Shideman?s made observations on the metabolic
aspects of Darstine transport They studied the effects of a vanety
of mhutors, substrates, and PAH on Darstune uptake i dog
ladney cortex slices They concluded that the Darstine transport
system differs from both those for PAH and NMN because Dar
ste uptake 15 unaffected in the presence of PAH, NMN, or
carmamide. Transport mechanisms for both PAH and Darstine
were believed by the authors to derive a signuficant portion of
their energy requirements from the Krebs' cycle Here agam m
the absence of respiratory measurements or careful kinetic studies
conclusions about * energy requirements have been drawn with
out the incluston of permeability and surface carrier possibilities
in the mterpretation of the results

Baer, Paulson, Russo, and Beyer*’ have recently reported on
the renal excretory charactenstics of a new gangliomic blockmg
agent, 3 methylaminoisocamphane hydrochloride (Mecamyla
mine} Ths substance, also an organic base, exhibits an imterest
Ing excretory pattern that 1s exqusttely sensitive to urinary pH
In clearance studies 1t was found that when the urne 1s aad the
Mecamylamne 1s excreted by glomerular filtrauon and tubular
excretion indeed, under these conditions the renal extraction 15
%0 complete that the Mecamylamune clearance measures effective
Tenal plasma flow On the contrary, however, when the urine s
made alkaline, exther by infuston of sodim bicarbonate or the
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administration of acetazoleamide, Mecamylamine s excreted by
glomerular filtration and tubular reabsorption  With the change
from acid to alkaline urmne the Mecamylamine clearance may
drop from 200 to 3ml /min  These charactenstics are well seen
m Figure 43 The tubular excretion of Mecamylamine m acd
urmnes 1s unaffected by Benemid or PAH  No data were presented
1n the paper on the effects of cyanine dye or other organic bases

NUMBERS ABOVE BARS = pH

300 5.60
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240-
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180-
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140
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MECAMYLAMINE CLEARANCE (ML /MIN )

ALKALOSIS ACIDOSIS

Figure 43 'The effect of unmary pH on mecamylamme clearance 12 the

dog TIn alkalosis mecamylamine 1s excreted by filraton and net tubular

reabsorption 1 acidosts this pattern of excretion 1 changed to one of glom

erular filtration with marked net tubular excreuon Adapted from Baer.
Poulson, Russo, and Beyer (47)
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Baer et al attempted to explamn the dramatic effect of urnary
pH on Mecamylamine excretion 1n terms of the factors goverming
the distrbution equilibrium of weal. electrolytes between cells
and their surrounding medium as described by Jacobs 4® It will
be recalled 1n our previous discussion of the mechamsm of am
monia excretion that these factors are The pH of the Awd
medium the pKa of the base and the permeability of the cell
membrane to the untoruzed lipid soluble species

The pKa of Mecamyl 15 app 1y 114 Thus at
the prevailing pH of the tubular unme (approximately 7 0) one
molecule of Mecamylamine 1n 25 000 exists as the base while at
PH 8 ten molecules 1n 25000 are present as the base Thus
over this range of pH the change m quantity of untonized base
15 neghgible yet over this same pH range the net tubular trans
port changes completely from excretion to reabsorption There
fore the strlang change 1 the mode of excretton of Mecamyla
mune that occurs with changing urinary pH cannot be explamed
on the bauis of a changing quantity of the uniomzed permeable
species of the base

One wonders whether the total excretory process for Mecamyl
amine may mvolve a bidirectional tubular flux with one direction
sensitive to changes in bicarbonate hydrogen 10n system and the
other not In this regard 1t would be mnstructive to see from stop
flow studies the pt site for Mecamy reabsorption 1n
2lkaline and secretron 1n acid urines  One would also like to see
€xpeniments on the excretion pattern of Mecamylamine where
urine pH 1s altered by a wide vartiety of means including potas
stum deficiency and respiratory change

‘The problem of organic base excretion and transport by the
tubules has not yet been carned far enough to form any meamng
ful pattern 1n comparison to the studies of organic actd transport
discussed 1n the foregoing section of this essay The list of or
ganic bases transported by the tubules continues to grow thus
Tecently there has been added histamine*® and choline %

All these substances are strong bases and therefore like
Mecamylamine their excretion canmot be explamned n terms of
of diffusion and permeability by the postulates of Jacobs which
Seem to govern the diffusion of the weak base ammonia and other
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weak bases such as atabrine and quinine that have been studied by
Orloff and Berlmer ! A continuation of studres with the mhib-
stors, unless they are quite specific mn therr effect at the varous
concentrations used, would appear to be more or less frustless 1o
the Further approach to the organic base problem

It would perhaps be more fruitful to carry on experiments
with molecular analogues of one or two of the bases whose trans-
port has been carefully studied such as N methylnicotmamade or
tetraethylammomium  These studies could follow directions like
those of Héber on the azo dyestuffs or Knoefel, Huang, and
Despopoulos on benzoic and hippuric acid derivatives Knowing
something about critical molecular configuration, one can then
proceed to an understanding of the bonding between the base and
1ts carrier 1n the cell membrane In this context one recalls the
elegant studies of Rothstein® on glucose transport m yeast and
those of Christensen®® on the amino 2ad transfer mechanism
1n ascates tumor cells
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PHLORIZIN

IN 1885 von MEering first noticed that the admiistration of
phlotizin causes glycosuria, and for the purposes of the present
discussion 1ts biologrcal significance stems from this observation
Although 1t was used widely 1n nutritional balance studies to pro
duce ‘ phlonzn diabetes we will be concerned here with the
fact that 1t inhibats the biological transport of glucose and certain
other sugars across the renal tubule, small intestine, and a number
of other cell membranes Among these latter are those 1n kidney
shces,! ascites tumor cells? and erythrocytes?$ Thus its inhibt
tion of sugar transport 1s a more general phenomenon than earhier
suspected Thus fact will become more evident 1 the discussion
to follow

Phlonizin 15 a glucostde of a polyhydroxyphenol Its hydrol
ysis yrelds dextrose and the aglucone phloretn Itis found in the
oot bark of 2 number of fruit trees and was first isolated from the

0-{GgH;) O5)

Phiorizin

apple tree by de Konick 1n 1846 Because of 1ts btter taste, hke
quinine, this investigator admnistered 1t to persons with malatia
Haweser, 1t has no effect on this disease
The fact that phlonzin can completely block the tubular re
absorption of glucose 1n the kidney was revealed with some difft
155
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culty m three historically important studies The frst of these was
by Mayrs® who reasoned that 1f phlorizin were completely block
g the tubular absorption of glucose, the urine to plasma concen
tration ratio (U/P) of ghicose after phlorizin should be the same
as the stmultaneous U/P ofa no threshold substance At the ume
such substances were thought not to undergo tubular reabsorp-
tion, and for his purpose Mayrs chose sulfate This was not a bad
choice because, though reabsorbed to a slight extent, at high
plasma concentrations the reabsorptive rate becomes relauvely i
signuficant 1n comparison to total excretion Unfortunately, how
ever, Mayrs gave an madequate subcutaneous dose of phlonzn
(200 mg /Kg), and he observed similanty of glucose and sulfate
U/P 1 only one expeniment This led him to conclude that glu
cose reabsorption 1s not completely blocked by phlorizin

‘The second study, that of Poulsson,® came closer to proving
the point  He attempted to show that the glucose clearance could
be used as a measure of glomerular filtration rate 1n the phlonzin
1zed ammal For this purpose he compared the * phlorizinized”
glucose U/P with the simultaneous creatmine U/P on the as
sumption that creatimne 1s neither reabsorbed nor excreted by the
tubules He achieved glucose/creatmme U/P ratos after phlor
1zn as high as 096 and several between 080 and 090 On the
basis of these studies, he concluded that phlorizin completely
blocks the tubular reabsorption of glucose

