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CHAPTER I 

'l'he Dnelopmont ot the Concept ot Arlino-acdd Absorption 
from the Intestine. 

At the turn ot this centu1"7 the ton in which ingested 

protein was absorbed from the intestine was unknown. Voit(l) had 

postulated in 1867 that protein wao abPOrbed as suoh, nd passed 

through the blood to the ti ,suaa, where it w catabolised without 

becoming part or tho "living protoplaamu. This concept implied 

that "circulating pl'Otein° was in aolution1 that protein ca.taboli• 

could take place only in that state, and that when living proto­

plasm "died", it was ti.rat disaolved.1 and subsequentl7 became 

part ot the oirculating protein derived from the food. The evidence 

in tavour of Voit's thao17 was the taet th t 1 rge quantities ot 

tood protein were known to be more or le s completely oataboliaed in 

the oourse ot a tew hours, ruid it appeared iapoaaible that metabolic 

activit7 ot such dimensions could take place in such a short time. 

While Ptlttgo/ 2} and Sch8ndortrC 3) both accepted tba t protein wae 

absorbed aQ such, the7 disagreed with V it as to its metabolic tate. 

On inadequate evidence t hey faYoured the theory that there was a 

chemical difference between circulating protein and living proto­

plaam. The7 believed that most of the ingested protein was 

catabolised and subsequentl.7 became an integral part ot living 

tissue. 

In hia classic paper entitled "A Theo17 ot Protein Metabolism" 

••••• 2/ 



published in 1905, Folin pointed out that while direct evidence 

was atill lacking, there were several indirect observations which 

BUBgeeted that proteins wore in tact digeoted before being absorbed. 

Wenold. and Z&lellld.(5) had ahovn that the blood coming tro• the 

intestine at the h~ight of digestion contained two to three tilles 

as muoh ammonia aa tho blood on the other eide of th• livAr, &a b.acl 

J'olin h1m••lf( 6). Cohnhaim{ 7), in aea:rchifl& tor an ong711e which 

would be able to reoomb1ne peptides into albumin, round instead an 

ens,-me which split peptid•o 1\lrthor into alllim>-aoids. Likelliae 

Xutaoher(S) bad de;ion$t~ated th-t trypsin was capable ot OOMpletel7 

eplitting protein into amino-acid molecule•, and Xossel and Dakin(9) 

had olaiaed that protein was broken down in the o.limentaJ7 t~t into 

proteoaes, uino-aoids, am110nia and posaibl.7 urea. 

While m~ w re bepnning to ccept that at least some 

protein digestion occurred in the intestine, the prevailing idea 

in the earl.' 1900's was th t the split products w~r reconstituted 

in the in\eatinal wall to form. albumin, which subsequently enter-4 

the circulation. This erronuous ooncluaion ron from the fact 

that _poor teobrdques were reeponoible for the failure to detn0natrate 

&Ulino oida in th · blood after a protein aea.l. l3erp&.ll and Lar.lg­

etein(lO) diG. sho tha.t protein digestion in dogs 1t..e aoruetirnes 

aoooapanied hT an increase in "non-albuminou" nitrogen° in the blood. 

euch a ~nding with the relatiTel7 crude techniques at their clispoaal, 
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In 1906 Bowell(ll) using the/3 naphthalinsulphoohloride 

reaction, reported that in the dog, after the ingestion of a meal, 

the concentration of amino-acids in the portal venous blood was 

greater than that in the jugular vein. He also noted an increase 

in the concentration of amino-acids in the lymph from the thoracic 

duct under the same experimental circumstances. 

In 1912 :Buglia(l2) demonstrated that the slow intravenous 

administration of amino-acids into dogs was harmless, and that 

only a small fraction of these amino-acids was subsequently excreted 

in the urine, indicating the physiological feasibility of absorbed 

amino-acids being utilized by the body. 

In the same year Polin and Denia{l)) fed oats large 

amounts of amino-acids and noted an increase in that fraction 

of blood nitrogen, calculated by subtracting urea nitrogen from 

total nitrogen. 

However, it was Van Sl7ke and Me7er(l4) who provided 

the first convincing evidence of the absorption of amino-acids, 

as such from the intestine into the portal blood. This resulted 

trom the development of the nitrous acid method tor amino nitrogen 

estimation. 

contained 3 

The7 found that the blood froa a fasting dog normally 

5mg./100ml. of amino-acid nitrogen. They showed 

that, after a loop of the dog's small intestine had been perfused 

with lOg. of alanine, the amino-acid nitrogen of the mesenteric 

venous blood rose from 3.9mg./lOOal. to 6.)ag./lOOml. In addition 

blood from both the femoral artery and the mesenteric vein showed 
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a significant increase in amino-acid content after the dog had 

been gi~an a meal rich in meat. In another experiment Van Slyke 

and his co-worker demonstrated how rapidly the absorbed amino-acids 

were cleared from the blood. Atter injecting 12g. of alanine 

intravenously over 13 minutes into a dog, only 1.5g. could be 

detected in the blood after 5 minutes, and only 0.4g. after 35 

minutes. 

In his Harvey lecture in 1929, London(l5) claimed that 

large quantities of peptides appeared in the portal blood after 

a meal, but the techniques he employed were unsatisfactory and 

the question of whether significant quantities of these larger 

molecules are absorbed as such was only answered in recent years. 

The next major contribution was in 1949 when Dent and Schilling(l6) 

applied the technique of paper partition chromatography to the 

analysis of portal blood obtained from dogs, after they had 

digested protein. They found large increases in amino-acid 

ooncentra t '. ons in portal blood after the ingestion of heterologous 

proteins (casein, casein hydrolysate, i.e. amigen, ground beat and 

hwaan serum albumin). The jugular blood showed quantitatively 

smaller, but qualitatively similar changes. They were unable to 

demonstrate appreciable amounts of peptides in the portal blood 

chromatographioally. In an addendum to their paper, Christensen(l7) 

reported that in blood samples from the same dogs used by Dent and 

Schilling, he had found bound alpha amino nitrogen in amounts of 

1mg./100ml. in tasting animals, and that this level increased after 
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protein feeding. Be could. not be certain of the bound nitrogen 

which might or might not have represented a small amount ot 

peptides. 

Dent and Sohillinc'16) also showed that the aaino­

acids which decreased 1n aaount 1n the portal blood atter f••ding 

protein to doga1 seemed to tall into three groups 1 -

(1) Those which roae and tell charaoteri•tioall7 after 
a protein meal and consisted rouahl¥ of the aaino­
aoida oomaonl7 found in a. protein hJ'droqaat•• 
The7 regard.eel th••• amino-acids a& the moat important 
and possibl7 the only ooapounda b7 which the original 
protein was transferred from the gut to the portal 
blood. In tact they were able to show, in the case 
o~ casein that, with the exception ot glutaaio acid, 
the rise in concentration in eaoh amino-acid corres­
ponded rough.17 to what would be ..xpeoted it the 
appropriate amount ot b.,drol7eate bad been ad.d.ed to 
the 'blood. It is not al1rqa po•sible to show such 
a close correlation ex.periaentall.7. 

(11) The aaino-aoida in the second group tended, if' a.z,.y­
th1ng, to rise slightly throughou't the five hour 
period after tee41rig protein, and oonaiated of alpha. 
and beta amino-iaobut,ric aoid and perhaps glutamine. 
These were thought to be released by the tiaauea 
after the further metabolism ot the ooamon amino-acids. 

(111) Th• third. group, which included tau.rill• and oitrulline, 
conaiatecl ot aaino-aoida, the concentrati on ot which 
did not change appreciabl7 during the ex.periaent. 
The7 regarded this gl'OUP as pl&71ng no part in the 
prooeaees occurring during protein digestion and 
absorp'tion. 

ll'rom this excellent work it was clear that the bulk ot 

digested protein wa absorbed in the form ot amino-acids and that 

little, it aw, peptides were absorbed. as such. 

With the developaent of quantitative coluan ohromatograptq 
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ot aaino-e.oids b7 Moore and Steln(lS), aore precise data could 

be obtalne4, and Levenson, Rosen and Upjobn(l9), uaing this tech­

nique, ere able to oontin the work ot Dent and S0h1ll1ng. In 

addition, the7 made a direct search tor peptides 'b7 ultratlltration 

&124 ion uchange tractionation ot all the low molecular plaua amino 

ooapouncla, ancl we.re unable to detect the preaenoe ot ~ peptide• 

in the por~ bloocl atter a protein meal. The7 did isolate an 

aaino-acid conjugate, but it• changing atruoture, d :failure 

to reapond in an obri.oua w91 to meals, ma.de them oonolude that it 

waa non-dietaey in origin. Wbipple( 2o) ha4 alao prorlded evi­

dence that only aaino-aoida were absorbed 'b1' teeting c14-i,ain• 

to dogs, and demnatrating that it was metabolised in the ea.me 

vq regardleaa or whether it was tree or bound in protein. 

Ualng in vitro experillents, Love confirmed the poor 

absorption of peptides. Utill•ln& the perfusion aethod ot J'ieher 

and Pa.raon11< 21>, Apr, Bird and S1dhu< 22 > vere able to find onli 

aaall amounts ot peptide• on the aeroaal aide attar leuo7lcJ.7oine, 

gl707lcl.7cine or sl707lgl707lgl)-cine were plaoecl in the 1'luid 

pertuainc the aut l\lllen in rats. 11'he7 ~ated that peptides 

llight undergo hJ'droqaia, not only in the luaen, but also in th• 

wall ot the uall bowel. 

Ual.ng nerted rat gut aaca and wo other in rltro methods, 

&a well as in Tivo one, lfeve7 and SIQ,th( 2l) oontirme4 that onl7 

ver, aaall aaounta ot the dipepticlea 8'17071-L-leuolne, gl707l-L-

••••• 7/ 
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t7rosine and gl7c7lglycine appeared on the serosal side as such. 

Wiggans and Johnston reported that a peptidase was present on -the 

serosal as well as on the mucosal side of an everted rat gut 

preparation< 24), and, further that hydrol7sis of peptides on the 

serosal side might account tor the tailure to demonstrate their 

absorption as peptides in some of the in vitro experiments( 25). 
They did not believe that this was an important factor as 

f-ala.nyl-DL-phenylalanine, which is slowly bl'drol7sed, also tailed 

to appear in the serosal medium. 

Ot great interest is the ability of the newborn mammal's 

small intestine to absorb protein as such. It has been assumed that 

this is based upon a phagooytic or pinocytic mechanism. · Voit and 

13a.uer< 26) had first proposed that intact proteins might be absorbed 

unchanged in adults in 1869. Dent and Schillini .16) presented 

data in adult dogs suggesting that homologous plasma protein was 

absorbed intact or as large particles. Their evidence tor this 

was largel7 negative in character. While the homologous protein 

disappeared from the gut, no trace of it or its derived amino-acids 

could be found in the portal or systemic blood. Levenson, Rosen 

and Upjohn (l9) however were able to demonstrate amino-acids in 

mesenteric blood after ingestion of autologous plasma proteins. 

It seems likely that the adult mammal probably can absorb 

intact protein molecules in the alimentary tract under certain 
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oirouaetanoea, but the uount inYOlnd 1111at be v q aa.11 indeed. 

It is probabl.J iaportant in aoae antigenic proo••••• 

Thus it ia clear boa the acCUIIUlate4 rn.tenoe that 

ill88 tad protein ia absorbed alaoat entil"el7 aa aaino-e.oida. 

'l'he nature of thia prooesa ot abaorption will be cl1aoueae4 in the 

nert chapter. 

• •••• 9/ 



CHAPTER II 

The Mechanism of Amino-aoid Absorption 
from the Small Intestine. 

Section l - Definition of Transport Processes 

Transport may be defined as the process by which a 

solute is transferred from one phase to another, being in the 

same initial and final states in both phasea( 27) . 

The three most important ways for transport to take 

place across cell membranes are: -

(i) Diffusion 

When diffusion occurs, the net movement of molecules 

bearing no net charge depends upon the concentration gradient , 

and the flux will be dependent upon the concentration in the 

phase of origin. The flux is defined as the amount of a sub-

stance which passes through a unit area of the membrane in a 

given direction per unit time . With increasing concentration 

in the phase of origin, a linear relationahip between flux and 

concentration will be observed until such high concentrations 

are reached that some change in the membrane probably takes 

place< 21) . While such a linear relationship between the ab-

sorption rate and the concentration gradient is characteristic 

of diffusion, its presence does not exclude absorption by 

enzymatic mechanisms or by one involving some type of absorption 
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rn.otion. Jtor example, it the substrate ooncentration was well 

below the Km (liohaelia - Menten oonatant) a ahilar reault could 

be obtained. in a tranaport prooeaa mediated b1' en~ea. The 

Telocit7 ot dittuaion per unit aeabrane area aq be expressed b7 

the equa~ion a -

Where~ represents the dittusion 
oonetan~ and ia pnrned b7 the 
peraeabil1'7 ot the aea'brane oon­
oene4. S1 - S2 ia th• oonoen­
tration gradient and Vis the 
velooit7 ot cU.ttusion. 

Th• oell ... bran• 1a now belieTed to consist ot phospho­

lipida and other tatt7 acid esters lying between two protein 

l~era< 28). The lipid present creates a oonaiderable obstacle 

to the transport of non-lipophilio substances. In4eecl, in 

1937, Collan4.er( 29) oontirae4 the h7Potheaia postulated auch 

earlier b7 OTerion(.30) that the aapaoit7 tor aoleculee to 

oroaa cell aeabranea was related to their oil ter distribution 

ooetftoients. This emphaaiaea the tact that in considering 

tittueion one auat recognise the role pl,qe4 b1 the polarity ot 

the aubnance concernn. In &ddi tion, if the aolecul•• bear 

a net charce, the eleotrcaottv• gradient will also play a pa.rt. 

A low temperature coettioient is oharacterietic of 

dittuaion. Of interest is the discovery that this 1a not 

alwqa eo< 28), and that therefore the tinding ot a high teap­

erature ooettio1ent does not exolude the presence ot dittuaion • 

••••• 11/ 
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The intestinal epithelium constitutes an effective 

barrier to the diffusion of ma~ substances, particularly those 

that are charged, or of high molecular weight. In the latter 

instance the pore size of the epithelium is probably important 

especially in the case of substances which are insoluble in 

the lipid. Estimations of the size of the pores have varied 

from 36A0 to 4A0 ( 3l)(J2). B7drogen ion concentration may 

also play an important role in diffusion. A good example of 

this is the role of pH in the non-ionic diffusion of weak 

acids and bases< 33) . One might also point out here that the 

movement of water across membranes can be an independent 

prooesa( 34) and may influence other transport phenomena. 

One might comment with some justification that 

"simple" diffusion might ultimately prove to be very complex 

indeed. 

(ii) Paoilitated Diffusion. 

Some substanoes, particularly hydrophilic ones, diffuse 

by a process which can be saturated and is to a degree temperature 

dependent . The fact that with an increase in solute concentration, 

the flux eventually ceases to increase, implies the presence of 

a chemical site or structure which is essential for transport and 

only present in limited amounts. The carrier mediates transport 

and, when transfer occurs from an area of high concentration of 
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solute to an area ot lower oonoent:ration, taoilitated dittuaion 

( a term ooiud. "7 Danielli ( 35)) ie said to ooour. 

(iii) Active TranaPort. 

B7 the tera "aotiT• tranaportn we aean a 111.g.t"&tion of 

molecules aoroaa a cell .. a'bran• againat all eleotroohemic&l 

gra4ient(36)(l7). Enarg ia always required. and there is a 

quantitatiTe relationship between the aner&7 supplied and the 

tranaport work pertoraed. 

In eaaence two etagea are involved 1 -

(a) !ha ooablnation with a highly apeoitio carrier 
1n order to pasa through the lipid-rich cell 
•••bra.net and 

(b) 'l'he oonoentration of the subetanoe in the cell 
acainat ~ concentration gra41ent by the so-called 
"biological pump"• 

The latter aeobania11 is uaw,.117 sodiua dependent, 

probably due to the fact th t ... bran• aclenoaine tripbosphataae 

is aodiua aotivata4. In all likelihood. thie ens,aa is res­

ponaible :tor the cleavage of adenosine triphoaphataae (ATP) in 

the cell. Thia releases the energy neoeaaa17 for the aoti'Yit7 

ot the "biological pump"(38)(39)(40). 

It is worth eaph&eiaing that while the demonstration 

of a high t .. pera.ture ooettici•nt, depenuno;r on •n•ro-71•lding 

aetabolisa, aaturation phenoaena and competitive inhibition bJ' 
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siaila.r compounds having a COJDJ1on pathway, is strong evidence ot ac­

tive transport, by themselves these phenomena do not prove that this 

process i3 involved. In addition the demonstration that a cell 

accumulates a subst nee, also does not prove that aotive transport 

has ocourr-4, as solutes may beoome bound to cellular components. 

However such an accumulation nearly always does mean that active 

transport has taken place. P'inally it should be noted that in a 

process as complex as active transport, other factors may play a 

role under special ciroumstanoes, tor example, 11 :tlow driven bf cnunter­

flow". Chriatensen< 236) ha also postulated that methionine~ 

mediate to produce stronger uphill transport of certain other 

amino-acids. Unfolding and folding of protein molecules mq also 

be important in transfer involving a carrier(4l). 

Section 2 - Terminolos, of .Amino-acids and Ind.no-acids. 

Amino-acids are substances with the chemical foraula 

R. CH(NB2). coon. , R being an organic radical. 

derived f'rom proteins by hydrolysis. 

Amino-acids are 

The rotation of plane-polariz•d light by a solution of a 

natural aaino-aoid was first observed by Louis Pasteur in 1851(42) . 

Subsequentl,y, with only one exception, all the amino-acids 

occurring commonly as the structural units of proteins, have been 

shown to have at 1 ast one centre of as7tBmetry, nd therefore to 

exhibit optical activity. Although the degree and direction 

of rotation differ widely, it ie generally true that the spatial 
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configuration ot the groups attached to the aaymmetric carbon 

atoms is relatively the aame. Therefore des18J18.tion by the 

direotion of rotation has bean auperseded by designation accor­

ding to oontigurational .interrelationebipa. !hs oolll'llon.l.7 

occurriJ'lg natural amino-e.cida hnving the same oonfiguration as 

the laevorota'\o?'J' serine found. in proteins, a.re design tad 

L-am1no-e.c14a. Their antipodea are known as the D-aaino-aoida. 

Detailed rules of nomenclature have been publishad(44)(45)(46). 

The iaino-aoids include proline, a.nd hydro.xyproline 

and alBO demonatrate stereo• iaomerism. 

section 3 - Intestinal Transport or Am.ino-aoids 

( 1) Diffusion of Amino-a.oida. 

Kehl and Sohmidt(47) tound that the 4it1'usion coefficient 

or amino-acids in aqueous solution was related to the volume and. 

shape ot the molecules rather than to their moleoul. r weights. 

In 1944 Xratzer{4S) applied thia to the absorption of amino-acids 

troa the intestinal tract of the ohiok. He oonolu4ed that the 

rate ot absorption of an amino-aoid under the experimental 

conclitiona used, varied inverael7 with its a parent molal volume 

and that this repres~nted ditt'uaion or the aaino-acid into an4 

thl'ough the intestinal cell. Similarly, Bol'°n and Wright(49) in 

1937, had come to the conclusion that fllllino-acids were absorbed 

according to the pbTaical law ot dit:tusion, while Chase and 
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Lewis(50) were unable to find any evidence of stereospeoitity 

in the absorption of valine or leuoine in the rat. 

In 1955, Fridhandler and Quastel, perf'using the isolated 

surviving intestine of the guinea pig, thought that at high 

concentrations of amino-acids most transport took place by 

diffusion. (5l) 

More recently, :Booth(52) has re-explored the role of 

diffusion in intestinal amino-acid transport . Using the ever·ted 

rat gut-loop technique, he has shown that while H3-labelled L­

tryptophan can be transported from the mucosal to the serosal 

fluid against a concentration gradient, it can also pass across 

the mucosa in another way. This was demonstrated by putting 

tr,-ptophan on the outside of the sac only and none within. 

Under aerobic conditions transport against a concentration gradient 

occurred, but when the sacs were incubated anaerobically, some 

transfer of the amino-acid did occur "downhill" from the phase 

of greater solute concentration. At the same time he wa ~ unable 

to demonstrate active transport for H3-labelled pyridoxine 

hydroohloride, but this compound was transferred across the gut 

in a comparable manner to L-tryptophan when added to the mucosal 

mediu, only and incubated under anaerobic conditions. Of 

additional interest was the fact that pyridoxine hydrochloride and 

L-tryptophan have very similar molecular weights . To elucidate 

the relative importance of active transport and diffusion in 

the intestinal transfer of L-tryptophan, :Booth fed H3-labelled 
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L-tryptophan or pyrido.xine hy'droohloride to rats and measured the 

amount of radioactivity remaining in the gastrointestinal tract. 

The rates of absorption of both substances were virtually 

identical. In addition, by feeding increasing oral doses of 

labelled tryptophan he was unable to saturate the absorptive 

capacity of the jejunal mucosa and there was a linear relation­

ship between the amount absorbed and the amount given(53). 

Booth concluded that "one must seriously consider whether or 

not L-t17Ptophan (when fed in simple solution) is predominantly 

absorbed in the same way {as pyridoxine i.e . diffusion), active 

transport being only partially important". He postulated a 

dual concept of intestinal absorption where in the case of 

L-tryptophan, active transport acted as a booster to the transfer 

resulting from diffusion. 

(ii) Active Transport of Amino-acids. 

Hober and Bober(54) found that the rate of transport of 

glycine, alanine and valine was not proportional to their con­

centration in the gut and, in addition, that these amino-acids 

wer absorbed faster than polyhydric alcohols of comparable volU11e. 

These two facts, plus the observation that unlike the alcohols, the 

amino-acids showed saturation phenomena at high concentrations, 

indicated that some type of selective absorption prooess was 

involved. 

However, -the credit for the unequivocal demonstration ot 

the active transport of amino-acids by the intestine must go to 
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71sell&l'l and his collaborators. Th first clue camo from the 

demonstration th t the L-isomers were much ao1·1J rapid!¥ absorbed 

than the »-isomer. Thie beouie l)O aible through the use ot 

mor• preoise aethoda of analysis usins D and L "-llino ozidaae 

from Neuroapora or~ssa, nd D a.lrl.no oxid,se from pigs• kidneys. 

In 1950, Elsdon, Gibson an ,1:wu.n(55) tested the 

absorption of a racemic mixtur~ ot a number of aaino-aoida from 

the washed loop ot inteatina of an a.naesthetisod rat, and tound 

that the L tora wa~ alwa.;;rs preforentiall.¥ absorb d. In aome 

oaaea, (glutamate, histidine) tha rate of absorption of the 

na"turall.7 occurring isomer was 6 times as great aa that ot the 

unnatural isomer. 

In the following 7ear, Gibson &.nd w1a .. an(56) reporte4 

in more d•tail on their atu4iea of 13 am:l.no-aoide with eaaentialq 

the aOJlle reaulta. The7 studied alanine, val.in•, ph•Z2Tlalanine 

and qaine amo~ other•J in all of theae aaino-aoida the L ton 

waa proterentiall.¥ absorbed. (The7 are amonc the amino-aoid• 

studied in this thesi:;i). This punomenon was al.so shown to 

occur 1n the guinea p1g(5l), the dog(57), the oa1(58) and in 

aan(59). ffhilo these reaulta a~ested that an actiYe transport 

process waa operatins, the teohll1quea used did not 1111.inate the 

poaaibility ot metabolism of the L form preterentiall7 in the 

intestine 1taelf. 

The tirst unequivocal demonstration of the active transport 
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of amino-acids was an in vitro experiment b7 Wisam~n in 1951( 60). 

Be circulated the ra.cemic mixtures of ino-acido through isolated 

loops of int atine in raia, a.nd was e.ble to show tha.t the L 

stereo- iaomere of alanine, phe~lalanine, isoleuoine and valitte 

moved aoroos the wall of the intestine ag&inst a concentration 

gradient while the D-isomars did not. Bis report in 1953( 6l) 

indicated that while thi · wns also the oase with L-hist1dine, 

thare was no active transport of L aspartic $Cid or L-glutnmic 

acid in the intootino. 

