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ABSTRACT

This thesis examines membrane transport phenomena in
mammalian kidney. The first part of the thesis describes
studies in sarcosinemia, aﬁ inborn error of aminé acid meta-
bolism. Genotypes and phanotypes were 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
normally utilized by the imino acids and glycine.

The 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 tubular transport

of phosphate. The defect is not parathyroid hormone depeﬁdent.

The mutant phenotype reveals at least two components of phos-
phate transport in humaan 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~

phospghatemia. Long~term supplementation with larcge amounts

of phosphate in the diet and modest supplements of vitamin D

effectively neutralize the secondary phenotypic manifestatioﬁs;

of the X-linked mutation.
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RESUHE

Cettc thi3se traite de certains aspects du transport &
travers Jla membrane céllulaife dans lé rein des mammiféres.
La premidre partie concerne la sarcosinémie, une erreur innée
du métabolisme des acides aminés., Les génotype ét phénotype
ont été déterminés par des tests de 'surcharge en sarcosine.
Une déficience de l'oxydation de la sarcosiné a été mise en
évidence chez les sujets hqmozygotes et hétérozygotes., Le
transport rénal de la sarcosine n'est pas affecté par le
bloc catabolique chez le sujet homozygote. Les &tudes .in
vitro ont démontré& que la sarcosine est transportée par les
différents systémes normalement utilisés par les acides iminés
et ia glycine._

1z deuxifme. partizs iLraite d'une maladie génétique classique,
1'hypophosphatémie liée au chromosome X. L'hyperphosphaturie
avec hypophosphatémie,'qu{ est le céractére discriminaﬁt du
ginotype mutant, est le résultat d'un défaut primaire du trans-
nort tubulaire du phoséhore. Cette déficience est indépendante
de la parathormone. Le phé&notype mutant a permis dc séparer
au moins deux composantes du transport du phosphore dans’le
rein de 1'homme. L'une est sensible & la parathormone et
est contrdlée par un géne lié 3 1'X; l'autre est insen-
sible 3 laz parathormone @ais est influencée pér 1'ion c#lcium.
L'AMP cyclique néphrogénique est norﬁalement produite dans la
mutation étudiée. Une importante surcharge eu phosphore com-
binde & un modeste apport eﬁ vitamine D neutralise efficagement
.les manifestations phénotypiques secondaires de la mutation

1id8e au chromosoume 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 form suitable for publication.

The section dgaling 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 1, 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 allele of this gene must in some way be necessary
for the formation of the enzyme in the normal organism.

This was the first clue to the now well established general-
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(z).

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 1844(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 ¢ypes-of melecules across the mem-
brane. Some 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 transport systems can bring
about active transport that is, in the direction of increasing
concentratioh.

The transport process seems to involve particular
"carrier" proteins(g) 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, kinetié,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 soluté. 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-
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trations of the substrates and characterized by its high
affinity and low capacity. Both types of transport are
saturable, energy dependent but they exhibit different
kinetic characteristics. Furthermore a number of gene-
tically determined and quite specific 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 classical example
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 same conditions as if a
metabolically inert compound like a-aminoisobutyric 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(lz)
and hyperprolinemic subject(ll). The particular interaction
of sarcosine with the system for transport of imino acids and
glycine(l3) in vivo was further investigated in vitro using
the rat kidney as a model. 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 than thirty 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 more affected than the female. There has been a long
controversy on the nature of the phosphate 1eak(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
were then 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 the mutant phenotype indicate the value of these studies.
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MATERIALS AND METHODS

Metabolism and transport of sarcosine.

Material and methods for the in vivo and in vitro studies
are described in the reprint presented in Section IV and

are not repeated here.

Transport of phosphate in human kidney.

The estimation of the tubular maximal reabsorption rate
for phosphate (TmP).
The infusion procedure published by Anderson and Parsons

(Clin. Sci. 25, 431, 1963) was modified and the
following protocol waé used:

Conditions:

i. When the patient was on a high phosphate regimen
the phosphate supplementation was stopped for at least
12 hours before starting the infusion. This interval
was sufficient to allow the serum phosphorus concen-
tration to fall to the usual endogenous level in plasma
in X-linked hypophosphatemia.

ii. There is a diurnal rhythm of phosphate excretion.
The tests were all 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. Clear fluids by mouth
were offered in order to obtain a urine flow rate
above 5 ml/min.
Technique:

i. Solutions:

a. The phosphate solution comprises Na, HPO,
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(10.07 gm) and NaH,PO,4.H30 (2.66 gm) diluted in one
liter of distilled water. The solution was then
filtered under vacuum through a VF sintered glass
filter and autoclaved or filtered through a Millipore
filtér (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 laboratories.

ii. Calculations of the infusion rates:

a. Phosphate solution:

The priﬁe infusion ("F") 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. period. 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 Catt/min/Kg of the 10% Ca
glucomate 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 the-inulin infusion must be constant.
Therefore the concentration of inulin must be adapted
to the infusion rate required for “p;ime" and "sustain"
phosphate solutions.
Volumes of solution are prepafed about 20% in excess
of the calculated requirement. This aliows 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% inulin. 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:
a) phosphate: to deliver 8 mg Pi/min, the rate is;
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 infusibn..

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-1 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 done 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 samples were analyzed
within 15 minutes with a Technicon Auto~Analyzer and
it was possible to adjust the infusion rates if
necessary, and avoid prolonged hypo or hyper-calcemic
episodes.

Blood samples for PTH determination were drawn
before and after both the phosphate and the calcium
infusions (see protocol). Fig. III-2 shows the
phosphate,calcium and inulin concentrations achieved

during a typical experiment.

The response to parathyroid hormone (PTH) intravenous

infusion.

Purified bovine PTH (urea-TCA extract) was obtained in

po@@é; fo?m, from Dr. Claude Arnaud. The specific
activity of the extract is about 350 units/mg. Adults

received 400 units and children 200 units. The powder
is diluted in 5 ml of‘acetic acid 0,01 M and filtered
immediately through a 0.22 micron Millipore filter.

It is then diluted in an equal volume of 0.9% sodium

chloride and injected intravenously 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 clear fluids to
ensure urine flow 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 subsequently.
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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 period. One was
rapidly acidified and frozen unfil determination of
phosphate ,calcium and creatinine concentrations. The
other was rapidly frozen without acidification until

the determination of adenosine 3',5'-monophosphate

content.

Analytical methods:

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

HYPERSARCOSINEMIC AND NORMAL PHENOTYPES

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 opportunity to
study the renal tubular transport of sarcosine in the
presence of a block in sarcosine catabolism. The particular
response of glycine and proline excretion after sarcosine
loading tests led . to the hypothesis that interaction of
sarcosine occurred with the well studied transport systems
for imino acids and glycine. The hypothesis has been tested
in vitro and the cha;acteristics of sarcosine transport in
kidney were delineated. The presumed mode of sarcosine trans-
port across kidney cellular membranes is summarized in
Fig. 1IV-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 formal investigation of inborn
error of transports (viz. Part V).

The results of the sarcosine studies are given in the

accompanying publication (J. Clin. Invest. 50, 2313, 1971).

2.
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FIGURE IV -~ 1

The transport sites identified (see ref. in the JCI
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 process
proposed to account for the improvement of glycine reab-

sorption observed during loading studies in the proband.
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T'ran;sboft_"ar_id_‘Metzibolism of Sarcosine in

.Hypers_éirébsinémic and Normal Phenotypes

‘FAZ‘L'-MO‘HVYU.D'I')N

" Franas H. GLoREUX, Cuarces R. Scaver, Epcarp DeLviy, and |

Frohu fth‘e deBelle 'Labbrétory' for Biocheinicél Geneticé, McGill University-

Montreal .Chikirén’s‘Hqspital Research Institute, Montreal 108, Quebec,

ABsTR .A"c' 'r An fadqleécér:xt. male p‘roba_ﬁd with hyper-

sarcosinemia- was discovered incidentally in a French-
Cariadian - family; ‘no " specific disease ‘was associated
 with the trait."The Typérsarcosinemia is not diminished

by dietary -folic acid ‘even  in:pharmacologic doses (30

ngg/da_j) . The normal absence ‘of sarcosine dehydrogen-

ase in cultured human skin' fibroblasts and in leukocytes.

 was_confirnied, thils”eliminating ‘these tissues ‘as useful

sources for further investigation of mitant sarcosinemic

phenotypes and.genotypes. ... I
The response iri plasma of :sarcosine and glycine, after
sarcqsine’ loading, distinguished the normal subject fi'o;n
the’ subjects who were presumably homozygous and
heterozygous- for. the hypersarcosinenia allele, Sarcosine
clearance from plasma was:delayed greatly (ti, 6.1 hr)
~“in.the presumed homozygote and slightly (t3, 2.2 hr) in
the presumed heterozygote, while plasma glycine  re-
mained constant in the former and rose in. the latter.
Normal subjects clear sarcosine from plasma rapidly
(t3, 1.6 hr) while their plasma glycine trend is down-
ward. The phenotypic responses suggest that hyper-
sarcosinemia is-an autosomal .recessive trait in this
pedigree. ‘
Renal tubular transport of sarcosine was normal in

the proband even though he ‘presumably lacked the sar-.

cosine oxidation which should normally occur in kidney.
Sarcosine catabolism is thus not important for its own
renal uptake. ' i

Sarcosine iriteracts 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. Sarcosine has no apparent trans-

port system of its own; it uses the low Kn transport sys-

This work was p’resented in part at the Society for Pedi-.

atric Research, Atlantic City, N. J., 2 May 1970 (1).
Received for publication 16 February 1971 and in revised
form 12 April 1971.

J . The Journal of Clinical Investigation Volume 50 1971

Canada
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tems for L-proline and glycine to a minor extent and a

_high K system shared by these substances for the ma-

jor uptake at concentrations encountered in hypersar-

“‘cosiiemia.. Intracellular: sarcosine at high concentration

'Will ‘exchange ‘with glycine on one of ‘these systems,

. which may explain a paradoxical improvement in renal

transport _of - glycine . after sarcosine foading .in the
hypersarcosinemic proband. * :

INTRODUCTION

Hypersarcosinemia with' sarcosinuria was first reported

in 1965 by Gerritsen 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 many additional patients have
since been reported to Gerritsen.” We wish to describe
the results of our investigation of another subject with

sarcosinemia (1), in whom there is no apparent disease -

associated with the biochemical disorder, thus affirming
the now prevailing impression® that sarcosinemia is a
“nondisease.” We found no expression of the presumed
block at sarcosine dehydrogenase (sarcosine: Oa oxido-
reductase EC 1.5.3.1) in fibroblasts or leukocytes from
our patient, since this enzyme is not active in .these
tissues normally. Since tetrahydrofolate 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; 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 sarcosinemia in man is probably

autosomal recessive.
Hereditary hypersarcosinemia provides a valuable op-
portunity to study the renal transport of sarcosine, since

! Gerritsen, T. 1970. Personal communication.
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oxidation of this- amino ac1d 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. Although sar-
cosine appears to have no membrane transport system of

its own, it readily enters renal tissue on the membrane:

systems used by imino acids and glycine (6).

METHODS.

Studies in vivo. Endogenous -renal -clearance rates and

" net tubular reabsorption rates of sarcosine and other amino -
acids were evaluated by the ‘methods descrlbed ‘previously -

(7,8).

Loading. tests were performed with sarcosine. (free base,

100 mg/kg body wt) taken as a solution in apple juice at
9 am. after an overnight. fast. Hepanmzed venous blood

was drawn from the antecubital vein just before the load g
(0 hr) and at. 1; 2, '3, 4, and 5 hr after the load. Plasma’

was deprotelmzed 1mmedxately with sulfosalycylic ‘acid.’ (3%
w/v;.plasma: acid, 1: 5)..Timed urine collections were made
before and during the sarcosine load.

Ammo acxds were measured by elution chromatography"
. on ion exchange ‘resins accordmg to the methods of Spack-
man, Stein,’and Moore (9) using a Beckman-Spinco ‘model .