Poulsson’s results need only be qualified by the fact that m bis
time 1t was not yet clear whether in fact creatimmne 13 excreted or
reabsorbed by the tubules 1n some species However, this need
only be a quantitative Limitation on the interpretatron quah
tatvely Poulsson was remarkably correct 1n hus conclusions

The definttive study of Jolliffe, Shanuon, and Smuth" 1n 1982
showed the 1dentuity of simultaneous clearances of glucose, xylose,
sucrose, and raffinose m the phlorzinized dog (100 200 mg mtra
venously) and later, wath the introduction of the muln clearance,
1t became clear that creatmnme clearance of the dog does 11 fact,
measure glomerular filtration rate Thus 1dentity of glucose and
creatinine U/P ratio finally established the fact that there 15 €
sentially no glucose reabsorption by the tubule after phlonzm in
the dog
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In addition to blocking glucose reabsorption in the kidney of
the dog phlorzin produces a sumilar effect n man apes sheep
chicken teleost fishes and the dogfish 8 Xylose which 1s reab
sorbed to a lesser extent 15 also blocked 1n the dogfish dog rabbit
and man® Prantom® reports that vitamin G reabsorption 1s re
duced by phloniun  However aside from this 1ts effect seems to
be remarkably confined to glucose among the normal constitu
ents of the glomerular filtrate that are reabsorbed Phlonzin has
no effect on the tubular reabsorption of chloride bicarbonate
sodium amino acids or urea ® Phosphate reabsorption 15 actually
accelerated by phlorizm a phenomenon discussed earlier (Chap
ter 1) Ths effect probably results from the removal of glucose
from some common element m the reabsorptive mechanisms of
both glucose and phosphate

Besides the rather specific mhibition of glucose transport on
the reabsorptive side of tubular function phlorzin 1s known
to inhibat the tubular excretion of a number of organic aads
Among these are phenol red 1n the chicken and man Diodrast n
man and dog and creatimine 1n the dogfish chicken chimpanzie
andman ¢ It would seem at present however that these effects on
tubular excretion are different from the mhibition of glucose re
absorption for as we will see phlorizin 1tself 15 excreted by the
tubules and probably competitively inhibats the transport of these
other organic acids whose transport mechamsm 1t shares

Kmencs of Phlorizin Inhibition of Glucose
Reabsorption m Vivo

Before going on to an examination of the nature of the mech
ansm of the phlonzun mhibition of glucose transport 1t would
seem best to look first at some simple kinetics of this process as 1t
occurs an the tact ammal For this purpose we will dscuss
some recent experiments on the dog performed in the authors
laboratory 10

The glycosuric doses of phloriain usually given are relatively
large 1n the order of 100 200 mg /Kg for dog and man Since
phlorzin concentrations of the order of 103 to 105 M have been
shown to produce inhibitory effects 11 witro and since the phlor
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1mmzng” doses 1n dogs produce complete block of glucose re
absorption, 1t was thought important to study the effects of smaller
concentrations of phlornizin on the maximal capacity to transport
glucose (Tm G) 1n the intact hidney In order to achiere 2
better steady state between transport mechamism and mhubstor,
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Figure 44  The effect of small graded doses of phlorizin given by contiouoss
imtravenous infusion on the Trm for glucose m the dog From Lotspeich an!
Woronkow (10)
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1t was decided to adminuster the phlorizin by continuous constant
mtravenous mfusion rather than by single injection as s usually
done mn phlorizin studies
Accordingly 1n each experiment glucose (along with creats

nine for filtration rate measurement) was infused 1n sufficient
quantitres to saturate the glucose reabsorptive mechamism  After
2 long equilibrauon tme (one and a half hours) three clearance
pertods were taken to establish the control Tm G Then phlon

zm (along with the same concentration of glucose) was nfused
and successive periods were taken over a thirty to seventy mimnute
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Figure 45 The relauionship between rate of phlonzin infusion and the 35
Minute itibition of Tm glucose 1n two dogs For discussion se¢ text  From
Lotspeich and Woronkow (10)
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period and Tm G again measured Such studies were done m two
dogs at phlorizin infusion rates that varied from 06 to 100
p8/Kg /mm The results of a series of these experiments on one
of the dogs 1s shown 1n Figure 44

At each dose level, even as low as 06 and 10 g/Kg /mmn
there was an increasing reductnion of Tm G with time, and at
rates of phlonzin infusion above 1 pg/hg /min this wnhibition
of glucose reabsorption reached a plateau at around thirty five
mnutes The ntensity of this mhibition and the rate of s
attainment mcreased with dose, most markedly between 1 and 2
pg/hg /mmn and less rapidly from 2 to 10 pg Even at 100
pg/hg /min where a plateau of 75 per cent inhibition was very
rapidly reached, the complete block of glucose reabsorption was
not seen

If one accepts from these data that Tm G mhbition at any
one mfuston rate of phlorzin 1s essentially complete at 35 minutes
and thus plots the 35 minute inhibition of Tm G agamnst the
rate of mfusion of phlorizin, one obtamns the dose response
curves seen for two dogs in Figure 45 over the range of infusion
rates up to 10 pg/Kg /mm These curves, which have the charac
tersstics of an adsorption 1sotherm suggest that the mfused phlor
12 18 bound with a very high degree of affimty to glucose carrier
sites 1n the tubule cells and that the binding at varymng rates of
phlonzin mfusion shows saturation kinetics

Since phlonzin tself 15 known to be excreted by glomerular
filtration and tubular excretion,!! this process self mught be
expected to affect the rate of saturation of the glucose carmer
sites with phlorizin  that 1s, were the phlorizin itself not excreted
actively, the local phlorizin concentratton avalable to bind the
carrier 1n the tubule might be greater during its constant 1
fuston Thus, although the general shape of the curve would be
expected to be similar and to continue to look lthe an adsorptiont
sotherm, 1ts slope mught be greater at any one phlorizin concen
tration The excretion of phlorzin would only reduce, perhaps,
the effective concentration for adsorption to the carrer at any
one mnfusion rate
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These data afford additional valuable mnformation It 13
stking for instance, that ‘Tm G should be reduced by phlonizin
mfusion rates as low as 06 and 10 pg/Kg /min  Thus shows that
phlonzin 15 2 very potent glucose transport mnhibitor, much more
potent than hithertofore realized A few smmple calculations
will 1llustrate this fact For example 1n the expeniment where
phlorizin was infused at 06 xg/Kg/min the total cumulative
dose over thurty five minutes was 420 pg or 088 xMol The
20 Kg dog used in this experniment had a total body water of some
13 hiters, assuming that this compartment s roughly 65 per cent
of 1ts body weight 12 If one makes the additional and strictly un
justified assumption, for the sake of an initial approximation
that none of the phlorizin 1s metabolized or excreted and that 1t
13 evenly distributed m the body water one caleulates 1ts final
body water concentration to be 5 X 107 M

This concentration 1s considerably below the range of 102 to
10% M found to affect sugar transport oxidatwve metabolism and
mutochondnial permeability i vitro (vide infra) and also below
those concentrations nhibiting glucose transport tn the ntes
tme  Since phlorizin 1s not evenly distributed throughout the
body water'® and since 1t 1s excreted by the kidney 1t 15 unlikely
that the 100 to 10,000 fold mcrease in concentrauion needed to
reach these effective n witro concentrations 1s actually attamned
at the phlonizin sensitive sutes 10 the renal tubule One must con
clude that 1n all Likelihood the concentrations of phlorizin te
quired to block glucose transport in the ladney tn vivo are m
the range of or even somewhat lower than those shown to have
effects in mtro

