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ABSTRACT 

Ph.D. 

This thesis examines membrane transport phenomena in 

marruualian kidney. The first part of the th~sis describes 

studies in sarcosinemia, an inborn error of amino acid meta-

bolism. Genotypes and phenotypes \'lere delineated in vivo by 

exposure to sarcosine excess~ A defect in sarcosine oxida-

tion was revealed in the homozygote and the heterozygote. 

Renal tubular transport of sarcosine remains intact in the 

blocked catabolic mutant phenotype. In vitro studies 

revealed that sarcosine is transported by several systems 

normal.ly utilized by the imino acids and glycine,. 

'Ihe remainder examines, a classic genetic disease, 

X-linked hypophosphatemia. Hyperphosphaturia and hypophos ... 

phatemia, the principle discriminants of the mutant geno­

type, are the result of a primary defect in tubùlar transport 

of phosphate. The defect is not parathyroid hormone dependent. 

The mutant phenotype reveals at leas~,two components of phos­

phate transport in human kidney. One is PTH sensitive and 

under the control of an X-linked gene; the other is in­

sensitive to PTH, but can'be modulated by calcium ion. Nephro­

genous 3' ,5' cyclic-AMP production is normal in X-linked hypo­

phosphatemia. Long-term supplementation' with larqe amounts 

of phosphate in the diet and modest supplement~ of vitamin D 

effectively neutralize t~e secondary phenotypic manifestations' 

of the X-linked mutation. 
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RESUHE 

Ph. D. 

Cette th5sc ~raite de certains aspects du transport 1 

travers la membrane ccillulaire dans le rein des mammifares. 

La prcmi~re pnrt~e concerne la sarcosinémie, une ,erreur innée 

du métabolisme des acides aminés. Les génotype et phénotype 

ont été déterminés par des tests de 'surcharge en sarcosine. 

Une d~ficience de l'oxydation de la sarcosine a été mise en 

évidenie chez les sujets homozygotes et ~étérozygotes. Le 

transport rênal ~e la sarcosine n'est pas affecté par 'le 

bloc catabolique chez le sujet homozyg6te. Les €tudes ·in 

vitro ont dimontré que la sarcosine est transportée par les 

différents systames normalement utilisés par les acides iminis 

et la g 1y c).11.e._ 

La deuxi~me. partie trRite d'une maladie génétique classique, 

l'hypophosphat6mie liée au chromosome X. t'hyperphosphaturie 

avec hypophosphatémie,' qu{ est le caractare discriminant du 

g~notype ruutnnt~ est le résultat d'un défaut primaire du trans-

~OEt tubulalre du phosphore. Cette d~ficience est indépendante 

de la parathormone. Le ph€notype mutant a permis d~ séparer 

au moins deux composantes du transport du phosphore dans'le 

rein de l'homme. L'une est sensible i la parathormone et 

est contrôlée par un gène lié à l'X; l'autre est insen-

sible l la parathormone mais est inf1uencis par l'ion calcium. 

L'AMP cyclique n6phrogéni~ue est normalement produite dans la 

mutation Etudiée. Une importante surcharge dh pho~phore com-

b i nêe à un modes te ,appor t en vi ta.mine D neu tr.a1is e ef ficacemen t 

,les manifestations ph2notypiques secondaires de la mutation 

1i6e au chromosome X. 
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PREFACE 

This thesis is submitted according to the newly-

accepted regulations for thesis style which have been 

authorized by the Graduate Training Committee of the 

Biology Department at McGill. The main body of the 

thesis is written in a forro suitable for publication. 

The section dealing with the metabolism and transport 

of sarcosine, the autosomal recessive trait in man 

known as "sarcosinemia",is published in "The Journal of 

Clinical Investigation". Two sections on phosphate 

transport by human kidney in X-linked hypophosphatemia 

appear in "Science". The last section of the thesis 

considers the application of knowledge about phosphate 

transport to the neutralization of the mutant allele in 

X-linked hypophosphatemic rickets, and has been submitted 

to "The New England Journal of Medicine" (March l, 1972). 

Appendices have been placed in the text to give 

more details on procedures used and to present complementary 

data not published elsewhere. 

The mother tongue of the candidate is French. However, since 

the published and submitted papers included in this thesis 

are written in English, the latter has been used for the 

whole presentation. 
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INTRODUCTION 

The concept of the "inborn error of metabolism" was 

introduced by Garrod early in this century in his now famous 

Croonian Lectures(l). From his observations on.alcaptonuria, 

albinism, cystinuria and pentosuria,Garrod developed the 

concept that certain diseases of lifelong duration arise 

because an enzyme governing a single metabolic step is 

reduced in activity or missing altogether, the enzyme defi-

ciency resulting from the phenotypic effect of a particular 

mutant gene. An important implication of the idea is that 

the normal aIle le of this gene must in sorne way be necessary 

for the formation of the enzyme in the normal organisme 

This was the first clue to the now weIl established ge~eral­

ization that genes exert their effects in the organism by 

directing the synthesis of enzymes and other proteins. The 

number of conditions which can be explained in these general 

terms is steadily increasing year after year and constitutes 

an important chapter of the human. biochemical genetics(2). 

Two main groups of disorders form the inborn errors of 

metabolism. In the first one the mutation affects quanti­

tatively or qualitatively a specific enzyme(3) and leads to 

the accumulation or the lack of a specific metabolite. The 

metabolic disturbances and clinical abnormalities which 

result vary widely from effectively lethal in early life 

(e.g. maple syrup urine disease) to apparently harmless 

conditions (e.g. sarcosinemia). The other group is consti­

tuted by the inborn errors of transport (4,5) • Since the 

first demonstration by Nageli in 184.4 (6) that a semi-
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permeable diffusion barrier divides the interior of the 

cell from the exterior, the investigation of the transfer 

process of solutes through that barrier, the plasma mem-

brane, was investigated more and more extensively. Several 

membrane transport systems have been defined with variable 

properties(7-8). They involve specific transport or carrier 

systems to carry certain ,:types; .. of melec\:lles across the mem-

brane. Sorne systems function merely as permeases (or "here. 

to there" ases) which allow solutes to cross the membrane in 

either direction but always in the direction of decreasing 

concentration; this process is called mediated diffusion. 

However other important membrane tra~sport systems can bring 

about active transport that is, in the direction of increasing 

concentration. 

The transport process seems to involve particular 

"carrier" proteins(9) which are essentially analogous to 

the enzymes implicated in the more classical forms of inborn 

errors of metabolism. The nature of this active transport 

and the charaeteristics of the "carriers" have been inves­

tigated(lO) by means of chemical, kinetic.and genetic probes. 

Evidence has been established for the ability of the transport 

site to recognize chemical and molecular specificity. The 

specificity is also expressed in relation to the concentration 

of the solute. This. is particularly clear for amino acid 

transport for whom five "common" or group specific sites have 

been described that operate at substrate concentrations which 

exceed the usual physiological range(4). There is also a 

mode of amino acid transport utilized at physiological concen-



( -

f " 

II. - 3. 

trations of the substrates and characterized by its high 

affinity and low capacity. Both types of transport are 

saturable, energy dependent but the y exhibit different 

kinetic characteristics. Furthermore a number of gene­

tically determined and quite specifie defects of some of 

these transport systems have been identified. 

The present thesis has been undertaken to investigate 

different aspects of the biological transport across cell 

membranes. The first part deals with a classicalexarnple 

of inborn error of metabolism~ hypersarcosinemia. The 

nature of the defect and its phenotypic expression have 

been identified in the proband and his parents. Moreover 

the block in the catabolic mutant tends to isolate the 

transport event and gives the sarne conditions as if a 

metabolically inert compound like ~-arninoisobutyric acid 

was used to study transport. To our knowledge, this type 

of approach has received only limited attention in man, 

apparently having been studied only in the phenylketonuric(12) 

and hyperprolinemic subject(ll). The particular interaction 

of sarcosine with the system for transport of imino acids a~d 

glycine (13) in vivo was further investigated in vitro using 

the rat kidney as a modele Another group of experiments 

was designed to look at the distribution of the sarcosine 

dehydrogenase activity (the supposedly deficient enzyme in 

sarcosinemia). The absence of activity in cultured human 

fibroblasts and fresh leucocytes eliminated these tissues 

for further investigation of mutant phenotypes. 
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In the second part of this thesis, attention has been 

focussed on the X-linked hypophosphatemic trait. This 

classical condition' ',first described more th an thir,ty years 

ago is still in search of a pathogenetic explanation. There 

is a 'defect of phosphate transport in the kidney present in 

all mutant individuals at a variable degree, the male patient 

being moreaffected than the female. There has been a long 

controversy on the nature of th~ phosphate leak(l4). Is it 

a primary event or is it secondary to hyperparathyroidism 

caused by a disturbance of calcium and vitamin D metabolism? 

The question has been answered in the first part of our work 

where it is demonstrated that the phosphate transport defect 

is independent of the level of parathyroid hormone activity. 

The characteristics of the tubular phosphate reabsorption 

werethen studied in hemizygotes and heterozygotes for the 

X-linked trait by means of infusion techniques. The results 

of these studies apparently allow one to classify X-linked 

hypophosphatemia as an inborn error of phosphate transport. 

The relevance of this work for the treatment of the disease 

is stressed in the last section of the thesis. The results 

obtained with aggressive phosphate supplementation to neutral­

ize thelmutant phenotype indicate the value of these studies. 
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MATE RIALS AND METHODS 

1. Metabo1ism and transport of sarcosine. 

Materia1 and methods for the in vivo and in vitro studies 

are described in the reprint presented in Section IV and 

are not repeated here. 

2. Transport of phosphate in human kidney. 

A. The estimation of the tubu1ar maximal reabsorption rate 

for phosphate (TroP). 

The infusion procedure pub1ished by Anderson and Parsons 

(Clin. Sci. 25, 431, 1963) was modified and the 

fo11owing protoco1 was used: 

Conditions: 

i. When the patient was on a high phosphate regimen 

the phosphate supp1ementation was stopped for at 1east 

12 hours before starting the infusion. This interva1 

was sufficient te a110w the serum phosphorus concen-

tration to fa11 to the usua1 endogenous leve1 in plasma 

in X-1inked hypophosphatemia. 

ii. There is a diurnal rhythm of phosphate excretion. 

The tests were a11 performed at the same time of the 

day between 8:00 A.M. and noon when spontaneous 

phosphate excretion is lowest. 

iii. Patients were fasting. C1ear f1uids by mouth 

were offered in order to obtain a urine f10w rate 

above 5 ml/min. 

Technique: 

i. Solutions: 

a. The phosphate solution comprises Na2HP04 
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(10.07 gm-) and NaH2P04.H20 (2.66 gm) diluted in one 

liter of distilledwater. The solution was then 

filtered under vacuum through a VF sintered glass 

filter and autoclaved or filtered through a Millipore 

filter (0.22 micron pore size). The solution for 

infusion contains 2.8 mg of Pi/ml, at pH 7.35 with 

osmolarity 280 mOsm. 

b. Calcium gluconate (10% W/V in water) from 

Sterilab Corp. Ltd was used for infusion. 

c. Inulin 10% in 0.5% sodium chloride was obtained 

from Warner-Chilcott 1aboratories. 

iL. Calculations of the infusion rates: 

a. Phosphate solution: 

(-: The prime infusion ("Fil) is given at the rate of 

0·.5 mg pi/min/Kg of body weight. Plasma Pi is raised 

by~3 mg% in 20 mins. by this method. The sustain 

infusion ("S") is administered at 0.15 - 0.2 mg 

Pi/min/Kg (about 1/3 of the "prime" rate) in order to 

maintain the plasma Pi concentration achieved with the 

prime infusion. 

b. Inulin infusion: 

The primary dose (10% solution) given at time zero 

is 0.4 ml/Kg. The sustaining dose (10% solution) is 

0.33 ml/min/m2 of body surface area. 

c. Calcium infusion: 

The prime dose of 4 mg Ca++/Kg is given over a 

10 - 15 min. periode A very slow sustained infusion is 

maintained during the last part of the test. The rate 
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is about 0.05 to 0.9 mg Ca++/min/Kg of the 10% Ca 

gluco_ate solution, depending of the level of blood 

calcium before the start of the calcium infusion. 

d. Mixture of phosphate and inulin solutions: 

The rate of phosphate infusion must be modified 3 times, 

but the rate of ~he-inulin infusion must be constant. 

Therefore the concentration of inulin must be adapted 

to the infusion rate required for "prime" and "sustain" 

phosphate solutions. 

Volumes of solution are prepared about 20% in excess 

of the calculated requirement. This allows filling 

of the connection tubes and unpredicted modification 

of the time schedule. 

Example: . For a subject 48 Kgs and 1.43 m2 SA 

Solution "F" (priming solution) comprises: 

a) phosphate: 24 mg/min 

8.6 ml/min (of a solution containing 

2.8 mg Pi/ml). 

For the two "F" periods, the total volume is: 

8.6 x 40 mins = 344 ml. 

b) inulin required: 0.3 x 1.43 = 0.43 ml/min and for 

40 mins: 17.2 ml of 10% inuline The total volume (a + b) 

is therefore 361.2 ml which for 40 mins requires an 

infusion rate of 9 ml/min. 

Solution "s" (sustaining infusion) comprises: 

al-phosphate: to d~liver 8 mg Pi/min, the rate iSI 

2.8 ml/min and the volume for 105 mins (Periods "S" 

on the protocol sheet) is 294 ml. 
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b) inulin: 105 x 0.43 = 45.15 ml. The total volume 

is 339.15 ml and the infusion rate: 3.23 ml/min. 

e. Pumps: 

Two Harvard pumps Model 906 were used. This 

single-barreled model has a speed control device which 

allows each gearbox speed to be adjusted to 5 - 110% 

of the preset" rate. One pump is used for the phosphate­

inulin mixture, the other for the calcium infusion. 

50 cc glass syringes are filled under sterile conditions 

from the stock F and S solutions and exchanged on the 

pump, by means of Y connections. 

iii. Infusion protocol: 

The subject awoke around 6:00 A.M., emptied the 

bladder and started a 2-3 hour urine collection until 

the beginning of the infusion. A blood sample is drawn 

prior to the injection of the prime inulin dose for 

estimating fasting phosphate and calcium concentrations, 

and inulin blanks. 

Fig. III-i depicts the protocol used during the test. 

The patient was studied supine but without a bladder 

catheter when urine flow rates exceeded 5 ml/min. 

Voiding was d~ne standing. Infusions were performed 

in arm vein (phosphate) and leg vein (calcium). Blood 

was withdrawn from the second arm without tourniquet 

via: an "indwelling * 21 "butterfly" scalp vein needle. 

Blood samples are obtained at the end of the two periods 

of fast infusion and in the middle of the urine collec­

tion periods to determine the calcium and phosphorus 
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concentrations in plasma. The samp1es were ana1yzed 

within 15 minutes with a Technicon Auto-Ana1yzer and 

it was possible to adjust the i~fusion rates if 

necessary, and avoid pro1onged hypo or hyper-ca1cemic 

episodes. 

B100d samp1es for PTH determination were drawn 

before and after both the phosphate and the calcium 

infusions (see protoco1). Fig. 1II-2 shows the 

phosphate,ca1cium and inu1in concentrations achieved 

during a typica1 experiment. 

B. The response to parathyroid hormone (PTH) intravenous 

infusion. 

Purified bovine PTH (urea-TCA extract) was obtained in . .' 
powder form, from Dr. Claude Arnaud. The specific 

activity of the extract is about 350 units/mg. Adu1ts 

received 400 un;!.ts and chi1dren 200 units. The powder 

is di1uted in 5 ml of acetic acid 0.01 M and fi1tered 

immediate1y through a 0.22 micron Mi11ipore fi1ter. 

It is then di1uted in an equa1 volume of 0.9% sodium 

ch10ride and injected intravenous1y over a 6-7 minute 

'period within one hour of preparation. 

The test is performed in the morning in the fasted 

state and after ingestion of sufficient c1ear f1uids to 

ensure urine f10w rates exceeding 5 ml/min. Three 

consecutive 30-minute urine collections were obtained 

for the control periods. At the beginning of the 4th 

period, the PTH was infused into an arm vein and three 

30-minute urine collections were performed subsequent1y. 
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Blood samples are drawn at midpoint during each 

period for estimating calcium,phosphorus and creatinine 

concentrations. An indwelling needle was employed to 

avoid the effects of venipuncture on glomerular 

filtration rate. The subject was supine during the 

study except when voiding. 

Two aliquots were kept after measuring the total 

volume of urine in each collection periode One was 

rapidly acidified and frozen until determination of 

phosphate,calcium and creatinine concentrations. The 

other was rapidly frozen without acidification until 

the determination of adenosine 3',5'-monophosphate 

content. 

c. Analytical methods: 

The methods are cited in the relevant publication. 
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TRANSPORT AND METABOLISM OF SARCOSINE IN 

HYPERSARCOSINEMIC AND NORMAL PHENOTYPES 

IV. - 1. 

This study was undertaken as a classical exercise in 

human biochemical genetics. The clinical part of the work 

was designed to investigate the pedigree in which the 

blocked catabolic mutant had been discovered incidentally. 

The delineation of the phenotype in the homozygote and the 

presumed obligate heterozygotes for the hypersarcosinemic 

trait was studied by means of loading tests. The changes 

in blood concentration of the metabolites involved in the 

"one carbon cycle" allowed good discrimination of mutant 

homozygote, heterozygote and homozygous normal phenotypes. 

The mutant phenotype also provided an apportunity to 

study the renal tubular transport of sarcosine in the 

presence of a block in sarcosine catabolism. The particular 

response of glyc~ne and proline excretion after sarcosine 

loading tests' leà . to the hypothesis that interaction of 

sarcosine occurred with the weIl studied transport systems 

for imino acids and glycin~. The hypothesis has been tested 

in vitro and the characteristics of sarcosine transport in 

kidney were delineated. The presumed mode of sarcosine trans­

port across kidney cellular membranes is summarized in 

Fig. 'IV-1. 

This study gave the opportunity to investigate a specific 

problem in biochemical genetics in depth, using a wide variety 

of approaches. The hypersarcosinemic trait can now be clas­

sified with reasonable confidence as a classical inborn error 
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of metabolism. The study of sarcosine transport provided a 

useful introduction for the formaI investigation of inborn 

error of transports (viz. Part V) • 

The results of the sarcosine studies are given in the 

accompanying publication (J. Clin. Invest. ~, 2313, 1971). 
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FIGURE IV - 1 

The transport sites identified (see ref. in the JeI 

paper) for the renal tubular transport of iminoacids and 

glycine are represented. The largest square (IG) corres­

ponds to the high capacity-low affinity site common to 

the group. The two smaller squares identify the low 

capacity high affinity sites for iminoacids (P) and 

glycine (G) respectively. Sarcosine seems to parasitize 

mainly the low affinity system (IG). The arrows in the 

lower part of the graph indicate the exchange pro cess 

proposed to account for the improvement of glycine reab­

sorption observed during loading studies in the proband. 
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'Reprinted,from·THE JO~RNAL OF CLlNICAL INVESTIGATION, Vol. 50, No. 11, November 1971 
Prlnted ln U. S. A. 