120 analyzer, modified for rapid multiple analyses  (10).
Studies in vitro: transport. Female Long-Evans -rats,
wexghmg about. 160 g, were killed by decapitation. ‘For

_studies of sarcosine transport, the kidneys were removed
1mmedlately, and cortex . slices were prepared and mcubated‘

in Tns-electrolyte-glucose buffer (6). The measurements

of amino ‘acid uptake and deteriminations of sarcosine me-.

tabolism and oxidation, were carried out by methods de-
“scribed previously (6),

Tzssue culture’ sludze‘s Skin fibroblasts from normal sub-

jects ‘were ~subcultured according to the method of ‘Hay-
flick (11) About 5 X 10° cells were incubated in a Warburg

flask in isotonic medium, pH 7.3, containing cold and *C--

Iabeled sarcosine final concentration 0.5 muM. Induction of

-sarcosme dehydrogenase was tested by culturing cells for 18

hr in the presence of sarcosine (1 mM and 10 mm). Intict
and sonicated cells were used in all expenments to deter-

mine whether uptake limited their capacity for sarcosine -
-oxidation,

Leukocyte studies.’ Mixed leukocytes were isolated from
venous blood 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 0°C) and

incubated for, 45 min as described for fibroblasts.
Homogenates Rat ‘tissues were homogenized in 025 M

“sucrose with a Potter-Elvejhem homogenizer. The centri-

fuged homogenate (0.1 ml) was then resuspended and incu-
bated -for 60 :min in Warburg flasks contammg Tris buffer
and substrate.

 Sarcosine dehydrogenase activity and sarcosine oxidation,
Oxidation was measured with unlabeled sarcosine (1 mum)
and sarcosine-1-¥C (0.1 mm); ¥CO: was collected on filter
paper (2 cm square soaked thh saturated KOH (50 ;d)
The papers were dried under vacuum and counted in scin-
tillation fluid, The efficiency. of CO; collecting by this
method was 57.7 £4, 9%. Sarcosine dehydrogenase was as-
sayed spemﬁcally using methyl-“C-labeled sarcosine as

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

Chemicals; Sarcosine-1-#C (SA 2 mCi/mmole) and sar-
cosine-*CHs (SA 3.5 mCi/mmole) were purchased from
New England Nuclear Corp., Boston, Mass. Their radio-
chemical purity was confirmed by partmon 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 contained 4.0 g 2,5- dlphenyloxaque (PPO)
and 0.1 ¢ 1;4-bis[2-(S-phenyloxaquyl_)]benzene(POPOP)
in 1 liter of “toluene; both scintillants were obtained from
the Packard Instrument Co. Inc., Downers Grove, IIl.
Counting was performed in a Unilux II Nuclear-Chicago
‘liquid -scintillation' counter - (Nuclear-Chicago Corp,, Des
Plaines, I1l.) operating at 40% efficiency. v
_- Calculations. The half-life for sarcosine disappearance

from plasma was calculated by plotting the plasma response -

on.log scale against time .(arithmetic scale) and fitting the
best straight line to the 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 ‘indicate
.an, lsotope ‘distribution ratio (counts per minute. per unit

time ' per- milliliter’ intracellular fluid: counts per minute per .

milliliter of “initial ‘incitbation medium) unless stated other-
wise.  Net uptake velocity. was corrected for the nonsaturable
component by the method of Akedo and Christensen (15).
The steady~state conditions used. in our studies allow satis-
fa.ctory estimates of the Michaelis constant for uptake of
an amino acid '(16), and under these conditions biphasic
uptake kinetics were observed when the uptake velocity of
sarcosine. was examined .in relation to its concentration in
the medium. Assuming. that the observed sarcosine uptake
was the sum ‘of one or more components, then:

u observed = u; 4 Uz, .« + Un 1)
Vumax and K for each component can then be determined
- by solving:
 Viora(S] | Viusa[S] | Vioar,[S]
“Km+S T Km+STK, 45 @

~A Trevised compitter' method (17), adapted from our
earlier work (6, 18), was used to solve this equation.

RESULTS
~ The proband

L. V. was born 8 August 1959, the fifth son of non-
consanguinous French-Canadian parents. He developed
normally to. the age of 13 mionths, when an episode,
diagnosed as poliomyelitis led ‘to a mild spastic para-
‘plegia. Investigation performed in 1969 during an or-
thopedic admission to another hospital included 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 umoles/ml,

2314 F. H. Glorieux, C. R. Scriver, E. Delvin, and F. Mohyuddin
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" 'F16ure 1. Scheme .depicﬁhg s'arcosiné'_ metabolism. THFA indicates the presumed N",
-methylenetetrahydrofolate derivative: which serves transfer of the l-carbon formal-

- sarcosine metabolism is indicated. . .

.. Idéntity of sarcosine = = .-
_ The -identification"of sarcosine in ‘uriné’ and’ plisma

© - -was_performed’by: ‘partition chromatography’ on What-
~ manvfilter paper No. 4 in three: different ‘solvent sys-
tems ’( watér-saturated- phenol; - lutidine : water, 22:1;
andbutanol : acetic acid: water; 12: 3:5) ; by high volt-
““age electrophoresis on Whatman filter paper No, '3 MM

soaked-in formic, acetic ‘buffer pFl-°2, and by column .

 chrortiatography . on ion ‘exchange. resins. - Sarcosine

(free base) was run in all systems to identify its posi-

‘tion., The unknown' spot ‘and ‘the standard cochromato-
grapited in the. five systems and -yielded identical color
reactions with ninhydrin in- the partition and.electro-
 phoretic- systems ;. the 570-mu to 440-mp OD ratio after
elution . chromatography. was - identical  for unknown
and standard, There was no .other. ninhydrin-i)ositive
matérial in eqqivalent amounts in the patient’s urine..

 Sdircosine metabolism

' Résponse‘ to - folic acid in .vivo. The proband was

given-an excess of folic acid- (30 mg/day; normal re-
quirement : about 1 mg/day) for 3 consecutive days.
The rationale for this trial is indicated in Fig, 1. The
methyl group is transferred as formate from sarcosine,
presumably as an N, -N*-methylenetetrahydrofolate
derivative of folic: acid, Fasting concentrations of ‘'sar-
cosihe in plasma were 0.18 and 0.34 pmoles/ml before
and. after folate supplementation, respectively. The lat-
ter value falls within the- range for ‘plasma sarcosine
in thispatient when' no folate was . administered. The
valués for A-sarcosine in plasma after a ‘sarcosine load
by miouth (the sum of the difference between values at
1,23, 4, and 5 hr after the load, and the preload
value) were -+ 1.02 umoles/ml-5 hr before and +2.18
smoles/ml-5 hr after folate, indicating that folate did
not influence sarcosine catabolism in° this patient.

Transport and Metabolism of Sarcosine in Different Phenotypes

- dehyde group.formed during oxidation of sarcosine to glycine. The presumed block in

‘ Re;rpons'é to sarcosine loading. Sarcosine loading by

“motith was performed on'the proband, his parents, and

four normal adult subjects. The half-time for plasma

“sarcosine. disappearance rates in each individual in the

three groups and the simultaneous change in glycine;

“the, product of sarcosine conversion, are shown in

Fig. 2. . S

- proband .,

K -parents.
Phz6.8he '

t4=2.2hr.

fog::- - :
um‘oln/:nl  th=16hr

0.4 -

sarcosine

)

[ AT '

glycine

[ ARy '}

5123545 012345
time,hours after loading

0123435

FiGure 2 Response” of sarcosirie and glycine in plasma to
sarcosine loading (100 mg/kg body wt given by mouth at
9 a.m.). Upper portion: A and B indicate studies in pro-
band before and after folic acid supplement, respectively.
Half-life for sarcosine clearance from plasma’ (t}) was
calculated as described under. Methods; the interrupted line
is the average decay slope for each group studied. The
initial (preload) concentration of sarcosine in plasma was:
zero in both parents and -all normal subjects, and 0.18 um
and 0.34 uM in studies A and B, respectively, in the pro-
band. Lower portion: Change in plasma glycine with time
after sarcosine loading. Dotted fines define the average
trend for each subject in the group. Changes in serine are
not shown since they paralleled glycine,
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. TABLE I
Sarcosine Oxidation and Dehydrogenase Activily
in Tissues of Man and Rat
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Tissue source .

O\idatlon to COs*
L dpm/hr pergwt - i ’
" Human SRR o
-Skin fibroblast . o0
Mixed leukocytes from blood 0
Rat o
Liver} 15,750 . .
‘Kidney} 6,375
* Muscle . - o -0
Brain = .. : S
Spleen "~ - - 0 '

* Sarcosme dehydrogenase actlvrty was also exammed by a’
specific assay (13).  Oxidation and specific dehydrogenase

“activities complemented each other.in all tissues examined,
. IOrgan wenghts (average from 10 rats) hver, 6. 5 g3 both

ludneys, 1 6 g

Normal subJects showed rapxd dxsappearance of ‘sar-

. cosine from plasma “(ti;<1:6 hr), The ‘¢oncentration: of
'-'glycme in” plasma ‘actually declmes modestly durmg
:this perrod In the proband sarcosme clearance 'from

plasma: was greatly delayed (t), 6.1 hr), and: there was '

" no change-in’plasma glycine, Both parents had a slightly

dela)ed disappearance’ of sarcosine (i, 2.2 hr), but the
most striking - finding. in them ’ was a modest but steady
rise ‘in the concentratlon of glycme in plasma after

‘sarcosine ° loadmg Changes in the concentration of .
_-serine -in., plasma m these studxes paralleled those ‘of

glycine.”
Sarcosme metaboltsm in vitro. No oxldatxon of sar-.
cosme or evndence for specrﬁc dehydrogenase activity

-1 e
Do 0
on’
9=
28 |
R 1004
w &
23
w-s

Q&
S

3 )
x .

0 . 100 200
SARCOSINE FILTERED,
pmohs/mln por 173 m2

FIGURE 3 Renal tubular reabsorptlon of sarcosine in. man,

. plotted in. relatxon to its filtered load: in proband (®);

in the patient of Brodeh! and assocxates 3)® (0); and
in a normal subject (M), Plasma sarcosine was raised by
venous_ infusion method, and- glomeral ﬁltratmn was moni-
tored with inulin (8).

'

was detected in skin fibroblasts cultured for at least 14
passages from. explants grown from the proband and

" two normal subJects (Table I). No activity was induced

by exposure of cells for 18 lir to sarcosine (1.0 mm

~and 10 'm¥ in the growth medium). Neither intact nor
'somcnted cells exhibited dehydrogenase act:vrty under
~ any of these. conditions.

- Leukocytes obtained from venous blood of normai

sub]ects and the patient contained no specific sarcosine

dehydrogenase activity. Measurement of sarcosine oxi-

- dation to.CO: yielded similar negative results.

Tissue specificity of sarcosine oxidation (in the rat).

,The tissue specificity of sarcosine oxidation was ex-
- .amined in the: Long-Evans rat. ‘Significant oxidation of .
" . sarcosiné was: found only ‘in liver and kidney (Table
~1). When the relative weights of liver and kidney were

taken ‘into’ account we found that kldney accounts for

.10% of total body oxidation of sarcosine in the rat,

‘a value close to that reported for a different strain of
“rat:by. Rehberg and, Gerritsen (13).
If it is assumed that' man resembles the rat in his

'ab:hty to oxidize sarcosine, we should expect sarcosine
,'u:cumulatron to . oceur m1t1ally in liver and kidney in

the, “blocked: catabollc mutant”: we know as hypersarco-

- sinemia. Therefore, we examined the transport of sar-~
~cosine.-in . k:dney ‘to determine. whether it is 1mpa1red
in, thxs meh.bohc derangement.

S_ereos:ne transpo:t in human kidney in vivo

.thbltlar absorption. The filtered renal load of - sar-

" cosine in the proband’ varied between 54.2 and 119.7
~p#moles/min per 1.73° m* under fasting conditions; the

corresponding value is almost zero in normal subjects.
The  equivalent endogenous renal clearance rates for
sarcosine in‘the proband were about 8 ml/min per 1.73

‘m’ indicating that the majority of filtered sarcosine

experiences net tubular absorption in the sarcosinemic
phenctype, Tubular reabsorption of sarcosine in our
patient--is probably a saturable phenomenon, although
true: saturation was not demonstrated. The Tm for sar-
cosine was estimated to be at least 160 smoles/min per
1.73 m' (Fig. 3). Data on tubular absorption of sarco-

‘sine in another sarcosinemic patient (3) were obtained

from . Dr. Johannes Brodehl. Sarcosine transport at
equivalent filtered loads was similar .in both sarcosi-

nemic probands and in our control subject (Fig. 3).

