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SYNOPSIS

This thesis examines the possibility that the adminis-
tration of analogues of phenylalanine such as 8-2-thienylalanine,
cycloleucine, parachlorophenylalanine or  phenylalaninol might
be used as treatment agents in phenylketonuria. Elevated serum
phenylalanine appears to be the mechanism whereby the virtual
absence of effective phenylalanine hydroxylase in classical phenyl-
ketonuria leads to brain damage. The reduction of these elevated
levels by a strict low phenylalanine diet prevents the brain

damage in phenylketonuria.

Because the analogues <cited above <could possibly
reduce the absorption of phenylalanine (from ingested food) by
the small intestine and the reabsorption of phenylalanine by
the proximal renal tubule (from the glomerular filtrate) they
could lower serum phenylalanine and hence be potential treatment

agents for phenylketonuria.

The initial study examined the effect of intravenous
B-2-thienylalanine on the wurinary excretion of phenylalanine
in Rhesus monkeys rendered hyperphenylalaninaemic by the simultaneous
infusion of phenylalanine. It showed that B-2-thienylalanine

doubled urinary excretion of phenylalanine.
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The next study was conducted on Rhesus monkeys using
cycloleucine and parachlorophenylalanine in a similar fashion
but the monkeys were also infused with inulin so that glomerular
filtration could be measured. This showed that both produced
substantial increases 1n urinary excretion of phenylalanine by
hyperphenylalaninaemic monkeys, but not by inhibiting renal tubular
recabsorption of phenylalanine, rather, they increased glomerular

filtration.

The effect of B-2—-thienylalanine, cycloleucine and
parachlorophenylalanine on the intestinal absorption of phenylalanine
in Rhesus monkeys was examined and each analogue reduced absorption

of phenylalanine.

Cycloleucine was known to be relatively non-toxic
to humans and parachlorophenylalanine quite toxic to a range
of experimental animals, but 1little is known about the toxicity
of B-2-thienylalanine, so a long term feeding of B-2-thienylalanine
was undertaken to infant monkeys, both with and without phenyl-
alanine. With the possible exception of predisposing to Shigella
enteric 1infection, no toxic effects of B-2-thienylalanine was

found clinically or in the haematological indices studied.

The B-2-thienylalanine appeared to be partially effective
in preventing the phenylketonuria symptoms that occurred in infant

monkeys when phenylalanine alone was fed to them (3 grams/kg/day).

With no ill effect from B-2-thienylalanine noted,
it was believed justified to give an acute load of it to phenyl-
ketonuria patients and 20mg/kg/hr. was given intravenously in
saline. This increased phenylalanine excretion by 2.25 fold
when compared to saline alone. An oral load of phenylalanine
20mg/kg was found to reduce the absorption of phenylalanine from
a 100mg/kg load by 47%.

Because of the possibility that cycloleucine might
be successful in lowering serum phenylalanine levels, and the
fact that it has been used as an anticancer therapy, it was given
orally over one month in daily dose of 20mg/kg. It did not lower
serum phenylalanine 1levels compared to a placebo capsule given

for 1 control month.
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As phenylketonuric man is the only known animal with

no effective phenylalanine hydroxylase, it was decided to see
if the variable phenylalanine levels and the fact that the clinical
protection achieved by 8-2-thienylalanine was only partial, may
have been due to inhibition of phenylalanine hydroxylase - such
inhibition would have increased serum phenylalanine thereby
countering 1its beneficial effect on lowering serum phenylalanine
by intestinal and renal mechanisms. This was done in vitro with
rat phenylalanine hydroxylase and B—2-thienylalanine was found
to inhibit radiocactive phenylalanine to tyrosine conversion,
but not as powerfully as parachlorophenylalanine. Cycloleucine
was not an inhibitor of phenylalanine hydroxylase at all. The
ability of the analogues to inhibit phenylalanine hydroxylase
in vivo was measured by their impairment of the conversion of
intraperitoneally injected universally '*C labelled phenylalanine
to '*C carbon dioxide; by this method parachlorophenylalanine
was found to be an effective inhibitor of phenylalanine hydroxylase

while neither cycloleucine nor B-2-thienylalanine were.

An unresolved problem was how much increased glomerular
filtration rate accounted for the increased phenylalanine excretion
in the face of B-2-thienylalanine and whether the mechanism whereby
any stimulation of glomerular filtration rate occurred might
be potentially harmful to phenylketonuria patients. As the monkey
was no longer available to the candidate, he examined cardiac
and renal parameters in the anaesthetized dog. It was found
that glomerular filtration rate was stimulated but only over
the first observation period of 30 minutes, and that this was
accompanied by a rise in renal plasma flow but no change in cardiac
output, cardiac work nor change in peripheral or pulmonary resis-
tance. It was concluded that such stimulation of glomerular
filtration rate would not pose a threat to the patient. No
inhibition of renal reabsorption of phenylalanine was demonstrable

in these studies.

Because of conflicting results of the effect of
B-2-thienylalanine on renal reabsorption of phenylalanine in
different species (monkey, man and dog) and under difficult experi-

mental conditions, it was decided to examine its effect on an
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isolated system. The isolated brush border vesicles from the
proximal tubule of the rat kidney was chosen. It was found that
B-2-thienylalanine and cycloleucine were inhibitors in this system

but a new analogue, phenylalaninol, was not.

All previous studies described in this synopsis which
had examined the effects of intestinal absorption had really
measured effective absonption of phenylalanine because they
used the whole animal and looked at rises of blood phenylalanine
level. Thus, the effects that the absorbed analogue might have
had on renal excretion or hepatic (or other) metabolism of phenyl-
alanine were included in this measurement. To examine more
critically the role of the small intestine, the everted gut sac
of the rat was used. Although more physiological than isolated
brush borders (which can be prepared from the intestine), it
was a system to which Michaelis-Menton kinetics could be applied.
It was found that cycloleucine was the best inhibitor of phenyl-
alanine uptake, B-2-thienylalanine did inhibit but least while
phenylalaninol was intermediate in its ability to reduce phenyl-

alanine transport into the gut wall.

As a final check on the toxicity or otherwise of
B-2-thienylalanine, human fibroblast cultures were exposed to
it alone or in combination with phenylalanine, and the growth
of the fibroblasts compared to those exposed to phenylalanine
alone or control cells to which no amino acids were added.
B-2-thienylalanine did not appear to be toxic unless given in
extremely high doses and at those doses phenylalanine appeared

to be just as toxic.

The general discussion starts with a review of other
authors' work on the toxicity of B-2-thienylalanine and the concerns
that have caused ethical committees not to allow the candidate
to use B-2-thienylalanine in a medium term experiment in phenyl-

ketonuric patients.

The work of K.J. Brown in showing that B-2-thienylalanine
does not favour infection of the gut with Shigella or other bacterial

infection is discussed in detail.



The anomalous results of the effectiveness of cyclo-
leucine in some systems but not in long term experiments are
examined in detail, as are similar disparities in the results
with phenylalaninol. Parachlorophenylalanine's  toxicity, as

demonstrated by others, is detailed.

Future approaches in the same arca of non-dietary

treatment of phenylketonuria are then discussed.



CHAPTER I

HISTORICAL INTRODUCTION TO THE THESIS

Phenylketonuria is a disease in which modern medicine
and biochemistry has been highly successful. In the 50 years
since its original description by F8lling (1), the essential
nature of the disease as a total deficiency of effective phenyl-
alanine hydroxylase inherited as a single autosomal recessive
gene, has been established by Jervis. (2, 3) In addition,
a method of detecting the biochemical disease before the occurrence
of mental retardation, by screening newborn populations, has
been devised by Guthrie (4, 5). Finally, a low phenylalanine
diet has been shown to be of benefit to children suffering

with phenylketonuria by Bickel, Gerrard and Hickmans. (6)

The efficacy of the 1low phenylalanine diet has
been challenged by Birch and Tizard (7) because in treated
retarded phenylketonuria, children had not made exceptional
gains in Intelligence Quotient (IQ). They also claimed that
sampling could account for the inverse relationship between
pre-treatment 1IQ and age, and that the length of treatment
was not related to the size of IQ increment. Bessman (8) pointed
out that diseases are usually recognised in their most serious
form, then more subtle manifestations are observed. Eventually
mild forms of the disease are found to outnumber the serious
ones. He argued that many of the apparent 'cures' by low phenyl-
alanine diet are really the result of increased efficiency

in identification of milder examples of phenylketonuria.

Despite these objections, most investigators treating
phenylketonuria believe the low phenylalanine diet to be effective,
e.g. Berman, Waisman and Graham (9,10); Coates (11); Dobson,

Koch, Williamson, Spector, Frankenburg, O'Flynn, Warner and



Hudson (12); Hudson, Mordaunt and Leahy (13); Kang, Kennedy Jr.,
Gates, Burwash and McKinnon (14); Knox (15); Koch, Shaw, Acosta,
Fishler, Schaeffler, Wenz and Wohlers (16); McBean and Stephenson
(17); O'Flynn and Hsia (18), Sutherland, Umbarger and Berry
(19); and Woolf, Griffiths and Moncrieff (20).

As to Bessman's point (8) that the treatment of
many of the biochemically discovered children with phenylketonuria
was unnecessary because they would have a milder form of the
disease, two factors have arisen. The first is the discovery of
a group of children who have elevated plasma phenylalanine
levels, but these levels do not normally exceed 20 mg. per
100 millilitres on a normal diet. The cause or causes, definition
and necessity for treatment of this condition are by no means
agreed wupon, but the subject is well reviewed by Carpenter,
Auerbach and DiGeorge (21). Many investigators agree that
this condition need not be treated, as mental development will
probably be normal; Berman and Ford (22); Berman, Cunningham,
Day, Ford and Hsia (23); Carpenter, Auerbach and DiGeorge (21);
Hsia, O'Flynn and Berman (24); Levy, Shih, Karolkewicz, French,
Carr, Cass, Kennedy Jr., and MacCready (25); Szeinberg, Cohen,
Golan, Peled, Lavi and Crispin (26); Yu, Stuckey and O'Halloran
(27). To avoid unnecessarily treating these patients with
hyperphenylalaninaemia it is usual to leave the newborn child
who 1is suspected to have phenylketonuria, on a normal diet
until the plasma phenylalanine exceeds at least 20 mg. per
100 millilitres. Later in the first year of 1life, infants
being treated for phenylketonuria with a low phenylalanine
diet are returned to a diet of normal phenylalanine content
to ensure that the plasma phenylalanine again exceeds this

value.