Transport arid Metabolism of Sarcosine in 

,Hypersàrcosinemic and Nomial Phenotypes 
.. ' 

'. . ' ' 

, FRANCIS H. ,GLORIEUX' CHARLES R. SCRlVER, EDGARD DELVIN, and 
FAZLMoHYUDDIN ,",. . '.'-

From the deBeUeLaboratoryfor Biochemical Genetics, McGiU University­
MontrealChildrén'sHospital ResearchInstitufe, Montreal 108, Quebec, Canada 

'!, '. 

AB 5 TRAC ,T" An adolescent male proband with byper- tems for L-proline and glycine to a minor extent and a 
sarcosinemia was discovered incidentally in a French-' high K;'" system shared by these substances for the ma­
Cariadianfamily,i • no' specific' disease wasassociated jor uptake at' concentrations encountered in hypersar­
with the ,tr~it.;The. hYp'ersarc~siÎl~ia' is .not diminished, 'cosinemia. Intracellular sarcosine at high' concentration 

. by dietary ÎOlic.àciaeven)n,phammcologic doses (30 will exchange 'with glycine on one ofthese systems, 
mg/day) • The nornial absence .of :'sàrcosinedehydrogen~ whiçh, may, explain a paradoxical improvement in renal 
a~ein' eultUred, human. skin' fibroblasts and' in leukacytes, transp\lrt' of glycine, after 'sarcosine loading in the 
,was, confinri~d,'th1l,s',eliminàtirig .'these 'tissue~ 'as ilsefùl hypersarcosinemic proband. ' 
sources forfürther irivestiga~iônof mutant sarcosineniic 
phenotypesl!l1d', g~otypes. ' 

Theresp~nse' iri, plasmaof.sarcosine and glycine, after 
sarcosine loading;, distiriguishé~ tl1e' tiornial' sûbject ftom 
the' subjects who werepresumably homozygous and 
heterozygousforthe hypersai'cosiileniia allele. Sarcosine 
clearance fromplasma was.~elayed greatly (tl, 6.1 hr) 
in the présumedhomozygote and slightly (tl, 2.2 hr) in 
the presumed hèterozygote, white plas\tla glycine re­
mained constant in the former ànd rose in the latter. 
Normal subjeèts' clear sarcosine from plasma rapi~ly 
(tl, 1.6 hr) white their plasma glycine trend is doWn­
ward. The phenotypic responses suggest tbat hyper­
~arcosinemia is an autosomal ,recessive trait in this 
pedigree. . 

Renal tubulat transport of sarcosine wasnormal in 
the proband even though. he 'presumably lacked the sar-. 
cosine oxidation whi'ch should normally occur in kidney. 
SarCOlline catabolism is thus not important for its owri 
renal uptake. ' . ~ 

Sarcosine interacts, with proline and glycine during 
its absorption in vivo. Studies, in vitro in rat kidney' 
showed that sarcosine transport is mediated, saturable, 
and energy dependent. Sàrcosine bas, no apparent trans­
port system of its own j it uses the low Km transport ,sys-

This work was presentea in part at the Society for Pedi" 
atric Resellrch, Atlantic City, N. J., 2 May 1970 (1). 

Received for publication 16 Febrllary 1971 and in revised 
for", 12 April 1971. 

INTRODUCTION 

H~ersarcosinemia, with sarcosinuria wa.s· first reported 
in 19~5by Gerri!sen and Waisman (2), and subsequently, 
by Hagge, Brodehl; and Gellissen (3) and Scott, Clark, 
Teng, and Swedberg (4). Only four patients are, repre­
sented by these reports, but man)' additional patients have 
since bèen.reported to Gerritsen.1 We' wish to describe 
the results, of our investigation of another subject with 
sarcosinemia (1), in whOn1 there is no apparent diseas,e 
associated with the biochemical disorder, thus affirming 
the now prevailing impression 1 that sarco~inemia is a 
"nondiseàse." We found no expression of the presumed 
block at sarccisine dehydrogenase (sarcosine :0. oxido­
reductase EC 1.5.3.1) in fibroblasts or leukocytes from 
our patient, slnce' this enzyme is not active in, these 
tissues normally. Since tetrahydrpfolate is apparently in­
volved in the transfer of the formaldehyde group from 
sarcosine (5), we also evaluated the patient's response 
to treatment with folic acid in vivo i the trait was not 
folate responsive in this pedigree. A ,partial impairment 
of sarcosine clearance from plasma was demonstrated in 
the presumed.heterozygotes for this trait, indicating that 
the inheritance of saréosinemia in 'man is probably 
autosomal recessive. ' 
, Hereditary hypersarcosinemia provides a valuable op­
portunity to study the renal transport of sarcosine, since 

1 Gerritsen, T., 1970. Persona! communication. 
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oxidation of this a~ino acid, which occurs normally in 
mammalian kidney will not contribute to measurements of 
its renal uptake in vivo in the patient with hypersarcosi­
nemia. We were able to evaluate the characteristics of 
sarcosine transport both in vivo in the proband and in 
vitro by using rat kidney cortex slices. Althottgh sar­
cosine appears to have no membrane 'transport system of 
its own, it readily enters renaltissue on the membrane 
systems used by imino a«ids and glycine (6). 

METHODS 

SlI,dics i/l vivo. Endogenous ·renal Clearance rates and 
. net tubular r~absorption rates of sarcosine and other amino 
acids were evaluated by the ,methods describedpreviously , 
(7,8)., .' 

Loading tests were performed with sarcosine (free base, 
100 mg/kg body wt) taken as a solution in apple juice at 
9 a.m~ after an oyernight fast. Heparinized venous blood 
was ârawn from the antecubital vein just' before the load' 
(0 hr) and at 1; 2,3, 4, and 5 hr after the load. Plasma 
was deproteinized immediately with sulfosalycylicacid' (3% 
w/v;,plasma.: acid, 1: 5);,Timed'urine coll,ections weremade 
before,and during.thesarcosine load.' '. 

Amino ~Ci~s were measured' by elution chromatographY' 
on ion e~Cha:ngeresins according to the methods <if Spack­
man, Stem, and Moore (9) using a Beckman-Spinco :model 
120 analyzer, modified for rapid multiple, analyses (10). 

substrate, by the isotope method of Rehberg and. Gerritsen 
(13). Pyruvate dehydrogenase was used as a control as­
say (14) for çell viability in these studies. 

Cllemicals; Sareosine-1-"C (SA 2 mCijmmole) and sar­
eosine-" CH. (SA 3.5 tilCijmmole) were purchased from 
New England Nuclear Corp., Boston, Mass. Their radio­
ehemieal purity was contirmed by partition Chromatography 
and high voltage electrophoresis in several systems. Un­

,labeled amino acids were obtained from Mann ResearCh 
Labs. Inc., . New York. The scintillation .mixture for iso­
tope counting eontained 4.0 g 2,5-diphenyloxazole (PPO) 
and 0.1 g 1;4-bis[2-(5-phenyloxazolyl)]benzene(POPOP) 
in 1 liter of' toluene j bath' sCintillants were obtciined from 
the Packard Instrument Co., lnc., Downers Grove, Ill. 

Counting was performed in a Unilux II Nuc1ear-Chicago 
liquidscintillation eounter, (Nuclear-Chicago Corp., Des 
Plaines, Ill.), operating at 40% efficiency; . 
.. Calcll/ati,oiis. The haH-life for sarcosine disappearance 
from plasma was ca1culated by plotti:Jg the plasma response . 
on· log scale against time ,(arithmetic seale) and fitting the 
best sttaight line tothe points by the minimum root mean 
square method; half-time for disappearance was obtained 
directly, from the slope. ., ' 

Data, for distribution ratios in transport studies indieate 
,an isotope distribution ratio . (counts per minute. per unit 
time • pei' milliliter.· intràeellular fluid: counts per minute per . 
tili11iliter ofinitialincùbation medium) unless stated other­
wise .. Net uptakè velocity. was corrected for the nonsaturable 
component ~y ,the method of Akedo and Christensen (15). 
The steady~state conditions used. in our studies allow satis­
factory estirilates of the Miehaelis . constant for uptake of 
an' amino acid (16), and under these conditions biphasic 
uptake kineties were observed when the uptake velocity of 
sarcosine, .was examined in, relation to its concentration in 
the medium. Assuming. that the observedsarcosine uptake 
was' the sum 'of one o~ more components, then: 

(1) 

Studies in vitro: tra/lsport. Female Long-Evans 'rats 
weighing about. 160 g, were killed by decapitation. 'Fo: 
studies of sarcosine transport, the kidneys were removed 
immediately, and cortex slices were prepared and incubated ' 
in ~ris-electrolyte-glucosè buffer (6). The meastirements 
of, amino 'acid uptake and deterininations of sarcosine me­
tabolism ,and oxidation Iwere carried . out by methods de­
scribedpreviously (6). ' . " 

Tis.nié cultflre stud.ièS.' Skin fibroblasts from' normal sub­
j~ctswere ':subcultured according to the method of Hay­
fltck (11). About 5 X'10' cells were incubatedin a Warburg 
flask.in isotonic medium, pH' 7.3, containing cold and l'C_ 
hibeled sarcosine final concentration 0.5 mM. Induction of 
sar~<?sinè d~hydrogenasewas tested.by cu1turing cells for 18 
hr ln the presence of sarcosirie (1 mM and 10 mM). Intact 
and sonicated cells were used in ail experiments to deter­
mine whether uptake limited their eapacity for sarcosine . 
oxidation. . . 

u observed = u, + ,Ut ••• + Un. 

V m~. and K ... for each component Can then be determined 
by solving: , 

u = VII1&.l,[S] + VIIlU.(S] + VUlUn[S] (2) 
, Km, + S Km. + S Km. + S' 

A revised computer method (17), adapted from our 
earlier work (6, 18), was used to solve this equation. 

Leükocyte studies.· Mixed' leukocytes were isolated from 
venous bload by the method of Zucker and Cassen (12). 
The recovery of mixed leukocytes is 60-70% by this method. 
Cells were sonicated (22 kc/sec for 3-5 sec at O·C) and 
incubated for . .45 min as described for fibroblasts. 

Homogenat(!s. Rat tissues werehomogenized in 0.25 M 
sucrose' with a Potter-Elvejhem hoinogenizer. The centri­
fuged homogenate (0.1 ml) was then resuspended and incu­
bated .for 60 ',min in Warburg flasks containing Trisbuffer 
and substrate. 

Sarcosill!! dehydrogenaseactivity alld sarcosillc oxidatioll. 
Oxidation was measured with unlabeled sarcosine (1 mM) 
and sarcosine~l-uC (0.1 mM); l'COa was collected on tilter 
paper (2 cm square. soaked with saturated KOH (50 ,d). 
The papers were dned under vacuum and counted in scin­
tillation fluid. The efficlenc», of COI collecting by this 
method was 57.7 ±4.9%. Sarcosine dehydrogenase was as­
sayed specifically using methyl-"'C-Iabeled sarcosine as 

RESULl'S 

Theproband 
L. V. was born 8 August 1959, th~ fifth son of non­

eonsanguinous French-Canadian parents. He developed 
normally to. the age of 13 months, whenan episode, 
diagnosed as poliomyelitis led 'to a mild spastic para­
plegia. Investigation performed in 1969 during an or­
thopedic admission to another hospital inc1uded chro­
matographic examination of amino acids in urine. This 
showed the presence of a ninhydrin-positive substance 
subsequently identified as sarcosine. Sarcosine was also 
present in blood in concentration varying from 0.18 to 
0.76 ~moles/ml. 

2314 F. H. Gloriellx,C. R. Scriver, E. Delvin, and F. MohYlIddin 
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FIGURE 1.Scheme .depicting sarcosine metabolism. THFA indicates the presumed ND, 
,N1°-methylenetetrahydrofolate derivative: which serves transfer of the l-carbon formal­

'" dehyde group, formed dunng oxidaticin of sarcosine to glyCine. The presumed block in 
sarcosine metabolism is indicated. . 
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'. Id~~tio/ pfSlU'ço~ine-
Tite ~identification of sarcosine in urine and' plasma 

was,,1)ençll'med.by,partition . chromatography on Wliat~ 
.mani,filter"pape~ ,No.-:4 in th~ee:different :solv~t·sys­
,tems c;( watér-saturated phenol; lutidine:water,: 2.2: 1; 
a:nd,1)utan~l: aceiie aCid: water,12:3: S) ;by'high volt~' 
"ageelectrophor~sis onWhatmanfilter'paper No. :3, MM 
soaked' in formic,aèetie 'buffe(pH2, .and by column 
chrorilatography 0Jlionexchange.' resins. Sar.cosine 
(freebase) was run in aU systems tojdentifY itsposi­

, tion. \ The ,ùnknown '. spot. 'and • the 'standard cochromàto­
grap!~ed .in. the five . systems 'and, yielded : identica1,' color 
reactions" with . ninhydrin. in' the partition and, electro.,. 

. phor~tic. systems;. the S70, mp. to 440:mp. 0 D· (l!-tio .after 
elutionchromatography was· ident\cal for unknO)\'tl 
and standard. " There was no, o~er. ninhydrin-positive 
matè~ial in equ,ivalent amounts in the patient's urine. 

S~rcosine metaboliSm 

Response to folie acid in . vivo. The proband was 
given' an excess oUoHe acid' (30 mg/day; normal re­
quirèment' about 1 mg/day) for .3 consecutive days. 
Thë .ratiomile for this trial is indicatedin Fig. 1. The 
methylgroup is transferred as form~te from 'sarcosine, 
presumably as anJVS,,NlD -m~thylenetetrahydrofolate 
derivative of folie acid. Fasting concentrations' ofsar­
cosibe in plasma were 0.18 and 0;3~ p.moles/mlbefore 
and. after folate supplementation, respectively. The lat­
ter value falls within the range for plasma sarcosine 
in this"patient when' no' folate was administered. The 
valués for â-sarcosine in plasma after a 'sat:cosine load 
by nlouth (the sùm of the difference between values at 

1 2 · 3 4 and· S hr after the load, and the preload 1 l , , 

value) w~re + 1.02p.moles/ml·S hr beforeand + 2.18 
"moles/ml.·S hr after folate, indicating that folate did 
not influence sarcosine catabolism in' this patient. 

ReSponse to sareosine wading. Sarcosine loading by 
motith was perfo~edori' the proband, bis parents, and 
four normal adult subjects. The balf-time for plasma 

, sarcosine, disappearancera~es . in each iridividual in the 
threè groups and, th.e simultaneous change in glycine; 

. th,e. productof' sarcosine conversion, . are shown in 
Fig. 2. 
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FIGURE 2 Response' of sarcosirie and glycine in plasma to 
sarcosine loading (100 mg!kg body wt given by inouth at 
9 a.m.). Upper portion: A and B indicate studies in pro­
band before and after folie acid supplement, respectively. 
Half-life for sarcosine clearance from plasma' (tl) was 
calculated as described under-. Methods; the interrupted line 
i5 the average decay slope for each group studied. Tite 
initial (preload) concentration of sarco5ine in plasma was: 
zero in both parents andall normal subjects, and 0.18 p.lo! 
and 0.34 p.lo! in studies A and B, respectively, in the pro­
band. Lower portion: Change in plasma glycine with time 
after sarcosine loading. Dotted lines define the average 
trend for each subject in the group. Changes in serine are 
not shown slnce they paralleled glycine. 
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th'~ plà!rr1a;1 concentratiOnl oit !lie: latterr substanCe5t. andl 
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TABLE 1 
Sarcosine Oxidqtion and Dehydrogenase Activjty 

in!issues of Man and Rat 

. Tissue source . O~datlon to CO.· 

was detected in skin fibroblasts cultured for at least 14 
passages from explants grown from the proband and 
two normaI'subjects (Table 1). No activity was induced 
by exposure of cells for 18 hl' to sarcosine (1.0 mM 
and 10 mM in the growth medium). Neither intact nor 

, ilpm/hr.per, VII 

Human 

.. sonièated cells exhibited dehydrogenase activity under 
any'of theseconditions. 

Skin fibroblast .... . 
Mixed le~lk~ytesrromblood 

Rat 
Liver* 

o 
o 

15,750 

. Leukocytes obtained from venous blood of normal 
.subjects and the patient contained no specific sarcosine 
dehydrogenase activity. Measurement of sarcosine oxi­
d~tion to. COs yielded similar. negative results. 
'Ti.~sue specificity of sarcosine oxidation (in the rat) . . Kidney* 

Muscle 
Brain 
Spleen' 

6,375 
o 
,0 

The tissue specificity of sarcosine oxidation was ex­
. amined in the Long-Evans rat.Significant oxidation of 
• sa~c~siné was' found only in Iiver and kidney (Table 

1). \\Then the relative weightsof Iiver and kidney were 
taken into '''account, :We found that kidney accounts for 

. 10% of total body oxidation of sarcosine in the rat, 
'a value close to that reported lor a different strain of 

o 

• Sarcoslne dehyck~genase activity was also examined by a . 
specific assay (13). Oxidatipn and specifie dehydrogenase 

-activitiës complemented each otherin ail tissues examined. . 
* O..gan'weights· (aver~ge f~Qm 10r~ts):,liver; 6.5g;~th. 

rllt:byRehbergand, Gerritsen (13). ' 
If. it is assumeil' that man resembles the rat in his 

, .: N armai, subjects : showed ; rapid disappearance" of . sai- . abÙity . ,to oxidize sarcosine," we should expect sarcosine 
cèisinefrol11'pla~ma (tl; ,1;6, hr). Theconêeiltr.ation' of,acCul11tilatio~ to occur initially. in Iiver and kidney in 
glycine' iit:plâsl1la< actua\1ydeclines 'modestly during: the,%locléed catabolic mutant": vile kno\V as hypersarco­

,thisperipd..In the probimd,' ~arcosine, clearance' fromsinemia.: Therefore,. \V'e examined the transport of sar-. 

kidneys, 1;6 g. . ." . . . . . ' 
'. .. \ '. . 

plasnJa' \Vas greatly delayed( tl,· 6 .. 1 hr), and. there \Vas' . ~~si~ein'kidneyto determine whether it is impaired 
. nochange'in'plasma glyCine. Both parents had a,slightlYinJhis, metabolic !ferangeinent. 

dela);eddisappearance of sarcosine (tl;·2.2 hr); :bu(the 
most l!trikiilg 'finding, in the!ll 'wasa modest but stendy ,,: ~~rc~sine trans1?ortin huPtan kidney in vIvo 
rise in the concentration .. of glycine. in . plasma after TI,bitlar absorption. . The filtered renal load of· sar­
sarcosine : laading. Changes in t11econcentr~tionof cosine in: the proband varied bet\Veen 54.2 and 119.7 
·serinein.plas\llainthese studies paralleledthose of l'moles/minper 1.73 ml under fasting conditions; the 
glycine.,. . '. , '. " '. corresponding value isalmost zero in normal subjects. 