Interaction with other amino acids.  Interaction be-

* tween  sarcosine, proline, and glycine was 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

F. H. Glorieux, C. R. Scriver, E. Delvin, and F. Mohgyuddin
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TasLE 1] . '
Renal Response to Sarcosme Loadmg' Excretion and Absorphon of Sarco.nne, Glycine, and Prolme

Sarcosine Glycine Proline
- Subject and procedure ‘Before After Before  After Before . After
Sarcosine infusion®. .
Proband - : S .
.. Urinary excretxon, ;mmles/mm per 173 m? 6.8 128 3.94  3.68 .0 1.03 .
Net tubular absorption, % of ﬁltered load - 94 68 89 94 - 100 97
Control . . : R
Urinary excretlon, ymales/mm per I 73 m’ 0 38 1.0.- - 805 . 0 0
.Net tubular absorptlon, % of filtered 'load 0 65 96 7 '80.7. 100 100 .
T Sarcosme load by miouth,} urinary excretlon, ymoles/mm ﬁer 1. 73 m? ST e
I “Proband on folate : : 635 . 103 295 221 0 ]
T off folate. - 283 915 276 181 . 0 Tr.§
: ,-_Father 0 9.70 ‘173 395 0 Tr..
L Mother - 0. 942 L10 410 0 Tr.
..., Controls, adult - S R
U TRV 00 362 01T 152 00
F G. 0 506 -° 71.02 " - 4.61 o 0
J N.: S0 TI72S 027 0 330 0 T
B, w 0 a4 0o

- ‘1.54 FoT9LT

] Data ‘taken from perlods of control and hlghest ﬁltered load of sarcosme as shown in Flg 3.0 - -

o '5 ’ 't Load, 100 mg/kg at'9 a.m. after overnight fast.’

RS | Indicates a. detectable change but less than 0.1 pmolés/mm per 1 73 m’

sai'cb;inef in:plasma and urine. Tubular"reabsorption: of
. ~glycine-in:the proband increased from.89 to.94% of its.

filtered  load (Table II), but decreased from normal to
81%.in the control subject. Net tubular absorption of
proline clearly - decrédsed during sarcosine infusion in
the patient, but was not changed in the control subject.
* When sarcosine ‘was administered by mouth to the
' proband, his parents, and four normial adults, its -con-
centration .increased in. plasma and urine of all subjects
(Table II). ‘At this time in the _proband; there was a
minimal increase in proline excretion whereas glycine

excretlon actually diminished. On the other hand, the -

urinary excretion of glycine clearly increased in all
riormal subjects and in the parents, while there was no
comparable effect on proline excretlon.

. Rapid elevation of plasma and urinary sarcosine thus
,produced consistent,. but dwergent effects on the uri-
nary -excretion ‘of glycine, in particular, in the sarco-
sinemic proband when compared with subjects who 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, since it has beén shown that
there"are many homologies in ‘the transport of N-sub-
stituted amino acids and glycme in the kidney of rat
and man (6).

Transport and Metabolism of Sarcosine in Different Phenotypes

: Sarcosine tra'nspoft in'rat kidney in vitro

sze course -of ‘uptake. The tlme course of sarco-
‘sine’ uptake was evaluated at 0.3 and 2.1 mu (Flg 4).
Sarcosme at both concentrations .accumulated against

ah isotope gradlent at the steady 'state; .the latter 1s
achieved ‘within 40 min of mcubatxon. o

7 B
2
T 64
LA
[
8 ¥ 51 T
<8 0.3mM
F- S
FENGY , .
"
& g3l 20pM |
L 9
s 2
g

‘-

)

510 20 30 40 50 60 70 80
. minutes

Ficure 4 Time course 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 studies (see text) show that the sarcosine (chemical)
distribution ratio is only slightly less than isotope distribu-
tion ratio and unequivocally greater than 1.0 at steady state.
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FIGURE 5 Akedo Chnstensen plot (15) of sarcosine up-'_
stake by rat’ kidney cortex slices, at various external con- -
- centrations of substrate, -under 'steady-state conditions, Up-

take of sarcosine is saturable over. the- whole concentratxon

. range employed.

The effect of metabohc conversnon of sarcosine (01

»mM) on. its uptake ratio’ was_examined. *C; label :from
_sarcosine- had appeared in other water-soluble metabo-g_
.- lites -after 40- min 1ncubatlon 14% of the soluble label -
. was present in glycme, 7%.in serine, and the remainder
o _{was predommantly sarcosine.. The sarcosine (cheniical) -
_distribution . .ratio durmg uptake under. steady-state
conditions - was then calculated from the “isotope. dlS-,

: ‘Ltrlbutlon ratio ‘after correctmg for - the conversion - of -
sarcosine to other labeled forms. The corrected ratio.is -~
fgreater than” 3.0 for 0.3 mm sarcosine," mdlcatmg that

sarcosine i§ transported in kidney- agamst a true chemx—

» vcal gradlent. .. ‘
When the . 1sotope dlstnbutlon ratlo is also corrected,
‘ ‘for loss of label by. oxxdatlon to CO:, the net uptake
, ‘ratlo obtamed by adding soluble counts to counts in COs

is greater thari_depicted in F:g 4. The adJusted “gp-

take ratios” are 6.8 ‘and 3.4 at 0.3 mM and 2.1 mm ..
_sarcosine, -respectively, after 40 -min - ‘incubation.

Exposure of slices to cyanide (10 M ‘NaCN) or

- anaerobic conditions, completely abolished concentra-

tive uptake indicating that the mechanisms for sarco-

- sine uptake are. apparently coupled to energy metabo-

lism, !
Concentratzon-deﬁendent uptake. When sarcosine is
present at 0.3 mm in the initial medium, the steady-

state isotope distribution ratio is greater than when the -

starting concentration is 2.1 mm (Fig. 4). As the ex-

ternal substrate concentration is increased; the steady-,

state distribution’ ratic approaches- 1.0- (Fig, 5); this
behavior “indicatés 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
‘by the Eadie and Augustinsson transformation (u vs,

u/S) of the Michaelis equation (Fig. 6). Biphasic up-
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‘take kinetics were revealed by this method indicating

that more than one component probably exists for sar-

‘cosine uptake, This behavior was also observed when
‘the - Lmeweaver and Burk transformation (1/u vs.
o 1/S) was used to examine the same uptake data. At
" low external substrate concentrations, the apparent Knm

for - sarcosine "uptake under steady-state conditions is
about 0.1 mm, while at high substrate ‘concentrations

- it'is ‘about*3 mm.These- values are comparable with. -
< those which descrxbe the- uptake of glycme and prolme
by rat kidney (6)

If it is- assumed ‘that more than one type of mem-
brane system acéommodates  sarcosine transport in

‘kidney, ‘the theoretical contribution of each component
-to the observed- (total) uptake can be calculated. This
 was accomphshed substltutmg the values for uptake, at

12 different sarcosine concentrations' between 0.1 mm
and 12.1 mM into equatxon 2. When the results were
drawn as a- Michaelis plot- (F:g 7), it became evident
'that at’ extracellular concentratlons of sarcosine above

:0.1 mM, the major . fraction of its- uptake takes place

on a high capacity system The révised Km values for

»'sarcosme transport - were 0.1 mM on the low capacity
_’system and 31 mM on- the hlgh capacxty system.

lme mhlbrt sarcosme ,uptake in wtro under: steady—state
conditions (Table IIT). The effect of these inhibitors

_was shown to be competitive. Glycine and L-proline
“did not .have any additional efféct ‘on .sarcosine oxida-
-tion in kidney, and thelr ‘effect on net sarcosine uptake

was restricted to mteractxon at the transport site.

- K= 3.01mM .

. Ficure 6 Eadie-Augustinsson plot of saturable sarcosine

uptake ‘under steady-state conditions in rat kidney cortex

 slices. Uptake occurs on- more than one system for which

first approximation K values are shown. ‘When correc-

tions were made for simultaneous uptake of sarcosine on .

multiple systems (viz. equation 2), the corrected Km yalues
were not significantly different, since uptake on the low
Km system is extremely small.

F. H. Glorieus, C. R. Scriver, E. Delvin, and F. Mohyuddin
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TasLg 111
Comparative Interactions between Sarcosine, Glycine,
and L-Proline during Uplake by Rat

Kidney Corlex Slices
’ Inhlbl't,ion o‘f uptakeat
Substﬁte Inhibitor Smin 40 min
C mM 20 mM - %

. Sarcosine 0.3 . L-Proline 74 76
Glycine 4 79
Sarcosine 2.0 L-Proline . 88 92
' ~ - Glycine 7 85
- Glycine 0.01 . Sarcosine ' 80

Glycine 2.0 Sarcosine (—27)*
L-Proline 0.01 . Sarcosine ' S5
-Proline 2.0 Sarcosine - 82

Slices were ihéubatéd at37 °oC inpH74 Tris-electrolyte-glucose

. buffer for specified times. The effect of the second amino acid

(at'20 mm) upon uptake of the first is expressed as per cent
inhibition in relation to uptake of substrate in paired slices
incubated without the second amino acid in the medium, All
values are mean of triplicate-observations. Inhibition was sig-
nificant (P,.<'0.01.by:Student’s ¢ test) in all cases. Per cent’
inhibition was. comparable when .measurement of uptake in-
“cluded or excluded label lost as uCOx. .

* Indicates significant stimulation of uptake.

Sarcosine 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 transport to the respective substrate-
. o TaBLE 1V '

Effect of Preloading wilh Sarcosine wpon Uplake of Amino
o * Acids in Rat Kidney Corlex Slices .

Isotope distribution
ratio at 10 min}

Substrate uﬁ'takg Concn of sarcosine

medium in preload medium* Confrol  Preloaded

- mM . mM :
Sarcosine 0.1 . - - 1 . 1.80 1.52
Sarcosine 1.1 .10 .. 122 1.345 .
Glycine 0012 ° 20 175 L7
‘Glycine 2.0 20 ' 1.30 1.95%
L-Proline 0.011 20 0.36 0.428
L-Proline 2.0. 20 0.38 Q.28

* Slices were preloaded during 40 min incubation in buffer
containing unlabeled sarcosine, followed by removal, rinsing,
and blotting. The slices were then transferred to fresh medium
containing 4C-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).

e g 01

uptake, pmoles/ml ICF- 40min
»

o Ry

o 2 4 6 - 8- 10 12
sarcosine,mM
Ficure 7 Michaelis plots of sarcosine uptake assigned to
low Km (O) and high Kn (@) systems in rat kidney;
the K values are 0.1 mM and 3 my,- respectively. It is
evident that the major fraction of sarcosine uptake is

achieved on a high Km system, at all external concentrations
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
external sarcosine, whereas the uptake of 2 mM vr-pro-
line was  still inhibited. At this concentration the renal
uptakes of glycine and L-proline occur predominantly
on 2 high capacity system shared by proline and gly-
cine (6). . = ‘ -

Sarcosine uptake and exchange with other amino
acids. | The likelihood that sarcosine uptake occurs on
more thari 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-proline was en-
hanced (Table IV). Uptake at other concentrations of
these external substances was not stimulated by high
concentrations of intérnal sarcosine.

Renal metabolism of sarcosine; effect on transport

" Bimetics in vitro. We examined whether renal oxida-

tion of sarcosine or lack thereof as in the blocked
catabolic mutant, influenced its transport kinetics in
that tissue. ¥COs from sarcosine was collected during
incubations by -the technique described earlier 6);
counts appearing in CO: were then either included or
omitted when calculating the net uptake rate, The Km
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 particu-

Transport and Metabolism of Sarcosine in Different Phenotypes 2319
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FIGURE 8 Eﬁect of oxxdatlon on uptake kmetxcs for sar-

" cosine -in .rat kidney “cortex - slices. *C counts :lost from
- slice .in CO: were. included (m) or excluded ([J)  from
'calculatlon of uptake (u) at various substrate concentra-"
‘tions-. (S). Resiilts. presented as Lineweaver-Burk - plot.
Oxidation of * sarcosine has no effect on its affinity for the

uptake system, since the Km value is not changed ‘when the

’ Z-etfect of" oxldatton on observed ‘uptake is cons:dered -or
'neglected o

) .
IR

'late electron transfer system. Sarcosme-speclﬁc dehy-
.'drogenase cani be- further fractlonated to yield ‘the de-

hydrogenase and a ﬂavoprotem Mltochondrlal ox:da-

from " the substrate-speclﬂc ﬂavoprotem dehydrogenase
(20) A formaldehyde group is formed -during sarco-

“sine conversion to glycine; and by reaction with tetra-
hydrofolate the intermediate. N“N"’-methylenetetrahy-'

drofolate is presumably formed (21). The 1-carbon

. fragmient can. be reutlhzed from the activated folic

acid 1ntermed1ate, to form the carbon’ of serine by con-

.densatlon with glycine (22, 23). .
y The nature “of, the’ enzyme. ‘defect in human’ hyper-»
sarcosinemia is still’ unknown, but the weight of avail-

able "evidence indicates a block in the conversion ~of
sarcosine to glycme, presumably involving the sub-
strate-speclﬁc dehydrogenase Because this. enzyme is
neither active nor inducible in normal human fibro-
blasts or leukocytes as shown in the present and in

vkprevmus “studies (4, 13), it will not -be possible to
“evaluate the enzymatlc basis of the hypersarcosmemlc
trait -further without recourse to organ biopsy. Sarco-

sine- dehydrogenase actwnty in mammalian tissues is
largely- restricted to liver and kidney, as ‘shown in the
present work and in that of others (13).