The second factor which bears upon Bessman's (8)
objection to dietary therapy for phenylketonuria is the discovery

of patients with classical phenylketonuria (plasma phenylalanine



persistently above 20 mg. per 100 millilitres on a normal diet),
who have normal intelligence. A number of such patients have
been described (Hsia, O'Flynn and Berman (24); Knox (15); Perryetal,
(28) and Pitt (29) ). However, such. cases are believed to

be rare, Brown and Waisman (30).

Thus, while one cannot but agree with Birch and
Tizard (7) that "...there is still need for an adequately designed
controlled c¢linical trial to assess the effectiveness of the
management of phenylketonuric children by a low-phenylalanine
diet", such a controlled trial would no longer be considered

ethical.

Hudson, Mordaunt and Leahy (13) summarised the

view of most researchers in 1970:

"Proof that early treatment with a low phenylalanine
diet is necessary to prevent mental retardation
developing in infants who show the biochemical
characteristics of PKU could only be obtained by
a random controlled trial. In the light of recent
¢linical experience, as reviewed in this article,
such a trial would be unethical. Certainly, there
are a few subjects, with an I.Q. of 70 or higher
and  the classical biochemical changes of PKU, who
have never received treatment, but the number reported
is very small, It is unlikely that many exist
indetected in the general population, for estimations
of the serum phenylalanine in 83,000 samples submitted
to  Massachusetts Public Health Department for a
serological  test for syphilis revealed only one
case of PKU in an individual thought to be retarded".

As  regards the difficulty of administering such
a diet, there jis little argument. To quote from Keleske, Solomons
and Opitz (31):

"...that the efforts to impose dietary restriction
of phenylalanine intake affect the emotional climate
of the total family; that the parents need constant
support, orientation and counselling to enable
them to maintain a realistic attitude towards their
child with PKU; and that termination of the dietary
restriction tfrequently improves the emotional climate
of the family".



These findings were confirmed by Wood, Friedman
and Steisel (32) who not only noted the disturbances of psycho-
social climate in families with phenylketonuric children, but
also commented: "Our data also suggested that learning in PKU
children was severely curtailed by prohibitions against free
explorations and play, and the opportunity to make meaningful

discriminations."

Thus, an alternative approach to the treatment
of phenylketonuria would be of value. Such an approach was
suggested by the bacterial inhibition assay designed by Guthrie
and Susi (4). In this, B-2-Thienylalanine prevents the growth
of a bacteria bacillus subtilis except in the presence of excess
phenylalanine. Although the exact basis of this impairment
of bacterial growth has not been elucidated, the reversal of
the inhibition by phenylalanine would suggest that B-2-Thienyl-
alanine competitively inhibits bacterial transport and/or

metabolism of phenylalanine.

If B-2-Thienylalanine or any other phenylalanine
analogue could partially inhibit phenylalanine transport across
the renal tubular cell, wurinary phenylalanine excretion would
be promoted, and hence a greater phenylalanine intake could
be allowed to the phenylketonuric child. Likewise, if intestinal
absorption of phenylalanine was blocked by one of its analogues,

greater dietary phenylalanine would be permissible.

This thesis is concerned with the effect of phenyl-
alanine analgoues on the transport and metabolism of phenylalanine
to determine whether they might be useful in reducing the severity
of dietary phenylalanine restriction in children with phenyl-

ketonuria.



CHAPTER II
METHODS

Three phenylalanine analogues were chosen for study:
(1) B-2-Thienylalanine - this compound was first synthesised
in 1938 by Barger and Fasson (33). It is chemically desig-
nated o amino thiopheneproprionic acid and its chemical
structure is shown in Figure 1.
(2) Parachlorophenylalanine - this compound was first synthesised
in 1893 by Emil FErlenmeyer Jnr. (34). The chemical
structure is shown in Figure 1.

(

»J

} (ycloleucine - this compound was first synthesised in
1906 by Zelinsky and Stadnikoff (35). The chemical structure
is shown in Figure 1.

The rationale for choosing these three compounds was as follows:

(1) B ~2-Thienylalanine. This synthetic amino acid is known

to inhibit phenylalanine metabolism and/or transport in bacteria.
The inhibition is competitively reversed by excess phenylalanine.
If such competition is at the cellular transport level, and
is also found in man, it might.effectively block renal tubular
reabsorption of phenylalanine, thereby promoting urinary excretion
of phenylalanine. A similar effect on intestinal transport
would reduce intestinal absorptidn of phenylalanine. Both
these effects would lower plasma phenylalanine levels.

(2) Parachlorophenylalanine. This compound was chosen because

it has already been shown to have an effect on phenylalanine
metabolism (36, 37, 38, 39, 40). Thus, further investigation
of  possible transport effects as outlined in the preceding
paragraph on  g-2-Thienylalanine were warranted. Toxic side
effects of this compound have been reported in the rat, monkey
and cat (40, 41, 42, 43, 44, 45), but it was decided to ascertain
if this compound would have an effect in primates at a dose

level less than that which produced toxic levels in other species.,



Figure 1
Structure of Phenylalanine and Analogues
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(3) Cycloleucine. As can be seen in Figure 1, the chemical

structure of this compound least resembles phenylalanine among
the three analogues chosen. However, Oxender and Christensen
(46) have shown that it inhibits both the '{eucine preferring'
and ‘'alanine preferring' systems in the pigeon red blood cell.
As phenylalanine uses both these transport systems, cycloleucine
might well inhibit phenylalanine transport. Both Goyer et
al (47) and Brown (48) have shown that cycloleucine causes
an aminoaciduria, including phenylalanine, in rats and man.
Finally, cycloleucine has been used in man as an anticancer
therapy without serious side-effects, whereas the preceding
two compounds had not been given to humans, before these experi-

ments.

The study was designed to evaluate the effects
on phenylalanine transport and metabolism in the following
manner:

(a) Renal Studies - (i) Rhesus monkey;
(ii) Dog;
(iii) Man.
(b) TIntestinal Studies - (i) Rhesus monkey;
(ii) Man.
(c) Phenylalanine hydroxylase studies - rat and pig <n vitao;
rat 4in vivo.
(d) Cell Growth Studies - Human tissue.
(¢) sSafety Studies - (1) Infant Rhesus monkey;
(11) Acute loading studies in man;

(iii) Short (2 week) studies in man.

(1) Amino Acids. All determinations of synthetic amino acids
were made by use of an amino acid analyser by the method
of Spackman, Stein and Moore (49). Standard molarities
of these compounds were run together with the naturally
occurring amino acids each time a new batch of ninhydrin

was made up.



The synthetic amino acids separate as distinct peaks
by this method. A minimum of five, and wusually seven,
runs were used to calculate the ratio peak area to amino
acid quantity. These results were quite reproducible
- indeed, B8 -2-Thienylalanine has been suggested as an
internal standard for amino acid analysis.

Preparation of serum and urine for amino acid analysis
was performed by the method of Gerritsen, Reckberg and
Waisman (50).

The concentration of phenylalanine in samples was
measured by amino acid analysis when this was used for measuring
the synthetic amino acids. At times, amino acid analysis was
not available, and phenylalanine was determined by the
spectrofluorometric method of McCamman and Robins (51)
as modified by Wong et al. (52)

The synthetic amino acids did not interfere or contribute
to this or any other assay procedure used. There was
a high degree of correlation between the two methods of
phenylalanine determination: the degree of variation always

being less than 10% and usually less than 5%.

Phenylalanine Hydroxylase. Rat or pig liver was used

tor studies of this enzyme. Each study was undertaken
using one liver from one animal which was immediately
homogenized with 0.1 Tris HCL buffer pH 7.4, 6 millilitres
per 2g. of liver, using an ice water jacket.

The homogenate was centrifuged at 10,000 G for 30
minutes. The supernatant was sieved through wire gauze
(0.5 mm”) to remove lipids. The precipitate was resuspended
in 2 ml. of the same buffer for each initial 2g. of liver
and rehomogenized and centrifuged in the same fashion.

The pooled supernatants were then assayed in the

following manner:



9.

100 ul of supernatant

+ 100 wl of phenylalanine solution (2 u moles/100 1 cold
phenylalanine, containing 0.0014 u moles of '*C phenylalanine
(universally labelled 0.25 ucuries).

+ 100 W (pterine cofactor) 6-7 dimethyl-5,6,7,8 tetrahydro
hydrochloride (concentration 0.25 uM/100 ul)

t 100 w1 dithiothreitol (1 wM/100 ul)
+ 100 Wl Tris buffer pH 7.4 (100 wM/100 ul)

Thoroughly shaken and incubatd for 30 mins. at 370 and
rcaction stopped by 100 wl of Trichloracetic acid 30 g/100 ml.

After centrifugation at 1800 G for 10 minutes, 50ul
of the supernatant was spotted onto Whatman 3 mm. chromato-
graphy paper and allowed to dry.

The spot was then overlaid with cold tyrosine 15 ul
of 60 pg/100 ml. Two samples, one containing 60 pg/100 ml. of
phenylalanine and the other 60 ug/100 ml. tyrosine were
applied to the paper for reference.