In the experiments shown 1 Figure 44 1t 15 evident from
another line of reasoning that the affinity of phlorzin for the
glucose carrier 15 of 2 very high order, much higher than glucose
uself For mstance, 1n one experiment phlonzin was mfused at
20 yg/Kg /mm  This represents on a molar basis, 80 X 107
moles per minute In contrast to this, glucose was stmultaneously
bemng infused at 60 x 10* moles per minute Yet 1n this expert
ment glucose reabsorption dropped from a control rate of 257
™g/mm to 92 and 94 mg /min by 10 minutes after the start
of the infusion If one assumes (agatn for the sake of approxi
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matton) that all the phlonzm gnen dunng the first 10 mimutes
was retaned and evenly distributed through the extracellular
flusd volume of this dog the phlorizin concentration in the extra
celular flwrd would have been 2 x 104 M By actnal measure-
ment the extracellular glucese concentration was 4 X 102 M et
glucose reabsorption with a constant filtered glucose Joad
dropped about 70 per cent

Thus 1t 1s apparent that the effective concentrations of phlor
1zin that produce ihibitton of Tm G 1 wrvo are much lower
than ongumally suspected and are mn all hlelthood wathm or
below the effectnne concentrauon range in witro This conclusion
15 m agreement with the findings of Jersss Johnson Sheff and
Smyth™ who found that the tntestinal absorption of glucose i
inhubited by phlonzin 1 very small concentrattons (Figure 46)
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glucose absorption 1 the small tesune. From Jerwis Jofinson, Sheff and

Smyth (14)
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At 10 M there 1s b wh which unul at
102 M glucose transport is nearly 100 per cent blocked. The
aglucone phlorenn was much less inhbnory at comparable
concentrations
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These findings 1n kidney and 1ntestine are very gratifying
‘They emphasize first the remarkable sensitivity or better affimty,
of the glucose carner for phlorizin in both situations Thus fact
agrees with the observations of Le Fevre’® who studied glucose
transport across the erythrocyte membrane and noted that phlore
tin which mhibuts this process more than phlonzin has an affinity
for the glucose carner that 15 some 1800 times that of glucose
atself

The Renal Excreuon of Phlorizin and
Phlonizin Glucuromde

Any complete account of the nature of the phlonzin
hibition of renal tubular transport must include a description
of the excretion of phlonizin tself for this process must con
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Fgure 47 Data from the dog showing the net tubular excretion of phlonzin

and 1ts mhubitinn by Renerd or PAB Phlanzo-creatane xatios above one

indicate net tubular excretion Plasma phlonzun concentration was elevated

Stepwise by graded continuous mtravenous infusion  From Braun Whittaker
and Lotspeich (11}
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dition the way i which the phlonzin reaches the camner sites
where 1t produces 1ts block

Lambrechts? showed that phlonzin disappears from blood
after its injection, believing 1t was metabolized Using colored
phlorizin compounds, he also showed that these are concentrated
within the renal tubular cells and also appear in the unine Re
cently Braun Whittaker, and Lotspeich® studied the mechanism
of excretion of phlonzin 1n the dog (with expenments on the
chicken and the aglomerular fish, Lophsus americanus, which sub-
stantiated their findings) These authors observed that phlonzm
which 15 partially bound to plasma protemns, 1s both filtered at
the glomerul: and excreted by the tubules This tubular ex
cretion 1s seen 1 Figure 47 The open circles the phlorizm/ereat
mne clearance ratios, all lie above 100 below plasma phlonzin
concentrations of about 4 mg per 100 ml The black arcles 1n
Figure 47 are from experiments during Benemud or PAH ad
mumstration  The fact that the phlonzin/creatinme clearance
Tatios all group around 10 or a bt below 1t indicates that the
tubular excretion of phlorzin 1s blocked by Benemid or PAH

In the experiments illustrated 1n ths figure the total quantity
of phlorizin administered over the experimental period (approx:
mately one hour) was 1 to 2 grams, an amount comparable to the
usual glycosuric dose for a 20 kg dog (100200 mg /hg) The
fact that phlorizin 1s excreted by the tubules and that this process
1s blocked by Benermd probably explains the mechanism of the
phlonizin block of the tubular excretion of phenol red Diodrast
creatimne etc These substances, like phlonizin are also mhibited
i their tubular excretion by Benemid  Therefore, 1t appears that
phlorizin 1s yet another member of the Iist of substances excreted
by the same mechamsm that excretes PAH, Diodrast phennl
red, etc Its block of thexr tubular transport would appear to be
on the bass of a straight competitive mhibition

That the tubular excretion of phlorizin 1s 1n all probabuity
not a major Limiting factor 1n the phlonzin block of glucose re
absorption 1s evidenced by the fact that nesther Benemid nor
PAH have any effect on the reduction of Tm G durng phlonzin
mfusion experiments of the type described above This 15 true
even where the phlonzin 1s mfused at the lower rates of 2t
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5 pg/Kg /mun Although the analyucal method for phlorzin
cannot detect 1t in plasma or unne at these low adminstration
rates one would expect 1ts tubular excretion to be high at such
low plasma levels Thus from what we have seen the process
whereby phlonizin blocks the tubular excretion of orgamic acids
appears quite different from the one whereby 1t blocks sugar
reabsorptton

Formation and Excretion of Phlonzin Glucuronide

As can be seen m the first column of Figure 48 two strong
phenol spots appear it the chromatogram of untreated urne
one a larger spot with a high R, which 1s phlorizin itself and
another with a lower R, On analysis this latter substance was
found to be phlorizmn glucuromde Its 1dentificatton 15 shown m
columns 2 and 3 of Figure 48 FElution and rechromatography
of the spot again gave the single R, spot (column 2) Elutron and
aaid hydrolysis of this spot gave on rechromatography two spots
corresponding to phlortzin and 1ts aglucone phloretin  And m

UNTREATED _ ELUTED HYDROLYZED
URINE REGHROMATO- GLUGURONIDE

GLUGURONIDE
) PHLORETIN

PHLORIZIN % % PHLORIZIN

PHLORIZIN - @
GLUGURONIDE =

@

Fgure 48 The chromatographuc adent ficat on of phlonz n and
glucuron de 1n tle dog ur ne From Braun Wh ttaker and T



166 Metabolic Aspects of Renal Functions

addition the acid hydrolysate showed a posttive Tollens reaction
for glucuromdes Thus durmg phlorzm nfusion 1 the dog
1ts glucuromde appears 1 plasma and urme

Booth, Jones, and De Eds®® have recently shown that the
rat injected with phlonzin or phloretin excretes not only the
free aglucone but phloretin glucuromide as well In addition, they
found 1n the urine another degradation product, namely phy
droxyphenylpropionic acid This was shown to result from the
cleavage of the two phenol rings of the phloretm molecule,
leaving ring B with carbon side chain attached to form p hydroxy
phenylpropionic acid according to the following reaction

oH
i
H H D 480
N ! ! | 11
HO= C—c—c— HO - CC—C
— ] — T
1" N \on
Phiaret n p-hybrosyphenylpropan s acd

In the dog the prncipal conjugated product appears to be
phlorizin glucuronide on the basis of the evidence (Figure 8)
Since 1t was not looked for at the time, 1t cannot be said whether
p hydroxyphenylpropionic acid hikewise appears in dog urine after
phlorizin injection

The synthesis of glucuronides 1n the liver has been worked
out m a beautiful serres of experiments by Dutton and
Storey 17181 These mvestigators found that o-ammophenol glu
curomde can be synthesized in vitro by mouse liver shices Liver
homogenates were unable to form the glucuromde, but became
able upon the addition of boiled hiver juice The co-factor present
n the hver juice was subsequently 1dentified as undmne diphos
phate glucuronic acid, and the overall reaction mn glucuromde
synthess shown to be

UDP glucuronic acid + ROH —» UDP + R—O—glucuronsc and
ROH 35 the acceptor, 1n our case phionizm, and UDP 15

uridine 5 pyrophosphate  Although attempts thus far by Whit
taker? to synthesize phlonzin glucuromde by the Dutton and
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Storey system have been unsuccessful there 1s no doubt that 1t
1s formed 1n the liver and perhaps also 1n the kidney