Agar, Bird ani Sidhu< 22 >, using a technique in which the 

upper pa.rt of the small intestine of the rat was perf'used, con­

firmed tha stereospeoifit~ or amino-acid tra.ns»o.rt ga.inst a 

concentration gradient. Tho next ~oar the same authors< 62) intro­

duoed a new technique a.nd chowed that tissue segments, incubated 

in solutions of amino-aoidst were able to concentrate the amino­

acids to a lev l muob higher than that in the medium. This 

concentration was also stereospeoifio and was inhibited b$ 

aotabolic inhibitora. While the upt ke of .L-histidine oould 

be blocked by dinitrophenol, release of this amino-acid t~om 

tissue segments was not affected. Asar, Hird. and Sidhu oon­

cludea that, while active transport 1$ necessary for the transfer 

ot amino-a.cido from the lumen into th into tinal epithelial cell, 

the release or ~...n aocumul4ted amino-acid from the cell into the 

blood takes place b~ diffusion. Sa.mi¥ o.nd Spencer( 63) came to 

th s e conclusion after stu~ng the uptake ot L-phon,lalanine 
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hT all intestinal segments. On the other hand Newey and s.,:th( 234) 

(235} hav postulated that tbe "exit" phase is &nerB7 dependent and 

possibly responsibl tor the concentration gra.di nt. 

In 1959 Jervis and Sm,rth( 64) showed that L-methionine 

and L-histidine were absorb d from the rat 1nte$tine by rate 

li itin process with kinetics approximating to the Michaalle­

Menten Scheme. The low Michaelis constant obtainod tor L-. 

methionine suggested a relatively high affinity of L-methionine 

for thtt transport mechanism. Their dat also sugg sted. thut 

the ])...enantiomorphn had a much lovor af'f'inity tor th transport 

car-rier. 

The apeciticity of transport demands not only the correct 

stereo-isomer1s , but also a.n unchanged. oarboql &J:OUp< 65), an J._ 

P, or ver:, except1onall7 a 6J amino- group( 65)( 66), n,<!qctropn( li5)( 97l 

and an uncharged side cha.in( 65){68), it present. In addition 

there is aood evidence that the active transport ot amino-acids 

1a p71"1dox1ne dependent{ 6S)(7o}. 

Fiilal.17, dinitropheno1< 22)(5l)(7l), cyanid ( 62)end 

anaerobic cond1tions(5l) inhibit int atinal amino-acid transport 

providing supportive evidence tor the pr senoe ot an active 

process. Matthews and Smyth<72) also noted that low temperatur s 

reduced the ratio of L - to D - amino-acid absorbed by loope of 

gut in vivo 

Section 4 -Aunino-aoid Transport Groups 

It has recently become clear that there are on the whol 
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specific transport groups of amino-acids and that th&se groups 

are identioal both in the intebtine and in the kidney(73). 

Thoae groups have been classified ae follova 1 -

(a) Monoamino-monocarbo.%1"lic (ne.utral) amino-acids: 
alanine, serine, threonine, valine, leuoine, 
ieoleuoine,phenylalanine, ty:roain•, tr,'Ptophan, 
aaparagine, histidine, oysteine, methionine, 
and. citrulline. 

(b) Dibasic amino-acidat 

t,-sine, arginine, ornithine and eyst!.ne. 

(c) D1carbo.%1"lic amino-acids, 

Oluta.mio acid and aspartic acid. 

(d) The imino-a.oid. and gl;ycine groups 

Prolino, h7dro27proline and glycine. 

The evidence for these groups baa come from the work ot 

eeT~ral teas of investigators. 

(i) In the Intestine. 

Wiaeaan(14){75) ole rly demonstrated that som6 neutral 

amino-acids oomp~te ~1th each oth r for transport, and that some 

are more potent inhibitors than others. Re also showed that 

certain amino-acids have a greater at:fini\7 ror the transport 

~stem than others. Finch and Rird.(16) applied Michaelis-Menten 

kinetics to the rate of uptake of amino-acids by the intestine and 

on this basis predicted the degree of ir.i.hibition ot the uptake of 

one amino-acid b7 another. They founcl a good correlation between 

pre4icted and observed values. The exo•ptiona were lTeine, 
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ornithine and arginine and they suggested that these amino-acids \\ 
did not compete for the same common transport system as the neut-

ral amino-acids. Indeed the active transport of the "dibasic" 

a.aino-acids, lysine, arginine and ornithine, was in doubt until 

recently. Wiseman(74) had been unable to demonstrate the 

active transport of either L-lysine or L-ornithine although 

previous work had suggedted that more than diffusion was 
involved.(56)(77). 

The studies of Milne, Asatoor and Loughridge(7B) 

showed that in patients with oystinuria, the intestinal absorption 

of lysine and ornithine was defective. It was inferred that in 

oystinuria the genetic defect in the transport of cystine, lysine, 

ornithine and arginine by the renal tubules was shared by the 

small intestine. 

in Chapter III). 

(This work is referred to in more detail 

As a result of this stimulating work, Hagihira, 

Lin and Wilson reinvestigated the transport of these amino-acids 

in vitro and did indeed show that they were transported against 

a concentration gradient(79). This had been known to be so 

in the case of L-oystine(Bo). The maximal rate of absorption of 

these amino-aoids was much lower than that of most of the neutral 

amino-acids(74), explaining the difficulty th t had been experienced 
in demonstrating active transport. Hagihira, Lin and Wilson(79) 

confirmed that the three dibasic amino-acids and cystine shared 

the same transport system as had previously been pointed out by 
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Milne and his oo-workers. This is of partioular interest in 

as much as oystine is a neutral amino-acid. In the gut the three 

dibasio amino-acids had been shown to be unable to inhibit the 

transport of L histidine(Bl)(75), or of iodotyrosine( 82), and L­

lysine did not inhibit the transport of L-isoleuoine(76) or L­

methionine(60). Thus there is very good evidence for a separate 

transport system for the dibasic amino-acids plus L-cystine in the 

gut. That this is not absolute is shown by the fact that L-methionine 

does cause some inhibition of L-lysine intestinal transport. 

As already indicated, Wiseman( 74)(75) and Finch and 

Rird(76) had provided excellent evidence of a speoific transport 

system in the intestine for most neutral amino-acids and this has 

been confirmed by a number of workers(7l)(76)(8l)(82)(83)(84)(85)(86). 

Pinally it was noted that while most neutral amino-acids had little 

if any inhibitory effect on betaine transport in the gut, L-proline 

and hydroxy-L-proline were exceptions to this rule(B7). The 

reverse has also been shown to be the case i.e. N-methyl compounds 

like betaine can inhibit imino-acid transport but not that of 

neutral or dibasic amino-acids. 

There is evidence in favour of a separate transport system 

tor proline, hydrozyproline, and possibly glycine in the 

gut, and saroosine, N, N-dimethylglycine and betaine may also 

belong to this group(B7)(BB). Some studies do suggest that the 

imino-acids and glycine share at least one step in the transport 

process with the neutral amino-acids( 75)(B7)(B9). Indeed glycine 
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really belongs to both the "neutral" group and the "1mino" group . 

While there is no direct evidence of the active trans­

port of dioarbo~lic amino-acids by the intestine(75), the experi~ 

aental demonstration of such transport m83' well be hindered by the 

extensive metabolism which these amino-acids undergo in the 

intestinal cell. 

(ii) In the Kidnez. 

The existence of these four transport groups of amino­

acids in the kidney has been confirmed by conventional clearance 

tests for amino-acids both in man and in experimental animals; 

by infusions of amino-acids and subsequent study of amino-acid 

excretion in the urine; as well as by ustop-flow" experiments 

in dogs. Since the excretion of amino-acids in the urine i s 

normally ne~ligible, reabsorption by the renal tubules must be 

essentially complete(90)(9l)(92). In the 1940's it was pro­

posed that several amino-acids were reabsorbed by a single tubular 

mechanism with limited transport capacity(92)(93). However 

Beyer and his oolleagues(94)(95)(96) and Kassim a.nd Handler(97) 

showed conclusively that there were several transport groups 

involved. !he latter authors infused dogs with various amino-

acids at constant r ates, and measured the rate of excretion of 

eight 'ltndogenous" a.mino- aeids . While the ratio of the excretion 

during the in:f'usion to the excretion during the control period 
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varied videl7, 1n general the excretion 0£ an aaino-e.cid was 

most inoreaoed. by the intusion of' an amino-acid o'f similar aoidic 

properties. Brown, S~ a.nd Pitts{98) used the "atop-tl.ov" method 

ot analy is in dogs and observed th~t intuaion of lysine or 

ornithine diminiab.ed the reabsorption ot arginine onl7. 'l'he7 

al.so confirmed th t amin oids a1._ re baorbed in the proximal 

tubule a.a had been suggested 'b7 the work of previous wol"kera(99)(lOO} 

(10l)(l02)(l03). :arown, SaaiT nd Pitts(9S} were able to oontil'll 

that the acw•ent of aaino-aoida a.cross the tubular cel l took 

place apinat a oonoentration gradient and that therefore thia 

constituted aot1ve transport. 

'Bobson and Ro1:1e(l04) showed that intuaion ot l.1'sine into 

normal subjeota oauaed inoreatHMl renal clea.ranoe of oystin•, 

arginine and ornithine. llow-.er other reporta(l05)(l06) have 

indicated that the inhibition of the transport of 1$ain by' 

qatine llight not be demonstrable in renal tissua from aeveral 

s~oies including man. It would seem that in this respect the 

intestinal transport of 01stina and l7sin• Jlight differ .trom the 

renal tr1111.Sport of these amino-acida. Further work is needed 

to oontira thia 1rr new of the oonfiiotiag date.. 

In 1962 Sohal'er, ->Cl'iver and -tron(l07Xl08) deaonatrat d 

that in h;rpoprolinaemia there was a eeoonda.17 renal uino-aoiduria 

inTolTing Jqd.roX7Proline and cl7oine. This suggested that these 

llllino-e.o14s plus g1¥cine constituted another renal transport group • 
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Kopelman, Asatoor and Milne have recently confirmed these observat­

ions in another family(l09). 

Finally Webber(llO) studied the reabsorption of dicarb­

oxylic amino-acids by the kidneys of dogs and was able to show 

that acidic amino-acids inhibited the reabsorption of each other; 

while neutral amino-acids inhibited on the whole the reabsorption 

of other neutral amino-acids. 

Section 5 - Conclusions 

1. Amino-acids move from the lumen of the intestine into the 

intestinal cell by a process of active transport and probably 

also by diffusi on. 

2. The active movement of amino-acids is highly specificJ inter 

a.lia the L-stereo-isomer is much more readily transported than 

its D-antipode. 

3. Amino-acids are transported in the gut in four specific trans­

port groups; which are in the main identical to the four specific 

transport groups in the kidney, where the transport of amino-acids 

takes place by an active process. 
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Conparison of Amino-e.oid ,r<u1sport Deteots 
in tba Intestine and in the 11.clJwT• 

.A.e outlined in Chapter II, there is now good eviunce 

th t similar tr~nsport aachanisms tor amino-acids exist in the 

intastir: and in the kidne7a. !n thi~ Cbapter the signif'icance 

of this ph3'eiological phenomenon will be discu,ee~ 1n more detail. 

In the Bradshaw Lecture delivered at th~ Royal College 

or Pb1'oici~...n of London, filne(,)) ve an outete.nding reTiew of 

various aapeota of amino-a.oid transport. He pointed out that 

amino-aciduria lldght occur as 1 -

(1) A pure "overflow" u1no-e.c1duria, 1'here there is 
an incrouao in the blood of the amino-acid oon­
oe1.,ned. 

( i) M1%ed "ovarflow" and "renal" amino-e.oiduria, with 
partial or complete aaturation of ui amino-acid 
transport system in the kidney. 

(iii) Pure "renal" at ino-eciduria, involving a. specific 
·am1no-a.oid transport ayotem without other evi4enoe 
of dieo:rd.eNd tubular .t\mot:i.on, arid. with normal or 
low plasma l~volo of tha relevant amino-1cid~. 

(iv) "Renal" a.mino-aciduria. o.zsoci -'ted with gene ral13ed 
tubular d.am13.ge . 

boction I of this Chapter lrill deal with Uie evidence 

tor a dofect in &111in<>-El.cid tranor,ort in bott the r n l tubule and 

the gut in di::.tv uos chars.cte1::t::::od 'by geneticc..11.y determined "renal,. 

Seotio1 2 vill p~c£lcnt th; ovidenoe for the same 
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phenomenon in patients with acquired ttrenal 11 amino-aoiduria. 

Section 1 - Evidence for genetic defects of amino-acid transport 

occurring simultaneously in the intestine and kidney. 

The development of this important concept is the result 

of the studies of Milne and his associates and was discussed in 

detail in the 1964 Bradshaw Lecture(73). As pointed out on that 

occasion, the two genetically determined diseases in which "linked" 

transport defects in amino-acid.s occur in the intestine and the 

kidney, are Hartnup disease and Cystinuria. 

Hartnup Disease 

This disease was first described by Baron, Dent Harris 

and Jepson in 1956(lll). They described four of eight children 

of a first cousin marri~ge, the name of the family being Hartnup . 

The metabolic diseqse which these chilc..ren manifest4d was called 

therefore Hartnup disease. Earlier briefer reports by the same 

workers had referred to it as "Hart's disease" after Dr. E. W. Hart 

under ubose care the family was first investigated and treated. 

The most constant clinical feature was a tendency to develop 

pellagra. On occasion a severe but fully reversible cerebellar 

ataxia developed in association with the pellagra, and, in one 

patient, followed on an infective illness without any accompanying 

pellagra. The older affected siblings were mentally retarded • 
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The patients had a c nst nt gl'C)GU a..~i oidu.ri& hich •a£J 

thou t to be 0 r n~l O in type in view of tha f ct th t Dent and 

wl ( u 2) had shown th t the l vel of ~ -t'F.
2
-N in th plasma 

ot all tour ei lings with amino oiduria ~·na normal in the fa.sting 

at te. Ev red(ll3) h d lso r port a+· t individusl pl &Jma 

eid lev l w re norD'ltll in th se p~tie t. lt was pre-

domiz,antly tho noutral ino-n.ei o th· t e:t involve in the 

r nal defect. Thur w&o aloo oonot nt tion in th 

urine of' Indole-3- c~,tie a.aid a. leus eonot t l~.rge exoretion 

of 1ndioan. fhe t eces coni~ine 

ot protoporphyrin. Suboequentl:, Cu 

mode_ t ... ly 1ncroarwd qu.anti ty 

rth sntl Dent( ll4) oon-

tir ad that the re l clcarancea or th Group 1 amino-o.eide were 

v ry high in this 1 04so, ·md thnt oonseq 1ex, ly thero o.as nn 

excessive exor tion of the amino cids in tho urin, 1th noraal 

or low pla a l,, ls. E1 ht on e,_a 

f ili. hav be n described to date( 

(l20)(121)(1i2)(123) 

of ·rtnup dise se in ten 

l }(115)(116)(117)(118)(119) 

.rvation thnt non 

cf the more r oent cas a has hown evider.ee o~ c rebell r d7st\tnotion, 

Y ile in tha original ~rti nts, thi is no lon r re ture • 

.2z!..tinur1 .• 

Thie diaea.se is char ot rised 07 an excess of group 2 

W!dno-e.oidu in the urin wit~ norm~l or low plaoma levels of tbese 

amino cids. Dent nd liose< 124) sho ad th t this was ue to 
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isolated detect in the reabaorpt1on ol these aaino-acida trom 

the proximal renal 'tubule. Their results, based on paper 

chroma1ocraphic aethoda, ha'f'e been contirud b7 IION retinecl 

techniquea(124)(125)(126)(127)(128)(129)(1)0)(131). C7stine 

is relati'f'el.7 insoluble 1n urine, unlike the mixed disulphide 

ot 07stine and hoao07stine which is also excreted in c7stinuria. 

C7atinuria is responsible tor about 1~ ot urina17 tract calouli 

in adults, and tor a lar19r percentage in children. 

As )(11.ne{73) has 1>9inted out, there was no diftioult7 in 

reoopiaing the presence ot a renal transport detect of amino­

acida in these two diae sea because ot the recognition or the 

"renal" amino-aciduria. 

Detects ot intestinal transport ot amino-acids are 

more dittioult to demonatra.te. Milne(7l) aumaarised the evidence 

obtained troa ti'f'e aethoda used by himself and hia co-workers. 

(1) An intestinal load ot the relevant amino-acid should 

result in a lower pla~ma concentration ot the aadno-a.oid in the 

patients than in normal controls. This lowered plasma concen­

tration should not be due to excea 1ft renal uaino-acid loss. 

At the same time intraTenous loada should cause the aame rise 

in plasma amino~oid concentration in both patients and oontrola. 

Using these ••thoda, results have been suggestive after the inseation 

of t17Ptophan in Bartnup disease. Milne, Crawford, OiraP and 
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Loughridge( 132) gave L tr7Ptophan (70mg. /kg. bod7 weight) b7 

mouth, and blood samples were taken at two-hour intervals. In 

control subjects, t17ptophan was at its greatest concentration in 

plasma two hours atter the ingestion of the aaino-acid, and had 

fallen to basal values in eight hours. In the two asymptomatic 

patients with Hartnup disease, the maximum concentration of 

tr7ptophan in the blood was found in the tour hour specimen, and 

this was regarded as suggestive evidence in favour of impaired 

absorption of t17Ptophan. Asatoor, Lace7, London and Milne(i33) 

gave lOg. ot L-arginine hydrochloride in 100ml. ot w~ter by mouth 

to patients with cystinuria and to controls, and aeasured plasma 

arginine concentration after 1,2,3 and 5 hours. In the normal 

controls there was a rapid rise within the first hour to concentrations 

averagins 2.5 times the basal value and this was followed by a 

gradual tall almost to basal level 5 hours after the ingestion ot 

the amino-acid. In the patients with c7stinuria, there was only 

a slight increase in the plasma levels of arginine. There was a 

slow rise to a mean value ot only 2~ higher than the basal 

concentration after 3 hours. Despite the greater variation in 

the control subjects, the aean concentrations in the plasma samples 

which were obtained one hour after aaino-aoid ingestion, were sign-

iticantl.7 different at the l" probabilit7 level. There was no 

signitioant difference in plasma arginine concentration between 

patients vi th cystinuria and controls after intravenous int"u'sion · 

ot lOg. of L-arginine hydrochloride. These results proved a 
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transport detect of arginine in the gut in patients with oystinuria. 

(ii) If the relevant amino-acid is ingested, an excessive 

amount should appear in the taeoes it intestinal absorption is 

detective . This has been shown to be the case in two patients 

with Bartnup disease< 132), who excreted considerable amounts of 

tryptophan in the stools after a tryptophan load. No tryptophan 

was detected in faecal extracts from normal subjects. Milne 

and his co-workers were able to demonstrate defective arginine, 

lysine and ornithine absorption from the intestine of patients 

with oystinuria in this way. Using paper chromatography of 

faecal extracts they were able to show that arginine was present 

in the faeces of five out of eight cystinuric patients after 

arginine ingestion. There was only a trace in one out of six 

normal subjects(l)J) . After giving L-lysine or L-ornithine 

aono}o-droohloride b7 mouth to five patients with cystinuria and 

twelve controls(i34) , it could be shown that a considerable 

traction of the ingested amino- acid was unabsorbed in the patients 

with c7stinuria, and consequently appeared in the faeces unchanged. 

By contrast in the normal controls, absorption was complete except 

in three subjects who developed intestinal hurry and watery 

diarrhoea. 

(111) If an imperfectly absorbed aaino-acid is ingested, the 

unabsorbed amino-acid can be degraded by bacteria in the gut , and 
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the resultant products might then appear in excessive amounts in 

the faeces. Asatoor, Craske, London and Milne(l35) studied seven 

cases of Hartnup disease and showed that incubation of their stools 

produced more indole and t171>tamine than did incubation of stools 

from normal controls. Indole and tryptamine are derived froa 

t171>tophan by bacterial action. Recently de Laey, Hooft, 

Timmermans and Snoeck demonstrated that the indoles in the stool 

of a patient with Bartnup disease, disappeared with antibiotic 

treataent< 136). 

Asatoor, Lacey, London and Milne(i 33 ) fed arginine to 

patients with oystinuria and found citrulline subsequently present 

in the faeces in seven or eight patients so tested, and putrescine 

in tour of seven. Only a trace of citrulline was present in 

three of six controls, and no putrescine was found in arry controls. 

13oth oitrulline and putresoine are derived from arginine by bacterial 

action in the gut; the latter being derived from ornithine or 

agmatine, which in turn are breakdown products of arginine. While 

there was no evidence of agmatine formation, ornithine was formed 

in these patients. 

(iv) If an amino-acid is inadequately absorbed not only will 

an excess of bacterial breakdown products of that amino-acid 

appear in the faeces, but also some of these substances will be 

absorbed from the gut and excreted in the urine in excessive amounts • 
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The substance excreted in the urine aay be identical with that 

absorbed from the gut, or may be a compound derived metabolically 

from the absorbed breakdown product. In patients with Hartnup 

disease, so tested, malabaorption of tryptophan has resulted ins -

(a) 

(b) 

( c) 

(d) 

An excess of indole in the gut with excretion 
o~ derived indican (indoxyl sulphate) and bis­
indolyl-indo%7l in the urine, 

an increase in intestinal tr7Ptamine concen­
tration with consequent excretion of indolyl-
3-acetic acid in the urin&f 

consequent increase in the intestinal indolyl­
)-acetic acid and its breakdown resulting in the 
urinary excretion of indolylaoetylglut8.Jlline, and 

Indolyl-3-proprionic acid in excess in the gut 
and consequent urinary excretion ot indolyl-3-
ac17lic acid and indolylacrylylglycine. 

In the same disease impa!red absorption of phenylalanine 

from the intestine has resulted in,-

(a} An excess ot ~ -Phe:nyletbylaaine in the gut 
with consequent urinary excretion of phe:nyl­
acetylglutamineJ and 

(b) increased intestinal benzoic acid with subsequent 
urinary excretion of hippuric acid. 

Malabsorption of tyrosine in Bartnup disea se caus~s 

increased intestinal t7ramine and urinary p-bydroxylpheeylacetio 

acid and other phenolic aoids( 132)(7J). Of interest also is the 

recent report of the disappearance of the indicanuria on antibiotic 
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~ 
\ 

therapy( 136). 
\ 

The results are also positive in the patients with 

cystinuria studied by the same group of investigators. A lysine 
I 
I 

load by mouth results in the appearance of cadaverine and piperidine \ 

in the faeces and urine although cadaverine is only very occasion- ~, 

ally detectable in the urine. Ornithine ingested in excess by 

patients with cystinuria results in the excretion of increased 

amounts of putrescine and pyrrolidine in both faeces and urine; 

again pui>rescine is only very occasionally detected in the urine. 

An oral arginine load given to patients with cystinuria results 

in the excretion of excessive amounts of citrulline and ornithine 

in the faeces and consequently citrulline in the urineJ putrescine 

in the faeces and very occasionally in the urine, and pyrrolidine 

in the stool and urine(l32 )(73). 

(v) The exposure of colonic bacteria to increased concentrations 

of amino-acids as a result of malabsorption may induce preferential 

selection of unusual bacterial strains. This has been shown to 

occur in some patients with cystinuria from whose stools an 

Escherichia coli has been cultured having an increased capacity 

for decarboX7lating lysine and ornithine to the corresponding 

diaaine(l33). No such organism has been isolated from the stools 

of patients with Hartnup disease(l35). 

In addition to these five indices of amino-acid 

aalabsorption from the intestine of man, so ably studied in Hartnup 
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disease and cystinuria by Milne and his colleagues, two other 

methods are available which may be used to study intestinal 

amino-acid transport in man: -

(i) The in vitro stud.7 of aaino-aoid transport in material 

obtained by jejunal biopsy. There are two recent reports of 

such a study in cystinuria and they both confirm the presence 

of an intestinal transport detect . 

Thier, J'ox, Segal and Rosenberg(i37) found that the 

uptake of labelled L-lysine and L-oystine in normal and cystinurio 

subjects was most rapid during the first thirty minutes of 

incubation and then approached a plateau. They therefore used 

an incubation period of torty-tiTe minutes for most of their studies 

and were able to show that intestinal biopsy material from normal 

volunteers concentrated lysine 13-fold and cystine 4.5-fold. 

Similar tissue from four cystinuric subjects failed to concentrate 

either of these amino-acids signitioantly. They were also able to 

show that under their experimental conditions cystine accumulation 

could be inhibited by lysine in the intestine and that siailarly 

lysine accumulation could be inhibited by oystine in the gut . 

This was in keeping with the data of Hagihira and his co-workers 

in their studies of amino-acid transport in the gut of the 

hamster( 79). 

McCarthy, :Borland, Lynch, Owen and T7or(lJ9) reported 
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similar studies on duodenal biopsies in two patients with 

oyatinuria and four controls. Their control subjeot3 were able to 

concentrate c14-L-arginine, c14-L-ljsine, c14-DL-ornithine, 

s35-L-cystine, 014-DL-leucine, 014-L-phenylalanine and c14-DL-oystine 

to average ratios between muoosal tissue water and incubating 

fluid of 4.7 to 11.7. The average ratios for c14-L-arginine, 

c14-L-lysine, c14-DL-ornithine and s35-L-lysine in the patients 

with cystinuria were uniformly less than 1.0. The ratios for 

c14-DL-leucine, 014-L-phenylalanine and c14-DL-cystine did not 

differ significantly between the two groups. fhis finding tor 

DL-cystine was unexpected and not adequately explained. 