The failure to ameliorate the hypersarcosmemlc

_ phenotype in the proband with’ pharmacologxc doses of

folic- acid, suggests that the trait in this pedigree at

least does not involve a reversible defect in the forma-.
tion of “activated” formaldehyde from the specific de-

hydrogenase -reaction. The potential responsiveness of

2320

mutant bnochemncal phenotypes to vitamin supplements

is an important consideration in those hereditary amino-

acidopathies where a vitamin is the precursor of one
of the reactants in the enzymatic conversion of metabo-

\_htes -(24). The proband appeared to. become more
'hypersarcosmennc after ~ sarcosine loadmg while re-

ceiving. folate, when compared with. the response in the
absence of: folate. We believe this vanatlon is not sig-
mﬁcant .since. the patlent’s plasma, sarcosine concen-
tration was quite varlable anyway. - However the possi-

' bility that folate in some.way enhanced intestinal ab-

sorption of - sarcosine .in tlns patient- should be con-
sidered. ’ ‘
Loading smdtes. mterpretahon of phenotype.  Sar-

_cosine disappearance from plasma should be. delayed and

plasma glycine should not change after a sarcosme load
given. to subjects with deﬁcxent conversion of sarcosine

1o glycine; this response was- obtained i in. our proband

tion of the. N-methyl group of sarcosine thus requifes.-
an electron transfer ﬂavoprotem that accepts ‘electrons

- ‘Brodehl and, coworkers (3)* observed a similar response
~after: comparable - sarcosirie ; loadmg in " their  proband.
‘Sarcosine clearance from plasma was delayed. in the pa-
" tients' studied by Gemtsen and Waisman ' (2) and by.
‘Scott et al. (4). In the latter study (4) glycirte rose in
the proband’s plasma ‘but not until the 4th hr after load-

ing; this could have reflected conversion of sarcosine to

. glycme by bacteria in the intestinal lumen, rather than

an -endogenous . response. The -plasma glycme response
after sarcosine loading was. not reported by Gerritsen
and Waisman (2).

The heterozygote for hypersarcosmemxa should have

“only modest impairment of sarcosine clearance from
‘.plasma after loading, and ‘one - anticipates the initial

‘plasma concentration of satcosme to be normal under’
* fasting conditions. We found this to be the case in both

parents of ‘our proband. The rise in their glycine after
sarcosine loading was a response opposite to that ob-
tained in normal subjects. The renal response to sarco-
sine loading did not account for observed chariges in
plasma glycine of parents and control subjects,
Sarcosine clearance from plasma and the concomitant
glycine response provide a useful distinction between
normal subjects, parents, and proband in the present
sarcosinemic pedigree. Moreover, they appear to be
more reliable indices of the presumed genotype than
sarcosine excretion data, which, as shown in Table III,
are poor indices, contrary to earlier conclusions (2).
On the basis of the plasma amino acid . response to
sarcosine loading, we tentatively suggest that the sar-

“cosine trait is autosomal recessive in thlS French-

Canadian pedigree.

Clinical szgmﬁcance of the sarcosinemic.trait. Hyper-
sarcosinemia appears to be a benign condition. Our pro-

? Brodehl, J, 1970. Personal communication.
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pand had no disease which could be directly attributed
to his hyp’ersarcosiﬁemia. The same can be said for the
hypersarcosinemic sibling of the first reported. proband

(2) and for another reported proband (3): A larger -

series? apparently also indicates that no consistent dis-
ease state accompanies hypersarcosinemia,__and thus, as
with other aminoacidopathies such as hydroxyprolinemia,
hyperprolinemia, and cystathioninemia, hypersarcosine-
‘mia appears. to be a #nondisease” in medical terms.
The likelihood is great that the sarcosinemic trait in’
man . will exhibit‘geneu;»,heterogeneity. For. this reason
we. must be cautioys in assuming that sarcosine dehy-
- drogenase activity'isﬂnecessarily deficient in our proband

or that he 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 nature of amino
acid reabsorption in the proband and considering how
these observations. may be related to -what we have
Jearned about sarcosine transport in kidney. -
‘Sarcosine. transport. Sarcosine ‘is -oxidized in mam-
halian kidney, _1hut"_hypg:‘rsa,rcosine,mia, due to. sarcosine
dehydrogenase deficiency, offers an opportunity to study
its renal transport in man’ independent: of it§ metabolism.
. Renal transport of proline and of phienylalanine has been
_investigated to some extent in man under the equivalent
conditions .of the blocked catabolic phenotypes found in
hyperprolinemia. and phenylKetonuria, respectively. In
" neither case did the hereditary impairment in metabolism
of the'amino acid appear to influence. its uptake by kid-
ney in vivo (8, 25, 26). In’ fact, should intracellular
-amino acid at high concentration exchange with intra-
Juminal 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 sarcosine is similar in the subject. with “hereditary
hypersarcosinemia and in normal subjects. We were
able to confirm in vitro that metabolism .of transported
sarcosine plays no role in determining its binding
Kinetics to membrane carrier in Kidney. o
Sarcosine apparently does not have its own transport
system. It is a nonessential amino acid concerned in only
a limited repertoire of intracellular mietabolism being
synthesized only from an intracellular precursor (di-
methylglycine). Although bound sarcosine has been
identified in human glycopeptides (27), it is believed to
achieve this form by N-methylation of peptide-linked
glycine. Our studies indicate that sarcosine is transported
in vivo primarily on the 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

Transport and Metabolism of Sarcosine in Different Phenotypes

its uptake in mammalian kidney., We have tentatively
identified the systems used in sarcosine transport as the
low Km system for proline, the low Km system for gly-

cine, and the high Km system’ shared by both; this con-

stellation of sites has been chgracterized in detail (6, 8,

'28—30),’using the same methods employed in the present

investigation. 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 by
proline, hydroxyproline, and glycine. This corroborates
earlier studies of sarcosine transport in hamster in-
testine (31). R :

“The data which describe 'sarcosine transport in rat
Kidney 'in vitro are likely to be informative about the
nature of sarcosine transport by, human kidney in vivo,

since it has already been. shown that the .principle sys-

tem for sarcosine transport has many homologies in

human and rat kidney (6). The different responses in
urinary amino acid excretion obtained in proband and
control subjects after sarcosine’ loading’ can be ex-
plained by applying these insights. e

. The sarcosine. concentrationi in kidney should be un-
usually high after ‘'sarcosine loading in the sarcosinemic.
proband; under . such conditions, sarcosine could ex-

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

ability of sarcosine to stimulate glycine uptake under
certain. conditions _presumably arises because the first

_amino acid is allowed to enter by one system and ex-

change with. the second amino acid on another (32).
Glycine reabsorption could improve in the proband when
the intracellular safcosiné pool is further expanded 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 inhibitory “effect on
glycine entry on the low K= system to an’ extent which
would outweigh the opportunity for exchange on the high
K system. - -

Significance of studies. The foregoing information
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
clarification. The further - demonstration of parasitic
transport wherein membrane systems 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.

ACKNOWLEDGMENTS

We are grateful to Mrs. Carol Clow and Doctors Donald
T. Whelan and Kurt Baerlocher for their assistance in the

2321

A
st

i
o

s

b |




PSS

early stages of this work. Mr. Hans Rudi Oppliger gave
us technical assistance with analysis of amino acids. Dr.
Leon Rosenberg offered helpful criticism during prepara-
tion of the manuscript. - : i

This work was supported by grants from the ‘Medical-

Research Council of Canada. (Mt-1085), the Department

‘of National Health and Welfare (604-7-643), the National
. Genetics Foundation, and thé Genetics program of the

Provincial Ministry of Health, Quebec, Canada.

REFERENGCES .

1.Glorjeux, F. H, F. Mohyuddin, D. T. Whelan, and
-~ C. R, Scriver. 1970, Hypersarcosinemia: new observa-
tions. Pediat, Res, 4: 450. (Abstr.)

2, Gerritsen, T., and- H. Waisman. 1966. Hypersarcosin-

.emia, An inborn error of metabolism, N. Eng{. J. Med.,

275:66. . '
3. Hagge, W,, J. Brodehl, and K. Gellissen. 1967, Hyper-
sarcosinemia. Pediat. Res. 1: 409. (Abstr), . . '
4. Scott, C. R,, S. H. Clark, C. C: Teng, and X, R. Swed-

‘berg. 1970, Clinical and cellular studies of sarcosinemia.
- J.Pediat, 77:805.: - .

5. Meister, A. 1965, Biochéihiéiry of .the aihino acids.‘ _

‘Academic Press, Inc., New York. 2nd edition. 2: 658,

. 6. Mohyuddin, F., and C. R.Scriver.  1970. Arfiino acid

transport in mammalian " kidney: -multiple- systems’ for.
- -imino’ acids and glycine in rat kidney. Amer: J. Physiol,
21931, o L o
7. Scriver, C. R, and E, Davies. 1965.. Endogenous renal

. Clearance of free amino acids in’ pre-pubertal children.

" Pediatrics. 365592, .- - : i :

8. Scriver, C.‘-R.; M. L. Efron, and I."A. Schafer. 1964.

. Renal tubular -transport of proline, hydroxyproline and
. _glycine "in . health and .in familial hyperprolinemia. J.
. Clin,Invest. 43: 374, -~ . . . . :

9. Spackman, D.. H, W. H. Stein, and .S. Moore. 1958,

Automatic recording apparatus for use in the chroma-

tography of amiino acids. 4nal. Chem. 30: 1190,
10. Scriver, C. R, E. Davies," and- P. Lamm, 1968. Accel-
erated selective short column - chromatography of neu-
tral and ;acidic amino acids on a- Beckman-Spinco
analyzer, modified -for simultaneous analysis of two
samples. Clin. Biochein. 1 179, _ '
11, Hayflick, L. 1965, The limited “in vitro® lifetime of
human diploid céll strains. Exp. Cell Res. 37: 614,
12.'Zucker, R, M., and B.  Cassen. 1969. The separation of
. normal human leukocytes by density and. classification
by size. Blood. 34: 591, - ) .
13. Rehberg, M. L, and T. Gerritsen. 1968, Sarcosine
metabolism in the rat. Arch. Biochem. Biophys. 127:
661. C ' :

14, Blass, J. P., J. Avigan, and B. W. Uhlendorf. 1970. A
" defect in pyruvate decarboxylase in a ‘child with an

_intermittent movement disorder. J. Clin. Invest, 49: 423,
15. Akedo, H., and H. N. Christensen. 1962. Nature of

16,

17.
18.

19,

insulin action on amino acid uptake by the isolated
diaphragm. J. Biol. Chem. 237:118.

Tenenhouse, A, and J. M. Quastel. 1960. Amino acid
accumulation in Ehrlich ‘ascites carcinoma cells. Can.
J. Biochem. 38: 1311. :

Neal, J. 1971. Analysis. of non-linear Lineweaver-Bur]
plots. J. Theor. Biol. In press. '
Scriver, C. R,, and F. Mohyuddin. 1968. Amino acid
transport in kidney: heterogeneity of alpha aminoiso-
butyric uptake. J. Biol. Chem. 243: 3207. .
Frisell, W. R, and C. G. Mackenzie. 1962. Separation
and purification of sarcosine dehydrogenase and “di-

" iethyl-glycine dehydrogenase. J. Biol. Chem. 237: 94.

20.

21,

22,

Frisell, W. R, J. R. Cronin, and C. G. Mackenzie.
1962. .Coupled flavoenzymes in mitochondrial oxidation
of N-methyl groups. Purification of the electron trans-
fer flavoprotein. J. Biol. Chem: 237: 2975.

Mackenzie, C. G: 1955. Conversion of N-methyl glycines
to active formaldehyde and serine. In A Symposium on
Amino Acid Metabolism, Sponsored by the McCallum-
Pratt - Institute of - the *Johns Hopkins University.
W. D. McElroy and B. Glass, editors. The Johns
Hopkins Press, Baltimore. 684, C '
Blakley, ‘R. L. 1957. The interconversion of serine and

. glycine: some" further jroperties of the enzyme system.

2,
2,
.
26.
2.

28,

29,
30.
31

32.

Biochem.J.65:342. © ! :

Mackenzie, C. G.,-and W. R.'.'Friséll. 1958, "I‘hé metabo-

lism’of - dimethylglycine by liver mitochondria. J. Biol.