Sarcosine metabolisl1i in vitro. No oxidation'of sar- Theequivalent endogenous renal' clearance rates for 
cosine,~r eviderice'for specific dehydrogenàse activity sarcosine in the proband \Vere about 8 ml/min per 1.73 

cl! N '200 
.::: .E' . 
M'" 0"': 
",-

.. t oc Go, 

=: ,;.5 '100 
E ....... 

Z .. 
;;; .,.! 

o ~ 
li: :1. 
OC 
'" 100 200 

SARCOSINE FILTERED, . 
l'moili/min per 1.73 m2 

FIGURE 3 Renal tubular reabsorption of sarcosine in, man, 
plotted in. relation to its. filtered load: in proband (.); 
in the patient of Brodehl and associates (3)1 (0); and 
in a normal subJect (.). Plasma sarcosine was raised by 
venous. infusion method, ilnd glomeral filtration was moni-
tored with inulin(S). . 

. m", indicating that the majority of filtered sarcosine 
experiences net tubular absorption in the sarcosinemic 
pllenotype. Tubular reabsorption of sarcosine in our 
patient is ,probably ,a saturable phenomenon, although 
true saturation \Vas not demonstrated. The Tm for sar­
cosine w~s estimated to be at least 160 l'moles/min per 
1.73 m" (Fig. 3). Dataontubular absorption of sarco­
sine in another sarcosinemic patient (3) \Vere obtained 
from . Dr. Johannes Brodehl. Sarcosine transport at 
~quivalent filtered loads \Vas similar .in both sarcosi­
'nemic probands and in our control subject (Fig. 3). 

11lteractioJl ~(}ith at/1er allli1lo acids. Interaction be­
t\Veen sarcosine, proline, and glycine \Vas observed 
during renal transport in vivo. Intravenous infusion of 
sarcosine in the proband and in the normal.' subject 
altered the urinary excretion of proline and glycine. 

. This phenomenon could not be explained by changes in 
the plasma concentration of the latter substances, and 
it was clearly related to the rising concentration of 
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TABLE II 
Renal Res.ponse 10 Sarcosim:, Loading: Excretion and Abs~rptio" of Sarcosine, Glycine, and Pr~line' 

Suhlect and procedure 

Sarcosine infusion·, 
Proband, 

Urinaryexcretion; l'tlloles/tllinper 1.7 J m' 
Net tubular absorption, % of fil/erèdload 

Control 
Urinary excretion, l'tlloles/tllin per 1.7 J tII! 

,Net tubular absorption; %,of fi.ltere/Hoad 

Sarcosine 

Before ACter 

6.8 
94 

o 
o 

128 
68 

38 
65 

Sarcosine load by mouth,t urinary excretion,pmoles/min per 1.73t11' ' 
, 'Proband: onfolate. 6.35 '10.3 

off folate 2.83 '9:15 
"Father . 
Mother 

,Controls, adtilt, 
',' I(V. ", 

F.G. 

o 9.70 
0, ,9.42 

Giyéine 

BeCore After 

3.94 3.68 
89 94 

1.0 8.05 
96.7 '80.7, 

2.75 2.27 
2.76 1.81. 
1.73 3.75 
1.10 ' 4.10 

, 0:17 1.52 
1.02 " 4A1 

, 0.27 3.30 

, Praline 

Before Arter 

0 1.03 
100 97 

0 0 
100 ,100 

0 à 
0 ,Tr.§ 
0 Tr. 
0 Tr. 

0 0 
0 0 
0 Tr. 

, ' 

J:.N.' 
'·D;W; 

o ' 
0' 
o 
0, 

3;62 
50.6, 

" 7.25-
, '18.4 , 1.54 "7.91 ' 0 0 .' ' 

"'~'Datatakenfrom pêriods ~fconh-oland highe~t'fi(teredloadof sàrcosihe as shown in: Fig. 3. " 
" "t Load; 100 mg/kg at 9 a.m. after civernlghtfaSt. ' ,,' " ' ," .' , 

, § Indicatesadètectablechange:but less thànO.1,iinoles/min per 1.73 m'. 
, ' . 

. ,',', 

sarcosine' in' plasma and urine. Tubular reabsorption, of ' 
glycine 'in the proband increased from, 89 to· 94% of, its 
filtered load ,(Table II), butdecreased' from normal to 
81 % ,in the control subject. Net tubular- absorption of 
proline çlearly' 'decreased during sarcosine' infusion in 
the patient, but was notchanged in thecontrolsubject. 

When sarcosine, Was administered by' mouth to the 
" probând; his parents, and four norniaJadults, its con­

centrationincreased in. plasma and urine of a11 subjects 
(Table Il). At this time in the,proband, there was ~ 
minimal increase in proline excretion whereas glycine 
excretion,actually diminished. On the other hand, the 
ur!riary èxcretion of glycine c1early increased in a11 
riornlal subjects and in the parents, while there was no 
comparablè effect, on proline excretion., r 
, Rapidelevation of plasma and urinary sarcosine thus 
produced' consistent, but divergent, effects on the uri­
mlryexcretionof glycine,' in particular, in the sarco­
sinemic proband when comparedwith subjectswho do 

'not have, impaired sarcosine metabolism. An explana­
tion' for this was sought. by the study ,of sarcosine 
transport in kidney in vitro. Rat kidney cortex slices 
were used for this work, sinee it has been shown that 
thete are many homologies in the transport of N-sub­
stituted amino' acids !lnd glycine, in the kidneyof rat 

and man (6). 

S~cosine transport in rat ~dney in ,vitro 

, Time co"rseQf,uptake. The time, cours'e of sareo~ 
sine' uptake was evaluated atO.3 and '2.1 mM: (Fig. 4). 
Sarcosine at botli' concentrations ,accumulated against 
ait isotope gradient at thesteady' state; the latter is 
aehievedwithin 40 min of incubation. 

7 

0.3mM 

2.1 M 

5 10 20 30 40 50 60 7,0'0 

minute, 

FIGURE 4 Time coùrse of sarcosine uptake into rat kidney 
cortex slices at two initial concentrations in the medium. 
Uptake is expressed as an isotope distribution ratio. Addi­
tional studles (see text) show that the sarcosine (chemical) 
di,stribution ratio is' only slightly less than isotope distribu­
tion ratio and unequivocally greater than 1.0 at steady state. 
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3 • take kinetics were revealed by this method, indit::ating 

• 

O~----~----~------~~ o 5 10 15 

that more than orie comp~nent probably exists for sar­
cosine uptake. This behavi,or was also observed when 
the Lineweaver and Burk transformation (l/u vs. 
liS) was used to examine the same uptake data. At 
low external substrateconcentrations, the apparent Km 
for' sarcosine 'uptake under steady-state conditions is 
about 0.1 mM, while athighsubstrateconcentrations 
it isabout 3 mM.; These, values are ,comparable with, ' 
those which deseribe the' uptake 'of glycine and proline 

1by rat kidney (6). 
~~M' If ii is' assumed that more than one type of mem-

FIGURE 5 Ak~do-Christensen plot (15) of sarcosine up- brane system'accommodates sarcosine' transport in 
take by rat kidney cortex slices, at various external, con- ,kidney;,the th~oretical, contribution of each component 
centrations of substrate,understeady-state conditions. Up- ,to the observed, (total) uptake can be ca1culated. This 
tàkè of sarcosine is saturable over, thewhole concentration range' employed. " , , ' was accompli shed substituti,ng 'the values' for uptake, at 

12 different sarcosine concentrations' between 0.1 mM 
Theeffect of metaboIic conversion of sarc~~ine '{O.1 and 12.1 mM intoeqùation 2. When the results were 

mM) onitsuptake ratiowas ex:amined. uCJabeLfrom drawn as a Michaelis plot (Fig. 7); it became evident 
sarcosinê had appeared in otherwâter~soli.tbîe:metabO-thatat, extracelluiar coric'tmtrations of sarcosine above 
lites 'after,40',mjn' incubation; ,14% ,of the • soluble label' 0.1" mM, the major", fraction of' its uptake', takes place 
~asi>rèsent inglyciîlEi, 7%,inserine, 'and :thètèmainder ona,highcapacitY 'system. ,Thé revisedKm values for 

, ,wâs,pre~oininànt1y. sarcosine. :rhë sarc~siné' (chèiriical) sarcosine trànsport~ere' 0.1 mM on the low capacity 
distribution ,-ratio during uptake, under steady-state system 'and 3.11l1M on 'the,high capacity ~ystem. 
coriditions was then calculated,from theisotope,dis-, ',S#cificityof'iar.c(jsi'IJ~ "uptake., Glycine, and L-pro­

,tribuiion ratioafter correcting: for the conversion, of line inhibit sa~cosine,uptake 'in vitro, under, steady-state 
sarcosine 'toother labeled forms. The corrected'ratio.is,' conditions (Table III). 'Theeffect of these inhibitors 
great~r than' 3.0 for 0:3 mM sarcosine;' indicating that was shown to be' 'competitive. Glycine and L-proline 
sarcosine is tr~sported in kidney' against a' true chemi- didnot ,have any, additiorial ,effectonsarcosine oxida­
cal gradient;' , ,,' .' , ' , , ,tion in kidney,;and t1teir'effect on net- sarcosine uptake 
, w~èii ~eisotope di~tributio~ ~atio is also corr~cted was restricted to interaction at the transport site. 

, for 10ss, o(lab~lby ,0xidatioI! ,to Cp" the net uptaké 
ratio obtained byadding solùblecounts to counts in CO. 
isgreater than' depicted in Fig~ 4.: Theàdjusted ,iùp_ 
takeratios" are 6.8 'arid 3.4 at 0.3' ni:t.( and 'Z.1. mM 
sarcosine, ,respectively, after 4O'minincubàtion. 

Exposure of' slices to cyanide (10-' MNaCN) or 
, anaerobic conditions, completely abolished' concentra~ 

tive uptake indicating that the mechanisms for sarco­
sine uptakeare, apparently coupled' to eriërgymetabo-
lism.'; " " , 

Concentration-dependent uptake. When sarcosinë is 
preserit~t 0.3 mM in the in~tial, medium, th~ steady­
state' isotope distribution ratio is grea~er than when the ' 
starting concentration is 2.1 mM (Fig. 4). As the ex­
ternal, substrate concentration is increased; the steady-, 
state distribution ratio approaches 1.0, (Fig. 5); this 
behavior indicates' that' sarcosine uptake in kidney at 

'concentrations equivalent to' those encountered in the ' 
proband occurs on a saturable mediation~" 
'The kinetics of sarcosine uptake on the saturable 

,component under' steady-state conditions were examined 
bythe Eadie and Augustinsson transformation (u vs. 
u/S) of the Michaelis equation (Fig. 6). Biphasic up-

K",=3.0ImM, 

2 

2 3 u 
T 

FIGURE 6 Eadie-Augustinsson plot of saturable sarcosine 
u~take under steady-state conditions in rat kidney cortex 
shces. Uptake, occurs on, more than one system for which 
~rst approximation Km valués are shown. ,When correc­
tions. were made for simultaneous uptake of sarcosine on, 
multiple systems (viz. equation 2), the corrected Km values 
were not ~ignificantly different, since uptake on thè low 
Km system ls extremely small. 
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TABLE, III 
Comparative Interactions between Sarcosine, Glycine, 

and L-Proline during Uptake, by Rat 
Kidney c.ortex SUces 

Inhlblt,lon or uptake at 

Substrate Inhlbltor 5 min 40 min 

mM ZOmM % 
_ Sarcosine 0.3 L-Proline 74 76 

Glycine 44 79, 

Sarcosine 2.0 L-Proline 88 92 
Glycine 71 8S 

Glycine 0.01 Sarcosine 80 

Glycine 2.0 Sarcosine ( -21)· 

L-Proline 0.01 , Saréosine SS 

L-Proline ,2.0 Sarcosine " 82 

Slices were inc~bat~d ~t 37~C in pH 7.4 Tris-electrolyte-glucose 

, buffer for specified times: The effect of the second amino acid 

(at20 mM) upon uptake of the first is expressed as per cent 

inhibition in relation ta uptake of substr'ate in paired slices 

incubated without the second amino acid in the medium. Ali 

values are mean of triplicate 'ol!servations.Inhibition was sig­

nifieant (P,<O.Olby,Student'st test) in aU cases. Per cent 

inhibition wascomparable when;measurement of uptake in­

, cluded or excluded labe1.Îost as uCOs. 
• Indicates significant stimuiation of uptaké: 

Sarcosi~e competitively inhibits the uptake of glycine 

and L-proline (Table III) when the latter are present 

in the medium at concentrations low enough to assign 

most of their transpc;>rt to the respective substrate-

TABLE IV 
EJiect offreloading wi/h Sarcosine upon Uptake of Amino 

Acitls in Rat Kidney Cortex SUces 

Substrate uptake Conen, or sarcoslne 

medium ln preload medium· 

,mM mM 

Sarcosine 0.1 1 

Sarcosine 1.1 10 ' 

Glycine 0.012 20 

Glycine 2.0 20 

L-Proline' 0.011 20 

L-Proline 2.0 20 

Isotope distribution 
ratio at 10 mlnt 

Control Preloaded 

1.80 1.52' 
1.22 1.34§ , 

1.7S 1.17 
1.30 1.95§ 

0.36 O.4Z§ 
0.38 0.28 

• slicés were preloaded during 40 min incubation in buffer 

containing unlabeled sarcosine, foUowed by removal, rinsing, 

and blotting. Theslices were then transferred to fresh medium 

containing lCC-labeled substrate. .' 
t Uptake of substrate was measured at 10 min and compared 

'with uptake by control slices carried through preincubation 

in the absence of sarcosine. Values are the mean of at least 

triplicate observations. ' 

§ Indicates significant stimulation (P < 0.02). 
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FIGURE 7 Michaelis plots of sarcosine uptake assigned to 

low K ... (0) and high K ... · (e) systems in rat kidney; 

the K ... values are 0.1 mM and 3 mM,respectively. It is 

c;vident that the major fraction of sarcosine uptake is 

achieved on a high K ... system, at all extemalconcentrations 
of the substrate. ' 

specific, low Km, low capacity systems which accom­

modate, their uptake in kidney (6). On the other hand, 

the uptake of 2 mM glycine was actually stimulated by 

extèrnal sarcosine, whereas the uptake of 2 mM L-pro­

linewas still inhibited. At this concentration the renal 

uptakes of glycine and L-proline occur predominantly 

on a high ,capacity system shared by proline and gly­

cine (6). 
Sarcosinl: uptake and exchange with other amino 

acids. ,'The likelihood that sarcosine uptake occurs on 

more than one system and- thus might enter by one 

system and· ,exchange on another, was investigated 

further by methods described previously (6). In slices 

preloaded with sarcosine, the uptake of 1.1 mM sarco­

sine, 2 mM glycine, and 0.01 mM L-pr~line was en­

hanced (Table IV). Uptake at other concentrations of 

these external substances was not stimulated by high 

concentrations of intèrnal sarcosine. 

Renal metabolism of sarcosine; effect on transport 

. kinetics in vitro. We examined whether 'renal oxida­

tion o~ sarcosine or lack thereof as in the blocked 

catabolic mutant, infiuenced itstransport kinetics in 

that tissue. "CO. fro~ sarcosine was collected during 

incubations by the technique described earlier (6); 

counts appearing in CO. were then either inc1uded or 

omitted when calculating the net uptake rate. The K ... 

for sarcosine binding by the transport system(s), with 

or without oxidation, was the same (Fig. 8). 

DISCUSSION 

Sarcosine metabolism: The conversion of sarcosine 

to glycine is catalyzed by a mitochondrial oxidase sys­

tem which has two components (19, 20). One is a 

soluble sarcosine dehydrogenase; the other is a parti cu-

: , 
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mutant biochemical phenotypes to vitamin supplements 

is animp!>rtarit consideration in those hereditary amino­

acidopathies where a vitaniiriis the precursor of one 

Çlf the reactants in the enzyrilatic conversion, of metabo­

lites '(24). The proband appeared to become more 

hypersarcosiriemic after sarcosineloading while re­

ceivirig folate, wbencompared with the response in the 

absence of. folate. We gelieve this variation is not sig­

nificant.since the patient's plasm'a, sarcosine concen­

tration was quite variable anyway. However the possi-

0.5 1.0 ' bility .thatfol;1te hi' some way enhanced intestinal ab-

l/SAR'COSINE(mM) sorption of sarcosine in this patient should be con­

sidered. 

FIGURE 8 Eifed ofoxidation on uptake kiiletics for sar- Lo, adingstudie,s: interprëlationof' Phenotype., Sar-

, cosine in rat kidney cortex slices. "e counts lost" from ' 

slice,iil C02 were, inc1uded, ,(.) or exc1uded (0) from. ,cosine disappearance froin:plasma shouldbedelayed and 

calculation of uptake (u) at various substrate concentra~' plasma glycine shouid not change after il 'sarcosine load 

tions:. (S). 'ResiÎIts presented as Lineweaver-Burk -plot: given, te, subjects with. defi.cient conversion 'ot sarcosine 

Oxidation of' sarcosine bas no elTeCt on its affinitY.'for the .ip glycine; this ',respons~' was obtained in'; our proban~1. 

uptake system,since the K .. value is not_changedwhen the " 
elTect of' oxidation on observeduptake Js considered or Brodehland. coworkers .(3) lobser'ved a sitnilar response 

, neglecte( ,. ,. ,,' -aftercomparablesa~côsirie/loà.ding in their' proband . 