(ii) The other approach is the study of amino-acid intestinal 

transport in man using the double lumen tube technique which has 

been so ably utilized to stud¥ carbohydrate absorption(l40). 

One difficulty which would be encountered here is the 

high concentration of amino-acids occurring physiologically 

in the fluid recovered. This could probably be overcome by 

studying individual amino-acids in sufficiently high concentrations. 

To date no such study has been reported. 

There has been one case report of a fourteen year old 

ohild with cystinuria who also developed malabsorption of fat, 

xylose, vitaminB12 and glucose(l4l). Thia child also aad vidamin D 

resistant rickets. The authors give some evidence for intestinal 
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malabsorption of l7sine but autops7 failed to reveal the cause 

of the generalised malabsorption. There was a recent report 

of a patient with c7stinuria who developed classical coeliac 

disease< 142 ) . There is no evidence that the malabsorption of 

fat and other substa.noes in these two patients was related in 

&n7' wa7 to the oystinuria. 

From the evidence presented it is clear that there is 

detective transport in both the intestine and the kidne7 of some 

neutral amino-acids in Hartnup disease, and of dibasic amino- acids 

in cystinuria. Both these diseases are recessive hereditary con-

ditions and the assumption is that an abnormal gene has caused 

defective S7Dthesis of a protein, presumable an enzyme, i•portant 

in amino-acid transport at these sites. 

Recently Drummond, Michael, Ulstrom and Good(l3B)des­

oribed the "blue diaper" syndrome in which in addition to byper­

caloaeaia and nephrooaloinosis, the one infant well studied also 

had indicanuria. They presented evidence for defective intestinal 

absorption of tryptophan. There was no amino-aoiduria on paper 

chromatography but no quantitative studies were done . It seems 

possible that the defect in amino-acid transport is confined to 

the gut in this syndrome, the etiology of which is quite obsoure. 

Section 2 - Evidence for acquired defects of amino-acids transport 
occurring simultaneouslz in the intestine and kidney. 

If a toxic substance can reach a sufficiently high 
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oonoentration in the cells of the renal tubule and of the small 

intestine, detects in amino-aoid transport might occur at both sitea. 

This baa been shown to be the oase in man af'ter the administration 

o~ neomycin by mouth. 

Neomycin ia poorly absorbed and frequently causes a 

malabsorption state which disappears when the drug is withdrawn. 

Jacobson, Chodos, and F~oon(i43) did tort,--tiva studies on 

thirt7-three subjects giving them 12 grams Of D80ID7Cin sulphate 

in three divided doses dailT• The7 noted reversible aalabsorption 

ot carotene, iron, vitamin :5i2, ~lose and glucose plus a fall in 

serum cholesterol. Jacobson, Prior and Faloon noted histological 

changes in the jejunum in patients taking neoa,7oin by mouth, not 

unlike those seen in idiopathic steatorrhoea(l44). Jacobson and 

fa.loon also demonstrated an increase in taeoal tat in patients 

receiving neo1117cin by mouth(l45). This abnormality also disappeared 

after neo117cin was withdrawn. Hvidt and Kjildaen(l46) obtained 

va17 similar results in their studies with neomycin. 

At the same time neo117oin is olearl.7 nephrotoxic it given 

parenterally. It has recentl7 been shown in the experimental animal 

that the earliest and most severe damage is in the proximal r.nal 

tubule(7J) . Purther, Milne has olearl7 shown that patients 

~eoeiving neo117oin not onl7 have aaino-aciduria, but also have an 

excess of amino-acids in the ~aeoea on ohromatograph7 or de-

proteinised extracts. All transport groups are in'f'olved but 

neOJBTOin has least oftect on the transport of group 2 amino-aci4s 
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This is the only example of acquired "linked" defect in amino-acid 

transport in kidney and intestine in the literature. There are 

a number of examples of acquired tubular damage however. 

Reoently Frimpton, Timpanelli, Eisenaenger, Stein ani 

Erl1ch(l47) observed three patients including two children aged 

thirteen, with an illnees resembling the Fanconi syndrome after 

therapy with degraded tetracycline. These patients had inter 

alia generalised amino-aciduria ~nd the whole syndrome resolved 

when the drug was withdrawn. 

Many poisons have been shown to produce tubular damage 

both in man and in the exrerimental animal(l48)(149)(150)(15l)(l52) 

(153)(154)(155)(156){157)(158) 
• 

Clarkson and Kench(i49) pointed out that evidence 

collected over a number of years had shown the kidneys to be 

particularly susceptible to poisoning by heavy metals. Indeed 

they were able to demonstrate that in man cadmium and uranium 

poisoning produced quite a profound amino-aciduria affecting 

particularly threonine and serine, while one third of the aen 

teated after exposure to lead had an increase in alanine in the 

urine . An increase in urinary glycine was observed in hal~ of 

these tested who were exposed to mercury. 

Furthermore, as Milne(73) has point9d out, metabolic 

diseases may result in the formation of abnormal metabolites, or a 

very high concentration of normal metabolites and secondary proximal 

tubular damage. This is known to occur in galactosaemia(l59) where 
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galaotose-1-phosphate has been incrimina.ted)hepatolenticular 

iegeneration where copper is thought to be responsible for the 

tubular damage(l60}; and in aultiple myeloma(l6l)(l62 )(l63) . 

Furthee renal a.mino-aoiduria has bean described in severe oases 

of the nephrotio syndrome(l64)(l65); and in severe vitamin n< 166) 

or vitamin C deficienoy(l67). Tubular damage also ooours in the 

de Toni-Fanooni syndrome( 168)(l69); Lowe's syndrome(l70) and in 

Lignao-Fa.nconi disease with oystinuria. In the latter, oystine 

may be the agent toxic to the tubular cells. 

In none of these disease states has a jejunal transport 

defect hitherto been described and as far as is known this has 

not been studied in these patients. 

Section 3 - Conclusions 

Ther~ is a clear evidence that both inherited and acquired 

defects in amino-acid transport may be shared simultaneously by 

both the cells of the proximal renal tubule and of the samll 

intestine. 

The recognition of this phenomenon is l argely due to the 

work of Milne and his co-workers. 



CHAPTER IV 

The Development of the H7pothesis 

Section l 

(i) Oalactosaemia. 

a. Clinical Manifestations 
and Biochemical Defects. 

Galactosaemia, a genetically determined disorder, is 

characterise d by an impairment to utilise galactose and to convert 

it to glucose or energy. The clinical manifestations are directly 

related to galactose administration and may be fatal if galaotose 

ingestion continues. If galactose is removed from the diet before 

irreversible changes occur, most of the symptoms and signs regress 

and even disappear completely(l?l). Over forty cases of galaotos­

aemia have been reported(l72)(l7)Xl74), but there are many more 

patients with this disease than have been recorded in the medical 

literature. The symptoms of galactosaemia usually manifest shortly 

after birth and patients classically develop the triad of cataract 

formation, hepatosplenomegaly and mental retardation, if exposure 

to galactose continues. The fundamental biochemical fault is a 

blocking or deficiency in the enzyme, galactose-1-phosphate uridyl 

transferase which is necessary for the following reaction: 
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Galactose-1-phosphate + uridine diphosphate glucose 
uridine diphosphate galacto se + glucose-I-phosphate . 

This repr esents the main pathway in galactose utilisation. 

Further it is important to note tha t uridine diphosphate galactose 

is necessary for the synthesis of galactose derivatives, such 

as lactose, galactolipids and galactose-containing polysaccharides(l7l) . 

Mammalian liver also conta ins a pyrophosphorylase(l75) which cata­

lyses the following reaction: -

Uridine triphosphate + galactose-1-phosphate ~ 
uridine diphosphate - galaotose + pyrophosphate. 

This enzyme therefore provides an additional pathway by 

which galactoae-1-phosphate may be utilised and incorporated into 

uridine diphosphate galactoae . Its activity in neonatal liver 

is very weak and increases with age. It probably represents the 

pathway by which patients with galactosaemia are able to tolerate 

galactose better as they grow older . 

b . Amino-aoiduria in Galactosaemia 

Patients with galactosaemia exposed to galactose develop 

galactosuria, proteinuria and amino-aciduria. The amino-acid 

pattern has been similar in most cases, with a predominance of the 

neutral simple !aliphatic chain type i . e . serine, glycine, alanine, 

threonine, glutamine and valine. In addition, small quantities of 

\ 
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phenylalanine, lysine, cystine, glutamic acid, methyl histidine 

tyrosine and aminoisobutyric acids have been detected(l76)(l77)(l78). 

Komrower(l76) and Cusworth, Dent and Flynn(l59) have shown that the 

amino-aciduria of galaotosaemia is of the renal type. Further 

Cusworth and his oolleagues(l59) demonstrated that the amino-aciduria 

became manifest only after several days of galactosuria, and that 

the excessive urinary amino-acid excretion persisted for as long 

as seven days after the galactosuria had ceased. It has therefore 

been postulated that a metabolite of galactose, such as galactose-

1-phosphate, m&3 accumulate in the renal tubular cells and inhibit 

amino-aoid transport(l7l). This will be discussed in more detail 

in subsequent chapters. 

(ii) Hereditary Fructose Intolerance. 

a. Clinical Manifestations and Biochemical 
Defect. 

This inherited disease was first described in 1956 by 

Chambers and Pratt(l79). This publication was followed by the 

report of Froesch and his co-workers in 1957(lSo). Recently 

Froesch, Wolf, Baitsch, Prader nd Lablart have reviewed our know-

ledge of the disease.(lBl) A total of eleven families, comprising 

twenty three patients with hereditary fructose intolerance have 

been found in seven European countries. There is evidence that the 

mode of inheritance is of the autosomal reoessive type and the primary 
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detect has been shown to be the laok ot 1-phosphotructald.olaee(lSl). 
The p tienta clenlop hypogl7oa•ia and voaiting a.tter weaning, when 
fructose or sucrose are added to the diet. Hepatomeg&l.7 deT-1.op• 

d h7Pophosphataemia has ltt.ten obaer.-ed. Two adult patients ha4 
no residual organic aanitestati ons ot the dia se but had cleYeloped 
a strong aversion to tructose-conta1ning tooda. The aeohaniaa .tor 
the development of the s711ptoaa is a matter tor debate but it seams 
11k•lT that seoondu,r inhibition ot phoaphogluoomutase and l,6-­
cliphoaphofructaldolaee 11117 pl~ a part(lBl). Hereditary truotoae 
intole:ranoe aust be aharpl7 d.1atinguiahe4 from the benign cliaorder 
ot essential buotoauria, in which pa·Uente have tructosuria 4 no 
other abnormal a711ptoa• or aigna. 

b. Aaino-acicluria in Beretita17 Pructoae 
Intoleranoe. 

Both proteinuria and aaino-aciduria develop rapidly when 
patients with h recl1t&r7 fructose intolerance a.r given truotose(l8o) 
(182)(183)(l84). It is thought that the amino-aoiduria 1 probabl7 

due to the aoowaulation ot huotoae-1-pboaphate in the tubular 
oella(lSl) and. this will be diacusae4 tu:rther in aubaequent chapters. 
'fhe aa1no-ao14uria cliaappears proaaptl7 when truotoae 1s omitted from 
the diet(lSl). Transient intolerance to exos-noua truoto e has 
reoentl7 been described in the new born, presuaabq due to delqa4 
maturation ot l-phoaphotruotaldolase(lS5). There was no stuct,' ot 
aa1no-ac14 excretion in these neonates. 
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(iii) Glycosuria Associated with Amino-aciduria 

Gray and Illing reported their findings on amino-acid 
(186) metabolism in diabetes mellitus in 1952 and reviewed previous 

work on this subject. The7 were able to study thirty-three 24 hr, 

specimens of urine from twenty-six diabetic subjects as well as 

from six normal controls. Qualitative chromatographic analysis 

\ 
\ 

\ 

l 
I 

\ 
\ 

showed a gross increase in all the amino-acids identified (including 

L-lysine and glycine) in ten samples. Seven of the samples contained 

aceto-acetic acid but three did not. Ora7 and Illing were inclined 

to equate the amino-aoiduria with ketosis rather than glycosuria. 

Of four patients with ketosis studied before and after treatment 

the amino-aciduria disappeared with correction of acidosis in three. 

Quantitative estimation of total urina17 oZ-Nitrogen/24 hrs, tended 

to confirm the role of ketosis. Recent unpublished work has shown 

that the infusion of glucose into normal volunteers does result 

in a "renal" amino-aciduria, as does the infusion of galaotose or 

fructose. In contrast the infusion of ::t7lose does not result in 

an increase in urina17 amino-acids(lB7). 

While there is both glyoosuria and "renal" amino-aoiduria 

in the ae Toni - Fanconi syndrome(lBB) as well as other proximal 

tubular defects in transport, there is no evidence to support a 

causative role tor glucose as regards the amino-aciduria. Indee4 

the contrary is the case, because in simple renal glucosuria there 
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is no associated aaino-aoiduria(lB9). All the evidence points 

to the presence of multiple renal tubular transport detects in 

the Fanconi qndrome and the cause of the proximal tubular damage 

is quite unknown. Bo studies of intestinal amino-acid transport 

have been reported in this disease. 

Section 2 - The Hypothesis 

In Tiew of the tact that a -

1. "Renal" amino-aoiduria occurs in galactosaemia, hered1tar7 

fructose intolerance and in some states associated with 

gl7cosuria (Chapter IV - Section 1)1 and 

2. It is known that inherited or acquired causes of "renal" 

aaino-aciduria may be associated with an intestinal detect 

in amino-acid transport (Chapter III), 

it was postulated that i -

1. Intestinal amino-acid transport might be inhibited in Titre 

it galactose, truotose or glucose were present in the 

ae41UJIJ 

2. Patients with galaotosaemia and heredita17 fructose intol­

erance might have detective intestinal aaino-acid trans­

port when exposed to the offending sugar. 

Because of the relative infrequency with which it would 

have been possible to study such patients with amino-
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aciduria, and beoause it was oonaidered unethical to 

expose known oases to the suaar which was harmtul to 

them, it was not possible to test this h7Potheais 

direotl7 in such patients. In vas known that rats te4 

3°" galactose tor two to three months deTeloped a 

.87)l4rome resembling galaotosaemia in man in man,r respects, 

including the ooourrenoe of •renal" aaino-aoiduria(l90) . 

It was therefore poatulated that such animals would also 

haTe detective &Id.no-acid transport in the small intes-

tine . ll'urther it was postulated that rats ted 3~ fructose 

tor two to tb.1'ee months would alao develop both renal and 

intestinal detects in amino-acid transport, and that those 

ted )OJ' glucose tor a aiailar period might be similarl7 

attected. 

!he experiments reoorcled in this Thesis have teated this 

h¥J>othes1a and found it to be essentiall7 correct. Other experiments 

aimed at t?7ing to elucidate the mechanisms involved are also record-

ed here. 
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!he Inhibitor7 Effect of Sugars on Amino-acid Transport 
by Rat Intestinal Segments In Vitro. 

Section l - Method 

(1) Choice ot Method 

Allino-acid transport in the gut was measured according to 

the method used by Rosenberg, Blair and Segal(l9l) in studying 

amino-acid transport :in rat kidney slices. This is veey similar 

to the method used by Agar, Hird and Sidhu( 62) to study the accumu­

lation of Ir-histidine by small segments ot rat intestine. The 

aethod is very useful becau~• it is simple and reproducible and 

the segments can be randomised. Crane and Mandelstaa( 192) have 

used this technique to advantage in studying sugar absorption. 

It gives an index of intracellular acouaulation of the amino-acid 

in ·question. Such a demonstration of intracellular accumulation 

does not prove conclusively that active transport has occurred, tor 

as pointed out by Christensen( 27) solutes •87 theoretically become 

bound to cellular components, accumulate in the cell, and give a 

false impression of active transport. This was not regarded as 

a valid objection to the use of this method to test the hypothesis 

studied in this thesis, as it has clearly been shown that active 

transport is involved in amino-acid transfer in the intestine al-

though diffusion may play a role. (Chapter II). Indeed there is 

veey little doubt that active transport is being measured as shall 

be shown by the inftluence of temperature" anaerobiasis and a metabolic 
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inhibitor. 

Alterziative in vitro methods considered were the perfusion 

of the isolated intestine(l93), ciroul tion teohniques( 2l)( 6l), 

and the everte4 gut sac methoaCl94) • Ot these three alte.rnative 

rHthods, onl7 the eve ted sac technique was seriousl.7 considered 

for th others are much more d.itf'icult teohnioally, and have no 

real advantage over the method used. A• there was nothing reall.7 

to choose between the uee ot intestinal segments nd everted sacs, 

the tol"ller method waa selected because it waa clear th ta Ver¥ 

large nWBber of experiments would haYe to be done, and that many 

more a.niula would be necessacy it eTerted sa.ca vere used. 

The technique used involved the measurement of the 

extr cellular fluid volu.JN (E.C.F.) ot the intestinal segments. 

A great number of wbstances of dif'ferent oheaical 

composition, electrical charge and molecular woisbt have been 

used to estimate the E.C.F. both in vivo and in vitro, and there 

is no general consenaus aaiona workere in the field on the 14entitf 

ot the substances which aocur&tel7 measure the tot 1 extrao.llular 

apace ot all tiam.iea, and only this spaoe. The first attempt to 

• asur• the E.C.F. was made viauall7 using t'rosen muscle preparations, 

and the value obtained for the E.C.F. was l"' of the wet tissue 

we1gbt(l~5). It was then surmised that it the total qua.ntit7 ot 

chloride in llUScle v&s limited to this hiswloSical. apace, its 

concentration wuld. be equal to that in pla8118., maldng allowance 

tor the Donnan et:fect. Thia lecl to the conclusion tbs a]. chloride 
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was extracellular( l 96). This assumption was extended to include 

the whole body, and, tor a time , chloride and sodium were used to 

measure the E. c . , . (l97) . Since these attempts, ma.J17 other ions in­

cluding broaide , sulphate, thiosulphate and thiooyanide have been 

used to estimate the E. C. P. in aan, the dog and the rat(l9S)(l99). 

However, each of these substances yielded values tor the E. C. P. 

which strongly suggeated variable cellular penetration a.nd metabolism . 

l3ecause of these difficulties, attention was tooused on sacoharide 

molecules, and mannitol(l9B)( 2oo) , sucrose( 200)( 20l)(202)(203) , 

ratfinose(l98){204)(205) and inulin(198)(199)(200)(201)(202)(206)(207)(208) 

have been studied in man" the dog, the rabbit and the cat by both 

in vitro and in vivo techniques . 

The great range of values obtained with these substances 

and the controversy over proper analytical methods bear testimOJJ1" 

to the fact that this problem is far from solved. However, the use 

of labelled compounds to overcome the analytical problems has been 

of great help, and the consensu• of opinion is that inulin is the 

most reliable measure of the E. C. P. Perhaps it is better to refer 

to this as the "inulin space" but there seems little doubt that it 

closely approximates th8 E. C. P., and it vas for this reason that 

carboXTl-014- inulin was used in this study. In experimental work 

of this kind &ll7 objections to the use of inulin to measure the E. C. P. 

are largely overcome by the fact that a comparison is being made , 

the important point being that the E. C. P. or "inulin space" should 

not change undetected during the experimental conditions . 
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(U) '!'he Method 

Male Sprague-Davle7 rats (Charles River Breeding Labora-t-

ories) weighing 120 - 150g. were fasted overnight. 'l'he rats 

were killed by a blow on the head nd the small intestine removed 

ialled1&tel7 and put into ice cold Krebs-Ringer bic rbonate buffer 

(pll 7.4). The gut w&s then perfused twice with ice cold normal 

saline end then everted over a glass rod. Segments measuring 

3 - 5 ma. were cut from the distal jejunum and proxiaal ileua. 

Six everted aegaenta weighing together 200 - )00 mg. were placed 

in 25ml. Erlenme7er flasks containing 5ml. of krebs-Binpr 

bicarbonate buffer of the :tollowing compositions -

Sodiua 143 mM., 
Caloiua 1.27mJ1., 
Sulphate l.lSmx., 

Chloride 125mM., Potaaaiua 5•9•••• 
Bicarbonate 25mM., Phosphate l.18mX., 
Magneaiuf l.18mM. 

The final butter was made up fresh ch~ trom more concentrated 

aolutions, which were stored at 4°c. The concentrated solutions 

w re gassed for 30 minutes with 9~ oxygen and 'JI, carbon diorld• 

before the butt"er was made up. The pH of the Krebs-Ringer bi-

oar'bonata buffer was 7.4 and this was again gassed with 95% 0X7gen 

and ';/> carbon dioxide tor thirt7 minutes at 37°c in a Dubnott 

shaking inoubator before the aegaents were added. The flasks 

were gassed throughout the incubation per·od with the same mixture 

ot 0X7gen and carbon dioxide. The time of incub tion v-.ried from 

ten to ninet7 minutes depending upon the experimental design. The 

amino-acid concentration in the incubation medium varie4 fro• 
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o.o,-.. to 5mM., and the atable aaino-acida added wer• obtained 

from Rann Laboratories Inc. or Calbioohea Ino. All the 

amino-ao14a used were in thct luvorotator.r or L. ton (except 

glyoin.), and the aaino-aoid iaotop•• used were um.toral7 labelled.. 

with c14 except in the case or )Q'droJ:7-L-proline which we.a labelle4 

with n3 in the 5 position. All 1aotopes were purob&Nd t:tom the 

Bev England Nuolas.r Corp., Boston, Kass. and were oh?'oMwgraphed 

on paper in & butanol, glacial acetic aoid an water eolTent to 

check their purit7, the colour development be1n done with ninh7d.rin. 

In no inatanoe was any impurity detected.. Th $peci.t1o aotivit7 

used in the inCJUbation mecl1U11 was in all inatanoea 0.02 uC/u.eole. 

The SU&ara, when added to the ae41ua, were at final oonoentrations 

va17ing b-om 5.8aiM. to 28ml. All the augara were obtained from 

the Fieoher Scientific Corp. an4. were ot an&lar grade. The7 were 

in the D + fora nd th9 galao"tose uaed wae 99" pure. No glucose 

or other sugar could be detected in the galaotoae on paper chroma­

tograph7. 

After incubation the aegaenta were rentoved, washed twioe 

in no1"11al. sali~e, blotted and boiled for five m.nutes J.n 2ml. 

of diatil ed water. A glass aarble was used to prevent evap­

oraticn. The final volume was checke4 and found to be 2ml. 

1tadioactivi't7 was assayed in a Packard !ri-ca.rb liquid scintillation 

•pectropho"tometer using dioxane and ethanol a.a the solvents, 

diphe»3l o.xazole as the primary phosphor, nnd p,bis 1, 2 (ph•l'll'l­

oxuoql) -1-benzene aa the aeoondar7 pho•phor. 1'h counting 

solution also contained naphthalene. lOOul. ot each radioactive 
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solution was oounted in a glass phial containing 15 ml. of 

counting solution and eve17 determination was done in duplicate . 

The counts/min. were 30 - 300 times background. 

Efticienoy of counting was 60J' to 701,. 

of quenching was the same throue-}lout any one day1 s experiments, 

the counts wer , not conv&rted to abRolute disintegrations per 

minute as the oaleillation was unaffected by quenching provided 

it was constant tor all oounts in any one series of experiments • 
. 
Quenching was assessed by the r atio of the count s per minute 

obtained. on the red and green channels on the spectrophotometer 

in all samples, including known st~ndards which w re counted daily. 

It the degree of quenching varied in any one expuriment (which 

was extremely rare) then the counts were converted into absolute 

diaintegrations per minute after the method of Bush( 209). 

Recovery of redioa.otivi ty from tha ae8J11ents was in 

all ca.oes greater than 8~. Faper chromatogr phy (butanol, glacial 

acetic acid and water solvent) of the medium, before and after 

incubation, and of the segment f'lu1d, with subsequent cca.nning 

of the ohromatogru, confirmed that more than 9~~ cf the label 

had remained attached to the amino-acid used. -n some instances 

segments were cut out of chromatograms running oonourrentl7 with 

amino-aoid standards and countod in the spectrophotometer in 15111. 

ot counting solution. Again more than 9~ of the label was 

shown to have reaained attached to the amino-acid used. Bo 

radioactivit7 was detectable elsewhere in these chromatograms • 

...... 54/ 
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Extracellular fluid volume (E.C.F. ) was measured with carboxyl-

c14-inulin with a molecular weight of over 5000. This isotope 

was also purchased from the New England Nuclear Corporation and seg­

ments were incubated and treatad in precisely the same way as des­

cribed previously but in this instance in the presence of inulin 

(specific activity l uc/u.mole , and at a concentration of 

8 X 10-5 IIM. /ml.)e 

The total water content of the segments was measured by 
0 drying to constant weight at 110 c. 