The paper was submitted to 16 hours of ascending
chromatography using a solvent, Butanol:Acetic:water
6 :1.5:2.5). After drying, the paper was sprayed with
0.2 g/100 ml. ninhydrin in acetone with 2 drops of pyridine.
Colour development was obtained in an oven of 40°C for
30 minutes. Strips of paper were cut in line corresponding
to the tyrosine spots and the radiocactive tyrosine estimated
by placing the paper in 10 mls. toluene scintillation
solution (6g. of 2,5-diphenylonazole and 100 mgm. dimethyl
POPOP/1itre  tolucne). Preliminary studies showed that
clution of tyrosine from paper with this solution was
negligible in 24 hours, and all samples were counted within
2 hours.

The 8 radiation was counted in a Packard liquid scintil-
lation spectrometer for a period of 5 minutes, using internal
standard for determination of quenching and using scintil-
lation  solution as background. The counts per wminute
were  converted  to  disintegrations per wminute wusing an

cificiency curve coustructed with known quench samples.
Taus,  the  percentage conversion of phenvlalanine

TO Tyrosine was obtained.
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PHENYLALANINE METABOLISM JN VIVO

To determine the effect of analogues on metabolism
of phenylalanine 4n vivo, rats were injected intraperitoneally
with universally labelled C'* phenylalanine and the radioactive
carbon dioxide measured. Adult, male Norwegian hooded rats
weighing 260 to 350 grammes were fasted overnight but were
allowed water ad Libitum. After injection of labelled phenyl-
alanine, 30 pg/kg. with or without the analogues in physiological
saline, the rats were immediately placed in a flask. An air
flow of 6 litres per minute drew their expired gases into sulphuric
acid and thence to Driite. The dried air containing the rats'
expired carbon dioxide was then sucked into a vibrating reed

clectrometer.

The electrical potential between the inner and
outer surfaces of the sphere created by the radioactive carbon
dioxide was measured over five minutes and recorded as a deflection
on a continuous record. A pilot study revealed that 90% of
the radiocactivity injected was expired in the first hour, so
this period was used to monitor the metabolism of phenylalanine.
The carbon dioxide radioactivity was calculated by measuring
the total deflection above baseline and comparing this with
the standard curve. The sensitivity of the vibrating reed
was checked daily by use of a cobalt source at a set distance

from the sphere.

CELLULAR GROWTH STUDILS .

Human fibroblasts from the skin of the one healthy
child which had been maintained in subculture for 9 months
were used in all experiments. All cultures were set up and
media  changes were all performed in an ultraviolet hood which
was cleaned with 707 alcohol before each procedure. All pipette
ends were flamed when|opened and 90% of their length was flamed
immediately prior to use. Before transfers or counting, the
cultures were checked microscopically to ensure viability and
that no bacterial contamination had occurred, and then the medium

was sucked out using a new flamed pipette for each flask.
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The medium used was minimal essential medium supplemented with
52 fetal calf serum, 5% neonatal calf serum, pyruvate 110mg
and NaHCO, 2.24 g.

After the medium was removed Versene solution was
added, the bottle shaken and then the flasks lain so that the
cells were bottom-most and covered with Versene. Then 7 mls.
of Trypsin solution added to subculture bottle and allowed
to interact with cells for 4 to 5 minutes at which time a micro-
scopic check was undertaken to ensure that separation of cells
had occurred. Such separation always occurred by 6 minutes.
The fluid containing the cells was then either counted or trans-

ferred to a petri dish for refeeding.

To count the cells the fluid containing them was
sucked up and transferred to a measuring tube and the volume
made up to a convenient figure, e.g. 10 ml. with phosphate
buffered saline. 1.0 ml. of this solution was then counted
in a Coulter counter Model ZF and the number of cells per plate

calculated.

To start an experiment approximately 250,000 cells
were added to 10 ml. of medium in a 60 mm. petri dish gently
swirled and placed in a 5% C0, incubator. After 48 hours,
4 plates were taken for counting and remaining plates used
for the experiment. It was assumed that the mean cell count
for the experimental plates would be the same as that of the
mean for the four that were counted. The number of experimental
plates required was calculated from the length of the intended
experiment and the number of experimental conditions required,
plus some extra plates to allow for possible growth failure.
As an example, in the first study the following petri dishes
were set up initially:

26 control plates containing 2 ml. of culture medium only.

20 plates with 2 ml. of medium plus 0.4 ml. of 500 mg%
B-2-thienylalanine in water added.

20 plates with 2 ml. of medium plus 0.2 ml. of 500 mg%
B-2-thienylalanine in water added.

20 plates with 2 ml. of medium plus 0.1 ml. of 500 mg%
B-2-thienylalanine in water added.

Later, phenylalanine or physiological saline or various com-
binations of phenylalanine and 8 -2-thienylalanine were added

to the medium.
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The day following the experiment, after microscopic examination,
3 plates from each class were trypsinated as above and counted.
Plates were then counted daily to see what effect the various
additions had upon growth of the fibroblasts. The cells were

re-fed with 2.0 ml. of new medium with or without experimental

additions every 48 hours.
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BRUSH BORDER TRANSPORT STUDIES

These were conducted on the kidneys of 6 adult
albino rats. The brush border vesicles were prepared by the
method of Booth and Kenny (53) with the exception that magnesium
chloride was used instead of calcium chloride. Transport of
phenylalanine with and without analogues was measured using

14 ~

universally 1labelled C phenylalanine by the method of Evers,

Murer and Kinne (54).

Radioactive D-[ *H]-glucose was used to check that
transport was not non-specifically inhibited, and both sodium
and potassium runs were undertaken to ensure that the transport
was active. Incubations were conducted for zero seconds to
measure non-specific binding, and at 30 seconds, which a time
course showed to be before the peak of the sodium facilitated

transport.

Vesicles were separated by use of a Millipore filter
using 0.22 yM Millipore filter paper, and the radioactivity counted
in a Kontron MR300 automatic liquid scintillating system, using
automatic adjustment for quenching and calculation of disin-
tegrations per minute. The scintillation fluid wused was
Butyl-PPD 1% in toluene. The disintegrations per minute were
adjusted to moles of phenylalanine and glucose transported.
The brush border preparation had aliquots removed for protein
analysis by the Lowry method (55). 1In pilot studies the enzymes
alkaline phosphatase and ATPase were measured and showed that
alkaline phosphatase was concentrated several fold in the presumed
brush border component, while that of Na/K dependent ATPase
was only marginally or not at all increased, indicating that
partial purification and concentration of brush borders had
been obtained while baso-lateral membrane had not. Vesicles
were  also demonstrated on electron microscopy (Figure 2 ).
The electron microscopy was kindly performed by Dr. David Haynes

of the Department of Histopathology at Flinders Medical Centre.

A typical time course of phenylalanine and glucose
uptake is shown in Figure 3 . It can be seen that both phenyl-
alanine and glucose uptake are dramatically increased by the
presence of sodium facilitated transport and expressing the
uptake as a function of the protein in the brush border concentrate

added to the incubation mixture.



FIGURE 2(a)  PROXIMAL TUBULE BRUSH BORDER VESICLES FROM THE RAT
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FIGURE 2(A):  ELECTRON MICROSCOPY PHOTOGRAPH REVEALS VESICLES AS
CIRCULAR HOLLOW STRUCTURES TOGETHER WITH OTHER CELLULAR DEBRIS.



FIGURE 2(8)  PROXIMAL TUBULE BRUSH BORDER VESICLES FROM THE RAT
KIDNEY.

FIGURE 2(B): ELECTRON MICROSCOPY PHOTOGRAPH REVEALS VESICLES AS
CIRCULAR HOLLOW STRUCTURES TOGETHER WITH OTHER CELLULAR DEBRIS.



FIGURE 3. TIME COURSE OF UPTAKE OF PHENYLALANINE AND GLUCOSE BY,
ISOLATED BRUSH BORDER VESICLES
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The concentrations of phenylalanine and its analogues

used to determine inhibition are stated in Chapter X .
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OTHER_ASSAYS

1. Glomerular filtration rate. Renal glomerular filtration

rate was measured by inulin clearance in experimental animals

aud creatinine clearance in man.

(a) Inulin clearance - inulin was infused as a 0.35 g.% solution
in physiological (0.9 g.%) saline at a rate of 0.06 ml/kg/
minute after an initial load of 10 ml/kg. as a 4statim
dose.

Urines were collected over half hour periods with blood
samples at the mid point of the collection.

Plasma and wurine inulin concentration were measured by
the method of Roe, Epstein and Goldstein. (56)

(b) Creatinine clearances were estimated by usc¢ of timed urine
samples under intravenous hydration. Urine was collected
by indwelling catheter. Plasma serum and urine creatinines
were measured by the method of Edwards and Whyte.(57)

2. Renal Plasma Flow was estimated by para-aminohippurate

clearance. Para-aminohippurate was infused as a 0.29g%solution
in  physiological saline after an initial loading dosc of
10 ml/kg. The para-aminohippurate was infused in the same
saline as inulin when renal plasma flow measurements werc under-
taken. Plasma and wurine estimations of the hippurate were
performed by the method of Smith et al. (58)

3. Urinary Phenylketones. These were estimated by the method
of Blau. (59)




19.

CHAPTER III

THE EFFECT OF 8—2-THIENYLALANINE AND OF OTHER PHENYLALANINE
ANALOGUES ON THE RENAL EXCRETION OF PHENYLALANINE IN THE
RHESUS MONKEY (MACACA MULATTA)

This work was conducted while 1 was employed as a research
fellow in the Joseph P. Kennedy Junior Laboratories at the
University of Wisconsin, Madison, Wisconsin under the Director,
Professor Harry A. Waisman. I was responsible for the concept
and conduct of the experiments described, and undertook the
majority of the assays described - some being performed by

the technical staff of the Kennedy Laboratories.