Jenner and Smyth?! have recently shown that phlorizain glu
curontde and probably some fre¢ phlonizin are excreted in the
bile These studtes nicely 1 the present
observations on the urnine The quantative excretion of phlon
zm as the glucuronide 1n the bile 1s considerable and in Lam
brecht s expertments where he thought phlorzin was being metab
ohzed 1t was m fact probably bemg lost m the bile

Sperber®® has shown that a number of glucuronides are
excreted by the renal tubule m the chicken  Since we had shown
the presence of phlonzin glucuromide 1n the unine of the phlon
zmnfused dog 1t was of interest to examine the mechamsm
of excretion of the phlonizin glucuronide wn the dog experiments
described above Accordingly 1n each expertment phlorizin glu
curomide was determined 1n plasma and urine by the same chroma
tographic phenol method used for phlorizin and 1ts concentration
expressed 1n terms of phlonizin equivalents

1

During phlorizin infuston phlonzin glucuromde/creatinine
clearance ratios group with some scatter around 10 (open circles
Figure 49) indicating that there 15 no reproducible tubular e
absorption or excretion of the glucuromde However when one
gives Benemud all of the phlonzin glucuromde/creattnme clear
ance rattos fall well above 1 0 (black circles) over the whole range
of phlortzin plasma levels studied This means that Benemd {or
PAH) given during phlorizin infusion while inhtbiting the tubu
lar excretion of phlonzin 1tself (Figure 47) at the same tme
brings about a tubular of phl d d

These observations could mean that both phlonzin and 1ts
glucuronide are capable of betng excreted by the tubules but that
during the mfusion of phlonzin only the phlorizin atself 1s trans
ported Now however when the phlonzin transport 1s blocked
by Benemud or PAH the phlorizin glucuromde starts to be trans
ported by a mechanism that 1s Benemud insensittve even though
It u apparently phlonzin  sensiive  Whether phlonizim glueu
Tomde 15 excreted by the tubules during mfuston of pure phlonizin
8lucuronide 15 not known Such studies must awart the ava*
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ability of substantial quantities of this substance Such studies
however, will be of great interest

One wonld suspect from the present experiments with Bene
md and the studies of Sperber?? that phlonain glucuromde would
be excreted by the tubules Such a study would be of great
ntrimnsic mterest to renal physiology In addition, 1t would be
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Figure 49 Exp data supp the that phlonan

glucuromde during phlonzin infusion 15 excreted by glomerular filtrauon

without ducible tubular reab or (open arcles)y How

ever after the admnstration of Benemid or PAH phlonzin glucuromde ex

cretion by the tubules appears to occur (black arcles) Ths statement 13

based on the fact that after Benemud or PAH all of the phlorian glu

curomde/creatimine clearance ratios are well above one whereas before these

agents these ratios group around one For discussion see text From Braun
‘Whttaker and Lotspeich (11)

of 1nterest to know whether phlorizin glucuronide 15 glycosurnc
and whether the process of glucuromde formation has anything
to do wath the mechamsm of the phlorzin block of monosaccha
nide transport in vivo  ‘The fact that this process occurs n certain
1n witro situations where glucuromde synthess 1s absent? 4 would
speak agaimnst such a possibihty However, these in vitro nhibt
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tions by phlorizin show certain important differences from active
monosaccharide transport 11 vwo and thus the role of the glu
curomde of phlortzin 1n vivo still needs to be studied

Mechamsm of Action of Phlonizin

Since the phlorizin mhibition of tubular excretion of phenol
red Drodrast etc appears to be separate from the block 1n glucose
transport the present discussion will be himited to a consideration
of tlus latter phenomenon As will be evident the discussion
will not be limited to studies with hidney or mtesunal tissue but
will include observations on a number of systems such as erythro-
cytes ascites tumor cells mitochondna and muscle

Ever smnce von Merngs discovery of the glycosuric effect
of phlorizin physiologists have been mterested 1n how 1t produces
this effect That 1t 15 a block of tubular reabsorption of glucose
and that 1ts effect 15 quite specific at very low concentrations has
been emphasized

In order to block a mechanism Iike glucose transport phlors
2 would have to (2) compete with glucose for the carrier exther
competitively or non-competitively (b) change the phystochem:
cal charactenstics of the cell membrane and thereby reduce 1ts
permeability to glucose or (c) mhibit the energy producing re
actions 1n the cell that drive the active glucose transport It 15
hard to concetve of a competitive nlubition between phlonian
and glucose 1n strct kinetic terms such as that between malonate
and succinate  The extreme sensitivity of glucose transport to
phlonzin in kidney and intestine speaks rather of 2 non-compet:
tive 1nhib a concl tr T d by Le Fevres work
with erythracytes

As we will see 1n the discussion to follow much evidence now
Points to a membrane site where phlonzin binds a glucose carner
with a high degree of affimity 1n a number of cell types The
observable effects of phlonizin on energy metabolism appear to
be secondary phenomena resulting from phlorizin induced changes
1n cell and mitochondrsal s bility and not directly
telated to the ulumate nature of the phlonzin block  We will
now trace hlswncally the trail of evidence leading to this
conclusion
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Lundsgaard-* thought that glucose transport both 1 kidney
and mtestine involves 1ts phosphorylation and dephosphorylation
He therefore postulated that phlorizin mhibits these processes
However Lundsgaard himself rejected this 1dea in a paper pub-
lished :n 19352 1n which he emphasized that the concentrations
of phlorizin required to inhibit phosphorylations and dephos-
phorylations are too high This conclusion 1s supported by the
observations discussed above showing in vio inhibitions of glu
cose transport at extremely low phlorzin concentrations 1n kidney
and ntestine Furthermore 1t will be seen that in viiro effects
of phlorizin appear m the concentration range (10% to 10°M)
where there 15 no 1nhibition of hexohinase and where both renal
and mtestunal phosphatases are unaffected 14

It was m 1947 that Shapiro™ demonstrated an interference
by phlonizin with both glycolysis and oxidative metabolism m
munced rat kidney Over the concentration range 105 to 10* M
he found that phlonzin slowed the rate of lactate formation from
glucose and the rate of oxidation of citrate and succinate In ad
diton he showed a depression of the phosphorylation of creats
mmne that accompantes oxidation 1 the kidney The fact that
succinate addition could testore creatimne phosphorylation to
normal led Shapiro to conclude that phlorizin produces its block
of glucose transport by inhibiting the synthesis of high energy
phosphate compounds which are necessary to energize the process

‘These findings were later extended and somewhat quahﬁed
by studies 1n the author s laboratory 2 Using centnifuged homog
enates of gmnea pig kidney cortex forufied with Mg*+, ATP
and substrates 1t was found that phlorizin in a concentration
range of 10% down to 105 M inhibuts the oxidation not only of
caitrate but of all the substrates of the tricarboxylic acd cycle In
addition 1t was found that the phlonzin depression of oxidation
could be partially or completely overcome by an excess of any
of the three adenine nucleotides ATP ADP or AMP This ad
enme nucleotide reversal 1n the case of ADP 15 seen 1 Figure 50
Here aitrate was the substrate and ADP was not limiting the rate
of resprration  Phlorizin 5 X 10+ M reduced Qo, almost 50 per
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Figure 50 The adenine nucleotide reversal of phlorian intbition of

atrate oxidation 1n guinea pig kidney homogenate 1n uitro  Here 15 shown

the relation between the level of adenosine diphosphate 1n the fask and the

1eversal of the oudative inlubitian produced by phlonizin 1 a contentration

of5% 104 M ADP concentration was shown to be more than adequate to

fupport maximal rate of respiration 1n the control flasks From Lotspeich
(Unpublished observattons)

cent The stepwise release of the phlorizin block with ncreasing
ADP concentration 15 evident That this ademne nucleotide
teversal can be scen with all three nucleotides 15 evident n
Figure 51
It appeared at the ume of these studies that phlarizin some

how prevents the phosphorylation of ADP that accompanies axi
dation through the terminal respiratory electron carmers Chance
and Wilkams had clearly shown™® that respiration 1n mitochondna
1shmited by the supply of ADP and stops when 1t 15 all converted
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to ATP A phlonizin block of the ADP = ATP conversion would
then explain the general nature of the phlonzin effect on respira
tion Furthermore, this formulation would explam the fact that
the addition of ADP (or a precursor) restores respiration to
normal even 1n the presence of phlorizin  As we will see, this
explanation of the observed facts has undergone a change m the
light of more recent expertments
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Figure 51 The ademme nucleotide resersal of phlonzin mhibition of
atrate utlization 1n gwinea pig kidney homogenate showing the phenameno;
with ad phosph: ds drphosp and mon

phosphate  In each siuation the adenme nucleotide was present it m:bre
than adequate concentration to support maximal rate of respiration 1 i€
control flasks For cuscussion See text. From Lotspeich and heller (27)