• \ 1 •• Sarcosine· clearance" fro~,' plasma· wa~ delayed.' in .the pa-

latë~le~tron trànÛer ~ystem. Sarcosinè-specific' dehy- ,tients' studiedby Gerritsen and Waisman (2) and by 

. drogenase cari beJurthe.r fractionated to yield the de_Scott et al. (4) . In-the latter study (4) glyciiie rose in 

hydi-oge~aseand a flavoprotein. Mitochondrial oxida~ the proband's plasma 'but not until the 4th hr after loa:d­

ti~n ,of, the, N -IDethi.1 group, of' sarcosinethusreqiiites. ' ing; this could, have reflected conversion 'of ,sarcositie to 

an elêctroil transfer' flavoprotein thilt accepts'electrons '" glycine by bacteria in ,the intestinal iumen, rather than 

from the, substrate-specific, flavoprotein dehydrogenase anendogenous 'response. The plasma glycine response 

(20). A.' form'aldehyde 'group' is formèdduririg sarco- after sarcosirie loading' was, not reported by Gerritsen 

'sineéoriversioh toglyCinc;and by reactiol)with tètra- and Waisman (2). 

hydtofol~tê, the intermediafe N",N"'-meÜiylenetetrahy- The ,hetero,zygote for hypérsarcosinemia 'should have 

drofolate " is presumably formed (21)~ The l-carbon 'only modest impairment of sarcosine clearance from 

fragment' canbè ~eüti1i~ed {rom the activated folie ,plasma after loading, and one anticipates thé initial 

acid,intermediate, toform the carbon of ~erineby 'con_plasma concerttration of sarcosine to be normal under 

densation .. with glycine (22, 23)'. ' fasting conditions. VVe found this to be the case in both 

" The nature of"th,e enzyniedefect in human hyper- parents of'our proband. The rise in their glycine after 

sarcosineinia is still unknown, but the' weight of avail-' sarcosine loading was a response opposite to that ob­

able' evidenée indicates a block in the conversion -of tained in normal subjects: The renal response to sarco­

sarcosine to .glycine,presumably inyolving thé sub- sine loading did not account for observed chariges in 

strate-speCifie dèhYdrogenase. Because this, enzyme is plasma glycine ,of parents and control subjects. '. 

neither active rior inducible in normal human fibro- ' Sarcosine clearance from plasma and the ~oncomitant 

blasts or lèukocyt~s as shown in the present and in glycine response provide a useful distinction between 

.previous studies (4, 13), it will not 'be possible to normal subjects, parents, and proband in the present 

evaluate ~he en~ymatic basis of the hypersarcosinemic sarcosinemicpedigree. More~ver, they appear to be 

trait ,further wit~out re,course to organ biopsy. Sarco~ more reliable, indices of the presumed genotype 'than 

sine· dehydrogenase activitY in mammalian tissues is sarcosine excretion data, which, as shown in Table III, 

largely restricted' to liver. and kidney, as show~ in the are poor indices, contrary to earlier conclusions (2). 

preseht,work ànd in that of others (13). On the basis of the plasma amino acid.response to 

The failure to ameliorate the hypersarcosinemic sarcosine loading, we tentatively suggest that the sar­

phenotype in the proband with pharmacologie doses of cosine, traitis autosomal recessive in this French-

folie, acid, shggests that the trait in this pedigree at Canadian pedigree. , 

least does not involve a reversible defect in the forma-, Cli~ical ~iglJifica"ce of the, sarcosinemic .. trait. Hyper­

tion of "aètivated" formaldehyde from the specific de- sarcosmemta appears to be a benign condition. Our pro-

hydrogenase reaction. The potential responsiv, eness of 1 B d Il J 1970 P ro el,. . ersonal communication. 
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band had no diseasewhich could be directly attributed 

,to his hypersarcosinemia. The sam~ can be saidfor the 

hyp'ersarcosinemic sibling of the first reported proband 

(2) and for another reported proband (3)~ A larger 

series 1 apparently also indicates that no consistent dis­

ease state accompanies hypersarcosinemia, and thus, as 

with other aminoacidopathies such as hydroxyprolinemia, 

hyperprolinemia, and cystathionitiemia, hyp~ersâ.rcosine­

mia appears. to' be il '''nondisease'' in medical terms. 

The likelihood is gre,;tt that the sarcosinemic trait in 

man, will exhibit ~ene~:.,heterogeneity. For this reason 

we. must be cautious in aS5üming that sarcosine dehy­

drogenase activity' is necessarily deficient in our proband 

or that );le is' exactly similar to others described in the 

literature. However, we 'believe our assumption about 

deficient renal sarcosine dehydrogenase activity to be 

'reasonable, in view of the particular nàture of amino 

acid reàbsorption in the proband and considering how 

ihese observations 'nlay be ~elated, towhat 'we have 

leamed about sarcosine transport in ',kidney. 

Sarcosine traflsport. Sàrcosine 'isoxidized in mam:­

~'1.li~n kidrtey, but hyp~rsa,rcosinemia, dueto sarcosine 

dehydrogenase deficiency, «;lffers an opportu~ity tostudy 

its,renal transport in man independent of ,its metabolism. 

Renal transport of proline and of phenylalanine has been 

. investigated to some' extent in man under the equivalent 

conditions ,of the blockedcatabolic phenotypes found iii 

hyperproli~emiaand phenylketonuria, respeètivelY. In 

neither càse did the hereditary impairment in metabolism 

of the'amino acid appear to influence its uptake by kid­

ney in v~vo ('8, 25, 26)~ In fact,should intracelÏular 

'àmino add at high concentrat!oil exchange with intra~ 

luminal amino acid, it is possible that renal transport 

could be'· enhanced as may be the case in phenylketo­

nuria (25). We have now shown ,that' renal transport 

of sarcositie is ,similar in the subject with' hereditary 

hypersarcosinemia and in normal subjects. We ,were 

able to con'firm in vitro that metabolism ,of transported 

sarcosine plays no role in' determining its bindjng 

kinetics to membrane carrier in kidrtey. 

Sarcosiile' apparently does not have its own' transport 

system. It is a no~essential amino acid concemed in only 

a Iimited repertoire of intraF.~llular metabolism being 

synthesized pnly from anintracellular precursor (di­

methylglycine). Although bound' ,sarcosine has been 

identifiedinhuman glycopeptides (27), it is believed to 

achieve this form by N~methylation of peptide4inked 

glycine. Our studies indicate that sarcosine is transported 

in vivo primarily on thè tubular transport system (s) 

used by proline, hydroxyproline, and glycine in human 

kidney (6, 8, 28). The kinetics of sarcosine uptake in 

vitro and the inability of proline or glycine transport to 

resist sarcosine inhibition at low or high concentrations, 

clearly reveal that more than one transport site serves 

its uptake in mammalian kidnèy. We have tentatively 

identified ~he systems used in sarcosinetransport as the 

low Km system for proline, the low Km system for gly­

dne, and the high Km system shared by both j this con­

stelllttion of sites has been characterized in detail( 6, 8, 

, 28-30) ,~si~g the same methods employed in the present 

iiwestigation. The in vitro studies suggest that the prin­

ciple carrier available for sarcosine entry into kidney'is 

probably the high Km, high capacity system shared oy 

proline, hydroxyproline, and glycine. This corroborates 

earlier studies of sarcosine transport in hamster in­

testine (31). 
The data which describe 1 sarcosine transport in rat 

kidney jn vitro are likély to be informative about the 

nature of sarcosine transport by human kidney' in vivo, 

since it has already been, shaWn that the prineiple sys­

tem 'for sarcosine transport has many homologies in 

human and rat kidney (6). The different responses in 

ùrinary amino acid excretion obtained in proband and 

coritrol subjects alter sarcosÎIle' londing' can be ex­

plained by applying 'theseinsights. 

The,sarcosine concentration in kidney should be un­

usually high after sarcosine loading in the sarcosinemic, 

proband; under such conditions, sar,cosine could ex­

change, with glycine in vivo as, it will in vitro. The 

ability of sarcosine to, stimulate glycine uptakeunder 

certain, conditions • presumably arises becaùse the first 

, amino acid is allowed to enterby one system and ex­

change with the second amino aeid on another (32). 

GlY,eine reabso~ption could improvein the proband when 

the intracellular sarcosine pool is fur,ther èxpanded by 

loading~ On the other hand, renal oxidation of sarcosine 

can occur in normal subjects, thus preventing a sustained 

high concentration in kidney after loading., In this cir­

cumstance sarcosine can exert its itihibitory effect on 

glycine entry on the low K~ system to. an extent which 

would outweigh the opportunity for exchange on the high 

Km system. ' , 

Significallce of studies. The foregoing informati.on 

can be used to counsel future sarcosinemic probands in 

the likelihood that this autosomal recessive trait is 

harmless. The mechanism by which glycine alters its 

steady state in response to sarcosine loading awaits 

cL'1.rification. The further· demonstration of parasitic 

transport wherein membrane syste!Us serving "primary" . 

substrates are used under certain circumstances by "sec­

ondary" susbstrates (in this case sarcosine) illustrates 

the value to be gained from designing pharmacologically 

active compounds which can be accommodated on di­

rected transport systems in tissues. 
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X-L~NKED HYPOPHSOPHATEMIA 

A. The nature of the disease. 

i) Clinical phenotype: 

Hypophosphatemia 

The only constant abnormality in individuals with 

X-linked hypophosphatemia is a low fasting serum concen-

tration of inorganic phosphate. This is the marker for 

the condition and it reveals the mode of inheritance of 

the mutation. In designating a pers on as hypophosphatemic, 

allowance must be made for the normal changes in serum 

phosphorus with age and for difference between the sexes. 

Since there is also a diurnal variation and a rapid 

influence of the oral intake by the diet, phosphate 

plasma concentration has always been determined in our 

patients on a morning blood sample after an overnight 

fast. The result was thenl compared to the normal values 

published by Greenberg et al(l) and declared abnormal when 

falling lower than 2.5 S.D below the normal mean for age 

and sexe. 

The postnatal age at which hypophosphatemia occurs 

has been variably reported. Harrison et al(2) observed 

normal levels up to the age of 6 months in children who 

then developed the complete phenotype of X-linked hypo-

phosphatemic rickets. The authors related this finding 

to the relatively low glom6rular filtration rate observed 

during the first few months of life. Stickler(3) , on the 

other hand, found consistently low serum phosphorus values 

from birth. In our series, only one patient (E.M. see 
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Section VI) was diagnosed relatively early in life, at 

8 months of age; his plasma phosphorus,at that time, was 

3.3 mg% which is weIl below the normal range. 

The hypophosphatemia is accompanied by decreased net 

tubular reabsorption of phosphate(4) which seems to be 

the main cause of the low plasma phosphate steady-state. 

The phosphate transport defect, however, may not be 

confined to renal tubular epithelium. Intestinal absorption 

of phosphate may also be impaired, but much additional 

work will be required to evaluate intestinal transport of 

phosphate in the trait andto assesswhether other tissues 

have similar mechanisms for phosphate transport that could 

be affected by the hypophosphatemic trait. Condon et aleS) 

have suggested that there is an intestinal transport 

defect for phosphorus in hypophosphatemic subjects. 

However, their study is made on an heterogeneous group of 

patients and it seems erroneous to assess that a low 

plasma phosphorus,60 minutes after an oral load, reflects 

solely a defective intestinal absorption. The role of the 

unmineralized bone and of the renal transport defect in 

modulating the plasma phosphate steady-state cannot be 

ignored. 

Clinical. findings 

Bone disease is present in aIl male patients. The 

female individuals are affected at a variable degree, their 

phenotype being anywhere between the normal and the male 

one. Usually the disease is recognized first by the 

presence of leg deformities starting at the age of weight-
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bearing. Muscular weakness and atony, frequent in 

vitamin-D deficient rickets, are not usually observed. 

Frontal and occipital bossing and a rachitic rosary 

are often present. Abnormalities of the spinal column 

or pelvis usually found in vitamin D deficiency, are 

frequently absent. 

The radiologie findings are the same as those seen 

in rickets from other causes. Bowing of the lower extre-

mities is the most evidentchange. 

Growth Failure 

While it is within normal limits at birth, in most 

cases the height is below the third percentile after two 

years of age. In the subsequent years of childhood, the 

growth retardation becomes more important, particularly 

in the male. McNair and Stickler(6). noted that the 

shôrtness of stature is predominantly segmentary and 

primarily limited to the lower extremities, puring child­

hood •. ~nis is apparent because of the changes in body 

proportions during that period of life. From infancy to 

pre-adolescent period, the lower segment increases from 

30% to 50% of total height. It is therefore not surprising 

that the effects of a general growth failure will be more 

striking in the lower limbs. The defect is not related 

to a growth hormone deficiency(7). A tentative explana-

tion for growth failure, involving a defect in oxygen 

transport secondary to the low phosphate concentration 

in serum is discussed in Section VI. 

--. . 
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ii) Inheritance: 

It has been clearly demonstrated that in familial 

hypophosphatemia the degree of manifestation of the in-

herited trait could vary from individuals who have severe 

to mild bone disease and hypophosphatemia to those in 

whom only hypophosphatemia can be demonstrated, when the 

latter is taken as a discriminant for identifying the 

genotype (4,.8). Transmission can best be explained by the 

pre~ence of a single mutant gene on the X-chromosome. 

It is dominant since it is transmitted from generation to 

generation without interruption and there is absence of 

male-to-male transmission. Therefore, an affected female 

is heterozygous, whereas an affected male is hemizygous. 

The fact that the male patients show full expression of 

the disease, ·while females are variably affected, can 

best be explained by the inactivation of one of the X­

chromosome in the latter(9}. This will result in pheno­

.typic mosaicism and account for the variation in degree 

of manifestation encountered in the heterozygote females. 

Not all cases of familial hypophosphatemic rickets 

are clearly inherited. Sporadic cases are reported that 

could be due to phenocopy, a recessive trait or new muta-

tions. 

No estimate of genetic fitness has been reported. 

The frequency of the trait is broadly estimated at 

0.5 x 10-4 (8) • 

iii) Possible mechanisms of pathogenesis: 

The .controversy over the pathogenesis of familial 

l 
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hypophosphatemic rickets has centered about the primary 

or secondary nature of the reduced tubular maximum capa-

city for phosphate reabsorption and the resultant hypo-

phosphatemia, the one (and sometimes only) abnormality' 

present in aIl genetically affected persons. The first 

tèntative explanation was proposed by Albright et al(IO) 

who suggested that the primary defect is in intestinal 

calcium absorption. The,defect leads to a decreased con-

centration of calcium in the extracellular fluid which 

results in secondary hyperparathyroidism. This factor 

is known to impair tubular reabsorption of phosphorus. 

Hypophosphatemia is the final step and the cause of the 

bone disease. 

As an alte~native, Dent (Il) and Fanconi ang Girardet(12) 

suggested that the primary abnormality is a specifie, gene­

tically determined defect in the renal tubular transport 

of phosphorus. 

More recently, an abnormality of vitamin D metabolism 

has been proposed(13) on the basis of a quantitative 

decrease in the conversion of vitamin D3 to 25-hydroxy­

cholecalciferol(4). However clinical trials with 25-HCC(14) 

have failed to correct the abnormal phenotype. 

The possibility that 25-HCC or one of its derivatives 

acts directly upon the kidney tubule has been lately 

su~gested(15,16). However, the incr1minated factor has 

still to be isolated and made available for clinical use. 
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B. The absence of secondary hyperparathyroidism in X-linked 

hypophosphatemia. 

i) Any pathogenic hypothesis that involves a defect in 

vitamin D dependent calcium metabolism has as an obli­

gate corollary, secondary hyperparathyroidism to explain 

the renal loss of phosphorus. Therefore clear evidence 

for the presence or absence of hyperparathyroidism was 

an important initial step in our attempt to clarify the 

mechanism of the X-linked hypophosphatemic rickets. 

Histologic examinations of the parathyroid glands 

have given variable results(4). Hyperplastic and normal 

glands have both been described in the trait. 

The decrease· in tubular reabsorption of phosphorus 

was in the range observed in normal individuals injected 

with parathyroid extract(l7). Furthermore the well known 

beneficial effect of calcium infusion on tubular transport 

of phosphorus in vitamin D resistant rickets has been 

interpreted as evidence for suppression of the parathyroid 

hormone hyperactivity(l8}. This latter point will be 

discussed in a further section. 

The development by Arnaud and colleagues of a new 

radioimmuno assay for the measurement of human parathyroid 

hormone in serum provided the desired opportunity to 

study our group of patients. 

Data on the status of parathyroid gland activity in 

X-linked hypophosphatemia are presented in the following 

manuscript (Science: 173, 845-847, 1971) 
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Note 1: Since the publication of this work, a new patient 

(a 10 year old girl) with X-linked hypophosphatemic 

rickets, never treated, has been included in the 

group. Her IPTH value before any"treatment was 

28 ~l eq/ml (normal: <40 ~l eq/ml) • 

2: The authorship in the published paper is alphabetical 

in accordance with our laboratory policy for colla-

borative work with another group. The candidate is 

in fact the senior author of the paper. 
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Serum Parathyroid Hormone in X-Linked Hypophosphatemia 

Abstract. Serum immunoreactive parathyroid hormone (IPTH) is normal ;/1 
patients with' X-Iinked hypophosphatemic rickets who are not treatedwith phos­
phate salts. Phosphate raises IPTH in these patients. Endogenous IPTH does not 
infll/ence the existing defect intubular reabsorption of phosphate ill male patients. 

X-linked hypophosphatemic rickets 
is a dominant disease in which a low 
concentration of orthophosphate in 
plasma is the most constant index of 
the phenotype (1). In males, the mutant 
allele also causes bone disease, white in 
carrier females it is variably expressed, 
some showing only 'hypophosphatemia, 
while others have bone disease as well. 
Impairment of renal tubular reabsorp-' 
ûonof phosphate has long been recog-
. nizedas another important phenotypic 
feature of this trait. 

Two opposing views have evolved 
concerning the patbogenesis of X-linked 

. hypophosphai~~ia. One opinion favors 
a primary disorder of intesûnal cal--

renal tubule (6), and perhaps also at 
the general cellular level (7). The abil­
Hy to heal the bone disease more eirec­
tively with phosphate administration 
alone (8); orwith phosphate and mod­
est supplements of vitamin D' (9), than 
with very large amounts of vitamin D 
alone in· either its precursor or hy­
droxylated forms . (5)emphasizes the 
apparent primacy of . the phosphate 
leak ·in the pathogenesis of the com­
plete phenotype. If the calcium-trans­
port hypothesis, including its· essential 
codicil about secondary hyperparathy­
roidism, could be' eliminated by' direct 
measurements of circulating parathy­
roid hormone, investigaûve efforts 
could befocusèd on the phosphate 
transport hypothesis. The development 
of a new radioimmunoassay for the 
measurement of human parathyroid 
hormone in serum (10) provided an 

phosphate regimen developed roent­
genographic and biochemical signs of 
hyperparathyroidism; reduction of the 
phosphate intake and supplementation 
of their diet with calcium, as calcium 
gluconate (l to 3 g/ day), and vitamin 
D!! (100,000 unit/ day) for at least 4 
weeks 5uppressed serum IPTH to nor­
mal or near normal. in these patïents 
(Table 1). 

Tubular reabsorptioh of phospflate 
[p.molel 100 ml glomerular filtration 

rate (GFR)] was measured (12) on 
many occasions in four male probands. 
The results were plotted in relation to 
the serum IPTH at the same time 
(Fig. 2). Tubular reabsorption of phos­
phate was greatly impaired [mean for 
group = 36.8 l'molel 100 ml GFR, nor­
mal, > 90 l'molel100 ml GFR (1)]. 

. The serum phosphorus concentration 

1000 · · • · 
500 

.' cium absorption due to impaired endo­
gènous' conversion of vitamin D (2) to 
normal biologically active polar de­
iivaiives (3). This would result in sec­
ondary hyperparathyroidism, renal loss 
of phosphate, hypophosphatemia, and 
bone disease as an ultimate conse-

opportunity ta studythis problem. ~ 
Serum wasobtained from' patients i 

with familial hypophosphatemicrick- : 
ets meeting the criteria for the X-linked li; 
trait (11). Untreated patients had serum J' 
immunoreactive parathyroid hormone 
concentrations (IPTH) within or close 

· 0 

. quence. 
The well-known suppressive effect of 

intravenous calcium infusion upon the 
hyperphosphaturia (4) appeared to 
support this hypothesis. The failure of 
X-linked hypophosphatemia to respond 
unambiguously to treatment with 25-
hydroxycholecalciferol (5) is against 
defective hepatic biosynthesis of vita­
min D metabolites; a failure to synthe­
size the derivaûve active in the intestine 
(3) has not yet been examined. 