INTRODUCTION

B-2-thienylalanine is known to inhibit phenylalanine
usage by the bacteria Bacillus subtilis as shown by the absence
of growth of that organism in the Guthrie test (4), where
B-2-thienylalanine is included in a medium which would normally
support the multiplication of Bacillus subtilis. That such
inhibition by 8-2-thienylalanine is reversible is also shown
by the Guthrie test (4) when a blood sample containing unusually

high phenylalanine, allows growth of Bacillus subtilis.

Similarly, B-2-thienylalanine affects phenylalanine
metabolism in the rat, as shown by Godin and Dolan. (60) They
demonstrated an  increase of radiocactivity in expired carbon
dioxide and in urinary metabolites when DL B~2-thienylalanine
was injected intravenously with DL-phenylalanine-3-'"¢C compared

with the same dose of DL-phenylalanine alone.

They also showed that when DL 8-2-thienylalanine-3-'“C
was injected, negligible amounts of radioactivity appeared
as carbon dioxide, while 30% to 40% of the radiocactivity appeared

in the urine in 12 hours.



20.

Further, Codin and Dolan (60)demonstrated that incor-
portation into tissue proteins of intravenously injected
B-2-thienylalanine-3- ' ¢ was very low, and this compound was

almost not to be found in tissue proteins after 24 hours.

These findings suggested that R -2~thienylalanine
was unlikely to have a permanent untoward effect, and that
if it affected phenylalanine transport, this effect might be
most prominent in the renal tubule because of the high urinary

excretion of B-2-thienylalanine.

To examine these suggestions and to see if the
inhibition by 8 -2-thienylalanine existed in a higher species,

the compound was tested in the Rhesus monkey (Macaca mulatta).

Effect of Infused B-2-thienylalanine on the Rhesus Monkey's

Urinary Excretion of Phenylalanine while receiving Intravenous
Phenylalanine

METHODS

Four , healthy, adult, male monkeys weighing 6.26kg.
to %.75kg. were  lightly anaesthetised with intravenous
G-allyl-5{(1-methyl butyl)-2 thiobarbiturate to allow insertion
of 2./ dextrose plus 0.4g% sodium chloride drip. While still
anaesthetised, the monkeys were strapped into a restraining
chair (61) and a collector attached so that urine could be
collected into a plastic bottle containing a few thymol crystals

and kept in ice.

When the monkey regained consciousness fully and
had passed a control sample of urine, phenylalanine was given
as a statim dose intravenously (200mg/kg). Following this, two
monkeys were started on an infusion of phenylalanine in physio-
logical saline at a concentration of 2.0g% at such a rate as
to deliver 2g/kg/24 hours. After 24 hours, the intravenous
fluid was changed to 2.0g% phenylalanine plus O.5g% g-2-thienyl-

alanine in physiological saline at the same rate.
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In the other two monkeys, the reverse order was
used: the combination of phenylalanine and B8-2-thienylalanine
was infused for the first period of 24 hours, followed by phenyl-

alanine alone.

During these 24 hour periods, urines were collected.
At the end of each infusion, suprapubic pressure was applied
which caused the monkeys to void, and it was assumed the bladder
emptied completely. In addition, three blood samples were
drawn at 3, 18 and 24 hours. These were prepared for amino
acid analysis, as described in the section on methods. The
urine was also prepared for amino acid estimation by acidifi-
cation and filtration. From the phenylalanine, tyrosine and
B-2-thienylalanine values obtained, 24 hour urinary excretion

and renal clearances were calculated.

RESULTS

The 24 hour wurinary excretion of phenylalanine

and tyrosine are shown in Tables I(a) and I(b).



TABLE I(a)

The excretion and clearance of Phenylalanine

added to infusion with and without

B-2-thienylalanine

Monkey Phenylalanine Excretion Phenylalanine Clearance
in mg. per 24 hours in mg/min
Without With Ratio of Without With Ratio of
8 -2-thienyl- B8 -2-thienyl- with thienyl- B-2-thienyl B-2-thienyl- with thienyl-
alanine alanine alanine to alanine alanine alanine to
without without
I 216 521 2.42 0.290 0.890 3.07
IT 70 116 1.66 0.085 0.175 2.07
I11 172 375 2.17 0.208 0.771 3.71
v 19 32 1.67 0.071 0.162 2.28
TABLE I(b)
The excretion and clearance of Tyrosine with and without
B-2-thienylalanine added to infusion
Monkey Tyrosine Excretion in mg. Tyrosine clearance in ml/min
per 24 hours
Without With Ratio of Without With Ratio of
B —~2-thienyl- B-2-thienyl- with thienyl- 8-2-thienyl B-2-thienyl- with thienyl-
alanine alanine alanine to alanine alanine alanine to
without without
I 92 227 2.47 0.49 1.42 2.90
II 102 97 0.95 0.104 0.838 4.32
I11 60 398 6.65 0.150 0.875 5.5
IV 17 57 3.37 0.197 0.566 2.82

"2
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Each monkey approximately doubled his excretion
of phenylalanine when B -2-thienylalanine was added to the infusion
(range 1.60 to 2.42). When phenylalanine clearance is examined,
the increase is cven more striking (range 2.07 to 3.71). There
was a large individual variation of phenylalanine excretion
from animal to animal which rendered a simple student t test
for paired data insignificant. To allow for this individual
variation (which has been noted in normal and phenylketonuric
children (62)), the ratios of results with B-2-thienylalanine
to without B -2-thienylalanine were expressed as a log and then
compared with the expected value of zero. By this method,
the phenylalanine excretion (p < 0.005) and clearance (p < 0.01)

increased significantly.

Tyrosine excretion showed an increase in all but
one animal but this was not significant (p < 0.20), and the
clearance of tyrosine was significantly increased (p < 0.005).
There was a fall of serum tyrosine level when £ -2-thienylalanine
was 1infused in monkey II. This fall in serum tyrosine might
well be due to inhibition of phenylalanine hydroxylase (as
shown in Uderfriend and Cooper (63) 4n vitzo) with consequent

reduced conversion of phenylalanine to tyrosine.
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The excretion and clearance of other neutral and
acidic amino acids was not consistently altered by the addition
of B-2-thienylalanine to the infusate. These results are shown
in Tables II(a) and TI(b).

TABLE II(a)

Excretion of Neutral and Acidic Amino Acids Before (1) & After (2)

B-2-thienylalanine Added to Phenylalanine Infusion in
Rhesus Monkeys

MONKEYS
I II I11 Iv

Amino Acid 1 2 1 2 1 2 1 2
Threonine 20.3 30.4 1.84 13.8 14.8 36.6 4.82 0.407
Serine 10.5 16.8 4.80 9.66 7.73 45.04 4.57 3.46
Glutamine 96.0 70.3 11.0 15.8 28.4 56.8 31.3 4.44
Glutamic Acid 19.3 8.59 4.10 14.12 6.35 7.20 29.2 22.6
Glycine 24.2 11.4 14.9 35.6 27.5 7.20 37.2 45.8
Alanine .2 2.5 1.95 0.36 3.12 4.63 15 83.5
Valine .0 0.0 3.93 2.34 - 3.98 6.03 1.73
Methionine - 4.4 1.62 - - 18.3 - 1.06
Isoleucine 2.54 4.46 6.72 - 0.859 6.94 = 1.27
Leucine 2.54 2.4 1.90 - 0.603 0.66 - 0.511

Column 1 indicates excretion in mgm/day whilst phenylalanine 2.0g/k/day
infused. Column 2 indicates excretion whilst phenylalanine 2.0g/k/day
and thienylalanine 0.5g/k/day infused. (-) indicates amino acid
not detected in urine. No significant increases or decreases

in excretion are found.
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Clearance in ml/min of Neutral and Acidic Amino Acids Before and
After B-2-thienylalanine Added to Phenylalanine Infusion in

Rhesus Monkeys

MONKEYS

11 ITI Iv
Amino Acid 2 1 2 2
Threonine 1.57 1.32 0.06 0.52 0.83 1.93 0.28 0.39
Serine 0.49 0.59 0.14 0.24 0.19 1.73 0.21 0.16
Glutamine 0.71 0.46 0.14 0.07 0.24 0.65 0.16 0.03
Glutamic Acid 0.40 0.30 0.38 1.31 0.30 0.72 3.65 2.55
Glycine 0.60 0.30 0.37 0.76 0.59 0.20 1.08 1.38
Alanine 0.19 0.07 0.03 0.01 0.08 0.12 0.44 2.97
Valine 0 0 0.06 0.02 - .10 0.06 0.06
Methionine - 0.43 0.08 - - 3.28 - 0.20
Isoleucine 0.23 0.24 0.18 - 0.05 0.35 - 0.08
Leucine 0.13 0.10 0.06 - 0.02 0.02 -~ 0.02
Column 1 indicates clearance whilst phenylalanine 2.0g/k/day infused.
Column 2 indicates excretion whilst phenylalanine 2.0g/k/day and
thienylalanine 0.5g/k/day infused. (-) indicates amino acid not

detected in urine.

No significant increases or decreases in

clearance are noted.
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DISCUSSION AND FURTHER EXPERIMENTAL DATA

The demonstration that g-2-thienylalanine increased
the urinary phenylalanine excretion in monkeys rendered hyper-
phenylalaninaemic (by phenylalanine infusion) suggested that
this compound might be of value in lowering blood phenylalanine

levels in phenylketonuria.

The mechanism of this increased phenylalanine ex-
cretion was not shown by the above experiment. Although the
fact that B-2-thienylalanine is an analogue of phenylalanine
suggested competition at the level of the proxima! renal tubular
cell, increased glomerular filtration rate, which is a known
property of ingested or infused amino acids (64,65,60) might

be responsible.

To elucidate the mechanism of increased urinary
excretion of phenylalanine and to test two further analogues
of phenylalanine, the above experiment just described was repeated
using  cycloleucine or parachlorophenylalanine  (3.3mg/kg/24
hours). In addition, both the phenylalanine alone and the
phenylalanine plus analogue infusates contained inulin, so
that glomerular filtration rate could be estimated and tubular

rcabsorption of phenylalanine derived.