The results were expressed as follows 1 -

l. The Extracellular space (E.C.F.) was calculated as a peroentag• 

of total tissue water, and the equation used was as follows: -

Counts min. c14inulin 
Counts min. C 

E. C. F. • X 100 
Wet weight of Segments - Dry weight of Segments 

The counts/min. c14 inulin in the intestinal segments equalled 

the counts/min. of c14 inulin in the supernatant after boiling the 

intestinal segments in 2ml . of water for five minutes . These 

segments were previously incubated in the presence of inulin. It 

was assumed that inulin is confined to the E. C. ~. and that the E. C. F. 

is in equilibrium with the medium in respect to inulin. Therefore 

the counts/ min. c141nulin/ml . medium attar incubation equalled the 

counts/min. c14 inulin/ml in the E. C. F. This value divided into 

the counts/min. c14 inulin in the intestinal segments equalled the 

••• •• 55/ 
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volume of the E.C.P. in als. If this volume was divided by the 

total amount of water in the intestinal segments (wet weight of 

segments - dry weight of segments) and multiplied by 100, the E.c.:r. 
was expressed as a percentage of total tissue water. 

2. The transfer of each amino-acid was expressed as the distribution 

ratio of the concentration of the amino-acid in the intracellular 

fluid to that in the E.C.F. 

The concentration of each amino-acid studied was expressed as 

net counts/min./ml. of intracellular tluid (I.C.F.) or of 

e%tracellular tluid (E.C.P.) 

The net counts/min./ml. of I.C.F. was arrived at thus 1 -

Net oounts/min./ml. of I.C.P. • 

(Net tissue counts min. Counts min. ml. of aed.ium E.c.:r. in Ills.) 
Volume of total tissue water in mls. - E.C.F. in Ills. 

The net tissue counts/minute were obtained from the 

supernatant after placing the segments in a test-tube in boiling 

water bath for five minutes after the addition of 2ml. of water. 

The intestinal segments had previously been incubated in .the pre-

sence of the labelled a.aino-acid. The assumption that the amino-

acid in the intracellular water would be fully and completely 

distributed throughout the water bathing the segments, after boiling, 

proved to be correct. Indeed as previously stated at all times 
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aore than 8~ and usually aore than 90J' ot the radioactivity 

could be accounted tor 

The counts/llin. /ml . ot ae4.ium were obtained by counting 

the ae41wa after incubation and this tluid was assumed to be in 

equilibriua with the E.C.F. The volume of the E.C . F. was based 

on the experiaents prev:lousl.7 pertor11ed with oarboxyl...c14-inulin. 

As the E. C. P. proTed to be virtually constant under the condi tiona 

ot the experiaents (seotion 2 ot this chapter), the calculations 

were made using 28% of total tissue water as the E.C.F. The 

volume ot the total tissue water was obtained b7 subtracting the 

dry weight fl:iom the wet weight ot the intestinal segaents. The 

volwne ot the E.C. 1'. in mls. multiplied b7 the oounts/min. /111 . ot 

ae41.ua gave the counts/min. in the E.c.:r. when this was subtracte4 

troa the net tissue counts/min. , the net counts/min. in I . O. P. were 

obtained. This in turn was di'Yided by the I . C.F. in mls. 

The net oounts/min. /111 . of E. C.P. equalled the net 

counts/min./ml . of me41.ua atter incubation. 

By din.ding the net oounts/min. /111 . I . C.1'. by the net 

counts/min. /ml . E. C.F.1 a distribution ratio was obtained. It 

this ratio vas over unity transter of amino-acids had occurred into 

the cell and the amino-acid had acOUIIUlated there against a concen­

tration gradient. All the evidence supports the conclusion that 

this represents aainly active transport ot the aaino-a.cii concerned 

across the intestinal cell membrane into the cell (Chapter II) . 
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FIGURE I. The extracellular fluid volume (inulin, space) 
expressed as a percentage of total tissue water is 
plotted against the time of incubation in minutes. 
Each point represents the mean of six determinations. 
It can be seen that the E.C.F. is virtually the 
same as measured by this method, whatever the period 
of incubation may be between the extremes of 10 and 
90 minutes. The conditions of incubation are as 
described in the text. 
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Section 2 - Results 

( i) Measurements of Extracellular ll'luid Volume (E.C.F.) 

Pigure l shows the E.C.F. expressed as a percentage of 

total tissue water in relationship to the time of incubation. It 

can be seen that the E.C.F, was about 2~ of total tissue water 

regardless of the duration of incubation and that the inulin had 

permeated throughout the E.C.F. after as short a period as 10 

minutes. 

Table 1 shows the etfeot on the E.C.P. of incubating rat 

intestinal segments tor sixty ainutes in the presence of galaotose, 

fructose, or glucose at concentrations of 28mM. It can be seen 

that there was no significant change in the E.C.F. under these 

conditions. It was also noteworthy that there was no change in 

the water content of segments incubated with or without sugars. 

(ii) In Vitro Stuq of Amino-acid Transport in Rat Intestinal 

Segaents in the Presence ot Sugars. 

The relationship of the distribution ratio of L-alanine 

in rat inte•tinal segments to the time of incubation, is shown in 

Figure 2. It can be seen that the distribution ratio was 

significantly &bove unity after onl7 10 minutes of incubation, and 

it11&t the distribution ratio had doubled after incubation for 

fifteen minutes. Thereafter the distribution ratio showed no 

• •••• 58/ 
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FIGURE 2. The distribution ratio for c14-L-alanine in rat 
intestinal segments is plotted against the time of 
incubation in minutes. Each point represents the 
mean of 9 experiments except the distribution at 60 
minutes, which is the mean of 31 experiments. The 
conditions of i ncubation are as described in the . 
tf!t• It can be seen that significant transfer of 
C -L-alanine has occurred after incubation for 10 
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than doubled after incubation for 15 minutes. 
Thereafter no significant increase in the distribution 
ratio has taken place. 



TA
BL

Z 
II

 

T
he

 .
E

t:f
'e

ot
 o

f 
D

-O
a

la
c

to
s

e
 o

n
 t

h
e
 I

n
 V

i U
'O

 
'l

'r
an

ap
o

rt
 o

t 
A

ai
n

o
-e

.c
id

s 
b7

 R
at

 I
n

te
st

!n
a
-l

 ,S
e
p

e
n

ta
. 

(I
n

it
ia

i 
A

m
in

o-
ao

id
 C

o
n

9
!n

\r
at

io
n

 o
t 

5 
d

o
le

•
 p

e
r 

L
it

ro
.)

 

A
d

d
it

io
n

 
A

ll
i.

no
-a

ci
d 

D
is

tr
ib

u
ti

o
n

 R
at

io
s•

 
to

 
le

cl
iu

a*
* 

L
-.

A
la

n
in

e
 

L
-V

al
in

o
· 

O
l7

oi
ne

 
L

-l
q

tt
in

e
 

!J
7

d
ro

q
-L

-
p

ro
li

n
e
 

Jl
'o

ne
 

4
. 7

 !
 0

.9
 (

 3
1)

 
4.

2 
! 

1.
1 

{2
0)

 
2

.2
 !

 0
.5

 (
 1

7
) 

1
.4

 !
 0

.4
 (

 1
6

) 
2.

0 
! 

0.
5

 (
19

) 
5

.6
d

. 
2.

7 
! 

0.
7 

( 
7)

 
3

.7
 !

 0
.9

 (
10

) 
1

.6
 !

 0
.4

 (
 

6)
 

2
.1

 !
 

0
.5

 (
 

4
) 

p
,<

'0
.0

0
1

-
p

.(
"0

.0
1

 
D

-G
al

ac
to

:s
e 

-
28

 
IIM

. 
2.

7 
! 

0.
7 

( 
9)

 
2

.8
 !

 0
.3

 (
 

9,
) 

1
.)

 !
 0

.4
 (

 
9

) 
0.

9 
! 

0
.1

 (
 

6)
 

1.
5 

! 
0.

4 
( 

8)
 

p
<

0
.0

0
1

 
p

<
0

.0
0

1
 

p
<

0
.0

0
1

 
p

<
0

.0
2

5
 

• 
R

at
io

s 
sh

oY
D

. 
ar

~
 m

ea
n

s.
! 

s.
».

 v
it

h
 t

h
e 

n:
w

ab
er

 o
f 

d
et

er
m

in
at

io
n

s 
in

 p
ar

en
th

es
es

. 
B

ac
h 

fl
a
sk

 o
o

n
tn

in
ed

 
51

11
. 

or
 K

l"
*b

s-
Il

in
g~

r 
b

ic
rz

.rb
on

at
e
 b

u
tt

e
r 

(p
H

 7
.4

) 
an

d 
si

x
 *

V
gr

ta
d 

sG
ga

en
ts

 w
ei

gh
in

g 
a 

to
ta

l 
o

f 
20

0 
-

30
0 

a
g

. 
In

cu
b

at
io

n
s 

w
er

e 
o

il
rr

io
d

 o
u

t 
.to

r 
60

 m
in

u
te

s 
"'

t 
37

 C
 u

nd
 t

h
e.

 :
tl

a.
sk

s 
v

e
ra

 g
as

se
d

 c
o

n
ti

n
u

o
\.

la
l7

 
w

it
h

 9
~

 o
:q

ge
n 

·il
.n

d 
51

, 
ca

rb
.)

n 
di

c,
.r

.i
dc

i.
-

• 
O

al
ao

to
se

 w
as

 ,
p

re
ae

n
t 

a
t 

th
e
 f

in
a
l 

e<
>

no
rm

tr
at

io
ns

 i
n

d
ic

a
te

d
 • 

..
_

 
S

ig
n

if
ic

an
ce

 (
p

 v
al

u
$

s)
 ~

t 
th

e 
d

if
fe

re
n

ce
 b

et
w

ee
n 

th
e 

d
is

tr
ib

u
ti

o
n

 r
a
ti

o
s 

in
 s

li
c
e
s 

in
cu

b
at

ed
 i

n
. t

h
e
 

ab
se

n
ce

 o
t 

su
g

ar
 a

nd
 t

h
o

se
 o

b
ta

in
ed

 i
n

 t
h

e 
p

re
se

n
ce

 o
f 

ga
,.a

.c
to

~e
. 

W
h•

re
 p

 v
sl

u
o

c 
ar

e 
n

o
t 

g
i.

T
en

 n
o

 
•1

 
n

it
ic

a
n

t 
d

it
te

re
n

ce
 i

n
'a

m
in

o-
ao

1d
 t

ra
n

sp
o

rt
 w

as
 o

ba
el

"'f
'o

d.
. 



TA
J3

1E
 I

I
I
 

-
-
-

T
he

 E
ff

e
c
t 

o
f 

D'
!"'

F.r
t.1

.o
to

se
 o

n 
th

e 
;t

n 
V

it
ro

. T
l·

an
er

o:
rt

 o
f 

i'm
in

o-
a.

ci
ds

 b
y

 H
at

 !
n

te
a
ti

n
a
l 

Se
gi

n.
on

ti:
h 

( I
n

it
ia

l 
A

m
in

o-
ac

id
 C

o
n

co
n

tr
at

io
n

 o
f

. 5
 &

M
ol

es
 p

e~
 L

it
re

.)
 

A
m

in
o-

e.
ci

d 
D

is
tr

ib
u

ti
o

n
 R

a
ti

o
s•

 
A

d
d

it
io

n
 

to
 

. 
M

ed
iu

m
• 

L
-A

la
ni

ne
 

L
-V

al
in

a 
C

l7
ci

nG
 

L
-t

,y
si

n
e 

H
7

d
ro

q
-L

-
p

ro
li

n
e 

-
J'

on
e 

4
.7

 !
 0

.9
 {

31
) 

4
.2

 !
 1

.1
 (

20
) 

2.
2 

! 
0.

5 
(1

7)
 

1.
4 

! 
0.

4 
(1

6)
 

_2
.0

 !
0

.5
 (

1
9

) 

' 
5.

6m
M

. 
~

F
ru

c
to

se
 

3
.3

 !
 0

.3
 (

 
7

) 

+
 

-
4

.1
 !

 
1

.0
 (

 
9

) 

-
-

2.
7 

!0
.2

 (
 4

) 

2
.6

 !
 

0
.4

 (
 

4
) 

+
 

1
.9

 !
 

0
.7

 (
 

7)
 

• 

28
 

td
t.

 
2.

9 
-

0
.7

 (
1

1
) 

p 
<

0
.0

0
1

 m
 

1
.2

 -
0

.2
 (

 
7)

 

R
at

io
s 

sh
ow

n 
ar

e 
m

ea
:n

s!
 S

.D
. 

w
it

h
 t

h
o

 n
um

be
r 

o
f 

de
te

:r
m

in
at

io
ns

 :
in

 p
a~

en
th

ee
es

. 
T

he
 

se
gm

en
ts

 w
er

e 
1:

uc
ub

at
ed

 a
s 

d
es

cr
ib

ed
 i

n
 T

ab
le

 I
I.

 

• 
F

.r
uo

to
se

 w
u

 p
r•

se
n

t 
at

 
th

e 
fi

n
a
l 

co
n

o
en

tr
at

to
n

a 
in

d.
1.

ca
te

d.
 

-
·S

ig
n

if
ic

an
t 

{p
 v

al
u

es
) 

o
f 

th
&

 d
if

fe
re

n
ce

 b
et

w
ee

n 
th

e 
d

is
tr

ib
u

ti
o

n
 r

a
ti

o
s 

in
 s

li
c
e
s 

in
o

u
b

at
ed

 1
n

 t
h

e 
· a

b
se

n
ce

 o
f 

s
u

g
a

r 
a

n
d

 t
li

oc
;e

 o
b

ta
in

e
d

 i
n

 t
h

e
 p

re
S'

8J
:).

08
 o

f 
fr

u
ot

o
se

. 
iff

b
e

re
 p

 
v

a
lu

e
s 

a
re

 n
o

t 
g

iv
e
n

 n
o 

si
g

n
if

ic
a
n

t 
d

if
fe

re
n

ce
 i

n
 a

m
in

o-
ao

id
 t

ra
n

sp
o

rt
 w

as
 o

'b
se

n
ed

. 



A
d

d
it

io
n

 
to

 
M

ed
iu

m
• 

lfo
ne

 

l>
-O

lu
co

se
 

'l'A
B

LE
 

IV
 

T
he

 ~
te

o
t 

o
t 

D
-O

lu
co

se
 o

n
 t

h
e
 I

n
 V

it
ro

 T
ra

n
sp

o
rt

 o
r 

A
m

in
o

-a
ci

d
s 

bJ
 R

at
 I

n
te

a
ti

n
a
l.

 S
e

g
m

u
n

ts
. 

(I
n

it
ia

l 
A

m
in

o-
.o

id
 C

on
oe

n'
tr

at
io

n 
o

'i'
 5

 m
!!

•l
•~

 p
er

 L
it

re
.)

 

.A
M

1n
o-

ao
1d

 D
ic

tr
ib

u
ti

o
n

 R
at

io
s•

 

L
-A

la
.n

in
e

 
L

-V
al

in
e 

G
l7

oi
ne

 
L

-L
7a

in
e 

B
7

ct
ro

q
-L

-
P

ro
 li

n
e
 

-
4

.7
 !

 0
.9

 (
31

) 
4

.2
 !

 1
.1

 {
20

) 
2

.2
 !

 0
.5

 (
17

) 
1

.4
 !

 0
.4

 (
16

) 
2.

0 
·!0

.5
 (

19
) 

1
6

.8
d

 
4

.3
 !

 0
.2

 (
 

3)
 

-
-

-
-

28
 
... 

4
.1

 !
 0

.5
 (

 
6

) 
).

8
 !

 1
.1

 (
 

9)
 

2
.0

 !
 

0
.3

 (
 

6
) 

1
.~

 !
 0

.2
 (

 
6

) 
2

.0
 .:

!: 
0

.2
 (

 
4)

 

• 
.R

a.
ti

os
 s

he
w

n 
ar

e 
m

ea
ns

 .
!s

.»
. 

w
it

h
 t

h
e 

nu
m

be
r 

o
t 

d.
li

tt
er

in
in

at
io

ns
 i

n
 p

ar
en

th
es

es
. 

T
he

 
oe

gm
en

ta
 w

er
e 

in
ou

bn
to

d 
as

 d
e
sc

ri
b

ed
. 
in

 T
ab

le
 I

I.
 

• 
O

lu
oo

se
 w

aa
 

p
re

se
n

t 
a.

t 
th

e 
ti

n
a
.l

 o
o

n
ce

n
tr

at
io

h
s 

in
d

ic
at

ed
..

 

N
o

p
 v

a
lu

es
 a

re 
gi

ve
n

· a
a

· n
o 

a
ic

n
it

io
n

n
t 

d
it

te
re

n
o

e 
in

 a
m

in
o-

ao
id

 t
r,

n
sp

o
rt

 w
aa

 o
b

se
rv

ed
. 



--
-

-
-

~
-
-
-
-
-
-
-
-
-
-

-~
-

---
--
-
-
-

. 
-

-
-
-
-
-
~

-
-
-
-
-
-

-
-
-
-

' 

"~
"-
~
 ' 

T
A

B
LE

 
V

 

T
he

 
E

ff
e
c
ts

 o
f 

D
-X

yl
os

e,
 

D
-R

ib
os

e 
an

d 
3

-0
-M

et
b

y
l 

G
lu

co
se

 o
n 

th
o

 
In

 V
it

ro
 T

ra
n

sp
o

rt
 

' ,,
 

\.
 

'· 
o

f 
A

m
in

o
-a

ci
d

s 
b

l 
R

at
 
In

te
st

in
a
l 

S
li

c
e
s.

 
t,:

-..
..,.

 
' 

I_ 
--

'Z 
' 

... , 
.....

 

(I
n

it
ia

l 
A

m
in

o-
ac

id
 

C
o

n
ce

n
tr

at
io

n
 o

f~
 m

M
ol

es
 

E
er

 L
it

re
.)

 
-,.

._ 

., 

A
d

d
it

io
n

 
A

m
in

o-
ac

id
 D

is
tr

ib
u

ti
o

n
 R

a
ti

o
s•

 
I 

· t
o

 
M

e
d

iu
m

• 
· 

L
-A

la
n

in
e 

L
-V

al
in

e 
G

ly
ci

n
e 

1
-L

y
si

n
e 

H
yd

ro
xy

-L
-

p
ro

li
n

e
 

N
o

n
e 

-4
. 7

 !
 O

. 9
 

( 3
1)

 
4

.2
 !

 1
.1

 (
2

0
) 

2
.2

 .
:!: 

0
.5

 (
1

7
) 

1
.4

 :!
: 

0
.4

 (
1

6
) 

2
.0

 :
!: 

0
.5

 (
1

9
) 

D
-l

y
lo

se
 

28
m

M
. 

5
.4

 :!
: o

. 7
 (

 
4)

 
+

 
3

.7
 -

1
.2

 (
 

5)
 

2
.0

 .
:!: 

0
.1

 (
 

2)
 

1
.2

 :!
: 

0
.1

 (
 

3
) 

+
 

2
.7

 -
0

.2
 (

 
3)

 

D
-R

ib
os

e 
28

m
M

. 
+

 
5

.0
 -

0
.4

 (
 

3)
 

3
. 7

 .:
!: 

1
.0

 (
 

6)
 

1
.9

 :!
: 0

.3
 (

 
5)

 
1

.1
 !

 0
.1

 
( 

3)
 

2
.7

 !
 0

.2
 

( 
3)

 

3
-0

-M
et

b
y

l 
28

m
M

. 
+

 
4

.4
 :!

: o
.8

 (
 

7)
 

+
 

G
lu

co
se

 
4

.2
 -

0
.4

 (
 

5)
 

2
.2

 -
0

.2
 (

 
6)

 
-

-

• 
+

 
R

at
io

s 
sh

ow
n 

ar
e-

m
ea

ns
 

-
S

.D
. 

w
it

h
 t

h
e 

nu
m

be
r 

o
f 

d
et

er
m

in
at

io
n

s 
in

 p
ar

en
th

es
es

 • 
T

he
 

se
g

m
en

ts
 w

er
e 

in
cu

b
at

ed
 a

s 
d

es
cr

ib
ed

 i
n

 T
ab

le
 I

I.
 

.. 
S

u
g

ar
s 

w
er

e 
p

re
se

n
t 

in
 t

h
e 

fi
n

a
l 

co
n

ce
n

tr
at

io
n

s 
in

d
ic

a
te

d
 • 

-N
o

p
 v

al
u

es
 a

re
 g

iv
en

 a
s 

no
 

si
g

n
if

ic
a
n

t 
d

it
te

re
n

c
e
 i

n
 a

m
in

o
-a

ci
d

 t
ra

n
sp

o
rt

 w
as

 
o

b
se

rv
ed

. 

-, 

I 
~

-
~

-
-
-
-
-
-
-
-
.
 

-
-
-
-

-

1 



- 58 -

significant change even after incubation for ninety minutes. 

In view of these findings, the studies of the eff ects of sugars 

on amino-acid transport reported in this chapter were done 

in all instances with an incubation period of sixty minutes. 

Table II shows effects of incubating rat intestinal segments for 

sixty minutes in the presence of amino-acids (5mM.) without 

added sugar, as wel l as with galaotose in the medium at concentrations 

of 5.6mM and 28mM. In can be seen that ga.lactose significantly 

inhibited the transport of L-alanine, L-valine, glycine and bydro%J'-L 

proline. 

Table III shows the results obtained when rat intestinal 

segments were incubated in the presence of amino-acids (5mM.) and 

fructose (5.6mM. and 28mM.). Fructose inhibited L-alanine trans-

port only. From Table IV it can be seen that glucose (16.8mM. 

and 28mM.) had no inhibitory effect on amino-acid transport, when 

the amino-acids were pres$nt at a concentration of 5mM. 

Table V shows the results for xylose, riboee and 3-0-

aeth7l-glucose. These sugars did not inhibit amino-acid transport. 

When L-slanine was present in the medium at an initial conoentration 

of 5mM., and both glucose and galaotose were added, the concentration 

of each being 28mM., inhibition of L-alanine transport by galactose 

was still obs~rved. Distribution Ratio tor L-alanine m 3.3 ! 0.9 

(mean! Standard Devia tion of six experiments). When the initial 

amino-aci~ concentration was reduced one hundred fold to 0.05mM. 

and all the sugars tested were used at an initial concentration of 

••••• 59/ 
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28mM. , galactose again caused significant inhibition in the transport 

of L-alanine, L-valine and glycine (Table ::VI), while fructose now 

inhibited glpcine in addition to L-alanine (Table VII) . It was of 

interest thatat this lower concentration of amino-acid, the presence 

of glucose did serve to inhibit the transport of L-alanine, L-valine 

ani glzcine. Xylose, ribose and 3--0-methyl- glucose did not inhibit 

L-alanine transport under these experimental conditions (Table VIII) . 

When rat intestinal segments were incubated with L-alanine (5mM) for 

sixty minutes as described, but in an atmosphere of nitrogen, the 

mean distribution ratio was 0.7 ! 0.1 (6)• . When segments were 

incubated at 22°c the mean distribution ratio was 2.1 ! 0.1 (6)* 
and at 37°c but with 2 - 4 dinitrophenol (10-4M) in the medium, the 

mean distribution ratio W3S 1. 2 ! 0.2 (6)• . These data on amino-acid 

transport in the absence of •XTgen, at a lower temperature a.ud in the 

presence of 2 - 4 dinitrophenol, confirm that under the experimental 

conditions used, the transport of amino-acids is almost certainly an 

active process. 

Section 3 - Discusoion and Conclusions. 

Galactose and fructose definitely inhibited amino-acid 

transport in rat intestinal segments at both concentrations of amino-acid 

••••• 60/ 
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used (0.0511M. and 511M.) while glucose caused diminished amino­

acid transport when the amino-acids were at an imtial concentration 

of o.05inM. The amino-acids which showed inhibition of intestinal 

transport b7 hexoses in vitro did not conform to the four intes-

tinal groups as described in Chapter II. or the neutral amino-

acid group, gs.lactose inhibited L-alanine and L-valine transport but 

not that of L-phenylalanineJ fructose inhibited L-alanine but not 

L-valine or 1-phenylalanin•J and glucose inhibited L-alanine and 

L-valine but not L-phelJTl&lanine. 

Of the imino-acid - gl7oine group, galactose inhibited 

both glycine and bydro:xy-L-proline but fructose 81\d glucose inhibited 

glycine only. 

It is of course possible that under different experimental 

conditions a closer correlation with transport groups might emerge, 

but as indicated this was not the case in the results described 

here. The closest correlation with the transport groups is the 

f act that the amino-acids predominantly affected, both here and 

in subsequent studies, which will be dealt with in later chapters, 

were those of the monoamino - monocarbo:xylic group plus glycine 

which shares this transport group as well as that of the imino-acids. 