The other opinion favors a primary 
disorder of phosphate transport in the 

to the normal range (Fig. 1). Patients 
who had been receiving vitamin D but 
who still retained their hypophospha­
temia, hyperphosphaturia, and active 
bone disease, ruso had normal serum 
IPTH. Only those patients receiving 
large quantities of therapeutic phos­
phate 5alts by mouth had increased 
serum IPTH. Three patients on the . .. 

Table 1. Response of serum IPTH to chanae in dietary phosphate in patients with X·linked 
hypophosphatemlc ricketa and acquired secondary hyperparathyroidlsm. 

Dietary regimea 

Phosphate (3 a/day); Reduced phosphate (1 I/day); 
Subject Sex vitamin D. « 25.000 unit/day) . vitamia D. (100,~ unit/day) 

Serum values IPTH Serum values IPTH 
p* Ca* (/&1 eq/ml) p* Ca* ~I eq/ml) 

M,C. F 5.4 8.9 290 3.9 10:4 40 

L.A. M 5.0 9.3 100 3.8 11.4 67 

E.M. M 4.4 7.4 750 3.9 10.6 43 

Mean 4.9 8.5 380 3.9 10.8 SO 

• Value~ ln mlll18ram~ "cr 100 mlllllllers. 
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Fig. 1. Serum IPTH in patients with X­
Iinked hypophosphatemic rickets. Column 
A, no treatment; column B, treatment 
with large doses of vitam in D. alone 
(about 100,000 lInit/day); column C, 
treatment with a phosphate supplement 
by mouth (3 s/day, as orthophosphate) 
and vitamin D. (up to 100.000 unit/day). 
Open circles; female patients: closed ciro 
cles; male patients. Ali patients have bone 
disease. 
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was 3.3 ± 1.4 mg/lOO ml (mean and 
S.D.) for the group at the 1ime these 
determinations were done and when 
the patients were taking varying 
amounts of phosphate by mouth. There 
was no relationship between tubular 
reabsorption of phosphate and serum 
IPTH, indicating that the defect in 
phosphate transport in male patients is 
not influcnced by endogenous serum 
IPTH. 

We believe that this is the first un­
ambiguous evidenceof normal serum 

. IPTH oactivity in· patients with un­
treated X-linked hypophosphatemia. 
Serum IPTH is increased only when 
these patients 6J'e treated with phos­
phate supplements. The mechanism in­
volved in, producing this increase in 
serum IPTH is probably the negative 
feedback control of parathyroid hor­
mone secretion by, the concentrl)tion 
of calcium in' serum (13). Serum cal-

ii: 60 • 

~ • 0 Ë . • 
8 40 -.q-A--"b-----------
S a· 120' • o 

IL • 

~ O~~---~---~---~---~ 
100 300 500 

Serum IPTH (JiIeq/ml) 

Fig. 2. Relationship of TRP [rubular rc­
absorption of phosphate, l'IDole/lOO ml 
glomerular filtration rate (GFR)] to endog­
enous serum IPTH in four male pro­
bands with X-linked hypopb,osphatemic 
rickets, at serum phosphate ,values for 
group, of 3.3 ± 1.4 mg/l00 mt (mean ± 
S.o.). The dottcd line indicatc:! th~ .e­
grcssion of TRP on serum IPTH; the lat­
ter docs not influence TRP in theac pa­
tients. Maximum normal serum IPTH, 40 
1'1 eq/ml. 

cium decreased in the pat\ents whose 
serum phosphorus had been increased 
by dailyoral phosphate administration 
(Table '1). 

A phosphate transport defect is pres­
ent in male patients with X-linked hy­
pophosphatemia even when their serum 
IPTH is normal (Fig. 2). The insensi­
tivity of residual phosphate transport 
to endogenous IPTH suggests to us 
that othe renal tUbule of patients with 
X-linked' hypophosphatemia contains a 
second parathyroid ,hormonc-insensi­
tive phosphate-transport system. We 
aIso IUsaest that ~ component of 
phosphate transport in kidney is re­
IpoDlive direcdy' Co 'calcium, perhaps 
in a' manner analogous to that docu­
mented in canine kidney by Lavender 
and Pullman (14). 'ibis would account 
for the weU-bown effect of hyper­
calcemia on tubular reabsorption of 
phosphate in X-linked 'hypophospha­
temia (4). 
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ii) One of our patients (D.R.), because of the particular 

course of his disease, has been extensively studied. In 

particular, attention was given to the relationship between 

tubular reabsorption of phosphorus and the activity of 

the parathyroid glands. After several months of an 

aggressive phosphate supplementation, he developed a 

secondary hyperparathyroidis.with bone lesions. Ionized 

calcium rose to 75% of total calcium (normal: <55%). The 

persistence of secondary hyperparathyroidism led to a 

state of autonomous (tertiary) hyperparathyroidism. There­

fore a 7/8 parathyroidectomy was performed and 400 mg of 

hyperplastic glands were removed. Tubular transport of 

phosphorus was assessed at several occasions. The findings 

are summarized on Figure V-le In the upper part of the 

graph, the changing status of the parathyroid activity 

and the corresponding IPTH values are represented (IPTH 

expressed in nanograms/ml, normàl <4). The middle square 

depicts severe hyperparathyroidism. In the middle hori­

zontal series, data for tubular reabsorption of phosphate 

are presented (in percent of the filtered load). A defect 

in phosphate reabsorption is clearly present,at aIl stages 

of hyperparathyroid hormone activity which was not correc­

ted by surgical removal of the hyperplastic glands. The 

lower part of the graph relates the tubular reabsorption 

of phosphorus to its plasma concentration. Appropriate 

symbols represent the different stages of parathyroid 

activity. It was noted that reabsorption varied inversly 

with plasma concentration. This indicates that the 
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phosphate transport system present in this hemizygote 

for X-linked hypophosphatemic rickets is saturated at 

all concentrations of the filtered load. The TRP value 

was therefore equal to the TroP and calculated to be 

about 45 l-lmoles/100 ml GF in every occasion. This 

observation,in addition to the normal values of IPTH 

in untreated patients, provided a basis upon which to 

study more closely the characteristics of phosphate 

transport in the X-linked hypophosphatemic mutants. 
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c. The phosphate transport defect. 

The findings pub1ished in the first Science parer 
imp1icate a specific phosphate transport defect in the 

pathogenesis of X-1inked hypophosphatemic rickets. In 

subsequent work, the particu1ar inheritance of the trait 

a110wed us to separate the patients into two groups: 

mutant hemizygotes and heterozygotes. 

Evidence is given in the second Science paper that 

phosphate transport in human kidney norma11y invo1ves 

at 1east two components, one of which is comp1ete1y in­

activated in the mutant hemizygote and variab1y so in 

the heterozygote. The type of phosphate transport retained 

in the hemizygote is not inf1uenced by an increase in 

endogenous PTH or by infusion of bovine PTH. The ro1e of 

calcium will be discussed in section v-o. The inter­

pretation of these data uti1izes the Lyon hypothesis(9) 

which proposes the random inactivation of one X-chromosome 

ear1y in the deve10pment in the fema1e. We are suggesting 

that an X-1inked gene is responsib1e for regu1ation of 

phosphate transport by kidney. The resu1ts of these 

studies are presented in the fo110wing paper (Science 175, 

997-1000,1972) • 
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Loss of a Parathyroid Hormone-Sensitive Component of 
Phosphate Transport in X-Linkecl Hypophosphatemia 

Abstract. Mutant hemizygotes with X-/inked hypophosphatemia lack a parathy­
roid hormone-sensitive ctlmponent of inorganic phosphate transport in kidneYi 
female heterozygotes retain a variable proportion of this type of transport. The 
residual mechanism lor reabsorption in aOected males allows inorganic phosphate 
efJlux Irom the kidney to urine so that net "secretion" i~ sometimes observedi 
the latter is directly proportion al to the serum concentration 01 inorganic phos­
phate. Calcium acts on the kidney tubule to enhance net reabsorption by this 
component 01 inorganic phosphate transport. 

The primary defect of X-Iinked hypo­
phosphatemia has eluded clarification 
since the lirst descriptions of this form 
of vitamin D-resistant rickets (l, 2). 
Because of the impaired c1inical respon­
siveness to vitamin D, and because of 
Ihe discovery Ihat intravenous calcium 
infusion could suppress the elevated 
renal clearance of inorganic phosphate 
(PI) which accompanies hypophos­
phatemia (2, 3), attention was origi­
nally focused on vitamin D-dependent 
mineraI metabolism in this trait. The 
primary defect was thought to involve 
impairment of calcium absorption in 
the intestine, or abnormal vitamin D 
mctabolism, and secondary hyperpara­
thyroidism was invoked as the basis for 
the renal loss of PI (2, 4). These 
hypotheses are improbable because un­
treated patients with X-linked hypo­
phosphatemia have normal concentra­
tions of parathyroid hormone (PTH) 
in the blood (5). 

An alternate hypothesis emphasizes a 
primary disturbance of PI transport in 
kidney, and perhaps also in other tis­
sues (2, 6). Hypophosphatemia is the 
single constant phenotypic trait in car­
riers of this X-linked mutant alIele (2), 
suggesting that the aIlele primarily in­
fluences PI metabolism. Replacement of 
PI is particularly effective in correct­
ing the mulant clinical phenotype (7), 
as would be expected if PI metabolism 
is mainly affected in the disease. 

We present evidence that the defect 
in X-linked hypophosphatemia con­
cerns a PTH-sensitive component of Pl 
transport that is responsible for about 
tw~-thirds of the total net reabsorption of 
PI I~ human kidney; this component is 
parti ail y absent in female patients and 
co~pletely absent in male patients. A 
resldual component of PI transport, 
~apable of being. saturated, is retained 
ln male patients. This permits PI flux 
from tubular lumen to plasma and also 
allows a flux in the reverse direction. 
Although this transport is insensitive 
~o PTH it can be modulated by r:alcium 
Ion. The net reabsorption of PI is en-

hanced immediately upon intravenous 
infusion of calcium. 

TlIblllar transport of PI is saturable 
in normal human subjects (8). We ex­
amined the tubular reabsorption rate 
[TRP\, micro moles per 100 ml of 
glomerular filtrate (GF)] and the maxi­
mum reabsorption rate (TmPh micro­
moles per 100 ml of .GF, at satura­
tion) at various concentrations of serum 
PI (9) in six males (alI children) and 
nîne females (three children, six adults) 
with X-linked hypophosphatemia. Sub­
jects with bone disease (six mlde and 
three female children) were on treat­
ment regimens with PI (1 to 3 gl day) 
and vitamin D2 (10,000 to 50,000 
unit/day) prior to investigation; cach 
patient had a normal glomerular filtra­
tion rate (GFR). 

The tubular reabsorption rate.is lower 
in mutant hemizygotes than in female 
heterozygotes, and below the normal 
mean in aU patients (Fig. 1); ·this find­
ing confirms many earlier reports (2). 
The TRPI in female heterozygotes over­
laps the normal range, as predicted by 
the Lyon hypothesis (which implies ran­
dom inactivation of one X chromosome 
early in development) if Pl transport 
in the kidney is closely coupltid to the 
effect of an X-li~ed mutation. How­
ever, we could find no constant relation 
between the TRPI and the degree of 
bone disease in heterozygotes. 

A saturable component of Pl reab­
sorption is present in both hemizygotes 
and heterozygotes but is much lower 
in the former (Fig. 1), confirming pre­
vious reports (2, 10). There is no un­
usual "splay" in the graph of Pl re­
a'bsorption, indicating no change in 
binding of Pl by the available transport 
system. The residual PI transport, in 
mutant hemizygotes, is v·irtually satu­
rated even at endogenou'l concentra­
tions of plasma phosphate. This sug­
gests the presence of more than one 
form of PI transport, the residual form 
being unaffected by the X-linked muta-
" .Ion. 

The renal cxcretion nf P. ln ....... "_. 

hemizygotes was often greater than its 
filtered load; this was observed over a 
threefold range of PI concentration in 
serum (lower part of Fig. 1). These 
observations were monitored by inulin 
clearance, and the rate of net tubular 
secretion was found to be direotly pro­
portion al to the PI concentration in 
serum. When net reabsorption of Pl oc­
curred, the serum calcium concentra­
tion in these subjects was 9.9 ± 0.9 
mgl 100 ml (mean ± standard deviation, 
27 samples) and when there was net 
secretion of Pb it was 9.9 ± 0.4 mgl 
100 ml (14 determinations). 

We examined the effect of bovine 
prH (11) on the endogenous Pl ex-
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Fig. 1. The in vivo kinetics of net reab­
sorption of inorganic phosphate (PI) by the 
kidney of normal subjects and these with 
X-linked hypophosphatemia. The substrate 
concentration (PI) is varied in the glomer­
ular filtrate by an intravenous infusion 
mllthod (8). Reabsorption rate is calcu­
lated as described (9). Mutant hemizygotes 
are represented by squares, heterozygotes 
by half-filled circles and normal sub­
jects by triangles. The mean ± 2 stan­
dard deviations (S.D.) for the normal 
maximal rate of tubular reabsorption 
(TMPI) in man (2) is shown. The inter­
rupted diagonal line (upper graph) in­
dicates complete reabsorption of fiItered 
phosphate; points falliog below this line 
indicate incomplete net tubular reabsorp­
tion of phosphate. The net reabsorption 
rate (TRPI), the dilference between fiItered 
and excreted PI, is plotted upward as 
a positive value when the excreted PI 
is less than the filtered PI. Negative 
reabsorption (net secretion), found in 
several hemizygotes (excreted PI> 
fiItered PI), is plotted downward. Ar­
rows indicate the change in PI reabsorp­
tion 30 to 60 minutes after intravenous 
infusion of calcium (4 mg/kg) over a 
lS-minute period; this dose was sufficient 
to raise total calcium in serum by 2 mgl 
100 ml. A single patient is repte9lftML-by 
the two studies of the effect of calcium on ft ______ ... _ 



cretion in nOl'mal, heterozygous, and 
mutant hemizygous phenotypes. Be­
cause of prior phosphate therapy, the 
endogenous serum immunoreactive 
PTH (12) (lPTH) was above normal in 
one male and one female patient be­
fore bovine PIH infusion (5); the con­
centration was normal in the remain­
ing subjects. Renal clearance of Pt 
relative to creatinine increased shar.ply 
in the four normat subjects aliter infu­
sion of bovine PTH (Fig. 2). The 
GFR was not changed significantly by 
this procedure in any patient. The Pt 
excretion in three heterozygotes over­
lapped the normal response. On the 
other hand, each of the three mutant 
hemizygotes were less responsive to 
PTH than were the heterozygotes, 
and one male actually excreted less 
PI after the PTH infusion. One of 
the hemizygotes (second from right, 
Fig. 2) was studied when bis serum 
PI had been raised to 8 mg/lOO 
ml by the infusion method (9). His 
response to P11I was like that of the 
other two male patients who were 
studied when their concentrations of 
serum PI were low « 3 mg/lOO ml). 
We reported previously (5) that a ten· 
fotd increase in endogenous serum 
IPTH does not influence TRP1 in mutant 
hemizygotes; We conclude, from the 

present and the early studies, that the 
residual PI transport, unmasked in the 
hemizygote with X-linked hypophospha­
temia, is virtually insensitive ta PTH. 

Phosphaturia may not he a satisfac­
tory index of the renal tubular response 
to PTH. Urinary excretion of adenosine 
3',5'-monophosphate (cyclic AMP) is 
sa id to be a more reliable index (13), 
and for this reason we measurtd cyclic 
AMP in the urine of the patients in­
fused with bovine PTH (14). Urinary 
cyclic AMP was normal in ail patients 
before in.fusion. The excretion rate of 
cyclic AMP in female heterozygotes, 
mutant hemizygotes, and normal sub­
jects increased by 19 to 80 nmole/min 
in the first 30 minùtes after bovine PTH 
injection; the response for mutant 
and normal subjects overlapped each 
other and ail were in the normal 
range (13). We also measured the 
change in calcium excretion relative to 
creatinine, before and after PTH in­
fusion. Calcium excretion dropped ooby 
50 to 70 percent after PTH infusion in 
normal, heterozygous, and hemizygous 
subjects. Therefore, PTH acts in a 
normal manner on the renal tubule in 
X-linked hypophosphatemia but the 
hormone is un able to exert its usual 
effect on PI transport. 

_Normal 

n 
Subjects 

Fig. 2. Effect of an intravenous infusion 
of purified bovine parathyroid hormone 
(PTH) on phosphate excretion by mutant 
hemizygotes (open bars) and heterozygotes 
(hatched bars) with X-linked hypophos­
phatemia, and normal subjects (black 
bars). The ordinate is the ratio (CPI/C"r) 
after PTH infusion to the ratio (CI,/C'r) 
before PTH infusion, where C is the 
endogenous renal clearanèe rate of in­
organic phosphate (PI) and creatinine (cr) 
averaged for three 30-minute periods be­
fore and after PTH infusion. 

Intravenous infusion of calcium en­
hances PI transport in the mammalian 
kidney (2. 15). The effect is mediated 
both through a parathyroid-dependent 
mechanism and by a direct effect upon 
the tubule (15). The latter can be the 
only mode of action of calcium in male 
patients with X-Iinked hypophosphate­
mia who respond to calcium infusion 
with improvement in the net tubular re­
absorption of PI (2, 3), because PI 
reabsorption is insensitive to PTH, 
and serum IPTH is not abnormally 
elevated in the untreated mutant hemi­
zygote (5). SttJdies of the change in 
PI reabsorption after calcium infusion 
in X-linkedhypophosphatemia, often 
were performed with large amounIs of 
calcium infused over several hours (3). 
We examined five patients (three fe­
male, two male) at 30 to 60 minutes 
after a calcium infusion (4 mg/kg over 
IS minutes) that was sufficient to raise 
serum calcium by 2 mg/ 100 ml. Tubu­
lar transport of PI was studied at con­
centrations of serum PI sufficient to 
saturate the transport. Tubulàr reab­
sorption of PI improved under these 
conditions in each subject (Fig. 1), 
whether net tubular reabsorption or net 
secretion of PI was present initially. AI­
though serum immunoreactive PTH fell 
by about 20 percent in ail subjects 
after the calcium infusion, Ihis response 
would not account for the change in 
TRPI in hemizygotes. 