As shown in Table III(a) both analogues increased
glomerular filtration rate (p < 0.1 in each case) while Table
ITTb shows that tubular reabsorption of phenylalanine was un-
affected by the addition of cycloleucine or parachlorophenyl-
alanine, so that the increase in excretion of phenylalanine

with these analogues was the result of stimulation of glomerular

filtration rate.

Although these results did not support the original
concept that phenylalanine analogues might block phenylalanine

reabsorption in the renal tubular cell, the increased excretion
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might still be beneficial to the patient with phenylketonuria.
The increased excretion of phenylalanine in the urine should
allow an increased ingestion of phenylalanine, as the only
other pathways of phenylalanine metabolism were either absent
(phenylalanine hydroxylase) or of minor consequence as a means
of removing phenylalanine from the blood (conversion of phenyl-

alanine to phenylketones).

TABLE III(a)

Effect of Cycloleucine and Parachlorophenylalanine on
inulin clearance in Hyperphenylalaninaemic Monkeys

Monkey Inulin Clearance (ml/min)
Phenylalanine Phenylalanine plus Phenylalanine plus
alone Cycloleucine Parachlorophenylaline
1 it.5 24.2 19.8
11 12.6 20.4 21.0
111 8.9 32.3 29.7
IV 17.1 15.2 15.8
12.5 23.0 21.6

The increased glomerular filtration, as measured by inulin
clearance, associated with the addition of phenylalanine analogue
(cycloleucine or parachlorophenylalanine) is significant at

the p <0.1 in each case.



TABLE 1I1(b)

Effect of analogues on phenylalanine reabsorption in the renal tubule

Phenylalanine Alone Phenylalaning plus Phenylalaninf1pius‘Para_
Monkey cycloleucine chlorophenylalanine
Filtered Excreted % Reab- Filtered Excreted % Reab- Filtered Excreted % Reab-
sorbed sorbed sorbed
I 1435 5.38 99.7 2750 33.1 08.8 2680 3.10 99.9
11 1830 17.7 99.0 3010 12.7 99.6 3590 2327 99.0
111 2200 41.5 08.1 5520 36.0 99.3 5600 4.80 99.9
Iv 2540 11.4 90.5§5 2460 15.7 99.4 2700 1.35 99.90
Mean 2001 19.0 99.1 3435 24.4 99.3 3643# 2.88 99.9

Filtered loads and excretion expressed in mg/24 hours. The filtered load of phenylalanine increased when
cycloleucine (* p<0.10) or parachlorophenylalanine (# p<0.20) but no effect on tubular reabsorption could

be detected.

‘8¢
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CHAPTER IV

THE EFFECT OF PHENYLALANINE ANALOGUES ON INTESTINAL
PHENYLALANINE ABSORPTION IN THE RHESUS MONKEY (MACACA MULATTA)

This work was conducted under the same circumstances as described

in Chapter IIT.

INTRODUCTION

Having demonstrated that B-2-thienylalanine, cyclo-
leucine and parachlorophenylalanine promoted the renal excretion
of phenylalanine when given intravenously, it was important
to see if they had an effect orally, oral administration being
the only practical mode of therapy for a child as injection
would not be justified when dietary measures, albeit very strict

ones, were effective alone.

It was therefore decided to give oral phenylalanine
loads with and without the analogues, and follow the rise in

serum phenylalanine.

METHODS

The same four healthy adult monkeys as described
in Chapter III were used 3 months after the intravenous experi-
ments  were concluded. They were fasted for 8 hours before

the experiment but allowed water in this period.

At time zero, each monkey had venous blood drawn,
a nasogastric tube inserted, a urine collector attached to
the external genitalia and the animal was placed in a special
metabolic chair,(61) L phenylalanine 750mg/kg. dissolved in 300ml.
of the tap water was given via the nasogastric tube. This
dose and the timing of blood samples were chosen after § pre-
liminary gdministrations had ‘shown this was the maximum dose

that could be given without inducing vomiting. Blood samples
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were drawn at 1, 2, 3, 4 and 6 hours.

After, at least, a three day rest between experiments,
the animals were given the same dose of phenylalanine with
one of the analogues. The experiment was repeated after a
further 3 day, or more, rest with another of the analogues
until each of the four monkeys had had phenylalanine alone,
phenylalanine plus B -2-thienylalanine 187.5mg/kg., phenylalanine
plus cycloleucine 225mg/kg. and phenylalanine plus parachloro-
phenylalanine 225mg/kg. These doses were chosen on the basis
of solubility characteristics and previously described effects

on phenylalanine metabolism.

Acidified, filtered wurine and all blood samples
were run on the amino acid analyzer for neutral and amino acids.
The analogues previously had been shown not to interfere- with

these assays.
RESULTS

A typical experiment is shown in Figure 4. The
serum phenylalanine in mg. per 100 ml. is shown at zero time
and 1, 2, 3, 4 and 6 hours after the oral load. In each case,
the addition of the analogue to the phenylalanine load reduces
the absorption of phenylalanine. To quantitate this reduction
the area under ‘each curve above base line was calculated and
phenylalanine abaoaption  expressed in arbitrary units. Phenyd-
alanine absuaption has the italics to indicate that the grabh
really expresses the absorption of phenylalanine less the amount
excreted in the urine and that passes from the blood into tissues,

for incorporation or metabolism.

These calculated areas are shown in Table IV where
the mean phenylalanine absoaption in monkeys fed phenylalanine

alone is compared with the mean abaorption when given phenyl-
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FIGURE 4. THE EFFECT OF PHENYLALANINE ANALOGUES ON THE EFFECTIVE
INTESTINAL ABSORPTION IN THE RHESUS MONKEY
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FIGURE 4: RESPONSE OF SERUM PHENYLALANINE ON MONKEY 3 TO 4 ORAL
LOADINGS. THE CONTROL LOAD OF L-PHENYLALANINE WAS 750 MG/KG,
EACH OF THE OTHER LOADS CONTAINED THE SAME QUANTITY OF
L-PHENYLALANINE (750 MG/KG) PLUS EITHER B -2-DL-THIENYLALANINE

(187.5 M6/KG), CYCLOLEUCINE 225 MG/KG OR - PARACHLOROPHENYLALANINE
225 MG/KG.
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alanine plus an analogue. The phenylalanine absorplion when
given phenylalanine alone, shown in Table 1V, is the mean of
two experiments on each animal with a 750mg/kg. L phenylalanine

load.

Fach analogue decreased the amount of phenylalanine
absorbed with the exception of animal I when given B8-2-thienyl-
alanine. When cycloleucine is added, the mean absorption is
significantly lower (at the 10% level) using a student t test
for paired data. When the effect of the analogue is expressed
as a ratio to allow for individual variation, as was done with

the data in Chapter III, all analogues significantly reduced
phenylalanine absonption.

Serum tyrosines were all estimated and the rise
after the phenylalanine load (due to conversion of phenylalanine
to tyrosine by hepatic phenylalanine hydroxylase) was less

when the phenylalanine analogues were simultaneously administered.

This again suggests these analogues inhibited phenylalanine

hydroxylase - however, the differences were not statistically
different.
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TABLE IV

Phenylalanine Absorption Expressed as the Area under Curve after
750 mg/kg of Phenylalanine Nasogastric Tube with and without

Analogues.

LOAD I 11 I11 1V MEAN

1) Phenylalanine 340 428 364 80.2 303

2) Phenylalanine +

B-2-thienylalanine 356 286 304 50.3 249 (N.S.)

3) Phenylalanine +

cycloleucine 140 182 124 67.2 128 (p <0.:)
4) Phenylalanine +

Parachlorophenyl-
alanine 178 268 143 29.9 155 (p <0.2)
Ratio line 2/line 1 1.05 0.67 0.84 0.63 0.80 (p <0.1)
Ratio line 3/1ine i 0.41 0.43 0.34 0.84 0.51 (p <0.05)
Ratio line 4/line 1 0.52 0.63 0.39 0.37 0.48(p<<0.001)

Each monkey received 4 loads: in each he received 750 mg/kg of
phenylalanine; in load 2 he also received B8-2-thienylalanine
187.5 mg/kg; in load 3 cycloleucine 225 mg/kg; in load 4 parachloro-
phenylalanine 225 mg/kg. p values are for analogue plus phenyl-
alaninc compared to phenylalanine alone.
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DISCUSSTON

Although the term 'phenylalanine absorption' is
not correct as the graph in Figure T1 reflects intestinal phenyl-
alanine absorption, phenylalanine metabolism and urinary excretion,
the fall of serum phenylalanine suggests that the analogues

may be of benefit to patients with phenylketonuria.

Reduction of serum phenylalanine by dietary means
appears to prevent brain damage, as discussed in Chapter 1I.
The steps between high phenylalanine blood levels and damage
to neurones is not known, although many theories have been
put forward. (28 and 88). It is noteworthy that all these
theories start with the elevated blood phenylalanine level
as the point from which their hypothesis grows. Hence, any
decrease in the blood phenylalanine level might be beneficial,
no matter how it was achieved.

The alternative theory, known as the 'justification
hypothesis' proposes that the mental retardation of phenylketonuria
is due to tyrosine deficiency, both pre and post birth (87).
However, normal cord blood tyrosine levels in phenylketonuric
babies (88), the fact that patients with classical phenylketonuria
have their intelligence protected by low phenylalanine diets
(9-20), and the inability to detect tyrosine deficiency in
treated and untreated phenylketonuric patients (89) suggest
that tyrosine deficiency is not the cause of brain damage in
phenylketonuria.

Thus, further investigation of phenylalanine analogues

as a mecans of treating phenylketonuria appeared warranted.
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CHAPTER V
THE SAFETY AND CLINICAL EFFICACY OF g-2-THIENYLALANINE

IN INFANT MONKEYS RENDERED HYPERPHENYLALANINAEMIC BY
ORAL PHENYLALANINE SUPPLEMENTATION.