Chem. 232: 417, ' '

‘Rosenberg, L. E. 1969. Inherited amino acidopathies

demonstrating vitamin dependency. N. Engl. J. Med,
281: 145. .

Brodehl, J, K. Gellisen, and W. P. Kass. 1970. The
renal transport of amino acids in untreated infants
with phenylketonuria. ‘Acta Paediat. Scand. 59: 241.
Scriver, C. R. 1969. The use of human. genetic variation
to study membrane transport of amino acids in kidney.
Amer. J. Dis. Child. 117: 4.

Cherian, M. G,, and A. N, Radhakrishnan. 1965. A new
glycopeptide containing hydroxyproline .and sarcosine
in: human' urine, Biochim. Biophys. Acta. 101; 241,
Scriver, C. R. 1968. Renal tubular transport of proline,
hydroxyproline, and glycine; III. Genetic basis for more
than one mode of transport in human kidney. J. Clin.
Invest. 47: 823.

Wilson, O. H,, and C. R. Scriver. 1967. Specificity of
transport of neutral and basic amino ‘acids in rat
kidney. Amer. J. Physiol. 213::185. :
Baerlocher, K, 'C. R. Scriver, and F. Mokyuddin.
1970. Ontogeny of iminoglycine transport in mammalian
kidney. Proc. Nat. Acad. Sei. U. S." 4. 65: 1009,
Hagihira, H., T. H. Wilson, and E. C. C. Lin. 1962.
Intestinal transport of certain N-substituted amino
acids. Amer. J. Physiol. 203: 637.

Jacquez, J. A, 1967. Competitive stimulation: further
evidence for two carriers in the transport of neutral
amino acids. Biochim. Biophys. Acta. 135: 751,

2322 F. H. Glorieux, C. R. Scriver, E. Delvin, and F. Mohyuddin




f’"‘"}
)

X-LINKED HYPOPHSOPHATEMIA

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. 1In designating a person 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 themg 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(z) 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 glomerular 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



V--Z.

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 well 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 and .to assesswhether other tissues
have similar mechanisms for phosphate transport that could
be affected by the hypophosphétemic Erait. Condon et al(s)
have suggested that there is an intestinal transport
defect for phosphorus in hypophosphatemic subjects.
However, tﬁeir study is made on an heterogeneous group of
patients and it seems erroneous to assess that a 1oﬁ
plasma phésphorqs,GO 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 all 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 radiologic findings are the same as those seen
in rickets from other causes. Bowing of the lower extre-
mities is the most evident change.

Growth Failure

While it is within normal limits at birth, in most
cases the héight is below the third percentile after two
yéaﬁs of age. In the subsequent years of chiidhood, the
érowth retardation becomes more important; particularly
in the male. McNair and Stickler(6). noted that the
shortness of stature is predominantly segmentary and
p?imarily'limited to the lower extremities, during child-
hoodp'This 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 thatlin 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(é's). Transmission ¢anbbest be explained by the
presence 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 absencé 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(g). This will result in pheno-

.typic mosaicism and account for the variation in degree

of manifestation encountered in the heterozygote females.
Not dll 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
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hypophosphatemic rickets has centered about the primary.
6r 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 all genetically affected persons. The first
tentative explanation was proposed by Albright et al(lo)
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. Thié factor
ié known to impair tubular reabsorption of phosphorus.
Hypophosphatemia is the final step and the cause of the
bone disease.

As an alternative, Dent (11) and Fanconi and Girardet (12)
suggested that the primary abnormality is a specific, gene-
tically determined defect in the renal tubular transport
of phoéphorus.

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
suégested(ls'ls). However, the incriminated factor has

still to be isolated and made available for clinical use.
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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 hyperparatthoidism 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 iﬁ the range observed in normal individuals injected
with parathyroid extract(17). 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(la). 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

(2 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 ul eq/ml (normal: <40 ul eqg/ml).

The authorship in the published paper is alphabetical
in accordance with our laboratory policy for colla-
borative work wiﬁh another group. The candidate is

in fact the senior author of the paper.



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 (I). In males, the mutant
allele also causes bone disease, while in
carrier females it is variably expressed,
some showing only hypophosphatemia,
while others have bone disease as well,

tion of phosphate has long been recog-
‘nized as another important phenotypic
feature of this trait.

Two opposing views have evolved
concerning the pathogenesis of X-linked
"hypophosphatemia. One opinion favors
a primary disorder of  intestinal cal-
" cium absorption due to impaired endo-
génous- conversion of vitamin D (2) to
normal biologically active polar de-
rivatives (3). This would result in sec-
ondary hyperparathyroidism, renal loss
of phosphate, hypophosphatemia, and
bone disease as an ultimate conse-
- 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 derivative active in the intestine
(3) has not yet been examined.

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

Impairment of renal tubular reabsorp--

Serum Parathyroid Hormone in X-Linked Hypophosphatemia

Abstract. Serum immunoreactive parathyroid hormone (IPTH) is normal in
patients with’ X-linked hypophosphatemic rickets who are not treated with phos-
phate salts. Phosphate raises IPTH in these patients. Endogenous IPTH does not
influence the existing defect in tubular reabsorption of phosphate in male patients.

renal tubule (6), and perhaps also at
the general cellular level (7). The abil-
ity to heal the bone disease more effec-
tively with phosphate - administration
alone (8); or with 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, investigative efforts
could be focused on the phosphate
transport hypothesis. The development
of a new radioimmunoassay for the
measurement of human parathyroid
hormone in serum (I0) provided an
opportunity to study this problem.
Serum was -obtained from ' patients
with familial hypophosphatemic rick-
ets meeting the criteria for the X-linked
trait (11). Untreated patients had serum
immunoreactive parathyroid hormone
concentrations (IPTH) within or close
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, also had normal serum
IPTH. Only those patients receiving
large quantities of therapeutic phos-
phate salts by mouth had increased
serum IPTH. Three patients on the

Table 1. Response of serum IPTH to change in dietary phosphate in patients with X-linked
hypophosphatemic rickets and acquired secondary hyperparathyroidism,

Dietary regimen -

Phosphate (3 g/day);

Reduced phosphate (1 g/day);

Subject Sex vitamin D: (<25,000 unit/day) ' vitamin Ds (100,000 unit/day)
Serum values IPTH Serum values 1PTH

P* Ca*  (ul eq/ml) p* Ca* (! eq/mb)
M.C. F 54 89 290 39 10.4 40
LA M 5.0 9.3 100 38 114 67
EM. M 44 74 750 39 10.6 43
Mean 49 8.5 380 39 10.8 50

* Values in milligrams per 100 miliititers,

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 (1 to 3 g/ day), and vitamin
D, (100,000 unit/day) for at least 4
weeks suppressed serum IPTH to nor-
mal or near normal.in these patients
(Table 1).

Tubular reabsorptioh of phosphate
[xmole/100 ml glomerular filtration

rate (GFR)] was measured (/2) 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 pmole/ 100 ml GFR, nor-
“mal, >90 pmole/100 ml GFR ()]
The serum phosphorus concentration
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Fig. 1. Serum IPTH in patients with X-
linked hypophosphatemic rickets. Column
A, no treatment; column B, treatment
with large doses of vitamin D. alone
(about 100,000 unit/day); column C,
treatment with a phosphate supplement
by mouth (3 g/day, as orthophosphate)
and vitamin D: (up to 100,000 unit/day).
Open circles; female patients; closed cir-
cles; male patients. All patients have bone
disease,

Reprinted from SCIENCE, 27 August 1971, volume 173 pages 845-847



was 3.3 1.4 mg/100 ml (mean and
S.D.) for the group at the time 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 influenced by endogenous serum
IPTH. ..

We believe that this is the first un-
ambiguous evidence of normal serum
-IPTH activity in. patients with un-
treated X-linked hypophosphatemia,
Serum IPTH is increased only when
these patients are 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 concentration
of calcium in serum (73). Serum cal-
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Fig. 2. Relationship of TRP [tubular re-
absorption of phosphate, umole/100 ml
glomerular filtration rate (GFR)] to endog-
enous serum IPTH in four male pro-
bands with X-linked hypophosphatemic
rickets, at serum phosphate values for
group . of 3.3 & 1.4 mg/100 mi (mean =+
S.D.). The dotted line indicatez thc ie-
gression of TRP on serum IPTH; the lat-
ter does not influence TRP in- these pa-

tients. Maximum normal serum IPTH, 40
ul eq/ml,

cium decreased in the patients whose
serum phosphorus had been increased
by daily oral 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 the renal tubule of patients with
X-linked hypophosphatemia contains a
second parathyroid hormone-insensi-
tive phosphate-transport system. We
also suggest that this component of
phosphate transport in kidney is re-
sponsive directly to ‘calcium, perhaps
in a'manner analogous to that docu-
mented in canine kidney by Lavender
and Pullman (14). This would account
for the well-known effect of hyper-
calcemia on tubular reabsorption of
phosphate in X-linked ‘hypophospha-
temia (4). S,
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ii) One of our patients (D.R.), because of the particular
course of his disease, has been extensively studied. 1In
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 hyperparéthyroidismvwith 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-1l. 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, normal <4). The middle square
depicts severe hyperparathyroidism. 1In 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 all 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 TmP and calculated to be
about 45 umoles/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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The phosphate transport defect.

The findings published in the first Science \oaper
implicate a specific phosphate transport defect in the
pathogenesis of X-linked hypophosphatemic rickets. In
subsequent work, the particular inheritance of the trait
allowed 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 normally involves
at least two components, one of which is completely in-
activated in the mutant hemizygote and variably so in
the heterozygote. The type of phosphate transport retained
in the hemizygote is not influenced by an increase in
endogenous PTH or by infusion of bovine PTH. The role of
calcium will be discussed in Section V-D. The inter-
pretation of these data utilizes the Lyon hypothesis(g)
which proposes the random inactivation of one X-chromosome
early in the development in the female. We are suggesting
that an X-linked gene is responsible for regulation of
phosphate transport by kidney. The results of these

studies are presented in the following paper (Science 175,

997-1000, 1972).
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Loss of a Parathyroid Hormone-Sensitive Component of
Phosphate Transpdrt in X-Linked Hypophosphatemia

Abstract. Mutant hemizygotes with X-linked hypophosphatemia lack a parathy-
roid hormone-sensitive component of inorganic phosphate transport in kidney;
female heterozygotes retain a variable proportion of this type of trtfn.rporr. The
residual mechanism for reabsorption in affected males allows inorg.amc phosphate
efflux from the kidney to urine so that net “secretion” i.? somel.lmes o_bserved,'
the latter is directly proportional to the serum concentration of morgamc pho.f-
phate. Calcium acts on the kidney tubule to enhance net reabsorption by this
component of inorganic phosphate transport,

The primary defect of X-linked hypo-
phosphatemia has eluded clarification
since the first descriptions of this form
of vitamin D-resistant rickets (I, 2).
Because of the impaired clinical respon-
siveness to vitamin D, and because of
the discovery that intravenous calcium
infusion could suppress the elevated
renal clearance of inorganic phosphate
(P)) which accompanies hypophos-
phatemia (2, 3), attention was origi-
nally focused on vitamin D-dependent
mineral metabolism in this trait, The
primary defect was thought to involve
impairment of calcium absorption in
the intestine, or abnormal vitamin D
metabolism, and secondary hyperpara-
thyroidism was invoked as the basis for
the renal loss of P; (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 P, 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 allele 2),
Suggesting that the allele primarily in-
fluences P, metabolism, Replacement of
P is particularly effective in correct-
ing the mutant clinica] phenotype (7),
as would be expected if P, metabolism
is mainly affected in the disease,

. We present evidence that the defect
in X-linked hypophosphatemia con-
cerns a PTH-sensitive component of P,
transport that is responsible for about
two-thirds of the tota] net reabsorption of
Py in human kidney; this component is
partially absent in female patients and
corppletely absent in male patients, A
fesidual component of P, transport,
capable of being. saturated, is retained
In male patients, This permits P, flux
from tubulay lumen to plasma and also
allows a flux in the reverse direction.
Although thjs transport is insensitive
fo PTH it can be modulated by ralcium
1on. The net reabsorption of P, is en-

hanced immediately upon intravenous
infusion of calcium.

Tubular transport of P, is saturable
in normal human subjects (8). We ex-
amined the tubular reabsorption rate
[TRP;, micromoles per 100 ml of
glomerular filtrate (GF)] and the maxi-
mum reabsorption rate (TmP,, micro-
moles per 100 ml of .GF, at satura-
tion) at various concentrations of serum
P; (9) in six males (all children) and
nine females (three children, six adults)
with X-linked hypophosphatemia. Sub-
jects with bone disease (six male and
three female children) were on treat-
ment regimens with P, (1 to 3 g/day)
and vitamin D, (10,000 to 50,000
unit/day) prior to investigation; each
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 all patients (Fig. 1); this find-
ing confirms many earlier reports (2).
The TRP, 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 P, transport
in the kidney is closely coupled to the
effect of an X-linked mutation. How-
ever, we could -ﬁnls; no constant relation
between the TRP; and the degree of
bone disease in heterozygotes.