It is also noteworthy that 3-0-.etbyl-glucose, which is 

subject to active transport in the intestine, and does inhibit the 

transport of other sugars( 2l 6), did not inhibit amino-acid transfer. 

These results suggest that the inhibition of amino-acid transport 

b7 hexoses is not of a competitive nature. This is supported b7 the 
faot 
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fructose was able to inhibit L-alanine transport although this 

sugar moves across the intestinal wall by a process of dif:f'usion( 2lO) 

(211) 
• It is known that fructose may be partially converted to 

glucose before absorption (210 ). However the inhibition of intestinal 

amino-acid transport induced by fructose could not have been due to 

partial conversion to glucose alone for under certain experimental 

conditions glucose did not inhibit the transport of L-alanine, while 

fructose did. Fructose may also be converted to lactic acid by the 

intestine and partially absorbed as such( 2~2)( 2l3)(l94). 

Further evidence will be given later to support the 

contention that the observed inhibition of amino-acid transport was 

noncompetitive. (Chapter IX). If the sugars had exerted competitive 

inhibition, it would have had to have taken place at a site other 

than the one where members of groups ot amino-acids competitively 

inhibit mutual transport in the gut, and also discrete from the site 

where sugars exert mutual inhibition of intestinal transfer. 

It was interesting to note the failure of glucose to 

inhibit amino-acid transport when the initial amino-acid concentration 

was 5mM. Indeed it can be seen t hat the distribution ratios for 

all the amino-acids were greater when the initial concantration 

of amino-acids in the medium was 0.05111M. Presumably this was due 

to the greater saturation of the transport process at the higher 

concentration of amino-acid. Probably the correct inference is that 

glucose is a less potent inhibitor of amino-acid transport than either 

galaotose or fructose. 

• •••• 621 
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The failure or sugars to inhibit the intestinal 

' 
transport of the dibasic amino-acids, lysine and a.ilginine, is of 

great interest. In this respect the results did conform to known 

amino-acid transport groups, and it is noteworthy that this is in 

keeping with Milne's observations that, after the oral administration 

of neomycj.n to man, the absorption of the dibasic amino-acids 

is not interfered with as much as that of the members of the 

other transport groups(l09). 

The absence of any oha.nge in the E. C.11'. or in total 

tissue water, under the experimental conditions used, exclude 

any effect of water shift on the results obtained. 

SegA.l, Thier, Fox and Rosenberg( 2l 4) reoent!y reported 

results of the influence of fructose on L-oyololeuoine and L-lysine 

transport by rat intestinal slices . The transport of L-oyolo-

leucine but not of L-lysine was inhibited by fructose. No 

other amino-acids or sugars were tested in the gut as these 

authors were predominantly interested in the renal transport of 

amino-acids. 

In 1964 Newey and Smyth( 2l5) reported that galactose 

inhibited, and that glucose enhanced, the transfer of glycine 

and L-methionine in averted rat gut a~cs. Their results also 

indicated th at simulta.neous incubation with glucose could over-

come the inhibition produced by galactose. In contrast to these 

authors the re ... ul ts reported here show neither enhanced tre.nster 

of amino-acids in the gut in the presence of glucose, nor 
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correction by glucose of the inhibition caused by galactose. 

The reason tor the different results Newey and Smyth 

obtained with glucose is not easy to determine. It should how-

ever be pointed out that tar more experiments on a larger 

number of amino-acids are reported here than was published by 

those workers. 

The results detailed in this chapter are more in keeping 

with those reported in rat kidney cortex slioes.( 2l4) 



CHAPTER VI 

fhe Transport of Amino-acid by the Intestine of Rats fed 
30% Galactose, Fructose or Glucose for Two to Three Months. 

Section l - Methods. 

Young Sprague-Dawley rats fed 30}& galaotose diets for 

2 - 3 months develop a renal amino-aciduria(l90). In addition 

these animals develop other. features reminiscent of galactosaemia in 

aan such as cataract forraation( 20l). They also develop polyuriat2l7) 

<218) galactosuria(l99)( 2oo), hypercalouria and hyperoaloaemia( 2l 8), 

hypernatruria, byperkaluria and byperphosphaturia( 2l9). Hypo-

glycaemia, hypophoephataemia and depletion of liver glycogen have 

also been reported in rats fed 4~ galactose diets< 220). More 

recently studies in carbohydrate and protein metabolisa in the 

lenses of these animals have baen r~ported( 221 )( 222 )( 223)( 224)(22?) 

Accordingly male Sprague-Dawley rats (Charles River Breading 

Laboratories) weighing 50g. were fed 30% galactose diets for sixty 

to ninety days. The transport of amino-acids was studied in the 

intestine of these animals in preoiaely the same way as detailed 

in Chapter v, with the exoeption that sugars were at no time added 

to the incubation medium. Similarly amino-acid transport was 

meesured in intestinal segments of rats fed 30% fructose or 30% glu­

cose for 2 - 3 months, th~ diets commencing when the rats weighed 50g • 

••••• 65/ 



FIGURE 3. This illustrates the development of a 
cataract in a rat which was fed 30% 
galactose for 2 - 3 months. 



TA
BL

E 
IX

 

A
.J

id
no

-a
.c

id
 T

ra
n

sp
o

rt
 b

z 
th

e 
In

te
st

in
a
l 

S
li

ce
s 

o
f 

C
o

n
tr

o
l 

V
er

su
s 

O
al

ac
to

se
-t

ed
 R

at
s.

 

In
te

st
in

a
l 

S
li

ce
s 

C
o

n
tr

o
l 

G
al

ac
to

a•
­

te
4

 

L
-i

la
n

in
e 

5.
.-

+
 

4
._3

-=-
0.

9 
(1

2)
 

L
-V

al
in

e 
L

-P
he

ny
l­

a.
la

ni
ne

 

5m
,M

. 
o.

05
m1

1. 
0.

05
.x

. 
+

 
+

 
+

 
4.

4-
1.

0 
16

.s
.;.

J.
4 

s.
1-

2.
s 

(9
) 

(4
) 

(6
) 

D
is

tr
ib

u
ti

o
n

 R
at

io
s*

 

O
l7

ci
ne

 
L

-L
T

si
ne

 

5m
M

. 
0

.0
5

d.
 

5m
11

. 
o.

o5
a)

t. 
+

 
+

 
8 

+
 

. 
+

 
2.

4.
;.o

.6
 4

.4
.;o

. 
1.5

-=
-0

.4
 1

2.
1-

1.
6 

(9
) 

(3
) 

(1
0

) 
(8

) 
+

 
+

 
2.

~
1

.0
 

2.
).

:-
0

.8
 

+
 

+
 

9.
4-

1
.6

 
1.

~
.7

 
+

 
1.

~
.3

 
( 6

) 
( 6

) 
( 6

) 
( 6

) 
(6

) 

p 
<o

.o
o

~
 p

(O
.Q

05
 

p 
<

0
.0

1 

L
-A

rg
i­

n
in

e 
li
y
d

ro
:Q

'-
L

 
p

ro
li

n
e
 

o.
05

m
X.

 
5

al
(.

 
o.

05
aM

. 
+

 
+

 
+.

 
7.

4-
2

.1
1

.9
.;o

.5
 3

.1
-1

.3
 

( 3
) 

(1
1)

 
(4

) 

+
 

+
 

8.
~

.2
 1

.3
-=

0.
5 

(3
) 

(6
) 

• 
+

 
. 

. 
. 

. 
R

at
io

s 
sh

ow
n 

ar
e 

m
ea

ns
 -

s.D
. 

w
it

h
 t

h
e 

nu
m

be
r 

o
f 

d
et

er
m

in
at

io
n

s 
in

 p
e.

re
n

th
ea

es
. 

T
he

 
in

cu
b

a~
io

n
 

co
n

d
it

io
n

s 
w

er
e 

th
e 

s
u

e
 a

s 
d

es
cr

ib
ed

 i
n

 T
ab

le
 I

I.
 

.
.
 

In
it

ia
l 

co
n

ce
n

tr
at

io
n

 o
f 

n
o

-a
ci

d
 i

n
 m

ed
iu

m
. 

.
.
.
 

S
ig

n
if

ic
an

ce
 (

p
 v

al
u

es
) 

o
f 

th
e 

d
if

fe
re

n
ce

 b
et

w
ee

n 
th

e 
d

is
tr

ib
u

ti
o

n
 r

a
ti

o
s·

 o
f 

co
n

tr
o

l 
an

d 
g

a.
la

ct
o

se
­

te
d

 r
a
ts

. 
Ii

.h
er

e 
p 

v
al

u
es

 a
re

. n
o

t 
g

iv
en

 n
o 

si
g

n
if

ic
a
n

t 
d

i~
~

er
en

ce
 i

n
 a

m
in

o
-a

ci
d

 t
ra

n
sp

o
rt

 w
aa

 
o

b
se

rv
ed

. 



In
te

st
in

a
l 

S
li

c
e
s.

 

C
on

tr
ol

 

F
ru

ot
os

e­
:f

e4
 

TA
B

LE
 -

X
 

A
ai

n
o-

ao
id

 '
lr

an
op

or
t 

bz
 t

h
e 

In
te

st
in

a
l 

S
li

ce
s 

o
t 

C
on

tr
ol

 V
er

su
s 

F
.r

u.
ot

os
e-

te
cl

 R
a.

ts
. 

L
-A

la
.n

in
e 

5 .
..

. 
+

 
4

.3
-0

.9
 

(1
2)

 

2
a
!n

 9
 

•;
,-

•
' 

(1
0)

 

P<
'o

.o
o~

 

lr
!-

V
e.

li
ne

 

5m
l(

. 
o.

05
a1

1.
 

4.
4!

1.
o 

1
6

.~
3

.4
 

(9
) 

(4
) 

L
-
P

h
~

l­
al

.a
ni

ne
 

o.
o,

5a
?I

. 

s.
1~

.a
 

(6
) 

+
 

+
 

+
 

4.
2-

1
.i

 1
7

.~
.4

 
1

1
.~

1
.;

 
(6

) 
(3

) 
(3

) 

D
is

tr
ib

u
ti

o
n

 R
at

io
s•

 

O
l7

ci
ne

 
L

-X
,s

in
e 

L
-A

rg
i­

n
in

e 
lf

7
'.r

o
~

-L
 

p
ro

li
n

e
 

5a
11

. 
o.

o5
m

l(.
 

5
d

. 
o.

05
a1

1.
 

o.
05

a1
:. 

5a
11

. 
o.

05
a1

1.
 

+
 

+
 

+
 

+
 

+
 

+
 

+
 

2.
4.

;.o
.6

 4
.4

-0
.8

 1
.s-

,;-
0.

4 
12

.1
-1

.6
 7

.4
~

.1
1

.9
.;

o
.5

 3
.1

-1
.3

 
(9

) 
(3

) 
(1

0
) 

(8
) 

(3
) 

(1
1)

 
(4

) 

+
 

.
+

 
+

 
+

6
 

+
 

+
 

+
 

2
. 7

..;
.o

.8
 4

.~
. 7

 1
. 7

..:.
0. 

3 
15

.8
."

!1
. 

13
.2

-2
..0

1.
 7.

.;.
o.

 7
 J

.o
-;

.o
.4

 
( 6

) 
( 3

) 
( 6

) 
( 3

) 
( 3

) 
( 1

0)
 

( 2
) 

+
. 

' 
.. 

,. 
. 

• 
R

at
io

s 
sh

ow
n 

ar
e 

m
ea

ns
 -

s.
D.

·v
it

h
 t

h
e 

nu
ab

er
 o

t 
de

t,
ra

1n
at

1~
D

!3
 i

n
 p

~
re

n
th

ea
ea

. 
T

he
. i

n
cu

b
at

io
n

 
co

n
d

it
io

n
s 

w
er

e 
th

e 
S&

lle
 a

.s 
d

ea
cr

ib
ed

 i
~

 T
ab

le
 I

I.
 

· 

..
::

::''
.:.
ln

lt
ia

l 
oo

no
en

t:
ra

ti
on

 o
t 

am
in

o-
ao

i4
 i

n
 •

41
\1

11
. 

-
S

tp
it

ic
a
n

o
e
 (

p
 •

al
tt

ea
) 

o
t 

th
e
 
d

it
.t

.-
en

o
e 

be
tw

ee
n 

-t;
he

 
d

is
tr

ib
u

ti
o

n
 r

a
ti

o
s 

o
t 

c
o

n
tr

o
l 

u.
c1

 t
':

ru
ct

o
se

­
f'e

d 
ra

ta
. 

W
he

re
 p

 v
al

u
es

 a
re

 n
o

t 
g

iv
en

 n
o 

si
g

n
if

'i
o

an
t 

cl
1t

:f
'e

re
no

e 
in

 a
ai

n
o

-a
ci

d
 t

ra
n

sp
o

rt
 w

aa
 

o
b

ae
n

ec
l.

 



- 65 -

Section 2 - Results. 

11':Lgure 3 shows the development of a cataract which occurred 

in all of the rats fed galactose. '11he results of the studies of 

amino-acid transport in the small intestine of these galaotose-fed 

rats are show~~ in Table IX. It can be seen that there was sign-

ificantly decreased intestinal transport of L-alanine, L-valine and 

glycine in thase animals as compared with their controls, which were 

litter mates receiving ordinary rat food without added galactoae. 

Table X shows the results of a similar experiment in male 

~prague-Dawley rats (Charles River Breeding Laboratories) fed 3o.' 

fructo se for sixty to ninety days. Again the controls were litter 

mates receiving food without added fructose. The fructose-fed ani­

mals showed an inhibition of L-alanine transport only. 

The transport of 1-alanine and glycine was similarly 

measured in intestinal segmonts from three rats fed glucose for 

two to three months and in three litter mate controls. The trans-

port of these amino-acids was normal in the glucose-fed rats. 

distribution ratio of L-alanine 6.6, and of glycine 4.2.) 

Section 3 - Conclusions 

Oalaotose-fed and fructose-fed rats clearly developed 

(Mean 

a defect in the intestinal transport of certain of the amino-acids 

tested. There was a close correlation between the results reported 
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- 66 -

here and the in Ti tr<?, •ffeot or g&laotoae and truotoae on 1aolate4 

intestinal sepenta trom n.:>ttal mi.s (Chapter V). The one 

exception vaa the in vitro il!hibition ot bJd,roxy-L-prol1ne b7 a4de4 

galaoto~e (28 M) when the initial amino-acid oonoantration va• 

5•M• 
Th• glucose-fed anim.ale tested did not have a demonstrable 

detect 1n a•ino-acid tri:\l'lap~~t in tho gut. This is in keepiJ28 

with th l~e• regul~r inhibition 0£ amino-acid tra.naJ:)Ort in the 

inte~t .. ne by gluoo e in vitro. 

It 1s po aible th tit more glucoae-fed ra.ta had 'been 

hated, an oocaaio al anual n1ight lla.ve .0001tn d.et'eoti ve intestinal 

tr~nsport ~~ 8011l9 aaino-a.cida. Aa ill be a •n in Chapter VII 

the data o th• Nl'l&l uoze·Uon ot u:d.n~icla in th••• anliaala 

aupp~rte this suggestion. 
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CHAPTER TI! 

The Development of .hmino-aoiduria in Fructose-fed 
and Glucose-fed Rats. 

Section l - Methods. 

cages. 

Fructose-fed and Gluoose-fed rats were put in metabolism 

They were given no food but were allowed water ad libitum. 

A wire trap prevented contamination of the urine with the faeces 

and all the urine passed in a 24 hour period was collected. There 

was no significant difference between the urine volumes from the 

fructose-fed rats, and their controls. The glucose-fed animals 

had slightly smaller urina volumes than their controls. The 

urine was frozen immediately after collection. A ten minute volume 

of urine from each rat was analysed on a Teohnioon amino-acid ana­

lyser for the quantitative estimation of the urinary amino-acids. 

The resin used was Chromobeads Type B (TechnioonO and the column 

127 X Oo62oms. 

Procedure, 

0.2 N NaOH was pumped through the column for thirty minutes followed 

by a sodiUII citrate buffer of pH 2.875 tor a further ninety minutes 

before the sample was put on with 2ml. of citric acid buffer (pH 2.2). 

The sample was put on the column with great care to achieve accurate 

quantitative results, the same carefully washed pipette being used 

eaob day. The sides of the column were washed down with the pH 2.2 
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buffer to ensure that all the sample entered the resin. Norleuoine 

(0 . 1 u mole/ml . ) was used each day as an internal standard and 

was put on the column in the same careful manner. • The sample 

and internal standard were driven into the column with air at 

lOOpsi . Colour development was with ninhydrin under nit rogen, 

the amino- acids passing through an oil bath at 95°c before bei ng 

cooled, and entering the flow ouvettes of the colorimeters. The 

amino-acids were read at 440 ua and 570 um wave lengths. The results 

were calculated after the method ot Moore and Stein(lB) . 

The ninhydrin was made up as follows 1 -

45g. of ninlqdrin and 3. 375g. ot hydrindantin were dissolved 

in 4. 51 of methylcellusolve in a dark bottle and mixed tor 

15 minutes. 900ml . of a soliua acetate butter (sodium 

acetate 1640g., glacial acetic acid 5()0ml . , water to 5L) 

and 3600ml . of water were then added. Nitrogen was 

bubbled through the mixture throughout and for at least 

30 minutes after the addition of the water . 

The buffers were made up as follows: -

pH 2. 875 buffer. 

14. 71ga. of sodium citrate (0 . 05m. , 0. 150 N with respect 

to Na+), 25. 0ml . of 2. 000 N (Standardised) NaOHf and 

5. om1. of thiodiglycol (Pierce Chemical Co . ) were added to 

900ml . of water. The pH was adjusted to 2. 875 with 

6 N HCl and 10ml . of :Brij 35 solution (Atlas Chemical Indus . 

Inc.) were then added. The volume was made up to 1 Land 

the pH again adjusted to 2. 875 with 6 N HCl if necessary. 

• Ten or thirty minute deproteinised 
urine volume. 
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pH 3.785 Buffer 
This buffer was made1µp in precisely the same manner as the 

pH 2.875 buffer but the final pH adjustment was to 3.785. 

:pH 4.7 buffer 

471.308gms. of sodium citrate were dissolved in 5.4L of water. 

The pH was adjusted to 4.7 with 6 N HCl. 60ml. of Brij 35 
were then added and the final volume made up to 6L. 

All water used was glass distilled and then deionised. 

All buffers were stored at 4°c and the pH checked before use and 

adjusted if necessary. 

The nine chambered autograd was used to obtain a graded 

buffer change through the column and the buffers were pumped through 

the colUlllll at 30ml./hour, and at a pressure of 200psi. The 

distribution of' the buffers in the auto~ad was as follows: -

Chamber 1 : 75 ml. of pH 2.875 buffer 

Chamber 2 ' 75 ml. of pH 2.875 buffer 

Chamber 3 ' 75 ml. of pH 2.875 buffer 

Chamber 4 s 75 ml. of pH 2.875 buffer 

Chamber 5 40 ml.of pH 2.700 buffer 

35 ml. of pH 3.785 buffer 

Chamber 6 s 6 ml. of pH 2.700 buffer, 
9 ml. of pH 3.785 buffer, 

60 ml. of pH 4.700 buffer 

Chamber 7 : 75 ml. of pH 4.700 buffer 

Chamber 8 : 75 ml. of pH 4.700 buffer 

Chamber 9 s 75 ml. of pH 4.700 buffer • 

and 
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TABLE XI 

Urinarz: Allino-aoids in J'ruotose-ted Rats. 

Animal Urine Voluae UrinarJ' Allino-acida 
(ml./24 hrs.) {u.aoles/24 hrs.) 

Glutaaio aoid L-alanine Gl7oine 

1. Pruotose-ted 12.5 1.13 1.91 
2. Pruotoee-ted 7.2 2.57 28.60 
3. Control 0.5 3.47 l.64 
4. Control 15.3 1.86 3.05 

The ]'ructose-ted rats had received a diet of 3~ truotose for 
2 - 3 aonths before the urine was collected. The controls were 
litter aates which reoeived a noraal diet. The amino-acids 

19.84 
26.00 
5.10 

10.11 

were estiaated quantitativel7 b7 coluan chroaatographl'. Bo other 
amino-acids were present in measurable amounts. 



1. 
2. 

3. 
4. 
5. 
6. 
7. 
8. 

TABLE XII 

Urinarz Amino-acids in Gluoose-te4 Rats. 

Aniaal Urina?7 Voluae Urinary Amino-acids 

(al. /24 hours) (u aoles/24 hours) 

Olut&11io acid L-alanine Glycine 

Oluoose-ted 10 1.77 1.22 

Glucose-fed 12 0.75 1.16 

Glucose-fed 14 1.98 0.89 

Oluoose-ted 10.5 2.09 0.95 

Control 15 1. 66 0.96 

Control 22 1.51 1. 12 

Control 15 3.80 l . 77 

Control 18.5 2.89 2. 01 

The glucose-fed rats had received a diet of 3°" glucose tor 

2 - 3 months before the urine was collected. The controls were 

litter mates which received a normal diet . The amino-acids 

were estiaated quantitatively by ooluan chroaatography. No 

other amino-aoids were present in aeasurable amounts. 

4. 45 

2~ . 62 
3,70 

3. 79 
9. 25 
5.02 

14.14 
8. 70 
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0 Th• temperature of the column was kept at 37 C tor the tirst ninety 

minutes, and thereafter was increased to 6o0 c for the remaining 

191 hours of the chromatogram. 

Section 2 The results in the fructose-fed rats are shown in Table XI. 

There was a significant increase in the excretion of glycine in 

both of the fructose-fed animals. One of the fructose-fed rats 

also showed a considerable increase in the excretion of L-alanine 

No plasma levels were estimated but it seems very likely that this 

is a renal amino-aciduria similar to that which occurs when rats 

are fed galactose(l90). The amino-acids not shown in Table II 

were not present in a.mounts sufficient to estimate accurately. 

Table XII shows the results for the glucose-fed animals. 

Only one of the four glucose-fed rats tested showed an excessively 

high glycine excretion. No other amino-acids were increased in 

amount. l:b.en the results were expressed per mg. creatirp.ne/24 hours, 

this single example of glycinuria was confirmed. 

This rat EltOreted 2.88 u moles of glycine/mg. of 

creatinino. The other thre ~ glucose-fed animals excreted a mean 

of 0.5) u moles of glycine/mg. of oreatinine, and the four controls 

a mean of c.80 u moles/mg. creatinine. 

Section 3 - Discussion and Conclusions 

It has been clearly demonstrated that fructose-fed rats 

~evelop an amino-aciduria involTing L-alanine and glycine only. 

This corresponds fairly closely to the effect of fructose on the 
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transport of amino-acid in normal rat intestine in vitro 

(Chapter V), and to the transport defect in the intestine of 

fructose-fed rats (Chapter VI) where only L-~lanine and not 

glycine showed decreased transport. It is believed that this 

is a demonstration of the development of a defect in both the 

intestinal and renal tubular transport of amino-acids in fructose­

fed rats. Oalactose-fed rats also develop "renal" amino-aciduria 

as mentioned previously(l90) and this involves inter alia 1-

alanine and L-valine. There is no increase in lysine, phenyl­

alanine or glycine. Arginine and hydroxyproline have not been 

estimated in the urine of these animals. The close correlation 

between these reported results, the experiments in galactose­

fed animis reported in Chapter VI, and the in vitro studies with 

galaotose in Chapter Vis again obvious. 

One glucose-fed rat developed glyoinuria. None of the 

four tested had an increase in any other urinary amino-acids. It 

seems that the de~elopment of an amino-aciduria is less frequent 

in glucose-fed than in fructose-fed or galaotose-fed animlls. 

Unfortunately intestinal amino-acid transport was not 

studied in the one glucose-fed rat with glycinuria. 

glucose-fed rats had glyoosuria. 

None of the 

Recently there has been a report on the effect of 

sugars on amino-acid transport in rat kidney cortex slices in 

vitro. In 1962 Segal, Thier, Fox and Rosenberg( 226 ) showed 

that galactose, fructose and glucose inhibited the accumulation 
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of L-aminoisobut7rio acid, gl7oine, L-c7ololeucine and L-valine by 

rat kidney cortex slices, and not that of L-histidine, L-lysine 

or L-phenylalanine. The sugars were present at a concentration of 

16.8 mM. The initial amino-acid concentration in the incubation 

medium varied from o.0311M. to o.2am11. They tound that glucose was 

not inhibitor., at 5.6mM. but exerted an effect at ll.2mM. Galaotose 

and fructose caused inhibi~ion even at a concentration ot 5.6mM. 