The studies involving the wuse of A-2-thienylalanine
described hercunder were entirely my own. However, the work
on infant monkeys who were fed phenylalanine alone and the control
monkeys fed no supplement had previously been conducted at the
same laboratories (Joseph P. Kennedy Jnr. Laboratories, University
of Wisconsin, Madison, Wisconsin) under the auspices of Professor

H.A. Waisman.

INTRODUCTION

Having determined that the three analogues tested
reduced the plasma phenylalanine increment obtained over 6 hours
after an oral phenylalanine load, the feasibility of this as

a practical method of treating phenylketonuria needed to be

determined.

Two outstanding questions presented themselves:

(a) Would these compounds alone protect against mental retardation
in animals rendered hyperphenylalaninaemic?
(b) Would these compounds be toxic to the animals in their

own right?

In an endeavour to answer the questions about the
protection  afforded by 0 -2-thienylalanine and the safety of
f-2-thienylalanine, four infant monkeys were fed it; two in
combination with a dose of oral phenylalanine, previously found
to render monkeys hyperphenylalaninaemic and mentally retarded (90).
The  two other infant monkeys were fed the same dose of

R-2-thienylalanine alone.
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Previous work by Professor H.A. Waisman and colleagues
had developed an animal model of phenylketonuria, in that the
animals were rendered hyperphenylalaninaemic and brain damaged
by feeding them high dose phenylalanine from birth (61,90-92).
The B-2-thienylalanine-fed monkeys were compared with these
phenylalanine-fed and control monkeys. All 3 groups were in
the same monkey laboratory wunder identical conditions, other

than their feeds.

METHODS

All Rhesus monkeys (Macaca mulatta) were taken from
their mothers immediately following birth and bottle fed in
a special nursery. The control group of all monkeys born and
not used for experimental purposes were fed a commercial milk
formula designed for human infants (Simalac*). The second group
were. fed the same formula supplemented with L-phenylalanine
(L-2-amino-3-phenyl-L-propanol) so as to give a target intake
of supplemental phenylalanine equal to 3 grams per kilogram

body weight per day.

Two B-2-thienylalanine-fed animals (designated L36
and L46) were given the same milk formula with added
B-2-thienylalanine so as to give a target of 0.75 grams per
kilogram per day if all milk was consumed. The final group
of 2 monkeys (L80 and M11) had the same formula supplemented
with both L-phenylalanine (target 3.0 grams per kilogram per
day) and B-2-thienylalanine (0.75 grams per kilogram per day).

This diet was introduced by experienced handlers
and intake carefully charted. The technique and the general
care of monkeys was that described by Waisman and Harlow (61,
90, 91, 92).

The dietary intake and weight of each monkey was
recorded daily while height and head circumference were measured

weekly. After a four hour fast, blood was taken for iphenylalanine

% Ross Laboratories, Cleveland, Ohio.



tyrosine and B8 -2-thienylalanine estimaﬁion as described in the
initial methods section. At the same time blood was sent for
haematological estimations. These complete blood pictures were
conducted by the Clinical Laboratory Service of the University
of Wisconsin Hospital, Madison, Wisconsin. The diet and these

estimations were continued for 240 days.

RESULTS

Clinical

On the final day of the special diet, one monkey
(L36) who had been fed a diet supplemented with B-2-thienylalanine
developed Shigella gastroenteritis. He was treated with antibiotics
and intravenous fluids but died on the tenth day of this illness.
Autopsy showed no other abnormality other than findings compatible

with gastroenteritis.

The brain and liver were assayed for B-2-thienylalanine
incorporation into protein after hydrolysis of the trichloracetic
acid precipitable protein - the brain contained no B-2-thienylalanine
while the liver protein had a phenylalanine: tyrosine;
f-2-thienylalanine ratio of 22:7:1, Thus very 1little

B-2-thienylalanine had been incorporated into protein.

Another monkey . fed both phenylalanine and
B-Z-thienylalanine supplements also developed Shigella gastro-
enteritis (at 200 days) but recovered completely in 7 days when

given parenteral physiological saline and anti-biotics.

The quantity of phenylalanine added to the milk
was increased at standard times in an effort to obtain the target
of 3 grams per kilogram per day. Overall, both the animals
given phenylalanine alone and the two given phenylalanine plus
B-2-thienylalanine received an average of 2.5 grams of
phenylalanine/kg/day after the first month of Llife. The target
was not achieved because the phenylalanine-fed animals consumed

a lesser volume of milk per day on a body weight basis.
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B-2-thienylalanine appeared to be particularly distaste-
ful to the monkeys, as all four that had it drank less than

those who had phenylalanine alone or no supplement at all.

Weight gain in the monkeys fed B-2-thienylalanine
was not significantly different from the control animals except
for L36 and M11 when they suffered gastroenteritis. The growth
rates of all monkeys fed B-2-thienylalanine whether in combination
with L-phenylalanine or not was superior in velocity to that
of fhe 4 monkeys fed phenylalanine alone. This was particularly
noticeable in the period 200 to 240 days. These findings are

represented graphically in Figure 5.

Figure 6 shows the volume of milk consumed by the
infant monkeys, the phenylalanine intake achieved and the amount
of phenylalanine added to Simalac in an endeavour to reach the
target of 3.0 g/kg/day of phenylalanine in those animals fed

extra phenylalanine.

The upper panel of Figure 6 shows that the animals
fed Simalac alone (—) took in a greater volume of milk (expressed
as cc/kilogram/day) than any of the animals fed supplements.
Initially they took in about 400 cc/kg/day and towards the end
of their first year the figure was approximately 350 mls/kg/day.
The 4 monkeys fed phenylalanine supplements alone (3.0 g/kg/day)
and represented by the hatched area in the Figure) take in about
325 cc/kg/day for the first 6 months but after that, mean intake
falls below 300 cc/kg/day. The 4 monkeys fed B-2-thienylalanine
(with or without phenylalanine) supplements all had lower intakes
during the 240 days during which they received supplemented
Simalac. The 2 monkeys, L46 and L80, who did not develop Shigella
gastroenteritis were followed for the 120 days after all supplements
were stopped. It can be seen that their intakes promptly rose
and exceeded that of the phenylalanine supplemented animals.
This strongly suggests that the monkeys found B8-2-thienylalanine

more distasteful than phenylalanine.

The middle panel of Figure 6 compares the phenylalanine
intake of the 2 monkeys fed B-2-thienylalanine (0.75 g/kg/day)
and phenylalanine (3.0 g/kg/day) supplements and the 4 monkeys
fed phenylalanine (3.0 g/kg/day) supplements (hatched area =
mean * 1 S.D.). It can be seen that despite the lower total
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ALANINE 3.0 6/kG/DAY MEAN * S.D,



FIGURE 6  PHENYLALANINE INTAKE BY RHESUS MONKEYS ON NORMAL MILK
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FIGURE 6 THE UPPER PANEL SHOWS THAT ANIMALS FED PHENYLALANINE

(3.0 6/KG/DAY) AS REPRESENTED BY THE HATCHED AREA HAD A LOWER INTAKE
THAN MONKEYS FED SIMALAC ALONE (+) MEAN SHOWN AS THE UPPER CONTINUOUS
LINE WITH VERTICAL BARS REPRESENTING 1 STANDARD DEVIATION. THE 4
MONKEYS |36, L46 & M11 reD B-2- ~THIENYLALANINE HAVE GENERALLY LOWER
INTAKES, THE MIDDLE PANEL COMPARES PHENYLALANINE INTAKE OF MONKEYS
FED 3.0 6/KG/DAY PHENYLALANINE AND 0,75 6/KG/DAY B-2-THIENYLALANINE
WITH THE MEAN * §.D. OF 4 MONKEYS FED PHENYLALANINE ALONE. THE

LOWEST PANEL SHOWS THE CONCENTRATION OF PHENYLALANINE IN MILK FED TO
BOTH GROUPS OF ANIMALS GIVEN 3.0 G/KG/PER DAY.
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intake the amount of phenylalanine consumed is roughly comparable.
This is because, in these 2 monkeys, their intake was relatively
high in the first 90 days. The bottom panel shows the amount
of phenylalanine supplement given. This was basically an exercise
in chasing one's tail in that when the phenylalanine intake
fell below the targe of 3.0 g/kg/day, the concentration of phenyl-
alanine in the milk was increased. To avoid differences between
each group, standard times for each concentration of phenylalanine
in milk were adopted. In the animals fed phenylalanine alone,
milk was supplemented at 10 g/100 ml from 240 to 360 days, while
in those given 8 -2-thienylalanine, all supplements (including

phenylalanine) were ceased at 240 days.

Figure 7 shows growth expressed as a function of
intake of milk (i.e. grams gained per 10 litres of milk consumed).
It can be seen that the Simalac-fed animals (shaded area) and
phenylalanine alone supplemented monkeys (—+—) had very similar
gains, while all 4 infant monkeys given B-2-thienylalanine (2
with phenylalanine and 2 given B8-2-thienylalanine alone) gained
better. This is a reflection of the infants being able to maintain
a reasonable weight gain (Figure 5) despite poor intake (Figure
6). No significant differences were noted for height and head
circumference measurements between the B-2-thienylalanine-fed

and control monkeys.

Neurologically, the monkeys fed L-phenylalanine
alone appeared retarded and convulsed as did one monkey (L80)
fed B-2-thienylalanine in addition to L-phenylalanine. The
other monkey (M11) who was fed the combination appeared to be
neurologically protected as he did not convulse and was indistin-
guishable in behaviour from the control animals.