The phlorizin mhibition of oxidation and 1ts ademne nucleo-
tide reversal must be sharply differentiated from the mhlbfwf)'
effect of 24-dimtrophenol (DNP) This substance which “un
couples® oxidation from phosphorylation does not depress nt;
of respiration as does phlonzm, but typically accelerates 1t An
furthermore the 2ddition of excess adenine nucleotide does not
reverse the effect of DNP as 1t does with phlonzin  DNP at cet
tain concentrations 1s probably an accelerator of adenostne mn
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phosphatase (ATP ase) or acts as an ATP ase 1tself2* Thus n 1ts
presence there 1s no impatrment 1n the conversion of ADP—> ATP
Rather the ATP, as rapidly as 1t 1s formed, 15 broken down to
ADP and inorganic phosphate  The net result 1s reduced uptake
of phosphate and thus uncoupling  However, respiration Tate
rather than being deg d 15 actually 1 d because an ex
cess of ADP, so to speak 15 continually being regencrated within
the system by the accelerated hydrolysis of ATP
The final sharp differentiation between the action of phlon

zin and a typical uncoupler like DNP 1s seen 1 experments
(Figures 52 and 53) where phlorizin continues to mhibit citrate
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Pigure 52 Experiment illustrating the fact that pblorzin produces its 1n
hubition of aitrate oxidation 1n gminea pig kidney homogenate sn vitro even
1 the presence of strongly of 24

From Lotspeich and Woronkow (10)

oudation i vitro 1n the presence of DNP and where 1t continues
tonhibit Tm G 1n the dog even though the ammal was given
DNP 10 an amount (10 mg /Rg) sufficzent to depress PAH trans
Portand to cause marked hyperventilation and hyperthermua
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These remarks aimed to differenniate the effects of phlonzin
from those of typical uncouplers are included here because there
1s a prevalent misconception that phlonzin produces s effects
by uncoupling oxidation and phosphotylation and this 1dea 1
not strictly correct As we shall see below 1ts effects on oxidation
probably derive from 2 general membrane permeability altera
tion 1n mitochondria with secondary slowing of all the machinery
of oxidation (including phosphorylatron) that 1s housed m these
organelles
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Figure 53 Expenment on the dog showmg that phlonzin admumstered :;

a rate of 20 mg /hg /mn produces the same mhibition of Tm glucose l":'h "

after the injection of 24-dmutrophenol 12 2 dose of 10 mg/hg For
cussion see text  From Lossperch and Woronkow (1 0)
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Effects of Phlorizin on Mitochondrial Metabolism
and Permeability

Subsequent studies®® with washed mitochondrra have shown,
m general, that the effects of phlortzin on the homogenate are Iike
wise seen with wsolated hondria  Oxid ok 1
with a2 P/O ratio of 28 to 36, mitochondral respiration was
wmhibited by phlonizin concentrations similar to those having
effects in the homogenate Also mn mitochondra the ademne
nucleot:de reversal of the phlorizin block could be observed
Therefore the studies with homogenates and Shapiro s work with
the rat kidney mince, can best be explained n terms of an effect
on mitochondnia In view of the general nature of the phlonizin
wnhibition of respiration 1n homogenates and mitochondria, 1t was
decided to see whether phlorizin has any general effect on mito
chondrial structure which might alter their oxidative activities
1 the way that has been observed

For thus study’! 1t was decided to observe the effect of phlors
zin on mitochondrial volume 1n 1sotonic sucrose Thyroid hor
mone and 1ts metabolites have been shown to imtiate isosmotic
swelling of mitochondria®? 1n sucrose media This phenomenon
which has been shown to occur with 2 number of other agents
such as detergents phosphate and carbon tetrachlonide has been
carefully studred by Tedeschi and Harns® and others If phlor
un were also to promote such 1sosmotic swelling of mitochondna
and 1f adenine nucleondes were to prevent or Teverse that swell
g as they have been shown able to do in other mstances,
then both the general mhibition of oxidation and the adentne
nucleoude reversal would be explaned That these suppost
tions were substannated by experiment 1s shown tn the data of
Figure 54 »

Washed mitochondria were prepared by the method of
Dounce Mutochondral volume was followed spectrophoto
metnically essentially according to the method of Tedeschi and
Hamis® angd Tapley 3 Here changes 1n mitochondnial volume (as

amm

. v —m  %a  te e en on the Taner
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determined by wet weight/dry weight ratio, direct MICTOSCOPIC Vis-
ualization, or packed volume) are directly related to changes 1
transmussion of hight at 520 mp  ‘Thus with no change 1n volume
of mitochondria there 1s no change in density of the mutochon
drial suspension at 520 my, but with swelling there 1s 2 decrease
n density

In Figure 54 1t can be seen that Whereas there was no snel
mg 1n the control vessel in 1sotonic sucrose, there was a slow
and progressive swelling of the mitochondna m the presence of
phlonizin - This was noticeable at a phlorzin concentration of
2 x 10* M, more marked at 5 X 10# M, and most ewdent at
103 M

42
o Control
2x10°*M
T -4
Dspp 38 54107
36
Phiorizin
34 Concentrotion
1073 M
Yo 2 4 & 8 10 12 1w 16

TIME IN MINUTES
Figure 54 Expeniments showing the phlonzn induced swelling of kidney

mitochondria 1n 1sotoruc suerose Note that the rate of swelling 15 mereased
with the concentration of phlonzin From Keller and Lotspeich (81)

‘Tedesch1 and Harris® have presented convincing evidence
that the mitochondrial membrane 1s lipordal 1 nature and that
1t 15 permeable to non electrolytes 1n direct proportion !:7‘ their
ohve oil/water partitton coefficient Davson and Damell® have
summarized the evidence supporting the concept that non-electro-
Iytes duffuse through cell membranes  direct proporton to their
lipord solubility From Tedeschi and Harmss studies the mito-
chondrzal membrane hehaves like the cell membrane Thus the
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phlonzin induced swelling of mitochondna may have general 1m
plications concerning the action of phlorizin on the larger cell
membrane

Since sucrose has almost no lipord solubility and does not
penetrate cells or mitochondria and since phlonizin causes mito-
chondria to swell 1 an 1sosmotic sucrose medium this phlonzn
effect must mean that the mitochondria have become permeable
1o sucrose which then passes through therr membrane As a re
sult the interior becomes hyperosmouc to the medium water
enters and swelling occurs until osmotic equubibrium 15 re-estab
lished across the membrane

A number of other substances have been shown to mmuate
sosmotic swellng of mitochondria 1n a stmilar way a2mong them

g phosp 3% Iysolecithin % and carbon tetrachloride #
Recknagel and Malamed*! have presented a clear analysis of the
differences between 1sosmotic and hypo-osmotic swelling 1n mito-
chondria and have compared them to the same two types of hemo-
lyns The stow swelling of the mitochondwa 1 the presence of
phlonizin in 1sosmotic sucrose 15 charactenistic of 1sosmotic swell
ing and supports the conclusion that phlonzin s causing the
mitochondrial membrane to become permeable to sucrose