Raftinose, sucrose, xyloae, ribose, 3-0-meth7l-gluoose, 2-deoxy­

glucose and 3-deoxy-glucose at concentrations ot 16.811M. did not 

effect any inhibition of amino-acid transport. They have reported 

further on this very recently( 227) and in this paper confirmed their 

previous work with the exception that they now reported that at a 

concentration of 5.511M. only fructose depressed amino-acid accumul-

ationo They also found no inhibition with D-fuoose, D-llannose or 

D-mannoheptulose. 

In addition unpublished observations have shown that 

the intravenous ad.ministration of galaotose, fructose or glucose 

to man, results in a "renal" amino-aoiduria during the infusion 

of sugar(lS7). 

It1'1lll.d seem therefore that both the in vitro and the 

in vivo ettects ot sugars on amino-acid transport in the gut are 

shared by the kidney. 
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CHAPTER VIll 

The Effect of Sugars on the Incorporation of an Amino-acid 
into :Brain and Liver Cellular Protein in the Rat. 

Section l - Intro4uction 

The brain and liver aay be affected in galactosaemia. 

If the clinical manifestations of this disease extend beyQnd four 

to eight weeks, one can usually detect evidence of mental retardation. 

If exposure to galactose continues, gross mental deficiency often 

results. In addition jaundice commonly occurs in galactosaemia. 

The liver is initially fatty and showa focal cellular necrosis but 

readily proceeds to cirrhosis if milk ingestion peraists(l7l). 

Siailarly in hereditary fructose intolerance, jaundice 

and disturbed liver function tests commonly occur on exposure to 

the offending sugar(lBl). The incidence of aental retardation in 

this syndrome remains to be established. Of course the associated 

episodes of hypoglycaemia may play a role in this regard. 

In view of the involvement of the brain and the liver in 

galaotosaemia, and the liver and possibly the brain in here41tar,y 

fructose intolerance, it was decided to study the effects ot sugars 

on the incorporation of amino-acid into brain and liver protein. 

This is of especial interest in view of the demonstration that 

galactose, fructose and glucose inhibited amino-acid transport in 

the gut and kidney. It seemed feasible that interference with 
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amino-acid transport across brain and liver cell membranes might 

play a role in the pathogenieis of the lesions in those organs in 

galactosaemia and hereditary fructose intolerance. 

Section 2 - Choice of Method. 

After confirming that slices of rat brain and liver did 

not accumulate amino-acids sufficiently well to allow moderate 

inhibition of transport to be demonstrated,, it was decided to measure 

the incorporation of an amino-acid (c14~L-alanine) into brain and 

liver protein. This can be regarded as an indirect measure of 

transport as well as a.n index of the cells' ability to incorporate 

amino-acids into protein. 

Tho Method: 

Incorporation of L-Alanine into Brain and Liver Protein. 

10 uC of c14 uniformly labelled L-al.anine was injected 

intravenously into the tail vein of a rat which had been fed either 

301/, galactose or fructose for 2 - 3 months. Controls received the 

same dose of the isotope. In other experiments normal rats were 

given four intraperitoneal injections of galaotose, glucose or 

fructose (JOOmg./injeotion) over three hours and the c14-L-alanine 

was given intravenously at the aid-ppint. In each oase a weighed 

amount of isotope was given and a weighed standard used for counting 

purposes. The rat was killed 2t hours after the injection of the 

isotope, the brain removed, the cerebral cortices separated, weighed 
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and homogenised in 2 ml. of 0.9% saline. Three ml. ot lo.' 

tricbloracetic acid were added and the suspension again homogenised 

and transferred to a centrifuge tube. Two further portions of 10% 
TCA of 1 ml. each were added, and the contents of the homogenising 

tube transferred quantitatively to the centrituge tube. After 

centrifuging the supernatant was discarded and the tube left overnight 

in the refrigerator. The precipitate was then extracted once with 

a 2,1 ethanol/ether mixture tor five minutes at 6o0 c, and once with 

lo% TCA tor fifteen minute~ at 90°c. Thereafter it was washed with 

ethanol, then with the ethanol/ether mixture, and then with ether, 

and then dried. One ml. of l.O N NaOH was then added, and after 

the precipitate had gone into solution, 0.5 ml. aliquots were co1U1ted 

in a Packard Tricarb. liquid 9 ciniillation spectrophotometer in a 

2% Cabosil solution of toluene and dioxane and with the same phosphors 

as were used in the previous experiments. 

Incorporation of c14-L-alanine into liver protein was 

measured in the same way, the liver being perfused with ice cold 

0.9% NaCl via the portal vein immediately after the brain had been 

removed, and a portion of the perfused liver then homogenised in 

0.9.% NaCl. 

The results were expressed as the percentage of the 

injected dose incorporated into trichloraoetic acid precipitable 

protein, per gram of tissue. All counts/min. were converted to 

absolute disintegrations/min. as described in Chapter V • 
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TABLE IlII 

The Incorporation of c14-L-Alanine into Brain and Liver Protein 

* Rats Brain 
("°f dose in protein/g. 

of tissue) 

Pertused Liver 
(~ of dose in protein/ 

g. of tissue.) 

Gentrols + 0.0290 - 0.0057 ( 3) + 0.0885 - 0.0085 

Galactose-ted + 0.0390 - 0.0086 ( 3) + 0.1176 - 0.0040 

Rats given + (2) + 
Intraperitoneal 0.0397 - 0.0020 0.1681 - 0.0091 
Galactose 

Rats given 
0.0258 ! 0.0015 (2) Intraperitoneal 0.1733 

Fructose 

Rats giTen 
Intraperitoneal 0.0132 (1) 0.1351 
Glucose 

* 
14 · 

Each animal was given 10 uC of C -L-alanine in 0.5111. of o.rn, 
NaCl intravenousl7 and was killed 2t hours later. Weigl,.•d aaounts 
of brain and liver were hoaogenised in saline and the protein 
precipitated with lo.' trichloracetio acid. The incorporation of 
the cl4-t-alanine into tissue protein was recorded as the per­
centage of the administered dose recovered trom trichloracetic 
acid precipitable p1ltein, per gram of tissue. The results 
given are the aeans - s.D. with the nuaber of experiments in paren­
theses. 
Those given sugars received them in 300a~injeotions hourl7 over 
three hours, intraperitoneall7, and the C -L-alanine was given 
intravenousl7 at the mid-point. 

( 3) 

( 3) 

( 2) 

(1) 

(1) 
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Section 3 - Results 

The results are shown in Table XIII. In both the brain 

and the liver of the galactose-fed rats there was no decrease in the 

incorporation of c14-L-alanine into trichloracetic acid precipitable 

protein. In fact, if ~thing, there was a slight increase in the 

incorporation of amino-acid into protein. The same is also seen to 

be true for the rats in which galacto se and fructose were given 

acutely as intraperitoneal injections. 

Section 4 - Conclusions. 

No inhibition of L-alanine incorporation into brain or 

liver protein is detectable under the conditions of the experiments 

cited above . The above findings would be in keeping with the 

observation that in none of the other syndromes of linked intestinal 

and renal amino-acid ~ranspo~t defeots,bl.s any other oell membrane 

been shovm to fail to transport amino-acids normally. 
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CHAPTER IX 

The Meohanisa of Inhibition of Amino- acid 
Transport by Sugars in the Saall Intestine 

of the Rat . 

Section l - Kinetic Studies. 

(i ) Introduction a 

As discussed in Chapters V and VI the indications are that 

the inhibition of the intestinal transport of certain amino-acids by 

galactose, fructose and glucose is noncoapetitive in nature. 

As previously stated the evidence tor this is as follows s 

(a) The aaino- acids inhibited do not conform strictly to 
known transport groups . 

(b) 3-0-m•t~l-glucose, which competes for transport in the 
intestine with glucose and galactose, does not inhibit 
&Dlino-aoid transfer in the gut. 

(c) Pructose is not actively transported in the gut yet it 
inhibits the transport of certain amino-acids. 

It was accordingly deci,ed to study the kinetics of the 

inhibition of aaino-acid transport in the gut by sugars . Oalactose 

was chosen as the sugar for study and L-alanine as the test amino-acid. 

The usual concept of aoti~e transport involves the combination 

of1he substance transported wi t h some other substance, which may be 

a carrier or possibly an enzyme involved in the formation of the 

carrier, as discussed in Chapter II . If this process is the rate 

limiting factor then the relation between the rat• of absorption 

and the concentration might be expected to conform with the scheme of 
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kinetios outline& by the Michaelis and Menten in 1913< 228
). 

Investigations of this sort have been made on the intestinal 

absorption of glucose by Fisher and Parsons< 229) and of phosphate 

by McBardy and Parsons( 23°), while Jervis and Smyth( 2)l) have 

studied amino-acids. All these investigators were able to 

show that absorption of these substances in the intestines of 

experimental animals was a r ate limiting process with kinetics 

approximating to the Miohaelis-Menten scheme. Jervis and 5mTth(23l) 

were able to show that this was true for both the D- and L- forms 

of methionine and histidine in rat intestine. 

Outline of the Michaelis-Menten Hypothesis. 

The M1ohaelis-Menten hypothesis was developed as a result 

of a study of enzyme kinetics. The most important feature of this 

theory is the assumption of an intermediate enz,-e-substrate com-

plex. A turther aasumption is that the rate of conversion of the 

substrate to the produots of the reaction is determined by the rate 

of conversion of the enzyme-substrate complex to reaction products 

and the enzyme. 

These events •&1' be written thus: -

Enz711e (E) + Substrate ( S) ~ Enzyme-substrate 
complex (ES)~ Enzyme (E) + products (P). 

In terms of transport phenomena E • carrier or mobile site 

which mlQ" have enzymic propertiesJ S • transported solute; ES• 

the combination ot carrier with soluteJ P • solute on other side 
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of the cell membrane which b7 definition (Chapter II) equals S in 

a transport process. 

Thus the rate of appearance of P depends upon the 

concentration of ES. If the rate of formation of Pin enzyme 

kinetics had depended directly on the concentration of s, [ s ] t 

then at constant [ E] a linear relationship could be expected 

between the velo oi ty and [ S] • As this is not the case, Michaelis 

and Menten proposed their hypothesis which is derived thus: -

E + S 
~ k3 
~ ES ----l. 

~ -, 
2 

p + E (1) 

Where~, k2 and k3 are the respective velocity constants of the 

three assumed processes . It is also assumed that the conoentratian 

of substrate is greater than that of enzy-me in this system. 

For the rate of formation of ES we may write a -

• ~ ([ E] - [Es] ) [s] 

Where [ E] - [ Es] is the concentration of uncombined enzyme. 

The rate of formation of ES is 4f!fil and is shown in ( 2) 

( 2) 

to be proportional to the concentration of the uncombined enzyme and 

substrate. 

The rate of disappearance of ES is then: -

( 3) 
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When a steady state is reached and the rate of formation and 

disappearance of ES are equal then 

this is expres sed in equation (4). 

4[Es] 
dt 

These terms may be rearranged to give 1 -

[ S]( [E] - [Es]) 
[ES] • 

• - d[Es] and 
dt 

(4) 

- Km ( 5) 

Further the relationship between substrate concentration, enzyme 

concentration and the velocity of the reaction, oan be developed 

as follows a -

:B;y arrangement of equation (5) to solve tor LES], the steady 
state concentration of the enzyme - substrate complex is 

• 
[E] [s] 
Km +[SJ 

{6) 

To derive the Michaelis - MenteD constant {Km) the following 

equations are developed 1 -

V • k3 [Es] (7) 

Where Vis the observed initial velocity. When the substra te 

concentration is made so high in relation to the enzyme conoentratioh 

that all the enzyme is present as ES, then the velocity of the 

reaction is maximal (V max) and may be written 1 -

(8) 
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By substitution for ES in equa.tion (7) its value in equation (6), and 

by dividing equation (7) by equation (8), one obtaine ; 

V • V max [SJ 
Km + [SJ 

or 

This is the Michaelis - Menten equation. 

- ~ (9) 

This equation may be arranged as suggested by Lineweaver and .Burk( 232) 

in the following way: -

[~ V ., 
[S] 

V max + Km 
V max 

(10) 

1s1 ~ -A plot of -~~s SJgives a straight line. The intercept of the 

r~ Km /v line on the~ axis is V max and the slope is 1 max. 

Similarly equation (9) ean be arranged to gives -

1 [ S] :.e . 1Cm 
V • V • SJ • V max 

l 1 
X [SJ + V max 

(11) 

Thus a plot of 1/v vs. 1/s gives a straight line in which the 

ordinate intercept equals 1/v max and the slope is Km/v max. 

It was conformity with this equation (11) which allowed the con­

clusion that active transport phenomena conform to the Michaelis -

Menten hypothesis( 229)( 2ll)( 23o)( 231). In terms of transport 

phenomena, which as stated previously have been shown to conform to 

this lq"pothesis proposed for enzyme-substrate reactions by Michaelis 

and Menten, in equation (11) V • Velocity of transfer; S = concentrat­

ion of transport substance. 
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Noncompetitive 
inhibiitor 

FIGURE 4. Idealised graphic representation of the effects of 
competitive and noncompetitive 1nhibition of enzymEll 
action. The reciprocal of the substrate concentratiom 
(1/s) is plotted ~inst the reciprocal of the veloo±i..ty 
o? the reaction (1/VJ. 

Note that when competitive inhibition occurs the 
Vma.x can be attained. This is not the case in the 
presence of a noncompetitive inhibitor. 



- 82 -

For the action of a competitive inhibitor an equation may be 

derived incorporating the inhibitor concentration [r] and the 

dissociation constant of the carrier - inhibitor complex Ki, in 

a manner similar to that used in equation (9) thus: -

V • V max [s]Ki 
Km n + fift.J+ ntsJ 

By zearrangement of equation (12) a -

1 - -V 

When a plot 

inhibition, 

ICm 
V max Cl .([!]) l l 

Ki (sJ + V max 

l l 
of V against [s]is made in the 

1 
the ordinate intercept, V , 

Bl&% 

(12) 

(13) 

case of competitive 

is the same as in the 

uninhibited reaction, but the slope, which is now 

(v X:a'.ij ~ +[fD is increased by the factor l +[ii. 
This is shown graphically in ~igure 4. 

It can be seen that by using a sufficiently high substrate 

concentration in the case of enzyme kinetics, or transported solute 

concentration in the case of transport kinetics, the effect of a 

competitive inhibitor can be overcome and V max can be reachea. 

In the case of non-competitive inhibition there is no relationship 

between the amount of inhibition and the concentration ot substrate 

or transported substance. Inhibition here depends only on the 

concentration of the inhibitor. Therefore no matter how high the 

concentration of the substrate or transported substance may be, the 

V max is never reached. This is also shown in Figure 4 • 
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(ii) Method 

Amino-acid transport in rat intestinal slices was studied 

preciiel7 as described in Chapter v, but in this experiment the 

incubation period was in all instances limited to 30 minutes . This 

period was chosen because it is preferable to study kinetic phenomena 

during periods of marked influx and it was known (Figure2) that 

equilibrium was reached shortl7 before 30 minutes had elapsed. The 

initial concentration of L-alanine in the incubation medium was 

varied from 0.05mM to 5mM and galactose was present at a concen-

tration of 28mM. The intracellular accumulation of L-alanine was 

calculated in mM/L of intracellular water/30 mins . as follows s -

All counts/min were converted .to absolute disintegrations/min as 

outlined in Chapter V. The disintegrations/min in the total 

tissue fluid were obtained and the number o~ disintegrations/min 

in the E~C . P.. were calculated from the calculated voluae of E. C. F. 

and the aeasured disintegrations/min. in the mediua after incubation. 

Bl' subtracting the disintegrations/min. in the E. C. P. from 

the total disintegrations/min. obtained from the tissue, the number 

of disintegrations min . in the intracellular water was obtained. 

From the known specific acti~ity of the c14-L-alanine this could 

be converted into m Moles and by dividing this answer by the calculated 

intracellular fluid volume and multiplying by 10001 the amount of 

L-alanine in the intracellular water in mM/L was calculated, and the 

reciprocal of this value was plotted on the Y axis . The concentration 
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The reciprocal of the initial concentration of 
L-alanine (mM./L.) (1/s) in the incubation medium, 

1.0 

is plotted against the reciprocal of the intracellular 
accumulation (mM./L.) (1/V) of this amino-acid after 
incubation for 30 minutes, as described in the text. 
The open circles represent uninhibited transport; the 
closed circles transport in the presence of galactose 
(28mM.). The regression lines were calculated by the 
least squares method from the results of a total of 
77 experiments. 
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or L-alanine in the initial aeclium va• alao H:pnase4 a• mM/L, 

and the raoiprooal of this 'V&l.ue waa plotted on the X axis. The 

medium concentration of L-alanine used here •8.1' either be the average 

concentration or the initial oonoentration. Fisher and Pa.rsona( 229) 

have considered the implications ot using the 11'11ti&l. concentration 

nd the average rate in the Michaelis - Menten equation, and have 

oonclu4ed that a similar relationahip Yill exist between these ne 

exists between the aver~ra concentration and the average rate, al-

though the oohetants will have 4ifterent values. 

( iii) Reaul ta 

The intracellular aoOUIIUlation ot L-alanine (IIM/L/30.inut••) 

was plotted against the initial amino-acid oonoentration in the 

aediua (mM/L) according to the double reoiprooal aetbod ot Lineweaver 

and Burk.( 232). The results are shown in Jligure 5. When the data 

for L-alanine transport ~ithout adde4 inhibitor were plotted, the 

results tended to tall on a straight line, suggesting that tie 

absorption ot L-alanine in the gut oontorma to the pattern ot satur­

ation kinetics deaoribed bJ liohaeli• and Menten< 228>. !he regreaaion 

line vaa calculated by the least squares ••tho4 from the result• ot 

43 experiunta. When galaotose waa added to the incubation medium 

there vaa de~nite inhibition of 1-alanine transport. A double reo-

iprooal plot was drawn tor L-a.lanine abaorption in the preaenoe of 

galaotose. Th••• Y&lues evidentl7 also tended to tall on a straight 

line (calculated. aa above trom 44 •%1>•riaents) which, •hen extra­

polated tended to intersect the Y azia above the point where it was 
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crossed by the regression line for uninhibited L-alanine absorption. 

When the results of each d~y•s experiments were plotted independently 

al most identical regression lines ware obtained both for uninhibited 

L-al anine transport and for the transport of L-alanine inhibited 

by galactose. 

In essence this implies that even when L-alanine is present 

at infinite ooncentration the inhibiting action of galactose cannot 

be overcome and the V max of uninhibited L-alanine transport cannot 

be reached. This is consistent with noncompetitive inhibition as 

previously discussed in this chapter. 

Section 2 - The Effect of L-Al anine on Galactose !ra.nsport in the 
Small Intestine. 

If the ir..hibition of L-alanine transport in the intestine 

by galactose were competitive in nature i.e. competing for a common 

transport site or sites, then it might be expected tha t the reverse 

might also occur, and that L-alanine would exert some inhibition 

on the transport of galactose by the gut. 

experimentally. 

(i) Method 

This was accordingly tested 

Intestinal segments were incubated as previously described 

in Chapter V but without any c14-L-alanine in the medium. In all 

instances galactose was present in the medium at a concentration of 

5.6 mM., and in half of the experiments L-alanine was added to the 
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incubaiion me41ua at a concentration o~ 28m.K. After incubation 

for one hour the aesments ware removed, washed twice in saline and 

blotted. They were then homogenised in 2ml. or zinc sulphate and 

2111. of' oodiurn qclronde, and then oentrituged. Reducing substances 

wex,e •asa_,ed in the supernatant and in th& medium using the method 

o~ S0moB1i a.nd Nelaon< 233). Segaents incubated in parallel 

experiments but without added galaotose were used as a blank tor 

tissue reducing substance, and this medium as a blank: tor reducing 

substances which may have entered it from the tissues. In all 

1netanoea the blank values were ver1 low. The results were 

expressed as distribution ratios of the concentration of gs.lactose 

in intraoellular tluid in mM/ml. to that in the £.C.F. in n.Vml . 

E.c.F. nnd. total tiBsue w.a.ter were detr,rmined 1n Ch&pter V. 

( 11) Besul ts 

The distribution ratio for g4lactose b·e.nspol'."t in the 

+ absenoe of L-a.lanin~ wao 2.9 - o.l while when L-alanine wa& present 

in the medium at£ concentration of 28m:M., it was 2.9 ! o.6. (These 

+ figures a.re th~ means ef three obsorvations - etandard deviations). 

It 1 clear that L-a.lanine did not.inhibit g&laotoco transport by the 

cma.ll intoatiae of the rat. 
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Section 3 - Conclusions 

The kinetic studies, and the failure of L-alanine to 

inhibit galactose transport by the intestine of the rat, support the 

previously cited evidence in favour ot the conclusion that galactoae 

inhibition of L-alanine transport is noncompetitive in type. One 

can reasonably assume that the same noncompetitive mechanism holds 

good for the inhibition of the transport of other amino-acids 

by galaotose and for the inhibition of certain amino-acids by fructose 

and glucose . 
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CHAPTER X 

The Role of Tissue Adenosine Triphosphate 
in the Inhibition of Amino-aoid Transport 
by Sugars in the Small Intestine of the Rat 

Section l - The Role of Adenosine Triphosphate in Membrane Transport. 

It is clear that adenosine triphosphate (ATP) plays a 

vital role in many transport reactions. In the words of Schole-

field( 237) 'iChemical energ:,, usually as ATP, is required for the 

establishment and maintenance of concentration gradients although 

the biochemical reactions involved in this well dooW1ented assoc-

iation are virtuall1 a mystery." It hae been known tor a long time 

that energ,J is required for the driving of the sodium pump, and one 

of the earliest theories of sugar transport( 238 ) was based on the 

observation that there was a simple relationship between the trans­

port 0£ certain sugars and the phosphorylation of these sugars by 

ATP. This led to the erroneous oonclusion tmt all sugars transported 

in the intestine were phosphorylated in the intestinal cell, and that 

this was the major physiological event in transport of these hexoses . 

It is now known that this is not the case, and that indeed 3-0-methyl 

glucose and other Eugars which are not phosphorylated are actively 

tra.nsported by the intestinal cells( 2l 6)( 239) . The inhibition of 

transport processes by the exclusion of oxygen has supported the 

concept that energy and therefore ATP, are necessary for active 

transport . 

Asoites tumour cells are able to support high rates of 
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glycolysis despite the exclusion of oxygen trom their atmosphere( 24°). 
As a result their Q,ATP under anaerobic conditions is no different to 

what it is under aerobic conditions. Indeed incubation of ascites 

tuaour cells in the presence of glucose has shown that they concen­

trate amino-acids equall7 well whether oxygen is present in the 

envirohlllent or not( 24l)( 242)( 243) . This further supports the view 

that inhibition of transport in other cells b7 anaerobiasis is due 

to the lowering of cellular ATP levels. 

Uncoupling agents such as 2 - 4 dinitrophenol (DNP) 

prevent the formation of ATP. 

Quastel and his co-workers( 244 )( 245)( 246) have shown that 

DNP inhibits the transport of sugars and amino-acids by the intestine , 

while Krebs and his oolleagues( 247) showed similar inhibition of 

amino-acid incorporation into brain cortex slices by DNP . This 

work has been confirmed by others< 248 ). Christensen and Rigga( 249) 
were able to demonstrate that DNP inhibits amino-acid uptake by 

Ehrlich ascites carcinoma cells. Heinz and Mariani demonstrated 

the same phenomena( 250). Caldwell, Hodgkin, Keynes and Shaw( 25l) 

studied the giant axon and were able to show that the injection of 

phosphagen, arginine phosphate, into the interior of the fibre re­

versed the inhibition of sodium and potassium transport across the 

membrane caused by poisoning with DNP. These experiment• further 

confirm the important role of ATP in membrane transport. 

As will be discussed in Chapter XII there is good evidence 

that the transport of certain substances in the gut, and elsewhere, 
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is 4epend.ent upon the preaenoe ot certain ions, especiall7 sodium, 

It has also been shown th t there is a sodium-activated adenoaine 

triphospb&taae on or in call membr.nes( 252), underlining the imp­

ortance ot the breakdown of A'l'P bJ such an enzyae in transport 

prooeeses. 

The precise role played by ATP in tho transport process is 

not cle rand depends upon the conoep~ of what oocurs when a sub­

stance is transferred across a cell membrane. 

Heinz and Walsh( 253) proposed in 1958 that n amino-acid 

entering an Ehrlich ascitos carcinoma cell combined with an "active" 

carrier on the isurtace of the cell membrane, and was transported by it 

to the vicinity ot the interface with the interior of the oall. 

There it was thought to be released from the carrier, which was now 

inactive. The inactive carrier was assumed to return to the medium-

aembrane interface, where it was reactivated by ATP, which in turn 

waa dephospho17la~ed in the procees to adenosine diphoaphate (ADP). 