Blood Data

The phenylalanine levels of the monkeys receiving
the B-2-thienylalanine supplement (0.75g/kg/day) with or without
L-phenylalanine (3.0g/kg/day) are compared with those who received
phenylalanine (3.0g/kg/day) alone in Fig. 8. B-2-thienylalanine
alone did not cause serum phenylalanine levels to vary from normal.
When B-2-thienylalanine was given together with phenylalanine, the
serum levels varied markedly but, generally, were lower (mean

26mg.% [S.D. = 19] ) than that of the animals supplemented with
phenylalanine alone (mean 44mg.% [S.D. = 11] ).
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FIGURE 7 : WHEN EXPRESSED AS A FUNCTION OF MILK INTAKE THE WEIGHT
GAIN OF THOSE INFANT MONKEYS FED A SUPPLEMENT OF PHENYLALANINE (+)
WAS SIMILAR TO THOSE FED simaLAC ALONE. (NOTCHED AREA). MONKEYS
L36 & LU46 FED B-2-THIENYLANININE (0.75 6/K6/DAY) ALONE AND L8O & Mll
FED THE SAME SUPPLEMENT OF B-2-THIENYLANININE AND PHENYLALANINE

(5.0 6/kG/DAY) ALL GAINED WEIGHT AT A GREATER RATE OVER THE 240 DAYs
THEY WERE FED SUPPLEMENTS,



FIGURE 8  SERUM PHENYLALANINE LEVELS IN INFANT MONKEYS FED
SUPPLEMENTED B-2-THIENYLALANINE AND/OR PHENYLALANINE
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FIGURE 8 : SERUM PHENYLALANINE LEVELS (Y AXIS)FOR THE 4 MONKEYS FED
PHENYLALANINE ALONE SUPPLEMENT (HATCHED AREA) ARE EXPRESSED AS THE
MEAN MONTHLY FIGURE * S.D.. THE TWO MONKEYS FED B-2-THIENYLALANINE
(0.75 6/x6/DAY) - L36 AND LUB - SHOW NO ELEVATION OF SERUM PHENYLAL-
ANINE., THE TWO MONKEYS FED COMBINATION OF PHENYLALANINE (3.0 6/KG/DA
AND B-2-THIENYLALANINE (0,75 6/KG/DAY) SHOW MARKED VARIATION IN

SERUM PHENYLALANINE BUT LEVELS ARE GENERALLY LOWER THAN THOSE ON
MONKEYS FED PHENYLALANINE 3.0 6/KG/DAY ALONE,
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When the two monkeys receiving the combination of B-2-thienylalanine
and 1l-phenylalanine were returned to a normal diet at 240 days,
the serum phenylalanine levels rapidly fell to normal where they

remained.

The mean serum B—2-thienylalanine 1levels of those
monkeys fed the combination of it plus phenylalanine were higher
than those of the monkeys fed the same amount of B-2-thienylalanine
alone. However, the values were extremely variable as were the

serum tyrosine values. These results are shown in Table V.

There were no haematological abnormalities- in any
of the groups of monkeys supplemented with amino acids compared

with the control animals. (Figures 9 and 11).

DISCUSSION

These long term feeding experiments of infant monkeys

were designed for two purposes:

1. To provide further evidence about the efficiency of
B-2-thienylalanine in reducing serum phenylalanine levels
and hence, possibly preventing brain damage.

2. To test the safety of this compound in new born monkeys

fed it on a long term basis.

The studies confirmed that B-2-thienylalanine did
lower serum phenylalanine levels but that the serum phenylalanine
levels showed wide variation from day to day. This might be
due to inhibition of the infant monkeys' phenylalanine hydroxylase
by the B-2-thienylalanine as reported by Uderfriend and Cooper
(63). This inhibition of the major degradative metabolic pathway of
phenylalanine would tend to elevate serum phenylalanine, while
the renal and intestinal effects already described would tend
to reduce it. To overcome this problem one would have to use
an animal totally deficient in phenylalanine hydroxylase, as
is the phenylketonuric patient. An animal partially deficient
in phenylalanine hydroxylase, such as the dilute {ethal mouse,

would not be suitable, as the residual phenylalanine hydroxylase
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TABLE V

Serum B-2-thienylalanine (8-2-T) and Tyrosine¥*(Tyr.) Levels in
Infant Rhesus Monkeys fed the antagonist with and without
Phenylalanine at various ages.

Period B—-2-Thienylalanine Fed B-2-T and Phenylalanine Fed
Age in days L-36 L-46 L-80 M-11

g-2-T Tyr. B-2-T Tyr. B-2-T Tyr. g-2-T  Tyr.
- 30 3.1 2.3 2.6 2.9 8.8 22.8 9.5 13.5
30 - 60 2.4 3.2 5.9 3.6 1.2 2.5 12.6 41.8
60 - 90 3.2 3.0 6.4 4.2 9.5 7.4 9.5 60.8
90 - 120 3.9 3.0 6.5 4.0 11.4 20.7 7.0 6.7
120 - 150 10.3 0.44 6.0 2.2 10.4 10.6 8.1 45.2
150 - 180 7.7 2.2 11.6 6.1 1.5 3.9 6.3 12.4
180 - 210 4.1 1.4 3.3 2.0 7.7 4.7 10.0 9.2
210 - 240 9.6 1.6 4.4 1.4 Gastroenteritis 17.2 2.1
240 - 270 2.0 1.0 9.1 0.78 5.2 3.5 0.22 1.8
270 - 300 died - 0.97 - - - 2.5

# mg per 100 ml.

TABLE V: Infant monkeys fed B8-2-T 0.75g/kg/day demonstrate similar
levels of  B8-2-T whether given Phenylalanine (3g/kg/day)
or not. Tyrosine levels were significantly higher in those
fed phenylalanine as well as 8-2-T.



FIGURE 9  HAEMOGLOBIN LEVELS IN INFANT MONKEYS FED SUPPLEMENTS OFg
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FIGURE 3 : NorRMAL INFANT MONKEY LEVELS (MEAN * ONE S.D,) ARE SHOWN
IN THE HATCHED AREA. Monkeys L36 AND LY46 (FED B-2-THIENYLALANINE
0.75 6/KG/DAY ONLY' sHOWNORMAL VALUES. THOSE FED THE COMBINATION

~ L80 AND M1l — HAVE LOWER LEVELS BUT STUDENT T TEST FAILS TO RE-
VEAL A SUBSTANTIAL DIFFERENCE. N.B. L80 wAS SMALL AT BIRTH SHOW-
ED HIGHER PHENYLALANINE LEVELS THAN M1l AND WAS NOT CLINICALLY PRO-
TECTED AGAINST THE EFFECTS OF PHENYLALANINE - SUPPLEMENTED FEEDING
(SEE TEXT). ALL ANIMALS HAD SUPPLEMENTS CEASED AT 240 DAYS



FIGURE 10  RED CELL COUNTS IN INFANT MONKEYS FED SUPPLEMENTS OF
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FIGURE 10 : NORMAL INFANT MONKEY LEVELS (MEAN * ONE S.D.,) ARE SHOWN
IN THE HATCHED AREA. ALL 4 ANIMALS FED B-2-THIENYLALANINE (WITH OR

WITHOUT PHENYLALANINE) DEMONSTRATE NORMAL RED BLOOD CELL COUNTS
BETWEEN 4 AND 6 MILLION/C MM,



FIGURE 11  PERCENTAGE OF RETICULOCYTES IN INFANT MONKEYS FED
SUPPLEMENTS OF B-2-THIENYLALANINE ALONE OR WITH °

PHENYLALANINE SUPPLEMENT 48.

HEMATOLOGICAL DATA

10  ieeeerees L46

RETICULOCYTES %
n
T
. T

& %
AR v, % ‘
G o W
- ; 4/‘%//’4’/ 7.
|

% o FEgE
1

FIGURE 10 : PERCENTAGE OF RETICULOCYTES IN CONTROL INFANT MONKEYS
(MEAN * ONE STANDARD DEVIATION) ARE SHOWN IN THE HATCHED AREA.

No SIGNIFICANT DIFFERENCES BETWEEN MONKEYS FED B-2-THIENYLALANINE
ALONE (L36 AND L46) orR wiTH PHENYLALANINE (L80 anp M11) ARE FOUND.
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would be inhibited, causing the same problem. Unfortunately,
the only animal totally deficient in phenylalanine hydroxylase
that has been described is phenylketonuric man. Thus, to obtain
a satisfactory answer, human beings with this disease would
have to be used. This further emphasises the importance of

the safety or otherwise of B -2-thienylalanine.

In the above study, infant monkeys fed g-2-thienylalanine
grew normally in height, weight and head circumference, haema-
tological indices were wunremarkable and, in one autopsy, no
abnormalities were found. Also, brain and liver taken from
those studies showed little or no incorporation of B-2-thienylalanine

into protein, which was comforting and confirmed work by Godin

and Dolan (60) in rats.

However, a major concern was the appearance of Shigella
gastroenteritis in two of the infant Rhesus monkeys fed

B-2-thienylalanine. The reason for this might be -

(a) Coincidence: Shigella is endemic in most primate colonies
and this laboratory was no exception. However, it was
a matter of great concern that one monkey died - an
event that had not occurred for many years at this parti-
cular laboratory.

(b) Impairment  of the monkey's defence mechanism -
B-2-thienylalanine might depress immune mechanism or
damage an organ (e.g. gut mucosa) to allow a Shigella
colonisation to become an active infection.

(c) Conferring an advantage to the Shigella organism, e.g.
if a. non-pathogenic organism such as E. coli were selec-
tively disadvantaged by B-2-thienylalanine, thus reducing
this organism's number and allowing superinfection with

Shigella not so disadvantaged.

The autopsy study, clinical examination and haemato-
logical studies gave no indication of which factor was involved,

or whether some other might be responsible.

As there is well known species variation in toxicity

of drugs and other chemicals, and because of the problems caused
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the inhibition of phenylalanine hydroxylase by B-2-thienylalanine,

was thought that an acute load of

phenylketonuric

the next section.

patients

was

justified.