Thus the phlorizin induced swelling of mitochondria appears
to be part of a general phenomenon Smce 1t 13 unlikely that
phlonzin would act to ncrease the hipoid solubility of sucrose
1t seems more likely that pores are opened 1n the mitochondrial
membrane allowing sucrose to enter Here then we first en
counter m our d the 1dea that phl may be
membrane permeability primanly rather than energy metabohsm
withmn the cell We shall return to this 1dea presently and will
see that there 15 now a good deal of evidence to support 1t

Ademne Nucleoude Reversal of Phlorinn Induced
1 Jlmg of Mitochond
4

Expermments were next performed to see whether any of the
adenine nucleotides would prevent or reverse thus phlonzinmn
duced swelling It can be seen m Fagure 55 that ATP 5 X 10% M
n completely prevent the phlotizin swelling phenomenon The
2ddition of ATP to mitochondria that have already been swelling



178 Metabolic Aspects of Renal Functions

484
' ATP 5x10°3M
46 Control
ATP + Phionzin
44
42
]
b3
o 404
38
36
03 M Sucrose Phionizin [0~M
34 T

T T T T T T T
0 2 4 6 8 10 12 14 16
Minutes
Frgure 55  Experiments illustrating the fact that ATP protects kidney mito-
chondna from the swelling effect of phlorzmn  From Keller and Lot
speich (31)

for ten minutes or so can stop further swelling but not reverse
1t and shrmk the mitochondria to their former volume (Figure
56)
In Figure 57 1s seen a companison of the effects of ATP, ADP,
and AMP on the phlorizin swelling 1n mrtochondna Here both
ATP and ADP prevent the swelling, the ADP effect wearing off
sooner than that of ATP In marked contrast, however, AMP
(adenylic acid) 1s completely without protective effect

Raaflaub® first showed that ATP prevents the swelling of
mitochondria  Price, Fonnesu, and Davies® have studied mito-
chondrial swelling 1n hypotonic media and have also shown that
ATP can prevent mitochondnial swelling i kypotonic solutions
This remarkable adenme nucleotide effect, which can be shown
also with ADP or AMP plus Mg++ 10ns, can even be shown to
cause the extrusion of water from swollen mitochondria with their
return to near control volume Our experiments were more ke
Tapley's®? than these m the lack of complete return to normal
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salume upon addition of ATP Prevention or reversal of swelling
1n the experiments of Price, Fonnesu, and Davies®s correlated with
ATP level i their mutochondrsa, and they stressed that phos
phorylation must be proceeding for mitochondna to resist hypo-
osmotic swelling  An available supply of high energy phosphate
added as ATP or ADP by the experimenter accomplishes the
same thng

“The fact that adenylic acid (AMP) did not protect the mito-
chondna m the phlonzin expeniments (1f they be looked at in

as0]

440 ATP + Phlorizin
4204
4004
3804
3604

3404 Phlorizin ATP Added

ATP Sxio™3u
3204 Added

300 O 3M Sucrose

Phorlzin 10734

280t ————r————T—r—— T T
2 4 5 8 10 12 14 16 18 20 22 24
Minutes
Figure 56 Expeniment showang that the addition of ATP to mutochondsia
that have already started to swell under the wfluence of phlonzn can arrest
that swelling phenomenon, “The bottom curve ilustrates the swelling of The
zutochondna 1n the presency of phlonan 108 \{ The mddle curve
1 & paraifel quvetee the arrest of the phlonan swelling when ATP 35 2
2t he arrow  The top curse shows the complets preventton of the phlo
anduced eweliing when ATP 1 present 1n the arvette from the begin
From Kelley and Lotspesch (31)
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Figure 55 Experiments Mlustrating ¢he fact that ATP protects kidney mtto-

chondria from the swelling effect of phlormn  From Keller and Lat

spach (51)

for ten rarnutes or so can stop further snelling but not revesse
1t and shrink rhe mitochondria to therr former volume (Figure
56)

In Figure 57 1s seen 2 cornparison of the effects of ATP, ADP,
and AMP an the phlorizn swelling i mutochondus  Here both
ATP and ADP prevent the swelling the ADP effect wearmng off
sooner than that of ATP In marked contrast howeier, AMP
(adenylic acid) 1s completely without protective effect

Raaflaub™ first showed that ATP prevents the swelhng of

hondria  Price, F and Davies®® have studied mute-
chondral swelling wn hypotonic medsa and have also shmm that
ATP can prevent mitochondnal swethng m hypot
This remarkable adenine nucleotide eIfect, w}nch can be shown
also with ADP or AMP plus Mg++ 1oms can even be shown to
cause the extrusson of water from swollen mutachandria with thesr
Teturn to near control volume Our expersments were more ike
n, ‘Tapleyss" than these m the lack of complete seturn to normal
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bination of passive and active as m the experiments where
ouidation and phosphorylation were actively proceeding Thus
tomsaity of the medium and presence or absence of oxidauve
phosphorylation obviously condition the nature of water and

latory activities of hondrsa and n turn then also
condition the way m which drugs adenune nucleotides, and 1ons
affect the overall process

Although the components of water and osmotic regulatory
Pprocesses 1n mitochondria are complex and not yet well under
stood, studies m this field should clearly state and quahfy the
exact conditions under which the experiments were performed.
In addition we need much further work of the sort of Reck
nagel and Malamed 4* clearly diff g the nature of 1sos
motic from hypo-osmotic and collord osmouc swelling of
mitochondna

‘These studies with mitochondral swelling strongly suggest
that the phlorzin nhibition of oxidative metabolism and the
adenme nucleotide reversal pt seen mn kidney mince,
homogenates and 1solated respiring mitochondnia are probably
the result of fundamental alterations in the capaaity of the mito-
chondna to regulate their water content n their normal cellular
environment If Price Fonnesu and Davies®® are correct, then
phlorizin swollen but respining mitochondnia i w10, 1n the pres
ence of an adequate supply of intracellular aderune nucleotide,
would be able to extrude water and restore their normal structure
as the phlonzin 18 excreted 1n urine and bile This explanation
of the capacity to recover from the effects of phlofizin 1n reason
able concentrations agrees with the observation that kidneys from
anumals that have received single or nfrequent glycosuric doses
of phlorizin are remarkably normal looking under the microscope

On the other hand Naga1*? has shown that hidneys from
amimals chronically treated with phlonizin show a depressed rate
of oxidative phosphorylation and von Kossa quoted by Lusk,s
found severe cloudy swelling of convoluted tubule cells from
Tabbits receiving large doses of phlonzin In view of the present
belief that cloudy swelling of cells actually 13 the result of mito-
chondrial swelling these observations probably mean that phlort
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Figure 57 Experimens ompanng the effece of ATP ADP and Anip on

the phloriz, nduced swelling of kidney mitochondria, ATP protects ADP

2150 though Jesg elffectively whle AMP hay ny Protectve effect on the

phlonnn mduceg swelling  For discussion gee text From Reller and Lot
speich (31)

terms of the studies of Pryce 4y al) means tha: the AMP (which
<ontans no hyep

ADP or ATP n the absence of substrate or Mg++ Our expert
ments™ and those of Taplcy," m which ATP could present gsos
motic swelling but not reverse it, differed yp some important ways
fram those of Price et qfss They were done 1 1sotonic sucrose
rather thay 5 hypotonie medinm contamng substrate and Mgt+
Thus although adenmne nucleotides protect mitochondna from
swelling under bath 1sosmotse and hypo-osmotse condutions the
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bination of passve and active as n the experiments where
oxidation and phosphorylation were actively proceeding Thus
tonicity of the medium and presence or absence of oxidauve
phosphorylation obviously condition the nature of water and
osmoregulatory actwitres of mitochondna and 1 turn then also
condition the way 1n which drugs ademine nucleotrdes and 1ons
affect the overall process