Familial hypophosphatemia is a 
dominantly expressed X-linked disease 
(2) and, according to the Lyon hypoth­
es;s, such a disease will be expressed 
fully in male hemizygotes and variably 
in the females. We must conclude, 
however, that the loss of PI transport 

in kidney is not complete even in mu­
tant hemizygotes with X-linked hy.po­
phosphatemia. A component of PI trans­
port, wit'h a saturable capacity for net 
reabsorption at about one-third the 
normal value, is still active in the 
male patient. Transport of PI in femates 
is betweennormal and hemizygous 
values; this is compatible with partial 
retention of the transport that is absent 
in males. We propose, therefore, ~at 
PI trans.port in human kidney involves 
at least two components (16). One com­
ponent accounts for about two-thirds 
(about 1 00 ~tmole per 100 ml of OF) 
of the total net reabsorptive capa­
city: this transport is modulated by en­
dogenous parathyroid hormone. A sec­
ond component accounts for ail or 
most of the remaining uptake; its ca­
pacity is about 50 p.mole per 100 ml of 
OF, and its PI transport can be di­
rectly modulated by the calcium ion. 
Thc~c findings suggcst that calcium may 
regulatc PI efflux (plasma to lumen) 
relative to net influx (lumen to plasma) 
by the second type of PI transport. It is 
possihle that whatever bene fit has been 
achieved by massive vitamin D treat­
ment in X-Iinked hypophosphatemia 
was actually derived from the effect of 
vitamin 0 on calcium metabolism which 
in tum modulated PI transport by the 
calcium-sensitive system. 

It is .still not known whether the two 
(or morc) components of PI transport 
arc separate binding sites (proteins) 
with different capacities and sensitivi­
ties to PTH and calcium, functioning 
in parallel at the brush border, or 
whether they function in series, per­
haps at opposite poles of the tubular 
epithelial cell. The latter hypothesis 
implies a mediated brush border trans­
port with high capacity, which is sensi­
tive to PTH and calcium, and an anti­
luminal carrier capable of transporting 
PI from cell to plasma and also from 
plasma to cell. The X-linked mutation 
presumably influences only one mode 
of transport ni the parallel hypothesis 
and there is precedence for this type 
of membrane transport mutation (17). 
ln the series hypothesis the mutation 
concer.1S transport on the brush border 
site which allows PI binding but not a 
cou pied transport to allow accumula­
tion of PI in the celI; there is also 
precedence for mutations which "un­
couple" sub~trate-specific transport 
(l8). The X-hnked mutation may af­
fect the membrane system directly or 
it may affect another cell function 
which modulates membrane transport 
of phosphate. 



We do not know whether other ceUs 
and organs in man have similar mech­
anisms for PI transport. A number 
of the clinical features of X-linked hy­
pophosphatemia, particularly in the fe­
male heterozygote, cannot be explained 
solely on the ,basis of an hereditary de­
fect in PI transport in kidney. More­
over, sorne nonsaturable but relatively 
inefficient PI transport in ceU mem­
brane (19) is likely to be present since 
high concentration of PI improves 
phosphate retention (7). We anticipate 
that mediated PI transport may be im­
paired in other tissues in this disease; 
thcre is evÎdence for this in other 
inborn errors of membrane trans­
port (17). The X-linked hypophospha­
temia may be geneticaUy heteroge­
neous and different types of defective 
PI transport may be identified; such 
genetic heterogeneity has been found in 
the other inborn errors of membrane 
transport (17). 
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D. Supplementary data. 

i) The effect of calcium on phosphate transport 

In X-linked hypophosphatemic rickets, intravenous 

infusion of calcium clearly enhances the tubular reab­

sorption for phosphorus. This effect has been inter­

preted as evidence for secondary hyperparathyroidism in 

the hereditary trait (18) • In view of our own previous 

observations which were against this hypothesis, it was 

necessary to reevaluate this effect and particularly in 

our patient D.R. after parathyroidectomy. The results 

obtained in this hemizygous patient,using the infusion 

method described in Section III,are represented in the 

Figure V-2. The three-dimensional figure inscribed in 

the graph shows changes in TRP obtained over a range of 

plasma values for calcium and phosphorus. The white are a 

indicates that the transport system for phosphorus is 

saturated in this subject even at endogenous concentration 

of phosphate. Rowever the rapid infusion of calcium 

enhances the phosphate transport function as represented 

by· the right hatched area. 

A similar response to calcium infusion was obtained in 

the heterozygote mother of D.R. (Fig. V-3). Rer response 

is less striking but obviously present. The interpretation 

of these data as a direct effect of calcium upon the renal 

tubule (19) is discussed in Section V-C (Second Science 

paper). 



FIGURE V - 2 
_ .. _------.-_ .. _---_. _._ .. _--------_ .. -. - .-- -". -"._-----". __ . - .. - .- " .. _._- - ------.. -

:;>-
, , 

:I~ IW OOL/S9IOWrf d~l 

0 0 0 0 0 0 0 

'" ~ .." ~ M N ... c 
1 E , ,. en ~ . 1 , 
f a 1 1 , - m 
\ 1 , A. E 
t 1 , 

1 , a 
t. 

1 , 
U 

r 1 , 
1 1 , 
1· 

1 , 
1 , 

r 1 , 
1 1 , 
1 1 , 
~ 1 , 
r 1 , 
[' 1 t 1 1 
~ \ , 

! \ 

r i \ 
( 1 
t 1 
j 1 j 

1 1 
" r----1 , 
1 1 
1 
( 1 
! 1 
r 1 

1 
1 
1 \ 
1 \ 
1 \ ~ 1 \ 

1 \ C) 

1 \ a E 
1 \ E 1 \ --en D-

I \ a 
1 \ 
1 \ D-
I \ 
1 \ 
1 \ 
1 \ 
1 \ 

.,~ 1 \ 
-'p 1 \ 

1 \ 

0 0 0 0 0 0 0 
i'o. ~ .." ~ M N ... 



FIGURE V - 2 
-----_ .. __ ._ .. _" ... . _-- -_._-- ._.- .. ------ .-._. ____ o •• _ •• ____ • __ • __ ••• _____ • __ • __ 

_.. . .... ~ _ .. --- ... __ ._-- -. - . .. - ~------- --

:I~ IW OOl/S8lowri dlll 

0 0 0 0 0 0 0 
"- -0 ..n ~ C") N .... a 

E 
\ , en ~ 
\ , a 0) -\ , A. E \ , 
\ , a 
\ , 

U \ , 
\ , 
\ , 
1 , 
\ , 
\ , 
\ , 
\ , 
1 , 

f 

1 
1 
1 

1· 1 
Î 1 
i ' 1 1 
l- I 

1 ! 1 
" r----f , 
r 1 

1 
1 
1 
1 
1 
1 \ 
1 \ 
1 \ -~ 1 \ 

1 \ m 
1 \ a E 
1 \ E 1 \ --

en ~ 
1 \ a 
1 \ -1 \ ~ 

1 \ 
1 \ 
1 \ 
1 \ 
1 \ 
1 \ 
1 \ 
1 \ 

0 0 0 0 0 0 0 
"- -0 ..n ~ C") N .... 



FIGURE V - 3 

r 
:I~ IW OOL/salowrf d}l! 

a.. 0 0 0 0 0 0 0 Cl ~ - 0 ~ CO '" ~ 1/) E ... - - en~ 

\ 
~ CJ) 

\ a.. E 
\ 

Cl \ 
\ V 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 

l' 
\ 
\ 
\ 
\ 
\ l ____ 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 ~ 1 \ 

1 \ 0) 

1 \ Cl E 
1 \ E 1 \ en a.. 1 \ Cl 1 \ -1 \ a.. 

1 \ 
1 \ 
1 \ 
1 \ 
1 \ 

r -

j 

a.. 0 0 0 0 0 0 .0 
~ - 0 ~ CO '" ~ II) ... - -



FIGURE V - 3 

CL.oooooo o 
~ - 0 (). CO '" -.0 LI') 
~ - -
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
1 
\ 
\ 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 l ___ _ 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

-- 00000 
o (). CO '" -.0 -

\ 
\ 
\ 
\ 
\ 
\ 

o 
LI') 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

c 
E 
cn~ 
~ 0) 

CL. E 
c 
u 

~ 
0) 

c E 
~CL. 
c 

CL. 



J 

v ..... 12. 

ii) The relation between plasma phosphate and filtered 

phosphate during calcium infusion 

It is generally assumed that at endogenous concen-

tration of phosphate in plasma 100% of that phosphate is 

fi~tered through the glomerulus. Direct measurement of 

the plasma phosphate can therefore be used for the deter-

mination of the filtered load of phosphorus. However, 

when both calcium and phosphorus are rais'ed in blood, 

there is a possibility that formation of a calcium phos-

phate col.loidal complex m~y occur wi th the plasma 

proteins(20). Should this occur, the value (measured 

by the Fiske and Subbarow method) of plasma phosphate used 

for estimation of the filtered load of phosphorus will be 

larger than the actual value in vivo. The reabsorbed 

fraction obtained by subtracting the excreted amount of 

phosphorus from the filtered load will thus be overesti-

mated. Thus, the observed "calcium effect" reported in 

the previous paragraph (Section D-i) could be an artefact 

of overestimation of the filtered load of phosphorus. 

To clarify the point, the following experiment has 

been done: 

A sample of heparinized fresh blood was obtained by 

venipuncture from a normal individual and separated in 

two plasma fractions: 

- Plasma sample A containing 9.6 mg% of calcium and 

3.3 mg% of phosphate.~, This sample was used as control. 
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- Plasma sample B was artificially enriched so that 

calcium and phosphorus concentrations were Il.1 mg% 

and 7.8 mg% respectively. 

The samples were applied to separate G-25 Sephadex 

columns (42.5 ~ long) and eluted with normal saline. 

Eighteen fractions (2 ml) were collected from each 

column and analyzed for protein, calcium and phosphorus. 

Proteins (measured by the Lowry method) appeared 

in fractions 2 to 9 from both columns. 

Phosphorus was not detected in any of the A and B 

fractions. Calcium was present at the concentration 

of 0.2 mg% in aIl fractions. 

The lfmits of the technique used for measuring 

phosphate concentration in the fractions (on a Technicon 

Auto-Analyzer) were such that not more than 0.5 mg% of 

the plasma phosphorus could have been present as a colloidal 

complex and consequently, not available for filtration 

through the glomerulus. This amount would not alter signi­

ficantly the estimation of the filtered load of phosphorus. 

The use of the formula: (Pi x GFR) for calculating the 

filtered load of phosphorus is therefore apparently justi­

fied for the experiments involving calcium infusion. 



iii) The excretion of cyclic adenosine 3',S'-mono­

phosphate (c-AMP) 
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Parathyroid hormone exerts its action on the renal 

tubular cell through the activation of the membrane bound 

enzyme, adenyl cyclase(2l). A subsequent increase in 

intracellular c-AMP is indicated by an increase in the 

urinary excretion of the nephrogenous c-AMP. In pseudo­

hypoparathyroidism, the absence of phosphaturie effect 

after intravenous infusion of PTH is coupled to a non­

response in c-AMP excretion and"this syndrome is said to be 

refractory to PTH(22). 

Since we had observed a complete or partial lack of 

phosphaturie response to a PTH infusion in our hemizygous 

and heterozygous patients respectively, it was important 

to assess c-AMP excretion after PTH infusion. 

The results are presented in Figure V-4. Three normal 

controls, four heterozygotes and three mutant hemizygotes 

with X-linked hypophosphatemia were studied. AlI patients 

had normal excretion of c-AMP before the infusion. In aIl 

subjects the maximum excretion occurred 30 minutes after 

the PTH injection; this is the normal response(22). There 

is complete overlap arnong the three groups and the results 

are weIl within the published normal range. 

Therefore there is a normal activation of adenyl 

cyclase in X-linked hyppphosphatemia, but sorne intermediate 

step between that response and the increased phosphaturia 

after PTH infusion may be quantitatively or qualitatively 

deficient. We suggest that this reflects the complete or 
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partial inactivation of the PTH~sensitive component of 

phosphate transport in the hemizygotes and heterozygotes 

for X-linked hypophosphatemia respectively. 
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iv) Levels of circulating IPTH during infusion studies. 

To clarify whether the "calcium effectIf we have 

observed during our infusion studies is a direct effect 

on the tubular transport of phosphorus(19) or could be 

related to changes in circulating IPTH induced by the 

infusion (l8) , blood samples were drawn before and after 

both the phosphate and the calcium infusion and assessed 

for IPTH levels in Dr. Arnaud's laboratory. The available 

results are summarized on table V-l: five female hetero­

zygotes (F) and one hemizygote (M) are represented. The 

latter was hyperparathyroid following long term phosphate 

therapy, it seems however that the decrease in IPTH caused 

by the calcium infusion is probably not important enough 

to explain the neutralization of the observed secretion 

process. In the heterozygotes, on the other hand, calcium 

effect on TRP is variable and sorne phosphaturie effect 

of PTH is also observed. These results again are in 

accordance with the conclusion of the bovine PTH infusion 

tests and support the idea that hemizygotes for X-linked 

hypophosphatemia completely lack a PTH sensitive transport 

component for phosphorus while heterozygotes retain a 

variable percentage of it. 
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TABLE V-1 

1. F 
(BD-)* 

2. F 
(BD-) 

3. F 
(BD+) 

4. F 
(BD+) 

5. F 
(Bb+) 

6. M 
(BD+) 

Time Ca+ P 
mins. mg% mg% 

0 9.6 2.3 
119 8.3 8.0 
200 10.4 7.2 
230 10.7 5.6 

0 9.3 2.2 
112 8.1 7.8 
162 10.4 7.4 
239 12.1 6.5 

0 9.0 1.5 
168 7.3 8.9 
215 9.4 9.0 

0 10.7 2.3 
III 7.2 5.5 
162 9.6 5.5 
231 10.7 2.6 

o 10.4 2.8 
114 8.7 5.1 
166 10.2 4.5 
230 10.4 4.0 

o 10.8 3.6 
123 8.6 7.4 
186 10.4 7.2 
249 10.2 4.2 

* BD = Bone Disease 

IPTH 
}.Il eq/ml 

8 
22 
20 . 13 

23 
28 
14 
16 

54 
98 
69 

24 
100 

37 
36 

49 
60 
51 
54 

240 
350 
280 
210 

Infusion** 
protocol 

t 
Pi t 
-1- Ca 

-1-

t 
pi t 
-1- Ca 

-1-

t 
pi t 
-1- Ca 

-1-

t 
pi t 
-1- Ca 

{-

t 
pi t 
'" Ca 

-1-

t 
Pi t 
'" Ca 

-1-

TRP 
j..lmoles/l00 

", 

77 
88 

117 
96 

70 
121 
110 
128 

69 
83 

106 

72 
125 
102 

77 

66 
33 
51 
51 

28 
-112 
- 22 

. - 24 

** = The arrows encompass the overal1 duration of Pi 

or Ca infusions. 

l 

ml GF 
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THE APPLICATION OF KNOWLEDGE TO THE TREATMENT OF 

X-LINKED KYPOPHOSPW\TE,MIA: A SUPPLEMENTAL PKOS­

PRATE REGlMEN IN X-LINKED HYPOPHOSPHATEMIC RICKETS 

VI. 

The treatment of X-linked hypophosphatemic rickets 

traditionally includes vitamin D in high doses. The doses 

effective for healing of the bone les ions can have toxic' 

effects. Episodes of hypercalcemia and soft tissue calci-

fication have been reported. However this treatment does 

not improve the low steady-state of plasma phosphorus and 

has almost no effect on the growth rate of the treated 

patients. 

The supplemental phosphate was added to the vitamin D 

in the last ten years, as a useful adjunct to prevent hyper-

calcemic episodes. 

The alternative viewpoint has been adopted in the 

present study: phosphate supplementation was employed as 

the major component of treatment while vitamin D was added 

in arelatively small dose to compensate for the hypocalcemic 

effects of phosphate loading. 

This approach has proven to be effective in the neutral-

ization of the mutant phenotype in X-linked hypophosphatemia. 

Results are reported and discussed in the following manuscript 

(recently submitted to The New England Journal of Medicine) • 
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ABSTRACT 

Eight children with X-linked hypophosphatemia .. "; 
(3f, Sm between 3 and 15 years of age) were treated 

for a total of 11,297 patient days with an inorganic 

phospha~e salt supplement by mouth (1-4 g Pijday in 

5 divided doses given at 4 hour intervals) and vitamin 

"02 (10-50 x 103 unitsjday). "On "this regimen the mean 
" " 

value for serum phosphor"us in the group was 4.0 mg 

percent and 85 percent of values were above 3.0 mg 

percent. The ricket? healed completely and an accele-

rated growth rate was observed ~n aIl patients when 

phosphate supplements were provided continuously. 

Owarfism was corrected in 3 female and 2 male subjects. 

The whole-blood P50 was low. (24.5 nun Hg at pH 7.4) 

in untreated patients but was restored "to normal 

during phosphate treatment. There were no serious 

episodes of hypercalcernia and no ectopie calcifi-

cation was found in association with the combined 

phosphate and vitamin 0 regimen. 
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Hypophosphatemia in one of its familial forms is 

inherited as an X-linked 'domina~t trait,Cl). This type 

of hypophosphatemia declares ~tself in ea;rly infancy<.2) 

and rickets appear subsequently; the latter may be respon­

sive bnly to large and continuous doses of vitamin D, 

accounting for the term "familial vitamin D resistant 

rickets" which is often attached to ,the disease. Dwarfism 

is the third important clinical feature of this trait(3). 

AlI aspects of the phenotype are generally more severe 

and uniform in male patients than in the female, as 

expected of an X-linked trait. 

Treatment of X-linked hypophosphatemia has always 

been a challenge. While vit~in D alone may heal the 

rickets when given in very large amounts(3,4), the effec­

tive dose is usually close to the toxic range and episodes 

of hypercalcemia are a significant hazard of such treatment 

in this disease(5-7). Furtnermore the dwarfism has almost 

never been corrected by vitamin D-treatment alone. Nonethe­

less, it has long been assumed that a primary abnormality 

of vitamin D-controlled mineraI metabolism was responsible 

for this disease. We have re-examined this hypothesis<'S), 

and in the absence of any evidence that hypophosphatemia is 

parathyroid-dependent, and thus ~ight be responsive to 

vitamin D, we havé given more emphasis to a primary defect 

of phosphate conservation in the kidney(9). At present 

there is no wayto correct the renal loss of phosphate. 

Therefore, we have adopted long-term, in-home phosphate 

replacement as the major componen~' of a combined phosphate 
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and vitamin D treatment regimen whiqh will raise the 

cpncentration of inorganic phosph~.te (Pi) in serum, 

almost to the normal range will heal the rickets, and 

even more important~ will increase linear growth velo­

city so that the dwarfism can b.e overcome in many of 

our patients.' Thispaper reports o'ur experience of 

Il,297 patient trea~ent d~ys with eight children who 

have proven 'X-linked hypophosphat.emia. The supportive 

ambulat~ry program which makes t~i.s· mode of treatment 

practical was described in detail previouslY(lO). 