This concept allowea tor a finite amount ot active carrier whioh 

would B1ve rise to kinetic requirements as deworibe4 b7 Miob.aelis 

and Menten< 228 >, This concept also demanded a continued dependence on 

ATP as well ae providing an explanation tor competitive inhibition 

tor a. limited number of sites on the transport carrier. 'However 

this model required t t tor every aoleoule of am1no-e.oi4 transported, 

one molecule ot ATP must be broken down. Thia is a.laost certainly 

not tho caae in tDaZ>1' 1nstanoes( 254). Holdn and Rokin( 255) have 

recently proposed a Te1.7 similar model to that ot Heins and 1alsh, 

asap lied to electrolyte transport. They suggested that the 
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transport of a substance results from conformational changes in a 

protein, and in vie~ of the lipid nature of the cell membrane barrier 

they h~ve suggested tha·t this protein is a lipoprotein. Thay also 

reported a rapid turnover of phosphatidic acid during transport and 

postulated that the lipoprotein contained phosphatidic acid. The 

rephosphorylation of the phosphatidic acid, ~hich is thought to be­

come dephosphoryla ted durj.ng tr&.nsport, would have to occur at the 

expense of ATP. 

Other workers have postulated a similar role in active 

transport for the phosphoryl - serine residues of proteins( 256)( 257). 

Wilbrandt( 258) has proposed that ATP maintains the carrier 

in an active form at the outer surface of the cell while it is not 

needed on the inner surface, where the non-phospborylated form 

dissociates trom the substrate . There are many other complex model s 

of active transport but suffice it to say that whatever complicated 

series of events takes place in amino-acid transport across all 

membranes, ATP is probably involved in an indirect manner, possibly 

as in one of the models discussed above . 

One could argue that either the transport of the hexoses 

or their phosphorylation in the intestinal cell might result in a 

drop in the mucosal levels of adenosine triphosphate (ATP) with con­

sequent inhibition of amino-acid transport. 

It was therefore thought to be of importance to establish 

the levels of A!P in the intestine during inhibition of amino- acid 

transport b7 sugars . 
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Section 2 - Method 

Chapter V. 

Rat intestinal segaents were incubated as described in 

Stable amino-acids were present in the mediUll at a 

concentration of 5mM. No isotopes were used. The sugars, when 

added to the aediUll, were at a concentration of 28mM. In some 

instances no sugar was added to the medium. The incubation period 

was one hour, after which the ATP content' of the segments was 

measured. Segments from galactose-fed rats and their controls were 

assayed tor ATP without prior incubation. For the assay, the 

segments were immediately transferred to 10ml. of distilled water 

in tubes in a boiling water bath. Care was taken to prevent undue 

evaporation using glass marbles on the tops of the tubes. After 

boiling tor ten minutes the tubes were removed, cooled in ice and 

the segments homogenisen, the tubes being kept in ice. An aliquot 

of 1 ml. of homogenate was taken and put into a planchette to be 

0 
dried in an oven at 110 C to constant weight. From the known water 

content of the segments, the vet weight of the tissue could be 

calculated. The remainder of the homogenate was centrifuged in 

the oold, and the ATP assays were performed on the supernatant by 

the luciterin - luciferase method( 259). ll'ifty or one hundred 

microlitres of the cold supernatant were added to a mixture of 0.2ml. 

of firefly enzyme, 0.1ml. of O.l M Na2 BA$ o
4 

(pH 7.4), 0.1ml. of 

0.1 M Mf q04 a.nd 1.0ml. of 0.05M glycine (pH 7.4). 

The light ••asureaent was then immediately recorded on a 
••••• 93/ 



TABLE XIV 

Adenosine Triphosphate Content of Rat Intestinal Slices after 
In Vitro Incubation tor 60 Minutes with and without Sugars. 

Addition Adenosine Triphosphate Concentration 

• 

to in Intestinal Slices. 
:Medium• (u aoles/g. tissue) 

• L-Alanine L-Valine • 

None + 0.158 - 0.027 (7) + 0.139 - 0.017 ( 3) 

D-Oalactose + 0.098 - 0.017 ( 3) 
+ 0.110 - 0.014 ( 3) 

D-IPructose + 0.161 - 0.027 (4) 
+ 0.140 - 0.014 ( 3) 

D-Olucose + 0.287 - 0.022 ( 7) + 0.220 - o.o ( 3) 

D-Oalactose + 
+ o.3oa - 0.107 ( 3) 

D-Olucose 

The amino-acids were present at a concentration of 5 m Moles/L 

The incubation conditions were the sa:me as described in Table II 

except that no isotope was added to the aediua. 

• Each sugar was at a concentra-tion ot 28 IIM. 

\~ 
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fluorimeter modified for the purpose. Fresh ATP standards were 

made up each day and tha pH of the standard was adjusted to 7.4. 
There was a linear relationship between the quantity of ATP present 

and the intensity of light produced. At times it was necessary to 

dilute the supernatant with an equal volume of water to ensure that 

the readings fell within the soale used. All analyses were done in 

duplicata. The ATP content of the intestinal segaents was expressed 

as u moles/g. uf tissue. 

Section 3 - Results 

The ATP content of rat intestinal segments after in vitro 

incubation for 60 minutes with and without sugar is shown in Table 

XIV. It will be note~ that in the presence of galactose the level 

of ATP in the intesti~~l slices was reduced. The ATP content of 

tho segments was not diminished when they were incubated with fructose, 

even though fructose at this concentration inhibited L-alanine trans­

port. It is th•refore clear that a low cellular ATP level is not 

responsible for the inhibition of intestinal L-alanine transport by 

fructose. 

Glucose caused a rise in the ATP level of the segment s as 

might have been expected. It is clear that the inhibition of amino­

acid transport by glucose is not related to a lowering of cellular 

ATP . Incubation of segments in the presence of L-alanine and with 

glucose and galactose, each in the incubation medium at a concentration 

•••• ,. . 94/ 
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TA:BLE XVI 

The Effect of Injecting Adenosine Triphosphate Sub­

cutaneously on the In Vitro Intestinal Transport of 

L-Alanine in the presence of Oalactose (28mM.). 

Distribution Ratios• of L-Alaidne (5m~ ). 

No Added Sugar Oalactose 28mM .... 

4.2 .:!: 0.2 (2) 2.2 ! 0.3 (2) 

• Ratios shown are means! S.D. with the number of deter­

minations in parentheses. Each rat was given 100mg. of 

ATP hourly for three hours by subcutaneous injection. 

Amino-acid transport in the gut both without sugar in the 

incubation medium and after the addition of galaotose (28mM.) 

was determined as outlined in Table II. 

-** Initial concentration of L-alanine in the medium • 

... Initial concentration of galactose in the medium. 
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of 28aM., resulted in the highest ATP levels recorded, yet these 

experimental conditions also resulted in inhibition of amino-acid 

transport. 

ATP measurements were made on the segments of the intestine 

of galaotose-fed and control rats. The mean ATP level of galactose-

fed animals was 0. 492 uM/g (aean of six experiments) and was lower 

than controls 0. 637 uM/g (mean of six experiments) (p<:0.05). How­

ever individual instances were observed in galactose-fed rats where 

amino-acid tranoport was markedly inhibited, but ATP levels were 

normal. 

In order to test further the role of ATP in the phenomenon 

of the inhibition of intestinal amino-acid transport by sugars, 

animals were injected with ATP before measuring amino-acid transfer. 

Shu11< 260
) has observed that injections of ATP may increase cellular 

levels of this substance, and therefore systemic administration of 

ATP might correct for arrs lowering of cellular ATP . Ga.lactose-fed 

rats were given ATP by subcutaneous injections in doses of lOOmg/hour 

tor three hours. Thirty minutes after the last injection of ATP 

these rats still showed the same degrees of inhibition in the intes-

tinal transport of amino-acids (Table XV) . In another experiment , 

intestinal segments from normal rats, pretreated in the same way with 

ATP still showed inhibition of L-alanine transport when galactos• (28mM) 

was present in vitro (Table XVI). This dose of ATP vas the largest 

that the rats could tolerate. Injections of 150mg of ATP hourly 

for three hours were fatal, the rat dying in a hy'pothermic state • 
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The failure of injections of ATP to prevent the in vitro 

inhibition of L-alanine transport by galactose, and more particularly 

the ?ersi~tence of inhibition of amino-acid transport in the intes­

tines of galactose-fed rat$ despite such injections, both make a 

quantitative relationship between a low cellular ATP and inhibition 

of amino-acid transport unlikely. 

, Although incubation of intestinal segments with ATP has 

not been shown to raise the tissue levels of t~is substance, in three 

experiments ATP was added to the medium in a concentration of IO-3M. 

Under theso conditions ATP did not influence the inhibition of 

L-alanine transport by galactose (mean distributjon ratio 3.1). 

Section 4 - Conclusions. 

The studies of ATP levels in intestinal segments after 

in vitro incubation with galactose, fructose an, glucose, and the 

results of ATP levels in the intestine of galactose-fed rats, suggest 

that absolute levels of ATP in the gut are not quantitatively related 

to the inhibition of amino-acid transport by sugars under the 

experimental conditions studied. There is evidence that other 

agents are able to inhibit transport phenomena in many systems 

without affecting the level of ATP. Cardiac glycosides are able to 

inhibit the transport of ions without changing the cellular content 

of ATP(261)(262)(263). 

Cardiac glyoosides are also able to inhibit glucose trans-

••••• 96/ 
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port in the isolated intestine( 264 )( 265), and amino-acid transport 

in brain slices without arq change in cellular ATP levels~ 267) It 

seems likely that ouabain acts by inhibiting ATPase activity( 268 ) 

and this will be dealt with in more detail in Chapter XII, but suffice 

it to point out here that processes which inhibit transport do not 

necessarily do so by lowering cellular ATP. The fact that all 

the inhibiting sugars are phosphorylated in the intestinal ce11< 269) 

( 270)( 27l)( 272) led to the idea that the inhibition they exerted might 

be related to the lowering of cellular ATP. The results recorded 

in this chapter show that this is clearly not the case. 

• •• u.97 / 



CHAPTER XI 

The Role of Cellular Galactose-1-Phosphate in 
the Inhibition of Intestinal Amino-acid Trans­

port by Oalaotose. 

Section 1 - Introduction 

It may well be ot signitioanoe that galaotose, gluoose and 

fructose are all phosphorylated in the intestinal cell, while the 

sugars which fail to inhibit amino-acid transport are not( 269)( 270)( 27l) 

( 272) 
• 

As already indioated, it has been suggested that the "renal" 

amino-aoiduria of galaotosaemia is due to the effects of the accuau­

lation of galactose-1-phosphate in the renal tubular cell(l7l). 

Similarly. the amino-aoiduria of hereditary fructose intolerance has 

been ascribed to the presence of fructose-1-phosphate in the kidney(lBl). 

It was accordingly decided to measure the acoumulation of 

galactose-1-phosphate in- the intestinal segments incubated in the 

presence of galactose. An attempt was made to see whether the presence 

of this phos~horylated intermediate of galactose was related to the 

inhibition of amino-acid transport. 

Further it was decided to esticate the level of 

galactose-1-phosphate in the gut and other organs of galactose-fed 

rats. 

Section 2 - Method 

Gala.ctose-1-phosphate was measured ccording to the method of 

•••• ._98/ 
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Schwarz( 273). Intestinal segments were incubated with galaotose 

(28mM) and L-alanine (5mM) as described in Chapter V but without 

isotopic t-alanine. After incubation the segments were homogenised 

in 0.9% saline. The period of incubation varied from 10 to 90 

minutes. To the homogenate, three vols. of oold 2o% trichloracetic 

acid wer~ added, and this was shaken well and kept cool . After 

centrifuging, the supernatant was transferred to a tube containing 

three drops of 2,fo barium acetate, one drop ~f phenolphthalein and 

5ml. of ethanol, previously cooled in ice . A slight excess of 

40% KOH was added; the ice cold aixture acidified with a minimU11 

amount of acid, and then rendered basio to a faint pink with 0. 1 

N KOH. This was then treated with 4 volumes of ethanol, reneutralised 

if necessary, and kept in the refrigerator for at least two hours 

or overnight. The precipitate was then spun down. Ten mls . of ice 

cold neutralized 80fo ethanol 7ere then added to the precipitate which 

was then resuspended. After centrifuging, 1 . 5ml . of 0 . 1 N HCl were 

added, the tube immersed in boiling water and shaken to disperse the 

precipitate. The covered tube was then put in boiling water for 

fifteen minutes . After cooling and centrifuging, the supernatant 

was put into a tube with 0.2g. of Amberlite Monobed resin MB-1 . It 

was then centrifuged and transferred to a 5ml . volumetric flask with 

a Pasteur pipette. The resin was extracted three aore times with 

1 ml. of water each time for 5 minutes at a time . Aliquots were 

evaporated to dryness, taken up in 5-6 portions of 50'}b methanol and 

this transferred quantitatively to Whatman•s No. 1 paper for 

•• • • . 99/ 



• 99 -

ohr<>11atography. Xnovn amounts ot galaotose standard, 5-50 uG, were 

The ohroutograma were run in an ethyl acetate-

P71'1dine-vater solvent (70125120). They were ~ried &t room temp-

er11.ture and dipped in freahl7 prepared benzidene reagent. 

of daoolorisad benzidene in 5ml. of glacial acetic acid, ~nd 20ml. 

of aoeton• to which 4ml. of lOOJ' triohloraoetio acid and acetone to 

lOOal. w~r added). 
0 

T'h& paper was heated for 2-4 •inuted at 100 C 

until it turn~cl p~le 7ellow. The galactoae-1-phoapha.te waa seen 

as 7ellow apots (green-7ellov tluoresoenoe in UV light) and a 

quantitative estiaation waa aade b7 comparison with the known stan-

d.ards. Numerous known ats.ndarda ot galaotose-1-phosphete were 

treated in the s&11e wa;s and the reoove17 of the aethod was consis-

tantl7 about~. In order to e%press the results in absolute 

terms the amount of galaotose-1-phospha.te estim tad by this semi­

quantitative .. thod was therefore multiplied by two. 

Intestinal aegaents and other tissues troa ~lactose-fed 

rats ver~ tr~ated in exaotlJ the awne way but without ~rior incubation. 

'3eotion l - Resul tG 

\ 
Arter inoubat1on of rat intestinal eegaenta in th\ presenoa 

\I 

ot galaoto.,e ( 28d) tor 10 ainutea, galactose-1-phoavh"" ta wa b rel7 
\ .\ 

detectable (4 ug/g tisau•)• In order tor this small amount 1o bo 
" I 

quan\itatively accurate, twelve flallk:s each with six segments were 
, I 

incubated sillulu.neoualJ', .. the 72 segment£> were pooled and homogenised. 
' 

I 

and. the pl.aotoae-1-i,J)oaphate eatiaated in the whole amount • Atter 
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phosphate in the intestinall segments, relative to the 
time of incubation, is also shown an~ is expressed as 
uG/G. of tissue. 



TABLE XVII 

The Effect of Phlorhi&in on the Inhibition Exerted 
by D-Oalactose on cl4-L-Alanine Transport in Rat 

Intestinal Segments In Vitro . 

Addi ti.on ~o 
Medium 

Nothing 

Phlorhizin** 

Phlorhizin• 

+ 

D-Oalactose (28mM)*** 

Distribution Ratios 
of cl4-L-Alanine* . 

+ 4. 7 - O. 9 ( 31) 

3.9 .! 0.4 ( 3) 

+ 4.3 - 0.5 ( 6) 

• The Distribution ratios are shown as means! S. D. with the number 
of determinations in parenthes,s . Rat in~estinal segments were in­
cubated for 60 minutes in the manner outlined in Table II. 

** Phlorhizin was present at a final concentration of 10-5M. 

*** D-Galactose was present at the final concentration indicated. 
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fifteen m1nutas incubation, undar the ea.me experimental oonditiona, 

Galactose-1-phosphate was more oaail7 measurable (10-14 ug/g tissue) 

arid o:ol~ 24 seSllent were pooled for this esti!Mltion. Aft~r 20 minute• 

incuoation galaotoae-1-phoaphate was 'readily detena'ble (60-SO ug/g) 

in the intGstina.l segments and only six aepents were n,. eded for 

the estimation. 

Thoa~ rat:ul ta a:re .Jhown in Figure 6. Pigure 6 also ebowa 

the inhibition of int~stinal L-alanine transport b.y galactose as a 

factor of time. It can be aoen that ther was no inhibition of 

L-ala~ine transport by ga.lactose atter 10 minutes incubation but that 

1nhib1iion was appar,nt from 15 minutes onwardn. 

When phlorbizin was present in the inC\lbation medium. at a 

concentration ot 10-5M and intestinal aeguients were incubated tor 

60 minutes in the presence of c14 L-a.lanine and ga.laotooe (28mU) as 

deaoribe~ in Chapter v, galaoto • produced no inhibitions of L-alanine 

tr&ll&port (Table XVII). Qalactoa•-1-phoaphate could not be 4etacte4 

in segaenta incubated in th• preaenc& ot both galactoae (28mM) and 

phlorhizin {lo-5x). At thia oonoentration, phlorhisin (10-5M) 1s 

known to inhibit ga.l.aotose tranai,ozt but 4oeb not inhibit cellular 

metabolisa in the inteatinal oe11< 211 ). 

Oalaotose-Jis,hosphata waa readil3 detected in the intastinea 

of the gal.actos~-fed rats, as well a~ in the kidneys, liv ran~ brain 
I 

of these animals. No &alaotose-1-phosphata was deteotabl• in 8.'lf3 ot 

the or~G ot the control rats. 

• •••• 101/ 
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Section 4 - Discussion and Concl usions 

The studies on the relationship of the inhibition of L-al ani ne 

transport in rat intestinal segments with time , show that there i s a 

delay of more than 10 minutes before inhibition of L-alanine t ransport 

is detectable. It is probable that the mean distribution ratio of 

1. 7 for L-alanine after 10 minutes incubation in the presence of 

galaotose (28mM) does represent active transport and not diffusion. 

This is likely to be so because after one hours' inoubation with 

2-4 D. N. P., the distribution ratio achieved by Ir-alanine was only 1.1 , 

and under anaerobic conditions only 0.5 (Chapter V). 

The failure to inhibit L-alanine transport at the 10 minut e 

period and the observed inhibition after 15 minutes' incubation, 

raises the possibility that a metabolic derivative might have accumu­

lated in sufficient concentration in the intestinal cell after fifteen 

minutes. Sueh an intermediate could then play a role in the i nhibit ion 

of L-alanine transport . 

The experiments reported here have indeed demonstrated the 

appearance of significant amounts of galactose-1-phosphate in int es­

tinal seGJDents incubated in the presence of galactose, and a correl­

ation between the appearance of galactose-1-phosphate and the 

inhibition of L-alanine transport . The detection of very small 

amounts of galactose-1-phosphate after 10 minute incubation at a 

time when L-alanine transport is not inhibited, means that thi s 

correlat ion is not absolute . It is possible that the amount of 
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galactose-1-phosphate in the intestinal cell after such a short 

period of incub tion is insufficient to inhibit transport. 

Such fintings do not necessarily imply that there is a 

direct end causal relatio11sbip between the accumulation of galactose-

1-phosphate in the intestinal cell and the inhibition of amino-acid 

transport, but it is quite possible that this is the case. The 

finding that phlorhizin, which interferes with galactose transport 

into the intestinal cell, prevented the formation of galactose-1-

phosphate, and a t the same time prevented inhibition of amino-aoid 

transport by galactose, lends support- to the theory that the accumu­

lation of the phosphorylated intermediate may play an etiological 

role in the inhibition of amino-acid transport in the intestine by 

galactose. Nakazawa had found in 1922< 214 ) that phlorhizin did not 

affect the absorption of amino-acids, fats, water or salts from the 

intestine but did inhibit glu~ose transport. Other workers have 

confirmed this( 275), a,nd the data reported in Table XVI tend to sup-

port these observations. It is also kno~n that phlorhizin prevents 

the intestinal transport of galactose but not of %Ylose, ribose 

or sorbose(211)(276)(277)(278). 

It is of interest that phosphoglucomutase has been shown 

to be inhibited when galactose-1-phosphate accumulates in the oe11( 279) 

and it is possible that other enZY'Jll9S are similarly affected. There 

is no evidence as yet that ATPase is inhibited by galactose-1-phosphate, 

but this remains a possibility as a mechanism in the inhibition of 

amino-acid transport. Attempts to measure ATPase by this investi­
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gator have been fraught with technical hazards. The large quantity 

of mucus in the gut seems to interfere ;ith the estimation of this 

enzyme, and to date no meaningful results have been obtained after 

months of work. 

Galaotose-1-phosphate was also detectable in the intestine, 

kidneys, brain and liver of galactose-fed animals in large amounts . 

Despite this no inhibition of L-alanine incorporation into brain or 

liver protein could be demonstrated in these animals. If indeed 

galactose-1-phosphate is responsible for the intestinal and renal 

defects in amino-acid transport, one could infer that the specialised 

cells of the sm~ll intestine ii.,.,d renal tubule are more sensitive to 

the effect of galactose-1-phesphate just as they appear to be more 

sensitive to the effects of exogenous poisons . 

It is clear that the study of the effects of the phosphory­

lated intermediates of hexoses on cellular enzymes should be a 

fruitful field for future studies. 
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CHAPTER III 

The Dependence of Amino-acid Transport 
in the Intestine on Environmental Ions. 

Section l - Introduction. 

In recent years there has been considerable interest i.n the 

role of ions in transport phenomena. 

In 1958 Riklis and Quaatel( 2ll) reported that the active 

transport of glucose by isolated surviving guinea-pig intestine was 

markedly affected by the concentration of cations in the medium 

bathing in the gut. In particular, sodium and potassium were shown 

to have marked effects. Ciaky and Thale( 280 )were able to demonstrate 

the same phenomenon in another series of experiments. Bihler nnd 

Crane( 2Bl) eyplored th ff t f · d ti d ~ e e ec so many anions an ca ona, an 

found that the role of sodium in glucose transport in the intestine 

could not be duplicated. In the absence of sodium there was 

inhibition of intestinal glucoso transport. Indeed no other ion 

could be shown to be essential in t~is regard. Studies of sugar 

transpo~·t into strips of hamster intestine have led Crane, Bihler 

and Ha.wkins< 282)( 2B3) to postulate that glucoss enters the mucosal 

cell as a &odiU111-glucose-oarrier complex which then dissociate s inside 

the cell, the sodium being removed j rimediately from the cell interior 

by a sodium pump. They sug, ested that the inhibiting effects of 

cardiac glyco~ides, anoxia, and dinitrocresol are due to a failure 

of the sodium pu..mp, such that although glucose can still enter and 

leave the muoosal cell freely (coupled with sodium and carrier) no 
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uphill a:ra4ient can be eatabl1ahe4. 

While aodiUJD ions have been shown to be neoeeaary- tor the 

intestinal abaorption ot gl.uooae, other ion• also ha.Te some ettect 

on thia prooeaa. Inorea .. in p0taasium ion concentration brings 

about an acceleration of the rate at which 11&Xi11Um velooit7 or active 

tranater ot glucose is obtained. Potassium ions may be etfectivel7 

replaoecl b7 rub141ua but not °bl' calciua ions. Macneaium ions play 

a role 1n intestinal gluooae transport espeoiall7 tor aeouring the 

stimulating action of increased potassium ion ooncentX"ation. 

Calcium (2.6a. efl/L.) and ammoniua ions deorease inteatinal glucose 

tranater< 280). 

Recentl.7 the inteatinal baorption ot aubatanoea other 

than glucose including bile aalta< 284), p7riaidinea< 285) and in­

organic phosphate ions< 286) haw been shown to b aodiua dependent. 

There are tew publiahe4 atudies conoemdnc the role or 

extracellular aodiua on the tranater ot amino-acid.a across cell 

... \ran••• Christensen, R1cga, 7ischer and Palatine(aS7) replaced 

72 and 117•• •t/L ot ao41wa with similar amounte ot choline and noted 

24' and 5~ re4uction in sl7oine aoOWIUlation by zhrlioh aacitea 

tumour cella. Bei1111< 288), etucl71ng glycine transport in similar 

tu.our oella, l'*Auoed the sodium concentration in the extracellular 

tluid to below 90.. eq/L and kept the potaeaium concentration constant. 

Re noted deoreaaed cl7cine intlux into the tumour cells under these 

conditione. Amino-e.oid transport into cell tree euapenaiona ot calf 

t!qmua nuclei ia dependent upon the presence ot aodiwa in the medium( 289) 
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While lithium is partially effective as a sodium substitute in this 

system, neither potassium, calcium or rubidi'..llll can replace sodium in 

any concentra tion. 

Little data is available concerning the role of sodium in 

the intestinal transfer of the four a:wino-a.cid transport groups . 