A saturable component of P, 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 P; re-
absorption, indicating no change in
binding of P, by the available transport
system. The residual P; transport, in
mutant hemizygotes, is virtually satu-
rated even at endogenous concentra-
tions of plasma phosphate. This sug-
gests the presence of more than one
form of P, transport, the residual form
being unaffected by the X-linked muta-
tion,

The renal excretion of P. in mutans

hemizygotes was often greater than jts
filtered load; this was observed over a
threefold range of P, 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 directly pro-
portional to the P, concentration in
serum. When net reabsorption of P, oc-
curred, the serum calcium concentra-
tion in these subjects was 9.9 09
mg/ 100 ml (mean = standard deviation,
27 samples) and when there was net
secretion of Py, it was 9.9 = 0.4 mg/
100 ml (14 determinations).

We examined the effect of bovine
PTH (1I) on the endogenous P ex-
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Fig. 1. The in vivo kinetics of net reab-
sorption of inorganic phosphate (P,) by the
kidney of normal subjects and these with
X-linked hypophosphatemia, The substrate
concentration (P,) is varied in the glomer-
ular filtrate by an intravenous infusion
method (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 (8.D.) for the normal
maximal rate of tubular reabsorption
(TMP,) in man (2) is shown. The inter-
rupted diagonal line (upper graph) in-
dicates complete reabsorption of filtered
phosphate; points falling below this line
indicate incomplete net tubular reabsorp-
tion of phosphate. The net reabsorption
rate (TRP)), the difference between filtered
and excreted P,, is plotted upward as
a positive value when the excreted P,
is less than the filtered P, Negative
reabsorption (net secretion), found in
several hemizygotes (excreted P, >
filtlered P\), is plotted downward. Ar-
rows indicate the change in P, reabsorp-
tion 30 to 60 minutes after intravenous
infusion of calcium (4 mg/kg) over a
15-minute period; this dose was sufficient
to raise total calcium in serum by 2 mg/
100 ml. A single patient is represented. by
the two studies of the effect of calcium on




cretion in normal, heterozygous, and
mutant hemizygous phenotypes. Be-
cause of prior phosphate therapy, the
endogenous serum immunoreactive
PTH (12) (IPTH) was above normal in
one male and one female patient be-
fore bovine PTH infusion (5); the con-
centration was normal in the remain-
ing subjects. Renal clearance of P
relative to creatinine increased sharply
in the four normal subjects after infu-
sion of bovine PTH (Fig. 2). The
GFR was not changed significantly by
this procedure in any patient. The P,
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
P, after the PTH infusion. One of
the hemizygotes (second from right,
Fig. 2) was studied when his serum
P, had been raised to 8 mg/100
ml by the infusion method (9). His
response to PTH was like that of the
other two male patients who were
studied when their concentrations of
serum P; were low (<3 mg/100 ml).
We reported previously (5) that a ten-
fold increase in endogenous serum
IPTH does not influence TRP, in mutant
hemizygotes: We conclude, from the

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

Phosphaturia may not be a satisfac-
tory index of the renal tubular response
to PTH. Urinary excretion of adenosine
¥',5-monophosphate (cyclic AMP) is
said to be a more reliable index (13),
and for this reason we measured cyclic
AMP in the urine of the patients in-
fused with bovine PTH (I4). Urinary
cyclic AMP was normal in all patients
before infusion. 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 minutes after bovine PTH
injection; the response for mutant
and normal subjects overlapped each
other and all were in the normal
range (I3). We also measured the
change in calcium excretion relative to
creatinine, before and after PTH in-
fusion, Calcium excretion dropped by
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 unable to exert its usual
effect on P, transport,
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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 (Cp;/Cer)
after PTH infusion to the ratio (Cp,/C.s)
before PTH infusion, where C is the
endogenous renal clearance rate of in-
organic phosphate (P:) and creatinine (cr)
averaged for three 30-minute periods be-
fore and after PTH infusion.

Intravenous infusion of calcium en-
hances P, 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-linked hypophosphate-
mia who respond to calcium infusion
with improvement in the net tubular re-
absorption of P; (2, 3), because P,
reabsorption is insensitive to PTH,
and serum IPTH is not abnormally
elevated in the untreated mutant hemi-
zygote (5). Studies of the change in
P, reabsorption after calcium infusion
in X-linked hypophosphatemia, often
were performed with large amounts 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
15 minutes) that was sufficient to raise
serum calcium by 2 mg/100 ml. Tubu-
lar transport of P; was studied at con-
centrations of serum P; sufficient to
saturate the transport, Tubular reab-
sorption of P, improved under these

conditions in each subject (Fig. 1),

whether net tubular reabsorption or net
secretion of P; was present initially. Al-
though serum immunoreactive PTH fell
by about 20 percent in all subjects
after the calcium infusion, this response
would not account for the change in
TRP; in hemizygotes.

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

in kidney is not complete even in mu-
tant hemizygotes with X-linked hypo-
phosphatemia. A component of Py trans-
port, with a saturable capacity for net
reabsorption at about one-third the
normal value, is still active in the
male patient. Transport of Py in females
is between -normal and hemizygous
values; this is compatible with partial
retention of the transport that is absent
in males. We propose, therefore, that
P, transport in human kidney involves
at least two components (16). One com-
ponent accounts for about two-thirds
(about 100 pmole per 100 ml of GF)
of the total net reabsorptive capa-
city: this transport is modulated by en-
dogenous parathyroid hormone. A sec-
ond component accounts for all or
most of the remaining uptake; its ca-
pacity is about 50 umole per 100 ml of
GF, and its P, transport can be di-
rectly modulated by the calcium ion.
These findings suggest that calcium may
regulate P, efflux (plasma to lumen)
relative to net influx (lumen to plasma)
by the second type of P, transport. It is
possible that whatever benefit has been
achieved by massive vitamin D treat-
ment in X-linked hypophosphatemia
was actually derived from the effect of
vitamin D on calcium metabolism which
in turn modulated P, transport by the
calcium-sensitive system,

It is still not known whether the two
(or more) components of P; 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
P, 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).
In the series hypothesis the mutation
conceras transport on the brush border
site which allows P, binding but not a
coupled transport to allow accumula-
tion of Py in the cell; there is also
precedence for mutations which “un-
couple”  substrate-specific transport
(18). The X-linked mutation may af-
fect the membrane system directly or
it may affect another cell function

which modulates membrane trans
of phosphate, port



We do not know whether other cells
and organs in man have similar mech-
anisms for P, 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 P, transport in kidney. More-
over, some nonsaturable but relatively
inefficient P; transport in cell mem-
brane (19) is likely to be present since
high concentration of P; improves
phosphate retention (7). We anticipate
that mediatéd P, transport may be im-

paired in other tissues in this disease;

there is evidence for this in other
inborn errors of membrane trans-
port (/7). The X-linked hypophospha-
temia may be genetically heteroge-
neous and different types of defective
P, transport may be identified; such
genetic heterogeneity has been found in
the other inborn errors of membrane
transport (17).
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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(la). 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 area
indicates that the transport system for phosphorus is
saturated in this subject even at endogenous concentration
of phosphate. However 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). Her response
is less striking but obviously present. The interpretation
of these data as a direct effect of calcium upon the renal
tubule(;g) is discussed in Section V-C (Second Science

paper) .
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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
filtered 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 raised in blood,
there is a possibility that formation of a calcium phos-
phate colloidal complex may occur with the plasma
proteins(zo). 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 calciﬁm 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 11l.1 mg%
and 7.8 mg% respectively.

The samples were applied to separate G-25 Sephadex
columns (42.5 cm long) and eluted with normal saline.
Eighteen fractions (2 ml) were collected from each
column and #nalyzed 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 all fractions.

The limits 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.
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iii) The excretion of cyclic adenosine 3',5'-mono-

phosphate (c-AMP)

Parathyroid hormone exerts its action on the renal
tubular cell through the activation of the membrane bound
enzyme, adenyl cyclase(zl). 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 phosphaturic 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 pru(22),

Since we had observed a complete or partial lack of
phosphaturic 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. All patients
had normal excretion of c~AMP before the infusion. 1In all‘
subjects the maximum excretion occurred 30 minutes after
the PTH injection; this is the normal response(zz). There
is complete overlap among the three groups and the results
are well within the published normal range.

Therefore there is a normal activation of adenyl
cyclase in X-linked hypophosphatemia, but some 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 effect" we have
observed during our infusion studies is a direct effect
on the tubular transport of phosphorus(lg) or could be
related to changes in circulating IPTH induced by the
infusion(ls), 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-1: 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 some phosphaturic 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.



TABLE V-1

Time cat P IPTH Infusion** TRP
mins. mg% mg% ul eq/ml protocol umoles/100 ml GF
1. F 0 9.6 2.3 8 4 77
(BD=)* 119 8.3 8.0 22 Pi ¢4 88
200 10.4 7.2 20 ¥ Ca 117
230 10.7 5.6 13 ¥ 96
2. F 0 9.3 2.2 23 4 70
(BD=) 112 8.1 7.8 28 Pi 4 121
162 10.4 7.4 14 ¥ Ca 110
239 12.1 6.5 16 ¥ 128
3. F 0 9.0 1.5 54 4 69
(BD+) 168 7.3 8.9 98 Pi ¢4 83
215 9.4 9.0 69 ¥ Ca 106
¥ .
4. F 0 10.7 2.3 24 4 72
(BD+) 111 7.2 5.5 100 Pi ¢ 125
162 9.6 5.5 37 ¥ Ca 102
231 10.7 2.6 36 ¥ 77
5. ¥ 0 10.4 2.8 49 4 66
(BD+) 114 8.7 5.1 60 Pi 4 33
: 166 10.2 4.5 51 4 Ca 51
230 10.4 4.0 54 ¥ 51
6. M 0 10.8 3.6 240 4 28
(BD+) 123 8.6 7.4 350 Pi + Co=112
186 10.4 7.2 280 ¥ Ca - 22
249 10.2 4.2 210 ¥ - 24

*# BD = Bone Disease

*k = The arrows encompass the overall duration of Pi

or Ca infusions.
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VI.

THE APPLICATION OF KNOWLEDGE TO THE TREATMENT OF

X~LINKED HYPOPHOSPHATEMIA: A SUPPLEMENTAL PHOS-

PHATE REGIMEN IN X~LINKED HYPOPHOSPHATEMIC RICKETS

The treatment of X-~linked hypophosphatemic rickets
traditionally includes vitamin D in high doses. The doses
effective for healing of the bone lesions can have toxic:
effects. Episodes of hypercalcemia and soft tissue calci-
fication héve 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 a relatively small doée 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“hypophosphetemia

(3£, 5m between 3 and 15 years of age) were treated
for a total of 11,297 patlent days with an inorganic
phosphate salt supplement by mouth (1-4 g Pi/day in
5 divided doses given at 4 hour interVals) and vitamin
"Dy (10~50~x 103 units/day).b-On'phie regimen the meah m
Valﬁe for serum phosphofuslin the group was 4.0 mg

percent and 85 percent of values were above 3.0 mg
percent. The rickets healed completely and an accele-
rated growth rate was observed in_all patients when
phosphate supplements were provided continuously.
Dwarfism was corrected in 3 female and 2 male subjects.
fhe whole-blood Pgy was low (24.5 mm Hg at pH 7.4)
in untreated patients but was restored to normal
during phosphate treatment. There were no serious
episodes of hypercalcemia and no ectopic calcifi-
cation was found in association with the combined

phosphete and vitamin D regimen.



Hypophosphafemia in one of its familial forms is
" inherited as an.X—linked'dominaﬁt trait(l). This type
of hypophosphatemia declares ;tself'in early infancy(z).
‘and rickets appear subsequently; the latter maf be respon-~
sive only to large and continudus doses of vitamin D,
accounting for the térm "faﬁilial vi£amin D resistant
rickets" which is often attachea to the disease., Dwarfism
is the third important clinicél feature of this trait(3),
All aspecté of'the phenotype are génerally mdre severe
and uniform in male patients than in the femaie, as
expectea of an X~linked trait.