MATERIAL AND METHODS 

The patients were éig.ht subj,ects (3fT. Sm between 3 

and 15 years of age) with X-linked hypophosphatemic 

rickets. The criteria for diagnosis were: a concentration 

of inorganic phosphate in serum consistently below 4 mg 

percent after an overnight fast; rickets appearing in 

infancy; no hypocalcemia; no renal loss of metabolites 

other than phosphate; no male-male transmission of the 

hypophosphatemic trait; (there was mother to child trans­

mission 'maIl of our patients). Each subject described 

in this report has been followed and treated for more than 

a year and in one case, as long as "eight years. The total 

period of treatment covered by the report is 11,297 patient 

days. The relevant clinical and 'biochemical features of 

the pa'tients are summarized in Tablé I. 

. 2. 
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Follow-up: Each patient was visited. at home regularly, to 

~upervise medication, to draw ve~ous blood samples and to 

describe the progress of therapy. Renal clearance studies 

were performed every three months. The long bones, kidneys 

and skull were examined radiographically during half-yearly 

clinic visits (or more often if indicated) for signs of 

rickets, hyperparat~yroidism, and complications of therapy. 
. . 

Slit-lamp examination of the eyes were performed at lea.st 

once f~r evidence of ectopie calcification. Blood pressure 

and blood pH measurements were obtàined frequently. 

Analytical Methods: Total calcium, inorganic phosphate (Pi), 

alkaline phosphatase activity and creatinine were determined 

by Technicon auto-analyzer ~ethods. The amine acid and 

imino acid-containing oligopeptide content of urine was 

evaluated by two-dimensional partition and ion-exchange 

chromatography and endogenous renal clearance of phosphate 

was measured, as described previously(11,12). Serum immuno-

reactive parathyroid hormone (IPTH) was measured by Dr. Claude 

Arnaud ~sing a radioirnmunoassay (13) for ~ .. lhich venous blood 

was collected in plastic syringes, transferred to pyrex tubes, 

allowed to clot and after rempval of the cells, frozen at 

-20°C until shipment on dry ice. ~hole blood oxygen pressure, 

.at pH 7.4 ~~~ 50 percent oxygen saturation (PSo,in mm Hg), 

was determined by the Severinghaus method(14). Samples were 

obtai~ed from pa·tients during phosp~ate treatment, and again 

at the same time of the day two weeks after the treatment 

3. 

had been stopped. The patients and their obligate heterogyzous 

mothers in whOIn PSO and Pi were also measured, were matched 

l 



for age and sex by a paired control subject. 

Measurements of linèar growthwer~ made in the 

standing position; the "lower segment" of total height is 

the distance from the top of the symphysis pubis' to the 

heel.' Measurements were plotted on copies of the charts 

drawn by Tanner ~t ai(15), ~nd,by McNair and Stickler(3}. 

Bone density on standardized roentgenographs of the 

hands was determined by computerized photodensitometry of 

the bone i~age(l~). 

Treatment Regimen: A phosphate mixture comprising 

4. 

NaH2P04.7H20 (136 g/vol.)i and phosphoric acid (NF85%;58.8 g/vol.) 

in 1 L of tap water (Joulie' s solution) \vas found ta bé most 

acceptable for long term treatment. The pH of thi.s solution 

is 4.9, the m~larity is 1725 mOsm, and it provides 30.4 mg 

Pi per ml. The mixture is given in multiples of 5-15 ml 

per dose until an average intake of 15 ml every 4 hours, 

five times daily is achieved. The amount taken on this 

time schedule is that required to main tain the average 

phosphorus concentration ab ove 3.0mg percent and is 

equivalent to 1-4 9 Pi/day. Transient diarrhea may occur 

during the first days of this regimen, but careful expla-

nation to the parents and patient, is usually sufficient to 

overcome its inconvenience. 

Vitamin D2 (10,000-50,000 IU/day) was used to offset 

hypocalcemia during high-phosphate intake. If secondary 

hyperparathyroidism appeared, phosphate was discontinued 

temporarily, and calcium gluconate (2-9g day) \'7as given 
. " 



in combinat ion with vitamin D2 (IOO,OOO unitsjday) for 

2-3 weeks, or until'parathyroid gland hyperactivity 

s, 

abated. Cycling of treatment in this manner has prevented 

the clinical complications of hyperparathyroidism in our 

experience. 

RESULTS 

Serum Pi: Serum Pi oscillates with intermittent dietary 

loading (Fig. 1) •. However the 4-hour Pi loading cycle 

maintained serum Pi. above 3.0 mg percent in 85 percent 

of venous blood samples obtained from patients on this 

regimen. The serum Pi in the eight patients during a 

12-month period in 1970-71 is given in Table II. The 

mean value ± 1 SD for 192 determinations during 2,725 

treatment days was 4.0 ± 0.8 mg,percent. 

Bone: Active rickets was not found in any of our patients 

during regu1ar treatment with phosphate. Coarsening of 

the trabecu1ar pattern was sometimes evident but mean 

radiographid density mea?ured by photodensitometry of 

standardized midd1e phalangeai x-ray images was between 

the 15th and 87th percentiles, for bone density in 

normal subjects, matched for age(lç}. 

Linear Growth: The average 1inear gro\'lth ve1o;::i ty for 

the patient grou~ was below normal (63 ± 24 percent of 

the normal rate 6n the. 50th percentiIe) before the initia-

tion of phosphate treatment. ht.the time seven of the 

patients were receiving vitamin b2 in the usuai large doses 
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. for treatment of vitamin D resistant rickets. The 1inear 

growth rate increased in each patients during phosphate 

treatment (Fig. 2). The mean value for the total patient 

group on phosph~te treatment· ~as double the pre-treatm~nt 

rate, or'equiva1ent to 126 ± 22 percent of the age-equiva1ent 

50th percenti1e for normal chi1dren. After pro10nged 

phosphate therapy "àn acce1erated"·growth rate was still 

apparent.in most of the patients (upper ha1f of Figures 2a 

and 2b). The dwarfism which characterized the pre-treatment 
. .' 

physique, is no longer present in the three fema1e patients 

in the group and in two of the male patients. 

The impairment of 1inear growth before phosphate treat-

ment was most obvious in the 10wer segment, as noted by 

others(3). The post-phosphate treatment acce1eration of 

total 1inear growth was c1ear1y expressed in the 10wer 

segment of our patients (Fig .• 3). 

Who1e B100d PsO : In the absence of phosphate treatment, 

patients with X-1inked hypophosphatemia have lower values for 

. 
who1e-b1ood 'PsO and serum Pi than during treatment with 

phosphate (Fig. 4). The difference between their on-treatment 

and off-treatment PsO values " is significant at the 0.05 

1eve1 by the Wi1coxon signed~rank ·test(17). The values for 

patients ontreatment were not significant1y different from 

the control group of age-matched.hea1thy children. Hetero-

. . . . 
zygous mothers not recebting phcsphate had lm-1er values for 

who1e-b100d PSo and serum pi than the age-matched control 

group of women. The re1ationship between the blO groups of 

adu1t subjects para11e1s that for corresponding groups of 



children (Fig. 4). There wer~ no significant differences 
.. ': 

between patients and c9ntrols, in he~oglobin concentration, 

hematocrit or blood pH. 

Complications of the· Treatment Regimen: There were five 

episodes of hyperc~lcemia during Il,297 treatment days in 

patients on the combined phosphate.and·vitamin D regimen. 

None lasted more than two weeks and no serum calcium value 

exceeded 12.4 mg percent. There ·is. no evidence of ectopic 

tissue calcificatiorr or of urinary calculus formation, and 

the glomerular filtration rate remains normal in aIl of 

our patients~ The sodium phosphate salt supplement did not· 

cause systemic vascular hypertension or acidemia. 

7, 

There was no evidence 'of hyperparathyroidism in our 

patients prior to phosphate treatment(8). However phosphate 

administration will lower serum calcium(lS), and as expected, 

this is associated with elevated serum IPTH level in X-linked 

hypophosphatemia(S). The relationship is reversible with 

reduction of phosphate intake and by supplementing calcium 

nutrition (Table III) •... : 

In the early phase of our treatment prograrn, one patient 

(D.R.) developed severe hyperparathyroidism which did not 

respond to medical management; subtotal parathyroidectomy 

removing about 7/Sth of the 4 diffusely hyperplastic glands 

has restored parathyroid activity to an acceptable range 

(serum IPTH, 14-52ml.Eq/ml, normal <40), in the subsequent 

three years. Parathyroidectomy d'id not influence the phosphate 

transport defect in the patient. 

A generalized hyperaminoaciduria was apparent, as 
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expected(ll), when secondary hyperparathyroidism deve10ped 
. ,": 

(Table III). The hype!aminoaciduri~ abated with treatment 

to suppress hyperparathyr~idism. A~ irninopeptiduria which 

rnay reflect increased bone turnover (12) , was evident during 

reversible episodes of hyperparathyrqidism • 

. . ' 

.. ' 
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DISCUSSION 

This report documents how the phenotypic effects of 

the, mutation causing an X-linked hypophosphatemic trait 

can be neutralized with considerable success. We believe 

that the treatment regimen described here can also benefit 

patients with 'other types ~f phosph~te losing nephropathy. 

Considering that so-called vitamin-D resistant rickets 

was recognized as a clinical,entity almost 35 years ago(19), 

it,comes as a surpri~e that a reasonably effective form of 

~. 

treatment has taken so long ta' emerge. There 'are' at least 

three circumstances which caused the delay, namely, problems 

in the differential diagnosis of hypophosphatemia; problems 

with interpretation of the pathogenesis of hypophosphatemia7 

and' problems in the clinica"l use of dietary phosphate in 

large and frequent doses. 

Until a decade ago, X-linked hypophosphatemia was 

usually included in a group of familial rickets merely 

classified as resistant to Vitamin D. This in itself 

was a misnomer because at least the rickets in this 

X-linked disease ëould be healed when sufficient doses 

of vitamin D were administèred carefully{3,4). The trait 

had also been classified on physiological grounds as one 

of the hypophosphatemic diseases resulting from renal 

tubular dysfunction(4,29-22). The latter attempt at 

nosology might have encouraged more extensive use of 

phosph~te therapy as a way to offset the presurned les ion in 

tubular conservation', of phosphate" However, debate about 

the mechanism of that lesion aJ2parently forestalled any 

earlier acceptance of the ph9sphate-replacement treatment 
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hypothesis. 

Several interpretations oftBe basic defect in the 

X-linke.d form of vitamin 0 J;"esistant. rickets have been 

advanced. A primary defect of intestinal absorption of 

calcium'was sug~ested ·by Albright(19,23) and accepted 

. by many workers subsequently, w~ile others have recently 

favored an abnormality ~f vitamin 0 metabolism(24). 

However, studies have sho'Y'n that hypophosphatemic patients 

can synthesize 25-hydroxycholecalci.ferol the major polar 

metabolite of vitamin 0(25), and treatment with this form 

10. 

of the vitamin does not correct" ·the abnormal phenotype (26, 27) • 

Furthermore, any hypothesis which proposes that vitamin D­

dependent calcium transport is compromised initially in 

X-linked hypophosphatemia, 'should include secondary hyper-

parathyroidism as the cause for the renal loss of phosphate. 

We now know that levels of immunoreactive parathyroid 

hormone are normal in untreated patients with X-linked 

hypophosphatemia(8). 

Evidence for a defect in tubular transport-of phosphate 

in X-linked hypophosphatemia is now quite compelling(9) • 

. There are apparently two types of phosphate transport in .. 

human kidney and one is deficient in the disease. The other 

functions at its maximum capacity, but under the usual 

conditions this system i5 not able to transport sufficient 

phosphate to restore the body pool. How does one then 

interpret the we1.l.:..known observations that sustained calcium 

infusion" improves tubular transport of pllOsphate in X-linked 

hypophosPhatemia{28,29). There ~s Gviàence(9) that the 
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residual type of phosphate transport in the kidney,of 

X-linked hypophosphat~nic patients is sensitive to calcium, 

in a manner analogous to th~ parathyroid-independent effect 

of calcium on phosphate transport in normal 'mammalian 

kidney(30). Perhaps it is for this reason that massive 

doses of vitamin D and their frequent association with 

hypercalcemia, are of therapeutic 'benefit in the disease. 

On the other hand, it has recently, been suggested(31) 

that a newly recognized metabolite'of vitamin D may be 

directly involved in proximal tubular transport of 

phosphate and that its synthesisis regulated by the 

ambient calcium level. Ther'e is' also new evidence (32) 

that 25-hydroxylated vitamin-D, or a derivative, enhances 

tubular reabsorption of phosphate by direct action on 

the kidney. Thus a partial defect in the biosynthesis 

of the proposed phosphate transporting substance might 

explain vitamin D resistance and the deficit in tubular 

transport of phosphate in X-linked hypophosphatemia. 

However, until that substance can be identified, isolated 

and shown to be of therapeutic value"it is necessary to 

look elsewhere for an effective mode of treatment. 

The importance of phosphate salts in bone formation, 

has been known for'a century. Lilly, Peirce and Grant (33) , 

in their 1935 report of bone healing induced by dietary 

phosphate in experimental rickets, refe~ to the statement 

made by Wegner in'lB72, that element.al phosphorus increases 

bone formation in 'growing animaIs. It hasoften been shown 

since then, that the bone lesion~ of vitamin D deficiency, 

as weIl as the various forms of vitamin D resistànt rickets, 
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can be healed by short· .. term phosphate sup~lements (34-36). 

Long-term phosphate supplementation should therefore be 

a logical form of treatment for a condition in which the 

renal 10ss of p~osphate is chronic and significant, and 

this form of therapy·has indeed .been the subject of 

numerous çlinical f?tudies. Sorne of these studies yielded 

negative results(37,38) , probably because the administration 

of phosphate was inadequate. However, when the phosphate 

dose is sufficient, and the clinical management is aggres-

sive, serum phosphorus can be increased and healing of 

long standing IIvitamin-D resistant" rickets result~(22,39,43). 

Despite these recorded exper{ences, phosphate is still used 

more as an adjunct to vitamin D therapy to avoid vitamin 

D intoxication, than as a primary component of therapy. 

We have sho"m that combined phosphate and vitaminD 

treatment restores bone density to normal in our patients. 

Albright proposed originally(44) that hypophosphatemia 

stimulated bone resorption anq that phosphate replacement 

merely prevented .this event. Rasmussen (45) .has challenged 

this interpretation and he suggests that Albright's own 

data indicated that phosphate replacement actually stimulates 

bone mineralization. Recent studies in the severely hypo­

phosphatemic rat(46~, show that when bone resorption is 

increased, bone mineralization and rnatrix formation is aiso 

severely inhibited; phosphate replacement stimulates bone 

formation in this situation. Sirnilar rnechanisms may 

account for the response in bone mineralizationobserved 

after phosphate treatment in X-linked hypophosphatemia. 
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Phosphate loading will cause serum calcium to fall 

and serum immulforeactive' PTH' to' rise (~8). We have 

13. ' 

observed a similar response 'in our' patiel).ts. The appearance 

of a characteristic reversible hyperaminoaciduria(ll) and 

i~in6peptiduria(l2) when serum PTH was increased in our 

patients treated with phosphate, indicates that kidney 

and bone are apparently both responsive to PTH in X-linked 

hypophosphatemia. It is not unreasonable to suppose that 

this effect on bone may actually benefit its turnover, 

remodelling and linear growth during phosphate treatment. 

Stimulation of the linear growth rate in our series 

of patients is probably the most surprising finding in 

the study. With the exception of: one patient{47), we are 

not aware of any publication describing a similar response 

in patients treated primarily with vitamin D. The only 

other patients in whom an accelerated growth response to 

treatment has been described were treated with phosphate(7,4l,48). 

Harrison et al(4l) were the first to report a positive 

correlation between serum Pi and growth rate. We observed 

that chronic hypophosphatemia in our patients was associated 

with a low whole-blood PSO ' indicating a shift to the le ft 

of the oxygen dissociation curve. Phosphate treatment raised 

both the serum Pi and whole bloo,d PSO to the normal range. 

If depletion of serum inorganic phosphate inhibits 2,3-DPG 

synthesis in red cells(49), thus causing a fall in whole­

blood PSO' it is possible that release of oxygen to tissues 

would be inhibited sufficiently ov~r long periods of timc 

to impair growth in patients wi~b the X-linked trait. This 
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hypothesis has yet tobe tested.' The growth failure in 

~ypophosphatemic rickets is clear'ly not the result of growth 

hormone deficiencY,(5l) ,and it cannot be the direct result 

of rickets (52) since 'the bo~e'disease can be healed with 

vitamin D while grqwth remains impairèd. 

The fact that growth 'failure is manifest particularly 

in the lower segment in x-'Iinked'hypophosphatemia(3) is 

not surprising. Linear growth' in the child after infancy, 

and before adolescence, ism~st rapid in. the lower segment. 

The latter comprisès 50% of total height, in childhood but 

only 30 percent of total height during infancy. The combined 

phosphate-vitamin D treatment regimen stimulated growth 

equally weIl in the lower segment, and in total body length. 

The time in which the rise and fall of the Pi concen-

tration in serum occurs after phosphate loading by mouth, is 

only about 4 hours. Consequently, phosphate must be given 

frequently if a near-normal serum Pi is to be maintained; 

a burden is thus imposed on' the patient who must take 

large amounts of a salt y liquid, at frequent intervals. 

The in-home treatment provides continuous support to the 

parents who must supervise the treatment. Supervision is 

constant so that interest in the patient's status is tangible. 

Several o~ oQr patients had endured "failed-phosphate" 

treatment before enrolement in t~e current program; each' 

one ,responded satisfactorily aft'er .aggressive monitoring 

and'supervision was initiated. 

Another advantage of careful supervision was demons-

trated in our study. There were few episodes of toxicity 
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in the period of observation (11,297 patient-treatment days) • 
. • 0: 

Vitamin D alone, as a major treatment-mode, is accompanied 

by hazards which include hype·rcalcemià and nephrotoxicity (5-7) . 

Phosphate, supplementa~ion can reduce the hazards of hyper­

calcemia(53), and our program,restrained the total duration 

of the hypercalcemic episodes ·to 'less than 0.5 percent of 

patient-treatment days. ln no case was the hypercalcemia of 

serious magnitude, and we found no evidence of ectopic calci-

fication orrenal dam~ge in our patients. 

There are otherreal a~d potential inconveniences 

for the 'patient receiving phosphate supplementation. It 

may cause transient diarrhea and the taste of the mixture 

is unpleasant to some, altho~gh Joulie's solution is 

preferable to the u,s,ual "neutral ll phosphate salt mixture. 

Moreover, the sodium salt intake is high in the phosphate 

mixture Cup to 100 ,mEq/day) and the Joulie solution provides 

an acid load. Nevertheless, we have not detected hyper-

tension or acidemia in any of our patients over the yearsi 

diarrhea has no,t been a problem; and some ingenious mani-

pulations in the· pharmacy and at home have improved the 

taste of treatment. At the present time we believe treatment 

, with phosphate and vitamin D provides a useful way to neutralize 

the clinical effects of the mutation in X-linked hypophos-

phaternia, until a more basic approach is discovered ,.,hich will 

correct the defect in phosphate tr~nsp6rt. 
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Patient 

M.Ch. 

s:v. 

I.B. 

D.R. 

. '. E.M. 