Although the components of water and osmotic regulatory
processes in mitochondna are complex and not yet weil under
stood studies 1n this field should clearly state and qualify the
exact concitions under which the experiments were performed
In addit on we need much further work of the sort of Reck
nagel and Malamed ** clearly d: 1ating the nature of 1508
motic from hypo-osmotic and collold osmotic  swelling of
mutochondria

These studies with mitochondnal swelling strongly suggest
that the phlonizin ihibition of oxidative metabolism and the
adenine nucleotide reversal phenomenon seen 1n kidney mince
homogenates and 1solated respiring mitochondria are probably
the result of fundamental alterations n the capacity of the mao-
chondria to regulate their water content in their normal celiular
envirtonment If Price Fonnesu and Davies®® are correct then
phlonizin swollen but respiring mitochondrnia i vivo 1 the pres
ence of an adeq supply of intracellular adenine 1
would be able to extrude water and restore their normal structure
as the phlonzin 15 excreted 1n unne and bile This explanation
of the capacity to recover from the effects of phlonizin 1n reason
able concentrations agrees with the observation that kidneys from
amumals that have recetved smngle or infrequent glycosuric doses
of phlorizin are remarkably normal looking under the microscope

On the other hand Naga*? has shown that kidneys from
ammals chronically treated with phlorizin show a depressed rate
of oxadauve phosphorylation and von hossa quoted by Lusk ¢
found severe cloudy swelling of convoluted tubule cells from
rabbats recewving Jarge doses of phlonzin  In view of the present
behief that cloudy swelling of cells actually 1s the result of mito-
chondnial s elling these observations probably mean that phlon
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zn an sufficient single doses or mn repeated doses can finally n
duce 1rreversible mitrochondrial swelling sufficient to cause rec
ognizable cytological alteration These observations strengthen
the concept that mitochondral swelling and 1ts prevention by
adenie nucleotide explamn the 1z vitro effects of phlonzin on ox1
dative metabolism

Since the mitochondnal membrane shares many of the struc
tural charactenistics of the larger cell membrane these findings
with mitochondnia raise the general question of a cell membrane
site for phlorizin action A good deal of nformauon from a va
tiety of expermmental work supports the 1dea that phlorizin acts
at cell membranes and 1t 15 to this concept that we must now
turn our attention

The Cell Membrane Theory of Phlorizin Inhibition

The expeniments discussed above relating phlonzin concen
tration to inhihition of glucose transport n the kidney'® and 1n
the intestine'* stressed that the glycoside produces ats effects at
extremely low concentrations Since selective cellular concentra
tion of colored derivatives of phlorizin has been demonstrated mn
the kidney'® and since the dose mhibition relationship between
Tm G and phlortzin n the dog has the general charactenistics of
an adsorption 1sotherm 1t seems reasonable to suppose that phlort
zin 15 being adsorbed or bound with a high degree of affimty
to a monosaccharide carrier on the membrane rather than more
diffusely localized 1nside the cell

This concept 15 supported by the recent experiments of
Chinard Taylor Nolan and Enns# Using a swngle pass tech
nique of rapid 1njection 1nto one renal artery they constructed
simultaneous curves of glucose and creatimne appearance rates
30 renal venows blood and wese able to calculate from them mean
transit tme  for the glucose through the glomeruh and across
the renal tubules Ths they found to be of the order of 10 sec
onds They postulated from their data that tubular transport of
glucose mvolves 1ts combination with a carner at the Tuminal
membrane of the cell  The fact that phlorizin blocks this process
strengthens the conclusion that 1t binds a membrane glucose
carrier
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The penetration of a series of hexoses and pentoses 1nto
Ehrlich asaites tumor cells” and kidney cortex slices* where there
15 N0 active transport has been shown to be a reversible first
order process governed by laws of diffusion Whether a carmer
15 also imvolved in glucose transport under these circumstances
15 not certain from the expeniments If it 15 1t 15 not concen
trating the sugar mside the cell and thus no energy 15 requred
Even under these circumstances phlonzin 1n a concentration of
7 X 10* M caused an inhibition of 33 to 57 per cent (increasing
at Jower sugar concentrations) of this passive penetration of
3 methylglucose 1nto Ehrlich ascites tumor cells at 10° C

Since the sugar penetration does not nvolve any requirement
for energy under these conditions and simce no phlorizin was
found inside the cells one must conclude that the phlonizin was
bound to the cell \ and 1 d d s perme
ability to the sugar or to 1ts carmier bound form The authors
point out that this phlonzm effect 1s noncompetitive 1n nature a
conclusion consistent with the observations discussed above on glu
cose transport ruhubition 1n the dog hidney'® and the erythrocyte 13

Both Wilbrandt® and Le Fevre* have presented additional
evidence supporting the concept that phlorizin and phloretin bind
to 2 surface glucose carmier . the erythrocyte Rosenberg and
Wilbrandt® have recently presented a theoretical analysis of the
possible nature of this binding Studying the relatise mhibtory
Potencies of phlorazin phloretin and a group of substituted phlor
euns they concerved the 1dea that one may view the phloretin
molecule as a closed ring resembling a steroid when 1t 1s bound
through a metal or hydrogen chelation with the membrane of
the erythrocyte This steroid chelate concept gamns support
1n the author s view from the fact that desoxycorticosterone gly
Coside 15 markedly glycosuric mn the dog ¢ Rosenberg and Wil
brandt then show 1n support of this concept that desoxycorticos
terone or its glycoside are also mhibitors of glucose transport
across the red cell membrane

Tlus ingenious 1dea although unproven 1s most prosocative
and should lead to frmitful expermmentation It leaves in doubt
s applicability to the problem of phlorizin inhubition 1n hadney
and mtestine because 1n these situations phlorzin 1s 2 much more
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potent inhibitor than its aglucone, phloretin. In the erythrocyte,
however, the opposite is the case.

The concept of 2 membrane mechanism for phlorizin has
recently received additional support from a quite different type
of experiment done by Keller and Lotspeich.*” Looking for 2 more
general effect on which to test the membrane hypothesis, advan-
tage was taken of the recent studies of Levine and his colleagnes*®
who showed that insulin increases the galactose volume of distribu-
tion (space) in the eviscerate-nephrectomized dog. This observa-
tion has been generally interpreted to mean that insulin increases
the permeability of muscle cells to glucose and thus facilitates its
transfer into the cells. It was reasoned that if phlorizin acted
generally at cell membranes, it might depress directly their pesme-
ability to sugars in the eviscerate animal or might antagonize the
insulin-induced increase in sugar permeability.

To test this idea, female white rats were nephrectomized and

made functionally eviscerate by the technique of Russell.*® Galac-
tose, which has the glucose configuration in its first three carbon
atoms, is not metabolized in such a preparation and thus its true
volume of distribution can be calculated. Initial experiments
with this preparation confirmed the fact that insulin could increase
the galactose space. At two hours this space, in terms of ml. per
100 grams body weight, was 28.3 in controls and 45 in those who
had received insulin in a dose of 3.2 units subcutaneously at zero
time, The next set of experiments revealed that phlorizin alone
in doses as high as 14 mg./100 Gm. (a dose within the usual
“glycosuric” range) has absolutely no effect on the ga]ac‘wse
space (first two bars, Figure 58). However, in animals first given
this dose of phlorizin and then given insulin thirty minutes later,
the usual insulin expansion of the galactose space was not seen (last
two bars, Figure 58). The difference in the galactose space be-
tween insulin-treated and phlorinized plus insulin-treated is highly
significant (P < 0.001). There were nine animals in each group.