Treatment of X-linked hypophosphatemia has always
been a challenge., While vitamin D alone may heal the
rickets when given in very large amounts(3r4), 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). Furthermore 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 mineral metabolism was responsible
for this disease. We have re-exémined this hypothesis(s),
and in the absehce of any evidence that hypophosphatemia is
parathyroid-dependent, and thus might be responsive to
vitamin D, we have given‘more emphasis to a primary defect
of phosphate conser&ation‘in the kidney(g). At present
fhere i§ no way to correct the renal loss of phosphate.
Therxrefore, we have adépted long-term, in-home phosphate

replacement as the major component of a combined phosphate
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and vitamin D treatment regimen whiéh will raise the
_cpncentration of inorgahic bhosphatei(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.dwarfiam.can ﬁe overcome in many of
our patients."This paper reports our experience of
11,297 patient treatment days with eight children who
have proven X-linked hypOphosphatemia. The supportive
ambulatory program which makes this-mode of treatment

practlcal was descrlbed in detall prev1ously(1o)

MATERIAL AND‘ METHODS

The patients were eight subjects (3£, 5m 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 maie~ma1e transmission of the
hypophosphat;mic trait; (there was mother to child trans-
mission-ixall of our patients). Each subject described
in this report has beeh 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 1elevant clinical and biochemical features of

the patlents are summarlzed in Table I,



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

supervise medication, to draw venbus blood samples_and to
describe the progress 6f therapy. Renel clearance studies
were performed every three months, - The long bones, kidneys
and skull were examlned radlographlcally during half~yearly
clinic visits (or more often 1f indicated) for signs of

rickets, hyperparathyroidism, and complications of therapy.

Slit-lamp examination of the eyes were performed at least

once for evidence of ectopic calcification. Blood pressure

and blood.pH measurements were obtéined fre@uently.

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

alkaline phosphatase activity and creatinine were determined
by Technicon auto-analyzer methods. The amino 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 (IPTﬁ) was measured by Dr, Claude
Arnaud ﬁsing a radioimmunoassay(l3) for which venous blood

was collected in plastic syringes, transferred to pyrex tubes,

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

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

‘at pH 7.4 and 50 percent oxygen saturation (P50 in mm Hg),
. r

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

* obtained from patients during phosphate treatment, and again

at the same time of the day two weeks after the treatment
had been stopped. The patients and their obligate heterogyzous

mothers in whom Psg and Pi were also measured, were matched



" for age and sex‘by a paired control spbject.

Measurements of linéar groﬁth-were made in the
standing position; the "lowe; segment"” of total height is
“the distance from the top of the symphysis pubiS'to the
hegl.‘ Measurements were plottéd on.copieé of the charts
drawn by Tanner ét ai(ls), énd:by Mcﬁair and Stickler(3),

Bone density on standaraiéed roentgenographs of the
hands was determined by compuﬁerized photodensitometry of

the bone image(lg).

Treatment Regimen: A phosphate mixture comprising

NaH2P04.7H20 (136 g/vol.); and phosphoric acid (NF85%;58.8 g/vol.)
in 1 L of tap water (Joulie's solution) was found to be most
acceptable for long term treatment. The pH of this solution
is 4.9, the molarity 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 iptake of 15 ml every 4 hours,
five times daily is achieved. The amount téken on this
time schedule is that required to maintain the average
phosphorus concentration above 3.0 mg percent and is
equivalent to 1-4 g 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 incoqvenience.

Vitamin D, (10,060-50,000 IU/day) was used to offset
hypocélcemia during high—phosphate intake. If secondary
hyperparathyroiaism appeared, phosﬁhate was discontinued

temporarily, and calcium glucdnate (2-9g day) was given



.iﬂ combiﬁation with vitamin Dy (100,000 units/day) for

‘ é-3 weeks, or until parathyroid éland hypéractivity
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 pércent in 85 percent
of venous blood sémples-obtained‘from paEients on tﬁis
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 deéerminations during 2,725

treatment days was 4.0 * 0.8 mg percent.

Bone: Active rickets was not found in any of our patients
during regular treatment with phosphate. Coarsening of
the trabecular pattern was sometimes evident but mean
radiographic density measured by photodensitometry of
standardized middle phalangeal X-ray images was between
the 15th and 87th percentiles,'for bone density in

normal subjects, matched for age(ls).

Linear Growth: The average linear growth velocity for

~ the patient group was below norm§1 (63 + 24 percent of
the normal rate on the 50th percentile) before the initia-
tion of phosphate treatment. At the time seven of the

patients were receiving vitamin Dy in the usual large doses
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- for treatment of vitamin:D_reSistanf rickets. The linear
growth rate increased in each patients during phosphate
treatment (Fig. 2). The mean value for the total patient
groupAon phosph@te.treatment'wés double the pré-treatment
rate; or equivalent to 126 % 22 percent of the age-equivalent
50th percentile for.normal_children. After prolonged
phosphate therapy "an accelerated" growth rate was still
épparent.in most of the patients (upper half of Figures 2a
and 2b).  The dwarfism which charaéterizgd the pre~treatment
physique, is no longer preseﬁt in the three female patients
in the group and in two of the male.patiénts.

The impairment of linear growth before phosphate tfeat-
ment was most obvious in the lower segment, as noted by
others(3). The post-phoéphate treatment acceleration of
total linear growth was clearly expressed in the lower

segment of our patients (Fig. 3);

Whole Blood Pggp: In the absence of phbsphate treatment,

patients with X~linked hypophosphatemia have lower values for
whole—bloothso and serum Pi than during treatment with
phbsphafe (Fig; 4), The difference between their on~treatment
and pff-treaﬁment Psqp values, is significant at the 0.05

level by the Wilcoxon signedrrank'test(17). The values for

' patients on treatment were not significantly different from
the control group of age-matched. healthy children. Hetero-
zygoué mothers not receiving éhdsphate had lower values for
whole-blood Pgp and sérum Pi than the ége—matched control
group of women. The relationship between the two groups of

adult subjects parallels that for corresponding groups of



children (Fig. 4). There were no significant differences

between patients and controls, in hemoglobin'concentration,

hematocrit or blood pH.

Complications of the:Treatment Regimen: There were five

episodes of hypercalcemia during 11,297 treatment days in
patients on the combined phoéphéte_and-vitamin D regimen.
None lasted more than tﬁo weeks and no serum €alcium value

. exceeded 12.4 mg percent, Tﬁere'is no evidence of ectopic
tissue calcification or of urinary calculus formation, and
the glomerular filtration rate remains normal in all of

our pafients; The sodium phosphate salt supplement did not-
cause systemic vascular hypertension or acidemia. |

There was no evidence -of hyperparathyroidism in our
patients prior to phosphate treatment(g). However phosphate
administration will lower serum calcium(la), 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 eafly phase of our treatment program, one patient
(D;R.) developed severe hyperpafathyroidism which did not
respond to medical management;‘subtotal parathyroidectomy
removing about 7/8th of the 4 diffusely hyperplastic glands
has restored parathyroid activity to an acceptable range
(serum IPTH, l4-52ml.Eq/ml, normal <4b), in the subsequent
three years., Parathyroidectomy did not influence the phosphate
transport defect in the patient.

A generalized hyperaminocaciduria was apparent, as
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expected(ll), when secohdary hyperparathyroidism developed
(Table III). The hype;aminqacidugiq abated with treatment

to suppress hyperparathyroidism. An iminopeptiduria which

may reflect increased bone turnover(lz), was evident during

reversible episodes of hyperparathyroidism.



DISCUSSION

This report documents how the phenotypic effects of

" the mutation causing an X~linked hypophosphatemic trait

can be neutralized with considexabie success. We believe
that the treatment regimen described here can also benefit
patients with ‘other types of phosphete losing nephropathy.
Considering that so-called ?itamin—D resistent rickets

was recognized as a clinical.entity almost 35 years ago(lg),
it .comes ee a‘surérise that a reasonably effective form of
treatment has taken so long to emerge. There are at least
three 01rcumstances which caused the delay, namely, problems
in the differential diagnosis of hypophosPhdtemla, problens
with interpretation of the pathogenesis of hypophosphatemia;
and  problems in the clinical 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

¥-linked disease ¢ould be healed when sufficient doses

of vitamin D were administered earefully(3'4). The trait

had also been classified on physiological grounds as one

of the hypophosphatemic diseases resulting from renal

(4,29-22)

tubular dysfunction The latter attempt at

nosology might have encouraged more extensive use of

phosphate therapy as a way to offset the presumed lesion in

tubular conservation' of phosphate. However, debate about
the mechanlsm of that lesion apparently forestalled any

earlier acceptance of the phosphate—replacement treatment
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hypothesis,

Several interpretations of the basic defect in the
X~linked form of vitamin D ﬁesistant_rickets have been
advanced., A pfimary defect of intestinal absorption of
calcium was sugéestea'by Albright(lg’?3) and accepted
 by many workers subsequently, while others have recently
favored an abnormélity of vi£amin D metabolism(24),
However, studies have shown that hypdphosphatemic patients
" can synthesize 25-hydrbxycholecaiciferol the major polar

metabolite of vitamih D(ZS),

and treatment with this form.
of the vitamin does not correcfithe abnormal phendtype(26'27)t
Furthermore, any hypothesis thcﬁ proposes that vitamin D=
dependent calcium transport is compromised initially in
X~-linked hypophosphatemia,'should include secondary hyper--'
parathyroidism as the cause for the reﬁal loss of phosphate.
We now know that levels of immunoreactive parathyroid
hormone are normal in untreated patienté with X-linked
hypophos?hatemia(S)-
Evidence for a defect in tubular transport-of phosphate

in X-linked hypophosphatemia is now quite c?mpelling(g).
.There are appagently'two types of phosphate trapsport in ..
human kidney and one is deficient in the disease, The other
functions at its maximum capacity, but under the usual
conditions this system is not aBle to transport sufficient
phosphate to restore the body pool. gow dces one then
interpret the well=known observétions that sustained calcium
infusion improves tubular transpoft of pliosphate in X-linked

hypophosphatemia(ze'zg). There is evidence(g) that the
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.residual type of phosphaté transport in the kidney of

X-linked hypophosphatemic patients is sensitive to calcium,
in a manner analogous to th§ parathyroid-independent effect
of calcium on phosphate transport in normal mammalian

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

doses of vitamin D and their frequent association with

hypercalcenia, afe of theraﬁeutic~benefit in the disease.
On the other hand, it has recently been suggested(31)
that a newly recognized metabolite of vitamin D may be
diredtly involved in proximal tubular transport of

phosphate and that its synthesis'is regulated by the

‘ambient calcium level. There 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 phoéphate transporting substance might
explain vitamin D resistance and the deficit in tubular
transpoft 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 ah 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 héaling induced by dietary
phosphate in experimental rickets, refer to the statement
made by Wegner in 1872, that eiemental phosphorus increases
bpne formation in growing animalé. I+ has often been shown
since thén, that the bone lesions of vitamin D deficiency,

as well as the various forms of vitamin D resistant rickets,
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_ can be healed by shortnterm phosphate supplements(34“36),

Long-term phosphate supplementation should therefore be
a logical form of treatment for a condition in which the
renal loss of'phosphate is chronic and significant, and

this form of therapy has indeed been the subject of

numerous qlihical studies. Some 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 "yitamin-D resistépt“ rickets resulté(22'39’43)\
Despité theéé recorded experienceé, 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 shown that combined phosphate and vitamin D
treatment restores béne density to normal in our patients.
Albright proposed originally(44)‘that hypophosphatemia
stimulated bone resorption and that phosphate replacement
merely prevented this event. Rasmussen(45).has challenged

-

this interpretation and he suggests that Albright's own

idata indicated that phosphate replacement actually stimulates

bone mineralization. Recent studies in the severely hypo-~
phosphatemic rat(461, show that‘whén bone resorption is
increased, bone mineralization and mafrix formation is also
severely inhibited; phosphate replacement stimulates hone
formation in this situation. similar mechanisms may
account for the response in bone ﬁineralization'observed

after phosphate treatment in X-linked hypophosphatemia.
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-Phosphate ioading will cause serum'calcium to fall
and serum immunoreactive PTH'tQ.rise(Ls). We have
observed a similar response in our patients. The appearance
of a characteristic reversible hyperaminbacidﬁria(ll) and
iminbpeptiduria(lz) when serum PTH waé increased in our
patients treated with phosphate, inéicates fhat kidney
and bone are apparently both responsive to PTH in X-linked
hypophosphatemia. It is not unreasonable to suppose that
this effeét oﬁ bone may actually 5enéfit its.turnover,
remodelling and linear growth duriﬁg phosphaté treatment.
Stimulation of the linear grdwth 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
lthat chronic hypophosphatemia in our patients was associated
with a low whole-blood Pgg, indicating a shift to the left
of the oxygen dissociation curve. Phosphate treatment raised
both the serum Pi and whole blood Péo to the normal range.
If depletion of serum iﬁorganic phosphate inhibits 2,3-DPG

(49), thus causing a fall in whole-

synthesis in red cells
blood Pgq, it is possible that release of oxygen to tissues
would be inhibited sufficiently over long periods of time

to impair growth in patients with the X~linked trait. This
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' hypotheéis has yet to be testéd;' fhé growth failure in
'hypophosphatemic rickets is cleafly nof the result of growth
hormone deficiency‘Sl),and it cannot be the direct result
of rickets (52) since fhe-boﬁe'disease can be healed with
vitamin D while growth remainé impaired.

fhe fact that growth failure is manifest particularly
in the lower segmeﬂt in X~linkedlHypophosphatemia(3) is
not surprising. Linear growth in phe child after infancy,
and before adolescence, is'mpst'fapid in. the lower segment.
‘The latter comprisés 50% of total height in childhood but
only 30 percent of total heiéht during infancy. The combined
phosphate-vitamin D treatment regimen stimulated growth
equally well in the lower segment, and in total body 1éngth.