L.A. 

J.B. 

M.C. 

.. 

Sex 

F 

F 

F 

M 

M 

M 

M 

M 

Birthdate Age at 
Diagnosis 

(yr) 

7/ 4/60 6 6/12 

25/ 7/60 2 3/12 . 

14/ 8/62 5 10/12 

20/12/56 7 10/12 

25/ 6/59 Ô 8/12 

'16/ ,6/59 3' 

26/ 9/62, 3 1/2 

~/11/67 2 3/12 

TABLE I 

Height 
(percentile)b) 

<3rd 

<3rd 

<3rd 

<3rd 

<3rd 

<3rd 

<3rd 

<3rd 

Plasma 
Valuesa ) 
Ca Pi 

(mg%) (mg%) 

9.6 2.3 

9.2 2.6 

9.1 2.2 

'10.2 2.6 

9.3 3.3 

10.'4 3.0 

10.0 2.2 

9.7 2.2 

Renal Clearance 
of Pic) 

(ml/min/l. 7 3m 2 ) 

43 

51 

"--' 67 

68 

67 

70 

39 

58 

Status of Motheh 
Serum Pia) Bone 

(mg%) Disease 

2.8 0 

1.8 + 

2.3 0 

1.5 .;-

1.5 ,+, 

3.0, 0 

2.3 0' 

1.8 + 

a) Determinations done on a morning blood sample, after an overnight fast • 

b) Derived from Tanner's ~harts (gee Figure 2). 

c) Normal, C pi <16m1/min/l.-73m2 • 
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PATIENT 

M.Ch. 

S. V. 

l.B. 

D.R. 

E.M. 

L.A. 

J.B. a ) 

M.C. b ) 

/ 

\ 

( 

TABLE:' I:t . 

CONTROL OF SERUM pi DURING 12 CONSECUTIVE MONTHS OF 
.: 

PHOSPHATE REPLACEMENT IN CHILDREN WITH X-LINKED 

HYPOPHOSPHATEMIA. 

AGE SERUM Pi HOME VISITS 
(yrs) (mg %) (number/12 months) 

Mean ± S,D 
10 3.7 1: 1.l 30 

10 2.8 ± 0.4 35 

9 4.5 ± 0.6' 18 

13 4.2 ± 1.0 35 

Il 3.5 ± 1~3, 28 

11 5.1 ±' 1.4' 24 

8 3.2 ± 0.6 

,3 4.9. ± 0.9 (7) 

Mean 4.0 ± 0.8 28.3 

AlI blood samples (excepting patient J.B.) obtained 

in the home or àt school by visiting nurse (T.R.). 

The frequency of visits is indicated. Serum was 

separated from the'clot within 2 hours of sample 

collection. 

a) Domiciled 90'miles from Montreal; regular visits 
to local hospital were substituted for home 
'visits by our team. Fifteen hospital visits 
were recorded. 

b) For six-month period (April-Oct., 1971) calcu­
lation of home visit frequèncy not included in 
calculation ·of mean frequency for the group. 

.. 
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PATIENT 

M.C. 

L.A. 

, 'E.M. 

J.B. 

TABLE III 

EFFECT OF PHOSPHATE TREATMENT ON PARATHYROID ACTIVITY 

SERUM 
Pi 

(mg%) 

5.4 

5.0 

4.4 

3.4 

IN X-LINKED HYPOPHOSPHATEMIA 

High Phosphate R~gimena) 
SERUM SERUM 

CALCIUM IPTH 
(mg%) (~lEq/ml) 

8.9 290 

9.3 100 

7.4 :. 750 

9.4 90 

URINE 
AMINO 

ACIDSc) 

general 
increase 

general 
increase 

.general 
increase 

hyper-
g"lycinur ia 

Moderate Phosphate Regimenb ) 
SERUM SERUM SERUM URINE 
Pi CALCIUM IPTH AMInO 

(mg%) (Mg%) (~lEq/ml) ACIDSc ) 

3.9 10.4 40 normal 

3.8 11.4 67 normal 

3.9 10.6 43 hyper-' . 
.glyc;i.n~ria 

3.4 10.0 36 normal 

Average 4.5 8.7 307 inc~eased 3.7 10.6 46.5 normal 

Normal seru~ values: ~i, >4. ° mg%;' calcium, 9-11 mg%; IPTH,' <40 ~lEq/ml. 

a) ~i supplement, 3~4 ·g/day; Vitamin D, <50,000 units/day 

b) Pi supplement, 1-3 g/day; Vitamin D, 100,000 units/day x 3 weeks'or more 

cl' Amino aciduria assessed by partition chromatogr~phy(ll). 
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Figure 1: 

LEGEND 
, C 4 , 

Effect o.f repe'ated loading by mouth with an 

inorganic phosphate mi~ture. on the concen-· 

tration of inorganic phosphate in s.erum of 

a male patient with X-linked hypophosphatemia. 

The diurnal timing and·amount of phosphorus 

administered in the mixture· is indicated • 

. '. 
. . 
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;FIGURE 2 (right) 
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LEGEND' 

Figure 2: Growth charts for boys (left) and girls 

(right) before (ope~ Gircles) and during 

(closed circles) phosphate supplementation. 

Vitamin D alone was the major form of 

treatment given before the combined regime 

was begun. The up.per graphs show growth 

as a linear measurement, related to age. 

The lower graphs indicate the rate of 

growth (gain in height per year). Graphs 

show percentiles for a normal reference 

population as described by Tanner et al(lS). 



~ • ... 
0 

• VORR f .. 
80-1 from McNalr & Stlckler 

o Controls 0 

• 0' 1 a ~ present study 0 

• . 70~ 02 • E 
u /' 7 • 
~ ....... -- • -c 

Q) 

/;~: 
l'%j 

E 60 • H 

0 • Cil 
m • c 
Q) 0 

tP • 
• eg 

en 

... w 
Q) • ~ 50; 0 • 

00 • • •• • • .r. 

4J 
- /. 

o· •• 
m • c 
Q) • ..... • • • • 0 • • • 

30- 0 

• 
2 4 6 8 10 12 14 

Age, years 
-- ---- - ---

.-1 



0 

80~ • VDRR rfrom McNoir & Stickler 
o Controls 1 

0 

• cI 0 a ~ present study 

• . 70~ o~ • E 

/' '" 7 .AI __ 
• 

... • -c 
CI) 0 

~: 
txj 

E 60 • H 

0 • Cil 
g) • c:: 
CI) 0 • ~ a • CI) • .. w 
CI) • • 
~ 50 

0 • 0 • 0 0 • •• •• • ..c 

4J 
o· •• - /. g) • c 

CI) • .... • • • • 0 • • • 
30- 0 

• ~ 

2 :4 6 8 10 12 14 

Age, years 

-' 



() Figure 3: 

LEGEND. 

Growth in the lower segment of 

patients treated with phosphate and vitamin 

D J compared wi th ,lower-s,êgment growth of 

patients treated with vitamin D alone as 

.. reported by McNair and Stickler(3). 
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LEGEND 

Relationship between serum phosphorus 

(Pi) and whole blood PSO value in 8 

untreated' adult female '~eterozygotes 

". Uù and 8 untreated children (0) with 

X-linked hypophosphatemia. Controls for' 

adults (A) and children '(e)were indi-

viduaIIy matched for age anq seXe 

Phosphate treatment of children with 

the disease (0) raises the serum Pi .and 

whole blood PSO' 

. ') 
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COMMENTARY 

an.d.. 
Detailed discussions are given in the published~pending 

manuscripts which form the body of this thesis. Only a 

general perspective to the thesis work is presented in the 

following commentary. 

The praducts of gene action are represented by the poly­

peptide chains. These essential constituQnts of the mammalian 

organism are ubiguitous. For instance, they are found in the 

membranes where . .a.S "carriers" they are essential to the transfer 

of organic solutes across the cellular membrane; as enzymes and 

hormones they regulate cellular metabolism; in the body fluids 

they regulate the osmptic pressure and selectively bind certain 

small molecules. The size, shape and specifie function of a 

protein originates partly in the primary ami no acid sequence. 

This sequence depends on the nucleotide sequence of the gene 

which codes for the pOlypeptide chain. Therefore a mutation 

in the structural gene will be expressed as an inherited varia­

tion in prote in structure. Sorne will be easily detected if 

they produce important chemical or clinical disturbance but 

sorne will be more difficult to characterize because they are 

incompatible with life or,on the other hand,bear no signi-

ficant functional disturbance and thu~ may not come readily 

to attention. All these concepts are now part of the central 

dogma in molecular biology and were alluded to with great 

prescience by Garrod in his book "Inborn Factors of Disease" 

published in 1931. 
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In his first descriptions of inborn errors of metabolism, 

Garrod placed emphasis on the enzyme defects producing a block 

in a metabolic pathway. Sarcosinemia studied in the first 

part of this thesis is a good example of this type of mutation. 

The presumed block affects sarcosine oxidase and leads to the 

accumulation of sarcosine in the organisme The normal enzyme 

exhibits tissue specificity for it is found only in the liver 

and the kidney. The genetic trait, sarcosinemia is apparently 

harmless and therefore appears of limited clinical interest. 

The mental retardation reported in some cases seems to be 

pursly coincidental. However from the biochemical genetic 

viewpoint, many aspects of hypersarcosinemia are of signifi­

cance. The phenotype of the homozygote and the heterozygote 

has been clearly defined. The other interesting fact concerns 

the tubular transport of sarcosine. The incidental discovery 

of the mutant individual studied in this thesis program was 

made by screening urine amine acids by partition chromatography. 

Since the plasma concentration of sarcosine was abnormally high, 

the mechanism for the hypersarcosinuria was classified as a 

"prerenal" or "overflow" aminoaciduria. By infusion methods 

in the blocked catabolic mutant and in a normal individual, 

the maximum reabsorption capacity was demonstrated to be intact 

in the proband. Therefore the transport system for sarcosine 

in the kidney tubule is not affected by the mutation or by the 

high filtered load of sarcosine. Moreover since the kidney is 

one of the only two tissues where sarcosine oxidation normally 

takes place, the proband who is in effect a blocked catabolic 

mutant for sarcosine oxidation provided the opportunity to 
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study the transport of sarcosine independent of its metabolism 

in kidney. The independence of these two events observed in 

vivo was confirmed with an in vitro system in rat kidney. The 

in vivo studiès have indicated that sarcosine (N-methyl­

glycine) is transported primarily by systems serving proline, 

hydroxyproline and glycine uptake. The competitive inhibition 

and exchanges observed among that group of substrates in vitro 

suggest that the main carrier available for sarcosine trans­

port in kidney is the high capacity system shared by imino 

acids and glycine. Sarcosine is not normally present in signi­

ficant amounts in the extracellular fluid and glomerular 

filtrate and it does not have a transport system of its own.When 

transport is required, it parasitizes the transport systems of 

other substrates. The relevance of this concept with respect 

to drug transport was touched upon in the relevant publica­

tion (Section IV). 

The other problem investigated in this thesis was: 

X-linked hypophosphatemia. This trait can probably be included 

among the inborn errorsof membrane transport. The impaired 

phosphate reabsorption has a "renal" mechanism. The hyper­

phosphaturia is not due to "overflow" as in the hypersarcosi­

nuria. There is a chronic depletion of the inorganic phosphate 

pool" as a consequence of the'renal leak. The impairment of 

phosph.ate transfer across the cellular membrane in the kidney 

could reflect the genetic absence of a carrier protein or 

might involve abnormalities in the coupling of the transport 

process to the source of energy. The latter mechanism is 

thought to be involved in the Fanconi syndrome where there is 
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a generalized defect for reabsorption of various solutes 

including glucose, amino acids,potassium,bicarbonate and 

phosphate. Because'transport defect in X-linked hypo­

phosphatemia is highly selective, it is appealing to 

suggest a defect in the binding of the ion to a specifie 

reactive site. precedence for this interpretation is found 

in certain genetically determined defects of phosphate 

transport which have ~een identified in microorganisms 

(Medveczky, N. and Rosenberg, H.,' BBA 241,494,1971.). 

The data presented in this thesis indicate that the satu­

rable mode of phosphate transport present in the normal 

human:.kidney is defective in the mutant· for X-linked hypo­

phosphatemia. The,defect is complete in the affected male 

and variably expressed in the heterozygous female. This is 

compatible with the ·dose effect of a single gene located on 

an X-chromosome. However, in the male 'patient, a mode of 

transport for phosphorus is retained. This component of Pi 

transport is apparentJ.y':. saturable but because of i ts low 

capacity it is unable to maintain an inorganic phosphate 

concentration compatible with a normal phenotype. This trans-

port component is not affected by parathyroid hormone but can 

apparently be modulated by the calcium ion concentration. On 

the basis of these findings, we propose that transport of 

phosphorus in human kidney involves at least two components. 

The net secretiGn phosphorus which is sometimes observed in the 

hemizygous individuals, is apparently influenced by calcium. 

Tubular efflux of inorganic phosphate may thus occur on the 

second component of phosphate transport. 

---. 
1 



( \ 

VII. - 5. 

The data do not allow one to determine whether the two 

components of phosphate transport are located at the same 

or at opposite poles of the tubular epithelial celle We 

also do not know whether other tissues in man have comparable 

modes of phosphate transport that could be affected by the 

X-linked mutation. 

Sorne aspects of the mutant phenotypes particularly in the 

heterozygous female are difficult to explain solely on the 

basis of a renal transport defect. For example, the absence 

of dwarfism and bone disease in some females presenting with 

constant hypophosphatemia merits further study. 

The data presented here give-' strong support to the 

presence of a tubular transport defect in X-linked hypophos­

phatemia. They do no't allow, however to de termine whether 

th~ defect is primary, or secondary to an, as yet, unidentified 

factor. The independence from parathyroid hormone activity 

has been established but the role of vitamin D and its recently 

identified polar metabolites, is far from clear. It is ~nown 

that hypophosphatemic mutants are able to synthesize 25-hydroxy­

cholecalciferol, the circulating or "hormonal" form of the 

vitamin D. The possibilitythat 2l,25-dihydroxycholecalciferol, 

a vitamin D metabolite synthesized in the kidney of normo­

calcemie rats, is involved in tubular phosphate reabsorption, 

has been recently suggested (see References in Section VI). 

There is however no correlation between the plasma phosphate 

concentration and the concentration of 2l,25-(OH)2D3 in the 

rat. The hypothesis that a partial defect in the synthesis 

of that substance could play a role in the phosphate transport 
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defect identified in X-1inked hypophosphatemia and exp1ain 

the resistance to vitamin D cannot be tested unti1 the 

vitamin D metabo1ite is made avai1ab1e for c1inica1 trial. 

The information gained from the characteristics of 

phosphate transport in human kidney indicated a mode of 

treatment more successfu1 than previous1y reported attempts 

emp10ying vitamin D as the princip1e pharmacologie agent. 

In the absence of a way to correct the primary defect, it 

was 10gica1 to try to offset the mutant gene by a continuous1y 

augmented dietary intake of inorganic phosphate to offset 

rena1 10ss. The possibi1ity to restore the body pool in the 

absence of an efficient phosphate transport system may-be 

due to the presence in the ce11 membrane of a non saturable 

component for phosphate transport as documented in the red b100d 

ce11 by Schrier (see References in Section Vc). The positive 

resu1ts obtained are rather unique in the 1iterature and a110w 

one to consider it as the best avai1ab1e method to neutra1ize 

the effect of the X-1inked mutation. 
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CLALMS TO ORIGINAL WORK 

1. In Sarcosinemia: 

1.' Dietary folie acid does. not influence the plasma 

level of sarcosine in the hypersarcosinemic subject. 

Therefore the mutation probably does not involve a 

deficiency of the acceptor of the "one-carbon moeityll 

during oxidation of sarcosine to glycine. 

2. Delineation of homozygous and heterozygous. pheno-

types is possible by examination of plasma sarcosine 

and glycine after sarcosine load. An autosomal reces-

sive inheritance for sarcosinemia is clearly suggested. 

3. Sarcosine dehydrogenase is normally absent in. cultured 

hum an skin'fibroblasts and leukocytes. (These studies 

were made before the same conclusions were reported by 

other investigators) • 

4. Renal t~ular transport of sarcosine is normal in the 

blocked catabolic mutant state known as sarcosinemia. 

Renal uptake of sarcosine is, therefore, not influenced 

by its own catabolism. 

5. Sarcosine transport in kidney is mediated and concen-

trative and there is interaction with glycine and 

proline transport. 

6. Sarcosine 'has no apparent transport system of its own.· 

It parasitizes the low affinity high capacity transport 

system shared by imino acids and glycine, and the 

specifie high affinity low capacity transport systems 

for L-proline and glycine respectively. 
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2. In X-linked hypophosphatemia: 

A. Transport studies 

1. A normal level of immunoreactive parathyroid hormone 

in X-linked hypophosphatemic rickets was proven for 

the first time. 

2. Tubular reabsprption of phosphorus is normally satu­

rable. Reabsorption is reduced and completely satu­

rated in the mutant hemizygotes. Phosphate transport 

is not affected by the level of circulating para­

thyroid hormone in this circumstance. 

3. Tubular transport of phosphorus in human kidney involves 

at least two components: one, is PTH-sensitive, and is 

responsible for about two-thirds of the total capacitYi 

the other is insensitive to PTH but can be modulated 

by calcium ion concentration. 

4. Hemizygotes for X-linked hypophosphatemia are comple­

tely lacking the PTH-sensitive transport system for 

phosphate. 

5. Intravenous calcium infusion rapi~ly enhances net 

reabsorption of phosphorus by the system revealed in 

the mutant hemizygote. 

6. Net tubular secretion of phosphorus can occur in the 

mutant hemizygote. This net flux from plasma to the 

tubular lumen, is proportional to the plasma phosphate 

concentration and can be suppressed by a rapid intra­

venous calcium infusion. 

7. The heterozygous females show variable expression of 

the"transport phenotype" fully expressed in the hemi-

zygotes. 
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8. Intravenous infusion of bovine PTH does not influence 

phosphate reabsorption in mutant hemizygotes in 

contrast to the normal response. The response in 

heterozygotes is intermediate between the normal and 

the hemizygote range. 

9. PTH has the expected effect on calcium excretion in 

urine in the mutant phenotype. 

10. Excretion of adenosine 3',S'-monophosphate is normal 

in X-linked hypophosphatemic subjects. 

B. Relaxed selection in X-linked h~Eo2hosEhatemia 

1. Continuous phosphate supplementa.tion in· the diet 

maintains a satisfactory level of phosphate in blood 

in the mutant phenotype. 

2 • Reversible secondary hyperparathyroidism is induced 

by phosphate therapy. 

3. Prolonged phosphate therapy accelerates the growth 

rate. Normal height has been achieved in S of our 

8 dwarf patients. (The rickets also heal and good 

bone mineralization is achieved as shown by other 

investigators) • 

4. Whole blood PSO is influenced by the changes in plasma 

phosphate concentration. The value is abnormal in 

the affected patients untreated and is corrected 

towards normal during treatment. 