Rosdnberg, Coleman aud Rosenberg( 290) recently reported 

that in the rat the 1.ntestinal transport of glyoine, L-methionine 

and 1-amino cyclopentine-1-carbo.Jcylic acid was dependent upon sodium, 

vhile that of L-lysine was not . In addition they noted that, while 

the transport of the three amino-acids was inhibited by ouabain, that 

of L-lysine was not . Cohen and Rua11i
29l) showed that tryptophan 

transport was sodiu.m dependent in t.ar.1ster inteotinal sacs, while 

Harrison and m,.rrison( 286) showed a Gimilar phanomenon in the case of 

L-tyrosine. 

Recently Fox, Thier, Rosenberg and Segal( 292) have shown 

that the active transport of glycine and -aoino 1-c14 isobuty:rio 

acid was abolished in rat kiiney cortex slices in a sodium-free mediu,, 

while that of L-histidine was 'JOnsiderabl3 reduced. In contrast the 

transfer of L-lysine was not totally sodiu.~ dependent. T~e transport 

of the latter dibaeic amino-acid by rat kidney cortex slices was 

thought to be mediated by two mechanisms - one sodium and ouabain 

sensitive, and the othe~ insensitive to either ouabain or sodiua. 

This conclusion was based upon the observation that L-lysine transport 

was inAibited by ouabain in Krebs-Ringer bicarbonate buffer but not 

further inhibited by ouabain in sodium-free buffer • 
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Since the active transport of a large number of sub­

stances, mostly nonelectrolyte, is dependent upon the presence of 

sodium, the association is probably a fundamental one( 293). A 

promising approach is suggested by the magnesium dependent (sodium 

and potassium activated) membrane adenosine triphosphatase (ATPase) 

which was first demonstrated by Skou in crab nerva( 294). This 

enzyme has been found in a large number of tissues( 295), and in 

experiments on unfragaented red cell ghosts has been shown to be 

part of a coupled transport 97atem for sodium and potassillll, activated 

inside the cells by sodium and outside by potassium( 296). 

Ouabain, together with other cardiac glycosidea, inhibits 

cationic fluxes at the cell membrane without depressing respiration 

or glycolysis(297)(298)(299) . Itlllst therefore act by means other 

than those bringing about energetic exchanges . It is currently 

thought that ouabain combines with a variety of transport carriers , 

that are only able to act as transfer agents for sodium, potassium 

and other substances, - when they are phospho1"7lated or stabilised 

b7 ATP. It is thought that membrane ATPase is inactivated by 

cardiac glycosides, this A'l'Pase being magnesium dependent and both 

sodium and potassium activated. 

In view of the lack of precise information on the role , 

of sodium in the active intestinal transport of the four amino­

acid transport groups, it was decided to study this phenomenon in 

the hope that the pattern of inhibition of transfer in the absence 

of sodium might be identical or similar to that induced by sugars • 
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It w a thoup:t that, it this ahould prove to be the oa.ae, a common 

factor might be involvecl, an4 that this tacwr might well be in­

hibition ot membrane ATPaae, the •nB71l• activated by aodiua and 

sensitive to ouabain. 

ction 2 - Metboda 

Changes in the ionic oonatituenta ot the media were 

ude b7 aubati tu ting 11'1 an iaoaolar taahion tor the contents ot 

Xrebs-Ringer bioarbonate buffer. Potaaaiua was used in place ot 

sodium in one aeries of expe:rimenta, and Tris replaoe4 sodium in 

another. Lithium replaced eodium in a third. experiaent. Tris 

was useful aa a substitute tor sodium because its rved as a 

butter aa well a a aouroe of cations. Oamotio studies in er:,tb.ro­

cytes have abown tl t Tris does not affect th integrity ot the 

membrane though some intracellular penetration by the un-ionized 

molecule does ocour( lOO). At p}qaiological pH, Tri chloride sol­

ution was 75 - 8~ ionized and served adequately to maintain the 

oamolarity o~ the extraoellular fluid. Substitution tor aodium 

was complete or partial depending upon the experiaental deaisn. 

The method 0£ measuring the uptake or amino-a.oida b7 rat 

into tinal segments was in ev~rr other 1Peapeot iden~ioal to that 

described in Chapter v. All amino-acids were at an initial oonoen­

traiion of 0. 051111 and th• period ot inoubation was 60 minutes in 

all thaae experiments. 

In addition intestinal segments wer incubated as in 
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'l'ABLE XVIII 

Changes in the Eztraoellula.r Pluid Volume 
of Rat Intestinal Segments incubated in 
Media ot var"7ing Ionic Constitution. 

Incubation Jle4ium 
El:traoellular Pluid Volume • 

(Percentage of Total Tissue Water) 

Replaoeaent of Sodiua in 
Krebs-Ringer Bicarbonate 
Butter with Potaaaiua. 

Na +o, x+ 1,48. 9 29 .0 ! 3. 5 ( 5) 

--- -------- -- -- -- - ---------- - ---- ---- .... 
Wa +301 1:+ 118. 9 28. l ! 2. 9 ( 5) __________ ._. ________ .,... ________________ _ 
lfa+6o, JC+ 88. 9 26. 9 ! 3. 3 ( 5) 

leplaoement of Sodium in 
Krebs-Ringer Bicarbonate 
Buffer with Tris 

JJa+ OJ Tris 143 28. 6 ! 2. 0 ( 5) 

-------------------------------- -- --
»a•601 Tris 83 

Replaceaent of So41ua in 
Krebs-Binger Bicarbonate 
Buffer with Lithiua. 

Na+ OJ Lithiwa 143 

27. 8 ! 3.3 ( 5) 

Rat Intestinal Sepenta were incubated as described in Table I. 

• + 
The E. C.11'. ia given ~s the mean - s.D. with the number of 
determinations in parentheses. 

** The concentration of each ion is given in mM/L. 
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TA.BL XX 

'l'h Etfeot on Intestinal Amino-acid Tr aport of B plaoing 
um with Tria in the Inoubation Meti.U11. 

Distribution Ratio• 

Xrebu-Rinpr Xrebe-Ringer hebe-Ringer 
Bioar'bom.te .Bllfter ~er 

Bu.f'~ r + + Wa 143 ~. ?la 6o IIMJ Na O mMJ 
'l'ria O ml. 'l'ria 8 3 ••· Trla 143 mM. 

lr!-Alanimt 6.7 ! 0.4 (5) 2.7 ! 0.3 (3) 1.0 ! o.o (3) 

L-Valine 16.5 ! 3.4 (4) 8.5 ! 1.6 (3) o.; ! o.o (l) 

L-Pheirql- 9.5!2.3(6) 5. 7 ! 1. 7 ( 3) 1 • .) ! .. 0.1 ( )) 
ala.nine 

.Jl7cine 4.4 ! o.8 ( l) 2.0 ! 0.2 {3) 0.9 ! 0.1 (3) 

L-~sin• 12.1 ! 1.6 (8) 8.9 ! 1.7 (J} 4.5 ! 0.2 (3) 

L-Argi- 7.4 ! 2.1 {3) 10.3 ! 1.7 (3) 1.0 ! 0.2 (l) nine 

ft7dl"oq-
3.1 ! l.J (4) 2.7 ! 1.6 (3) 0.5 ! o.o ()} lr-prolina 

'l'he intestinal segments vera incubated a.s deacrib•d in Table II. 

• + The ratios are expressed as aeans - s.D. vith the nwnbe~ of 
detormin~tiona in parentheses. - Initial concentr· ticn ot amino-acid in the inou~ t1on aediua. 

- !'he concentration ot each ion :la given 1n a ./L. 



TABLE XXI 

The Effect of Ouabain o.8mM. on Intestinal Amino-acid Transport. 

Amino-acid 

(o.05mM.•) 

L-Alanine 

L-Valine 

L-Phenylalanine 

Glycine 

L-Lysine 

1-Arginine 

Hydro:xy-L-proline 

Distribution Ratios• 

Krebs-Ringer 
Bicarbonate 

Buffer 

+ 6.7 - 0.4 ( 5) 

+ 16.5 - 3.4 (4) 
+ 9.5 - 2.3 ( 6) 
+ 4.4 - o.8 ( 3) 
+ 12.1 - 1.6 (8) 

+ 7.4 - 2.1 { 3) 
+ 3.1 - 1.3 (4) 

Krebs-Ringer 
Bicarbonate 
Buffer plus 
Ouabain o.8mM. 

+ 2.7 - 1.2 ( 3) 

+ 5.9 - 0.4 ( 3) 

+ 4.5 - o.8 ( 3) 
+ 1.8 - 0.3 ( 3) 
+ 7.9 - 1.7 { 3) 

+ 5.8 - 2.1 { 3) 
+ 2.5 - 0.2 ( 3) 

Intestinal Segments were incubated as described in Table II. 

• Ratios are expressed as means! s.D. with the number of deterainations 
in parentheses • 

.. Initial concentration of amino-acid in the incubation medium. 
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Chapter Vin Krebs-Binger bicarbonate bufrer with the various amino­

acid i otop s added to the medium but in the• experiments ouabain 

was al o in the medium at a oonoentration of o.8mM. 

As before tho pH of the medium before and after incubat­

ion was 7.4 in all instances. 

The extracellular tluid space was again moasurea with 

carboxy--c14-inulin (as described in Chapter V) in the preeenoe of 

the incub ting me41a of va:r;ying composition. 

Section 3 - Results 

The E.C.P. values obtained with CarboJty-C14-1nulin in the 

pre ence or the various incubation media is shown in Table XVIII. 

It can be seen that there was no significant variation in the E.c.r. 
under these conditions. 

The distribution ratios for the various amino-acids, when 

intestinal s sments were incubated in media. of varying ionic 

concentrations, are shown in Tables XIX and xx. Table XXI show 

the distribution ratios obtained when intestinal segments are in­

mibated in Krebs-Ringer bicarbonate butter containing ouabain, (0.811M). 

It can be seen th~t when potassium completely replaced 

sodium in h-ebs-Ringer bicarbonate buffer, all th amino-acids 

teat d showed .grossly diminished inteatinal transportJ in fact 

the distribution r tio in all eases was less than unit7 (Table XIX}. 

This inhibition of intracellular accumulation ot a.mino-.acids was 

vident ven when sodium was only partially replaced by potas ium 

( Table XIX)• In this aeries of experiments an inhibitory action 
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by potassium could not be excluded ( 292). When lithium replaced 

sodium completely in the medium no amino-acid achieved a distri­

bution ratio greater than unity . 

When Tris completely replaced sodium in the incubation 

medium all the amino-acids tested showed marked inhibition in 

intestinal transport, with only L-lysine and L-phenylalanine achieving 

distribution ratios over one {Table XX) . Segments incubated in 

the "all-Tris" medium were immediately reincubated in Krebs-Ringer 

bicarbonate buffer in another series of experiments, and were able 

to accumulate L-alanine to a distribution ratio of 80J' of those 

incubated in Krebs-Ringer bicarbonate buffer without prior incu­

bation in a Tris medium. For this reason it did not seem as though 

the "all-Tris" buffer was toxic to the intestinal cells in any way. 

From these results it is clear that amino-acid transport 

in the gut is sodium dependent, and that there is no correlation 

between this dependency and the inhibition of amino-acid intestinal 

transport by sugars . 

Wh&n one considers the data obtained when sodium is 

partially replaced by Tris, there is some relationship, albeit 

tenuous, between the results of inhibition of amino-acid transport 

b7 sugars and the effects of the partial replacement of sodium in 

the medium. Under these conditions the dibasic amino-acids,which 

are not affected by sugars, are least dependent on sodium, while 

the converse is the case for L-alanine, L-valine and glycine . 

However, the results with L-phenylalanine and hydroxy-L-proline show 
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that even with onl7 parUal replacement of sodium in the medium, 

th• correlation with the etfeots of eugara cannot be aa1ntaine4. 

L-pherqlalanine waa transported scaroel.7 better than va.line under 

these conditions, 1•t the fol'ller was una~eoted b7 sugara and the 

latter inhibited. The intestinal transport of hl'droXJ'-L-prol1ne 

was inhibited by galaotoae (28aM) but this iaino-aoid waa well 

tranaported when eocliua va• pr.sent at a oono•ntration ot 60aM/L. 

Verr aiailar results were obtained with ouabain. 

'!'he Talicll'Q' ot attempting this correlation between 

the inhibition of intestinal amino-acid transport by sugars and 

transport in the partial abaenoe ot aodiua, or after the addition 

ot oua'bain to the aed.iua, 1• verr dubioua, eepeciall7 in view of 

the relativel.7 aaall number ot experiments involved. In drawing 

attention to this poasible p ial correlation I only want to point 

out that this was the beat correlation that could be obtained. from 

the data. In4eecl no definite relationahip -••• to be present 

between the inhibition of aaino-e.oid transport in the intestine by 

sugars and theil' aodiua 4epencleno7 for iranepon. 

Seotion 4 - Conoluaions 

The laclc ot correlation between dependence on sodium for 

intestinal transport, inhibition by ouabain, &Dd the effects ot 

sµgara on intestinal 'lranster ot ud.no-eo1da, doe not support th 

conoept of interterenoe with aeabrane A'l'Paae or &JV' other common 
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taotor, ae bei~ the tund.aaental biooh9Jlical mechanism tor the 

inhibition ot a.m.ino-acid tranaport 1n the intestine by sugars. 

It is also of interest that phlorbiain baa been observed 

to inhibit A!Pa•• and that this substance doe• not interf'ere with 

amino-acid tra.nsport. 

• ••• • 113/ 
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CBAPl'Ell XIII 

'l'he Iaplicationa ot the Studies Repor"84 
in thia Thesis. · 

The work recorded here has con.firmed the ori8inal ~thesis 

that cena.in ~ra would inhibit the inteotinal tra.nsport of some 

aaino-aoids. The moat significant single finding is the demonst­

ration that galaotose and tructcse feeding reeult in detects in 

amino-acid transport in both the renal tubules and the inteatinal -
cell• in rats. 

As discu sed earlier ill this thesis there i very good 

ev14enoe to support the concept that patients with Ha:rtnup cliseaae 

and C7atinuria have both intestinal and renal detect• in amino­

acid tran port. The development ot this !le>noept ha been due 

larpl.7 to the work of Professor Milne and his oolleagues who have 

also shown that an acquired tubular detect in amiJlo-e.oid traneport 

aa ocoura in neo1qoin poiaoning, 11a7 be associated with deoNaaed 

intestinal abaorption of &ld.no-a.oids. It is submitted that the 

ex~rim nt reported here have added to and tu.rther strengthened 

this concept. It ae .. s perteotl.1' reasonable to propose that other 

inherited and aoquired deteots in the tubular transport ot amino­

&oida are ver,- likel~ to be associated with aillil r detects in the 

intestinal cell. This lqpotheaia needs to be tested turthar and 

aa tar as I know no such studies have been carried out a yet. 

ll'or example both acurvy(l67) and sever• r1clteta<166) are 
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uaociated with a •renal" aaim-aoid.u:ria vhioh 41aa.ppeara when 

the appropriate vitamin i• gi"len. I would suggaat that theae 

_patients mi ht also 'aiva a det'ect in inteutiaal uino-a.oid trans­

port ~hich ~oul! 3imilarly prove to be reversed by trea'Ulent with 

the appropriate vi1aa1n. 

Tha importance or deteotiv• inte•tina.l aai?M>-aoid transport 
'· 

in aan remains to bti ca.reful.17 eluoidat~d. Colli3, Levi and. 

Milne(lOl) bz.l.ve ehown that there is a significalltl1 reduced mean 

stature in pe.tientu with Hartnup 41seaae and ~s'tinuria. How­

ever prott.1in malnutrition ia not overti,- present in these patients. 

Petientn yjth ~l ctoauemia and hereditary tructoae intolerance 

in whom 1i is proposed there 118¥ be detective intestinal transport 

of amino-4-.oids whon renal aaino-aoiduria 1a present, do not show 

evidence or protain malnutrition either, but in '\hese cliaeases 

the pestulatad defAct in intestinal aaino-GC14 tranaport would onl.7 

OCCUl.' in reli;.tionshir, to ·%J)Oaure to the offending aupr. Milne 

has rropoaed that in llartwp diaease and c7stinuria the intea­

tinal transport defect ia a partial one and thore ie 8Videnoe to 

support thi cor.tcnticn • 

• ilne auggestad that dis ases such ae Hartnup diseas 

and c7stinur1a, in which there is a dGfect in intestinal a.mino-e.cid 

absorption, vould c:\.use nutritional daticienciee in COllllUDities 

in which thero lrera chronic periods of protoin insufficiency followed 

by tho ingoetion o~ a large quantit7 of protein over a short period 

of time. An ~:r:ample of Euch a oommunit7 would be a primitive 

hunting peop1a~or a society in which children are deprived of 

••••• 115/ 
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protein for moat of their 7oung live s . 

As tar as the interterenoe with amino-acid transport 1 

in tho int stino b;y sugars in man is concern-d, I bav a.Ir ai:ir 
i 

speculated that patients rlth galac;to~ emiu. and. haroditary rr:u4tose 

intoleranoe p babq have 8\lOh a defect wh1:,n expo2ed to the '. . '\ 
' '\ 

of~ending sugar. In addition it shnuld be noted that in recon~ 
' \. 

7ears there ha.a been rettewed interr st in the inter·relf'tionship 

ot variou~ nutrients in the diet of man. and of an1m~ls(30l)(302)(303}(304) . 

It has boen postulated that carbohJ'drate may influence 

protein aetabolism in two waya(JOl)(JOJ). 

l. Dy the ,r~vention of the misuse of dt~tax prot&in 1n the 

meeting o! calorie requirements. This action 1~ ~cared by other 

energy 7ield.ing nutrients like tat ~1d alcohol. 

2. :8-J the regt:lation o:! 1rotein metabolism through the specific 

effect of blood glucoae on the endoorir1c glands. Thi~ eff~ct iu not 

eh&red by the rut. It has been sho:·n tha.t the isooaloric raplacg-

ment of ilotary carboh,ydrate by r,t ha.., led t~ a decri>$l,Se in nitrogen 

balance and Munro h8s ouggosted that ir£sulil'l secretion and activity 

1a of pa:-am~u..--it im.r,ortanoo in thia r~ai..it·i 30J). 

Of groat interest is th& obsl)rvati,,n th<>- t : lgs, fed. 

restricted amounts cf a 4iet of lo~ protein valu3, deTelop path­

ological eha.n&i:H, in thei:- bonos when e.xtra cer·oohj'drata i;; (riven. 

When the carbohydrate is replaced i:socaloric!ll.17 with protein, the 

bones improve< )06)( 312). There is an assoo!G.ted .fall in urea 

nitrogen excretion during tho period of carboby"dra.te intake • 

••••• 116/ 
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Endocrinal changes have been invoked to explain this phenomenon 

but it has recontly been shown that these aninals may have iapaired 

absorption of nitrogen( 3o1) . · 

In 1959 Truswell ( 308) showed thc,1. t the addition of 

carbohyd:ra.t~ to the diet increased the excretion of faecal nitrogen 

The removal of ca rbo~d.rate had the op1,ooi to ef'fact .. 

It seems possible that inhibition of intoatinal amino­

acid tranaport by carbohydrate ingestion mig~t ha.vo pla.7ed a role 

in these phenomena. 

It is of interest that in 1926 Cori( 266 ) first sue.gested 

that ar:iino-~oids and sugars might be mutu~lly inhibitory during 

intestinal abs~rption. qa noted mutual inhibition in the ab-

sorption of mixtures of glucose and glycine given to rats by stomach 

tube . Thesa obs-rvations were not ta.ken further at the tice. 

The work recorded in this thesis indeed shows tl~t amino-acid 

intestinal absorption is inhibited b~ certain sugars, al~hough 

the reverse does not appear to be the case. 

Pla.tt, Heard and Stewart{.302)have stated that uan 

insutticienc7 of dieta17 protein is a factor in the production of 

all :forms of protein - calorie def'icienc;y, bu·t it is the addition 

of carbohydrate to the diet of the protein deficient animal 

that is the determining factor in the production of the acute 

It should also be noted t hat Coles and Macdonald 

I 

have claimed that the serum protein level is, lowered in man by a. 

high carbobyd.J,ate intake(3l3) . 
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- 117 -

Kwashiorkor has been ahoun to be due to a. protein 

deficiency in the wcar.ing chili 3c9). It is th0u ht that this 

is the result of an inadequate intake of iietary protein. It is con-

ceivable that the high carbob¥drat di~t eatan by theoe children 

further limits the amino-acids available to the~ by interfering 

with their absorpticn in the intestine. While this would 

probably be of no impo:rtance in tho presence of a high protein 

diet, this additional interference w:th amino-acid ~bsorption could 

play a significant role , in children whose diet is vory poor in 

protein. 

~ino-aciduria has been shown ~o occur ink ashiorkor. 

There is conflicting data as to whether thi:3 ics due to raised plasma 

amir.o-acid levels 0r renal tubular dysfunction()l0)( 3o5). !f the 

amino-aeid.u:::.•ia is on the basis of an acquired enzyme dafioiency, this 

defect in transport could be shared by the intestine, providing a 

second possible mechanism for iapaired amino-acid absorption. It 

ia also possible that the defect in amino- cid trannport in kwashior­

kor may be due to pyridoxine deficiency, which vitamin plays an 

import nt role 1n the transfer of amino-acid» acroso cell membranes< 7o) . 

Tae importance of recognising the effect of sug~rs on 

amino-acid transport has oth,r implications too. llfa.ey biological 

phenomena are studied in vitro in media containing suge.ra, and it 

i~ clear that these sugars can themselveo influence some metabolic 

event&. 

A striking example of the misinterpretation of experimental 
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results as a consequence of ignoring the role of sugars in in vivo 

experillents ie offered by the claim that aaleic acid produces 

en amino-aciduria(l57). It has now been shown that the defect 

in the transport of amino-acids in the ren&J. tubule produoed in 

those experiments, 1-~aa due in pa.rt to le.otose in the diet( 3ll) . 

It is to be hoped th~t further work in the field of 

linked intestinal and renal amino-acid t1·ansport defects may help 

to thl'.'o1' light on the little understood • nd v ry complex processes 

involv&d in the transport of substances across cell membran••• 



SUJOIARY. 

The mode of absorption of wnino-acid~ in the intestine, 

and the oevelopmer1t of' tho concept of "linksd" renal and intestinal 

defects in amino oid tra.nSJ.)ort, have been reviewed. 

In view of the tact that ":z:enaln amino-&oiduri'a was known 

to occur in galactosa~mia, and in hereditary fructose intolerance, 

swell as in some states associatsd with gly-oosuria, an hypothesis 

was developed that these sugars might inhibit the intestinal ·trans­

port of some amino-acids. The work testing this hTJ>othesis, and 

finding it to be essen'tially- a. correct one, has been recorded in this 

thesis. 

In the presence of galactose inhibition of the transport 

of neutral amino-a.oida (alanine, valine and gly-cine) and ot b7droX7-

proline was noted. Studies on slices from ea,lactose- fed rats were 

similar excopt thc1't bydro:x;,-proline transport t~as not impaired. In 

the presence of fructose, ala.nine and glycine transpo~t was inhibited, 

but in the slices from fruotooe-fed animals cnly a.la.nine transport 

was deprossed. OJ.ucoso inhibit&d the intestine transport of 

alanina, valina and glycine in vitro under certain ctrcumstanoes, 

but no ierect in the intestinal transport o~ amino-acids could be 

demonstrated in glucose-fed animals. Fructose-fed, like galactose-

fed rats develop an amino-aciduria. One glucose- fed rat had glycinuria. 

It is clear that both galactose-.fed am :fructose-fed rats 

develop detects o.f amino-acid transport in both the intestine and the 

renal tubules . 

\ 
\ 



Xinetic studies revealed that the inhibition of al nine transport b7 

gs.lactose 11a.s non.oompeti tive. 

A defect in tha transport of dibasic amino-acids or 

phenylalanine could not ba demonstrated. 

ATP levels w~r• measured in intestinal slice3 incubated in 

the presence of sugars, ·,.nd in the inteetinal alicea of :rats f'ed 

galactose or fructose. No direct quantitative relationchip was 

found between changes in intestinal ATP lavels and alt~rations in 

amino cid transport. 

Oalacto&e-1-phosphate accumulated in the intestinal 

slices incubated in the presence of galactose, and v.aa also present 

in tha intestine of galactose-ted rats. The poesiblc role of the 

accumulation of thia metabolite in the inhibition of amino-acid trane­

port b7 galactoee remains to be determined. 

There was no relationship bet · ,en the ir.lhibition of 

amino-acid transport by a'Ugara, and tho dependence on sodium of' 

amino-acids for transfer across the intestinal cells. 

The i111plica ti.ons of' these findings have been discussed.. 

It has been suggested that in galactosaemia and in hereditary fructose 

intolerance a derect in intestinal transport or certain amino-acids 

llight occur. Tho possible role of carbohydrates in protein depletion 

in aan ha.a also bean raviewed. 
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