The time iﬁ 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 Eatient who must take
large amounts of a salty liquid, at frequent intervals.
The in—bome 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.
: Sevéral of our patients had endﬁred "failed~-phosphate"
treatment before enrolement in the current program; each"
one responded satisfactorily after aggressive monitoring
and supervision was initiated,

Another advantage of caref@l-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-ireatment days).

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

by hazards which include hype&calcemié and nephrotoxicity(5'7).

‘Phosphate.supplementation can reduce the hazards of hyper-

calcemia(53), and our program.resfrained the total duration
of the hypércalcemid episodes»to';ess than 0.5 percent of
patient—treatment days. In~no case was the hypercalcemia of
serious magnitude, and we found no evidence of ectopic calci-
fication or renal damage in our patients.

There.are other-real and poteptial inconveniences ‘ j
for the patient receiving phosphaté supplementation. It
may cause transient diarrhea and the taste of the mixture
ié unpleasant to some, although Joulie's solution is
preferable to the usual "neutral" phosphate salt mixture.
Moreover, the sodium salt intake is high in the phosphate
mixture (up to 100 mEg/day) and the Joulie solution provides
an acid load. Nevertheless, we have not detected hyper-
tension or acidemia in any of 6ur patients over the years;
diarrhea has not been a problem; and éome inéeniéus mani-
pulations in the' pharmacy and at home have iﬁproved 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~

'

phatenmia, until a more basic approach is discovered which will

correct the defect in phosphate transport.
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TABLE

I

Status of Mother

1/11/67

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

b)

c) Normal C p <16ml/min/1.73m

Derived from Tanner's charts (see Figure 2).

2

Patient Sex Birthdate  Age at Height Plasma Renal Clearance
Diagnosis (percentile)b) valuesd) of Pi€ Serum Pi2 Bone
(yr) ' Ca Pi (ml/min/l.73m2) (mg$%) Disease
(mg%) (mg%) :
M.Ch. F 7/ 4/60 . 6 6/12 <3rd 9.6 2.3 43 2.8 o
S.V. F 25/ 7/60 2 3/12 <3rd 9.2 2.6 51 1.8 o+
A _ \¢

I.B. F 14/ 8/62 5 10/12 ° <3rd 9.1 2.2 67 2.3 o
D.R. . M 20/12/56 7 10/12 <3rd 10.2 2.6 68 1.5 +
- E.M. . M 25/ 6/59 0 8/12° <3rd 9.3 3.3 67 1.5 S+
L.A. M 16/ 6/59 3 <3rd 10.4 3.0 70 . 3.0 0
J.B. 26/ 9/62 3 1/2 <3rd 10.0 2.2 39 2.3 o
M.C. M 2 3/12 <3rd 9.7 2.2 58 - 1.8 +



PATTENT

M.Ch.
S.V.
I.B..
D.R.
E.M.
L.A.
5.5.2)

M.c.P)

TABLE - IT °

CONTROL OF SERUM Pi DURING 12 CONSECUTIVE MONTHS OF

PHOSPHATE REPLACEMENT IN CHILDREN WITH X-LINKED

AGE

‘(yrs)
10
10

13
11

11

HYPOPHOSPHATEMIA.
SERUM Pi
Tmg %)

Mean + SD
3.7 £ 1.1
2.8 £ 0.4
4.5 £ 0.6
4,2 £ 1,0
3.5 + 1.3,
5.1 i-l.é:
3.2 £ 0.6
4.9.%+ 0.9
Mean 4.0 £ 0.8

HOME VISITS
(number/12 months)

- 30
35
18
35.
28
24

(7) -

28.3

All blood samples (excepting patien% J.B.) obtained

in the home or at 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.
were recorded.

Fifteen hospital visits

b) For six-month period (April—Océ., 1971) calcu-
lation of home visit frequency not included in
calculation of mean frequency for the group.
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TABLE III

EFFECT OF PHOSPHATE TREATMENT ON PARATHYROID ACTIVITY

IN X~-LINKED HYPOPHOSPHATEMIA

High Phosphate Régimena) Moderate Phosphate Regimenb)
PATIENT SERUM SERUM SERUM URINE SERUM SERUM SERUM URINE
Pi CALCIUM. IPTH AMINO Pi CALCIUM IPTH AMINO
 (mg%) (mg%) (01Eg/ml) ACIDSC) (mg %) (Mg%) (u1Eq/m1) acIDs®)
M.C. 5.4 - 8.9 290 general 3.9 10.4 40 normal
increase
L.A. 5.0 9.3 100 general 3.8 11.4 67 - normal
increase
E.M. 4.4 7.4 750 _general 3.9 10.6 43 hyper-
increase e ‘ .glycinuria
J.B. 3.4 9.4 90 _hyper- . 3.4 10.0 36 normal
glycinuria " '
Average 4.5 8.7 307 increased 3.7 10.6 46.5 . normal

Normal serum values:

a) Pi supplement, 3-4 g/day;
b) Pi supplement, 1-3 g/day;

c) Amino aciduria assessed by partition chromatography

Vitamin D, <50,000 units/day

Ei} >4.0 mg%; calcium, 9-11 mg¥%; IPTH,

Vitamin D, 100,000 units/day x
(11)

<40 plEg/ml.

3 weeks or more
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Figﬁre 1:

'LEGEND

Effect of repeated loading by mouth with an
inorganic phosphate mixture,'on the concen--
tration of inorganic phosphate in serum of

a male patient with X~linked hybophosphatemia.

- The diurnal timing and -amount of phosphorus

administered in the mixture is indicated.
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Figure 2:

LEGEND"

Growth char;s for boys (léfé) and girlé
(right) before (open circles) and during
(closed circles) phosphéte supplementation.
Vitamin D aloné'was the major form of
treatment given beforé_the combined regime
was begun. The upper graphs>shoﬁ growth
as a linear measurement related to age.

The lower graphs indicate fhé'rate of

growth (gain in height per year). Graphs

'show percentiles for a normal reference

population as described by Tanner et a1 (15)
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Figure 3:

LEGEND.

Growth in the lower segment of

patients treated with phosphate and vitamin

D;compared Withwlower-segment growth of

patiénts treated with vitamin D alone as

(3)

- - reported by McNair and Stickler '3),
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Figure 4:

LEGEND

Relationship between serum phosphorus

. (Pi) and whole blood Ps5g value in 8

untreated adult female~heterozygotes

. (A) and 8 untreated children (05 with

X~-linked hypophosphatemia. Controls for -

adults (A) and children (@) were indi-

vidually matched for age and sex.

Phosphate treatment of children with
the disease.(w) raises_fhe serum Pi .and

whole blood Psggp.
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' COMMENTARY

and
Detailed discussions are given in the publishedApending

manuscripté which form the body of this thesis. Only a
general perspective to the thesis work is presented in the
following commentary.

The products of gene action are represented by the poly-
peptide chains. These essential constituants of the mammalian
organism are ub;guitous. For instance, they are found in the
membranes where as "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 specific function of a
protein originates partly in the primary amino acid sequence.
This sequence depends on the nucleotide sequence of the gene
which codes for the polypeéfide chain. Therefore a mutation
in the structural gene will be expressed as an inherited varia-
tion in protein st:ucture. Some will be easily detected if
they produce important chemical or clinical disturbance but
some will be more difficult to characterize because they are
incompatible with life or,on the other hand,bear no signi-
ficant functional disturbance and thus 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 fitrst 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 organism. 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
purely 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 fhesis program was
made by screening urine amino 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 studies 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 t;ans-
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 1V).

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-fenal 1eak.' The impairment of
phosphate 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, amin6 acids,potassium, bicarbonate and
phosphate. Because transport defect in X-linked hypo-
phosphatemia is highly selective, it is appealing fo

suggest a defect in the binding of the ion to a specific
reactive site. Precedence for this interpretation is found
in certain genetically determined defects of phosphate
transport which have been identified in microorganiéms
(Medveczky, N. and Rosenberg, H., ~ BBA 241, 494, 1971.).

The data presgnted in this thesis indicate that the satu-
rable mode df 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 apparently  saturable but because of its low
capacity it is unable to maintain an inorganic phosphate
concentration compatible with a normal phenotype. This trans-
port component is not affected by paratthoid'hqrmone 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 secretion'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.

_J
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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 cell. 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.

Some aspects of the mutant phenoﬁypes 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 not allow, however to determine whether

the 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 known
that hypophosphatemic mutants are able to synthesize 25-hydroxy-
cholecalciferol, the circulating or "hormonal" form of the
vitamin D. The possibility that 21,25-dihydroxycholecalciferol,
a vitamin D metabolite synthesized in the kidney of normo-
calcemic 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 21,25-(0OH)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~linked hypophosphatemia and explain
the resistance to vitamin D cannot be tested until the
vitamin D metabolite is made available for clinical trial.

The information gained from the characteristics of
phosphate transport in human kidney indicated a mode of
treatment more successful than previously reported attempts
employing vitamin D as the principle pharmacologic aggﬁt.
In.the absence of a way to correct the primary defect, ;t
was logical to try to offset the mutant gene by a continuously
aﬁgmented dietary intake of inorganic phosphate to offset
renal loss. The possibility to restore the body pool in the
absence of an efficient phosphate transport system may -be
due to the presence in the cell membrane of a non saturable
component for phosphate transport as documented in the red blood
cell by Schrier (see References in Section Vec). The positive
results obtained are rather unique in the literature and allow
one to consider it as the best available method to neutralize

the effect of the X-linked mutation.
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CLAIMS TO ORIGINAL WORK

Sarcosinemia:

l.‘

Dietary folic acid does.. not influence the plasmé
level of sarcosine in the hypersarcosinemic subject.
Therefore the mutation probably does not involve a
deficiency of the acceptor of the "one~carbon moeity"
during oxidation of sarcosine to glycine.

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.
Sarcosine dehydrogenase is normally absent in. cultured
human skin- fibroblasts and leukocytes. (These studies
were made before the same conclusions were reported by
other investigators).

Renal tubular 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.

Sarcosine transport in kidney is mediated and concen-
trative and there is interaction with glycine and
proline transport.

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
specific high affinity low capacity transport systems

for L-proline and glycine respectively.
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A normal level of immunoreactive parathyroid hormone

in X-linked hypophosphatemic rickets was proven for

Tubular reabsorption 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-

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 capacity;

the other is insensitive to PTH but can be modulated

Hemizygotes for X-linked hypophosphatemia are comple-

tely lacking the PTH-sensitive transport system for

Intravenous calcium infusion rapidly enhances net

reabsorption of phosphorus by the system revealed in

Net tubular secretion of phosphorus cah 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-

In X-linked hypophosphatemia:
A. Transport studies
1.
the first time.
2,
thyroid hormone in this circumstance.
3.
by calcium ion concentration.
4,
phosphate.
5.
the mutant hemizygote.
6.
venous calcium infusion.
7.

The heterozygous females show variable expression of

the"transport phenotype" fully expressed in the hemi-

zygotes.
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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. |

PTH has the expected effect on calcium excretion in
urine in the mutant phenotype.

Excretion of adenosine 3',5'-monophosphate is normal

in X-linked hypophosphatemic subjects.

Relaxed selection in X-linked hypophosphatemia

Continuous phosphate supplementation in the diet
maintains a satisfactory levél of phosphate in blood
in the mutant phenotype.

Reversible secondary hyperparathyroidism is induced
by phosphate therapy. S

Prolonged phosphate therapy accelerates the growth
rate. Normal height has been achieved in 5 of our

8 dwarf patients. (The rickets also heal and good
bone mineralization is achieved as shown by other
investigators).

Whole blood Pgy 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.