‘The meaning of this interesting observation is again not clear;
however, that phlorizin somehow is able to block the action of
insulin in increasing the permeability of certain cells to galactose
does seem clear. We do not really understand the nature of the
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msulin effect 1self  Insulin 1s a polypeptide of known amino acid
structure which may combine with the lipoproteins of the cell
membrane 1 such 2 way as to alter the spatial onentation of the
malecules 1n that membrane and thus enlarge the * pores through
whuch the sugars ean pass On the other hand, sugar uptake by
cells has a carner component, as we have seen  Insulin and there
fore phlorizin may act antagomsucally on this carner That
phlonzin atself 15 capable of combiming with cell surface pro-
teins has vecently been demonstrated 10 an interesng way by
Rodniguez and Osler ¥ They showed that the lysis of senuitized
sheep erythrocytes by gumnea mg complement 1s markedly n
hibited by phlonizin 1n concentrations of 10210 104 M
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Figure 53  Experiments from eviscerate nephrectomized rats illustrauing the
way 1 which phlorinn blocks the wnsulin expansion of the galactose space
For discussion see text From Keller and Lotspeich (47}

Thus the evidence from a number of different sources mdy
cates that phlonzin attaches to a cell membrane mte with grul
affiuty and thereby blocks the port of certain
ndes across 1t. The nature of thiy carmier binding 1s 1 all proba
bility different 1n different cells  For instance, the nature of the
phlonzin (or phloretin) block. of ghicose transport actoss the ery
throcyte 15 probably different from that in the proximal tubule
cell of the kidney or the mucosal cell of the small intesune  1f
for no othex reason, the quahitative nature of the difference 15 en1
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dent from the opposite effectiveness of phlorizin and phloreun
mn the two dufferent situations

The concept of hydrogen or metal bonding of some kind be
tween phlonzin and the carmer seems an attractive hypothesis as
suggested by Rosenberg and Wilbrandt  Wath certamn modsfica
tions this mechamism could apply to the kidney and mntestine as
well The phlonizin molecule contains several very reactive sites
which could complex 1 several ways with reactive groups in the
cell membrane or on 1ts surface

In the author s laboratory 1t has been found that phlonizin
forms a complex with borate Under these circumstances the
charactensstic ultraviolet absorption peak of phlonizin at 285 mu
disappears and a new peak of absorption appears at 395 mg Since
the 285 my absorption of phlorizin 1s probably due to 1ts carbonyl
group frequency 1t seems likely that the borate complex some
how mvolves this group It may be a stabihzation of the enol
form on the carbonyl carbon sumular to that caused by borate with
a number of aromatic keto acids 5

In addiion Diedrich® has found that phlorzin forms a
fluorescent chelate with aluminum  This observation should pro-
vide us wath a very useful tool not only for the localization of
phlorizin 1n cells but for studyng the role of possible metal
chelation 1n 1ts mechanism of action The three hydroxyl groups
for instance could hink with NH, groups in the protemns of the
membrane and thus alter the membrane structure In addition
these hydroxyl groups are sites of possible estersfication with 2
membrane comp such as phosph Bemg planar how
ever they could not form a diester

The formation of hexose phosphate during glucose trans
part has never been definitely ruled out Although phlorizin
does not wmhibit hexokinase™ even 1n high concentrations there
remarns the possibiiity of formation of soute phosphorylated form
of glucose as the carmer complex which does not molve the
conventional hexokmase ATP system The fact that it takes so
few molecules of phlonzm to block the glucose carner argues
against such a possibility in view of the relatnely large molecular
concentration of phosphate 1n several forms in the cell Expen
ments with O® 1n the hydroxyl groups of phlorizm would pro-
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vide valuable iformation about the types of bonding that could
occur at these sites

‘The hydroxyl groups 1n the phlornizin molecule could also
represent sites for internal bonding with the glucose side chain
that 15 2 bonding that would form 2 ming between substituted
hydroxyl membrane carner (such as metal hydrogen or phos
phate) and some other reactive site on the molecule This was
the sort of behind R berg and Wilb dt s theory

If some such chelate were formed 1t mght guve a clue
to the nature of the insulin permeability effect and 1ts antagomsm
by phlonizin  Is metal chelation 1nvolved 1n sugar transport the
way 1t appears to be 1n amino acid transport? If so does such
chelation affect the carner without altering the hipoprotein struc
ture of the membrane or does 1t alter the structure and thus ats

pore size or its permeability to the sugar? These questions 1t

seems are fund. to our und ding of this probl

Finally 1n this discussion we must refer to the anteresting
theory developed by Keston® to explamn glucose transport and
the mechanism of its phlonizin mhibition  keston has assigned a
central role 1n sugar transport to the enzyme mularotase This
catalyzes the mutarotation equlibrium between a and g forms of
D-glucose and a number of other monosaccharides Keston visua
Iizes that mutarotase 15 present on the luminal surface of the
proximal tubule and as the glomerular filtrate passes down the
tubule the glucose m 1t 1s acted upon by the enzyme Durning the
mutarotation there 1s formed an intermediate state of D glucose
that 15 nexther the a nor g form  heston postulates that 1t 13 this
intermedrate  low 2bundance form (the preferenually ab
sorbed form PAF ) that rapidly penetrates the membrane as fast
as 1t appears 1n the enzymatically catalyzed reaction and passes
to the pornt of lower intracellular concentrauon

Such a mechanism by setting up a concentration gradient of
the PAF between lumen and cell would emphasize the mims
cule requirements for energy 1n glucose transport  In support of
his theory heston shows that all sugars that are actively trans
ported are also mutarotase substrates while those that are not sub-
strates are not actively transported Those species that do not
secrete sugar into the urine such as aglomerular fishes also do not
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contain mutarotase 1n the kidney And finally phlonzin albext
m rather high concentrations inhibits mutarotase activity  Kes
ton also speculatively mvokes mutarotase 1n the insulin facihta
uon of glucose entrance mnto cells The fact that insulin does
not cause a reproductble acceleration of glucose transport 1n the
kidney may sumply mean that the renal mutarotase 1s already max
mnally faciliated under normal circumstances or 1t may mean
that wmsulin affects renal mutarotase less than that 1n muscle or
lens where 1t exerts a facilitaung effect Further studies with
mutarotase are very desirable

Summary

Phlonzin the glucoside of a polyhydroxyphenol that 1s found
n root bark of several fruit trees blocks the transport of glucose
and a ber of other harides 1n the kidney tubule
small intestine erythrocyte and ascites tumor cell The expen
mental evidence argues agamst a prumary effect of this substance
or 1ts aglucone on energy metabohism and hence the energy supply
for active transport Rather 1t appears to bind with great affinity
2 glucose carnier on the cell membrane The nature of this bind
mg and the nature of the carner remain obscure some form of
chelation or hydrogen bonding between phlonizin and the cell
surface seems a Iikely possibility Certamn experiments hnk phlon
zin and 1nsulm as antagonsts in the transport process phlonzin
appearing to block the mnsubn facihitation of monosacchande
transfer mto muscle cells mn the eviscerate ammal Whether these
opposite effects of phlonizin and imsuhin represent antagonistic
actions at oNe COMIMON CArTIET Site Temains to be seen

Inhibitien of oxidative metabolism by phlorian 1s apparently
the result of changes 1n mitochondrral membrane structure which
allows osmotic swelling with secondary alteration of the enzymatic
machimery of oxidative metabolism housed m the mutochondria
This formulation agam supports the membrane theory of phlort
zin action  Although the exact nature of this membrane mecha
mism 1s not clear at present, the expenimental work thus far has
led to a much clearer delineation of the phlorizm problem And
1n an und ding of this problem lies not only an explanation
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of the mechanism of action of this interesting compound but,
more importantly, an und ding of the fund: 1 bio-
logical process of glucose transport and its control by insulin in
certain cells
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excretion of, 30
Teabsorbed, 30
Insulin, 9, 13, 57, 185, 187 189
clearance, 156
diabetes, 1n, 10
expansion block by phlorezn, 185
Interstitral fluid, 73
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metabolism of, 9 10, 44, 46 47
plasma 99, 164

Metabolic Aspects of Renal Function
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