This

B-2-thienylalanine given

is described
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CHAPTER VI

THE EFFECT OF B8—-2-THIENYLALANINE ON SERUM LEVELS OF
PHENYLALANINE FOLLOWING AN ORAL LOAD OF PHENYLALANINE
IN PHENYIKETONURIA PATIENTS.

The studies were conducted with the technical assistance
of Dr. Carol Krips who was a fifth year medical student at the
time. They were performed at the Strathmont Centre for the
mentally retarded with chemical estimations in the Department

of Child Health at the University of Adelaide.

INTRODUCTION

As B-2-thienylalanine had been shown to both promote
the renal excretion of phenylalanine and also reduce the intestinal
absorption of phenylalanine in monkeys rendered hyperphenylalanin-
aemic, it was of interest to study the effect of this compound
in patients with phenylketonuria. As the compound had been
given on a chronic basis to infant monkeys without detrimental
effect (with the possible exception of predisposing the recipient
to Shigella gastroenteritis), it was considered justified to

use this compound on an acute basis.

Accordingly, two experiments were undertaken:
(a) Renal

Three female mentally retarded, untreated, phenyl-
ketonuria patients, whose parents or guardians had given permission
for the studies to be undertaken, were infused:with physiological
saline alone for four hours, followed by a further four hour
period of B -2-thienylalanine in physiological saline at a rate
that delivered a dose of 20mg/kg/minute. Urine was collected
by indwelling Foley catheter into a plastic vessel containing
thymol. Blood was drawn by venepuncture at the start, mid-point

and finish of each infusion (0,2 & 4 hours).
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Urinary and blood creatinine and phenylalanine levels
were measured as described in the analytical section, while
urinary phenylketones were determined by gas 1liquid chroma-
tography. (59)

From the data glomerular filtfation rate, phenylalanine
excretion and renal tubular reabsorption of phenylalanine and
phenylketone excretion rates were derived for both the control
(saline only) and experimental (B-2-thienylalanine infusion)

periods.

The results are shown in Tables VI(a) & VI() Glomerular
filtration rate was increased appreciably by 8-2-thienylalanine
infusion in two of the three patients, while in the third it
fell minimally. In all three patients the renal tubular reabsorp-
tion of phenylalanine was reduced by the f-2-thienylalanine
and, as a consequence, phenylalanine excretion increased in

all three patients. The mean increase was 2.25 fold.

The excretion of urinary phenylpyruvic acid and phenyl-
lactic acid was increased, while the effect on phenylacetic
and orthohydrophenylacetic acid was variable. Without blood
levels of the phenylketones it is impossible to determine the
relative importance of renal tubular absorption and glomerular
filtration rate, but the fact that all three patients (including
the patient whose glomerular filtration rate did not alter
appreciably), increased the excretion of phenylpyruvic acid
sugegests an effect on renal tubular reabsorption. It is also
possible that B -2-thienylalanine inhibited the metabolism of
phenylpyruvic acid to other phenylkctones.

Discussion

This study confirmed the increased excretion of
phenylalanine when B8 -2-thienylalanine is infused. It further
demonstrated that in humans, at least, the basis of the increased
excretion was a reduced tubular reabsorption of phenylalanine,
while in 2 of the 3 phenylketonuric patients there was an increase

in glomerular filtration rate as vhen tested in the monkey.
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TABLE VI(a)

Fffect of B-2-thienylalanine (20mg/kg/min) on Renal
Handling of Phenylalanine in Untreated Phenylketonuric Women.

Patient Glomerular Filtration Phenylalanine Excretion ¢ Reabsorption

Rate’* ml/min mg in 4 hours
Control Experimental + Control Experimental Control Experi-
mental
1 60.4 77.1 142.5 266.7 97.8 85.1
2 108.6 104.2 117.1 277.9 95.0 83.9
3 44.9 53.4 90.0 225.4 95.6  91.1
Mean 71.3 78.2 116.5 256.7 096.1 86.7

* Uncorrected for surface area.

+ Experimental = period in which B-2-thienylalanine infused.

TABLE VI(b)

Effect of B-2-thienylalanine (20mg/kg/min) on Renal
Handling of Phenylketones in Untreated Phenylketonuric Women.

Patient Phenylpyruvic Phenyllactic Phenylacetic Orthohydroxy Phenyl-

Acid Acid Acid acetic Acid
Control Exp¥ Control Exp. Control Exp. Control Exp.
1 118 193 83 463 3.08 8.05 17.0 20.4
2 424 791 156 166 12.6 7.57 30.9 15.6

o

78 345 37 92 6.95 13.2 9.55 23.1

207 443 92 240 7.54 9.61 19.15 19.7

Excretion in mg/4 hours.

+ Exp = period in which B-2-thienylalanine infused.
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These results suggest that B-2-thienylalanine might
be the most appropriate analogue (of the three studied) to use
for the treatment of phenylketonuria, as the other two did not
block tubular reabsorption but merely had an effect via the

increased glomerular filtration.

It should be noted that in two of the three phenyl-
ketonuria females, glomerular filtration rate was increased.
The mechanism of this stimulation was not clear from this study,
although the patients did not appear clinically affected at
the time of the study or in the 12 years since. It is conceivable,
however, that should the increased rate be due to increased
cardiac work 1leading to greater renal blood flow, this might
have deleterious effects on the patients' health, such that
B-2-thienylalanine might not be justified as a long term treatment
of phenylketonuria. Thus, the basis of the stimulation of
glomerular filtration rate was studied and is reported in a

later section of this thesis.

The major result of this study was that the results
found in one primate, Macaca mulatta, were confirmed in the
intended recipient phenylketonuric man: namely that
B-2-thienylalanine would stimulate the urinary excretion of

phenylalanine. It thus had potential as a treatment of phenyl-

ketonuria.
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Discussion

These results confirmed those found in the Rhesus
monkey: B -2-thienylalanine increased the excretion of phenylalanine
in the urine by decreasing renal tubular absorption of phenylalanine
and in 2 or the 3 patients, increasing glomerular filtration
rate, as measured by creatinine clearance. In addition, urinagy
phenylpyruvic and phenyllactic acid excretion increased in each
patient. The other phenylketones (phenylacetic, orthohydroxy-
phenylacetic) excretion increased in 2 patients but fell in

the third.

Further  B-2-thienylalanine depressed the 1level of
serum phenylalanine after an oral load of phenylalanine in phenyl-
ketonuric patients. This depression lasted for 6 hours and

was on average 47.5%.

Lonnerblad (93) has shown that the average time
for material to reach the ileo-caecal valve, after ingestion
is 178 minutes, with a shorter period for infants and children.
Thus, in most cases the phenylalanine swallowed with
B~2-thienylalanine would have passed the absorptive surface

by 6 hours. Hence, a late rise in serum phenylalanine would
not be¢ expected.

As B -2-thienylalanine is absorbed when taken orally
and is largely excreted by the kidney (as discussed in Chapter
ITI), renal excretion of phenylalanine would be expected to
increase. This, together with the mean 47.5% reduction of phenyl-
alanine "absorption, suggests that by taking B-2-thienylalanine
20mg/ke with meals, the phenylkctonuric patient could consume

twice the usual amount of phenylalanine without elevating serum

phenylalanine.

This would enable a much more liberal diet and hence
relieve many of the tensions presently associated with management

of the disease.
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(b) Tntestinal

Eight mentally retarded, untreated, phenylketonuria
patients were used including the three females used for the renal
study - as in that study, permission for the study had been

granted by parents or their guardians.

On two consecutive days they were fasted for 8 hours
before the experiment. Throughout the study period they received
no food but were allowed water with cordial flavouring after

each blood sampling, if they so desired.

After a control blood sample (0 hours) was collected,
the subject drank a load of L-phenylalanine 100 mg/kg with or
without 20 mg/kg of B -2-thienylalanine. This was dissolved
in an orange cordial drink at a concentration of 20 mg. of phenyl-
alanine per ml. Repeat blood samples were drawn at 1, 14, 2

4 and 6 hours after the injection of phenylalanine.

On the first day, half the patients had phenylalanine
only and the other 4 the combination of B —2-thienylalanine and
phenylalanine. On the next day those who had received phenylalanine

only were given the combination and vice versa.

A typical study is shown in the accompanying Figure 12
where B-2-thienylalanine clearly depresses the serum phenylalanine
level response to the oral load of 100 mg. of L-phenylalanine.
A quantitative value for the elevation of serum phenylalanine
above fasting levels during the 6 hours was obtained by calculating
the area under the curve above the base line; i.e. the area

in square inches on the graph paper which was the same in each

instance,

These arecas are shown in Table VII. It can be seen
that, in each case, the addition of B-2-thienylalanine to the
oral phenylalanine reduced the elevation of serum phenylalanine.
Using the student "t" test for paired data, this reduction was
significant (t = 5,353, p = < .001). The percentage by which
the eclevation of phenylalanine was reduced by simultaneous ingestion
of B—Zchienyla]anine was between 11.0% and 70.3% with a mean
reduction of 47.5% (Standard Deviation 9.78%).
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TABLE VII

Absorption of Phenylalanine After Oral Load of Phenylalanine
100 mg/kg With and Without B -2-thienylalanine

Area (arbitrary units)

A B
Subject  Age Phenylalanine Phenylalanine Difference Percentage
100 mgm/kg 100 mgm/kg+ A-B Reduction
B-2-T 20mgm/kg in area
AA 13 606.25 537.5 66.75 11.01
AW 19 794.5 236.5 558.00 70.23
CM 17 803.5 445.75 357.75 44.5
GC 18 703.25 395.5 403.75 57.4
RA 22 350.25 225.0 125.25 35.76
W 66 362.5 117 245.5 67.72
FH 49 691.25 375.5 315.75 45.67
FH 39 395.5 230 165.5 41.84
Mean 588.35 320.34 279.78 47.55
S.D. +32.82 *21.50 +57.56

B<A p= 0.001, T = 5.353.

Elevation of serum phenylalanine following an oral load of phenyl-
alanine (100 mg/kg) is expressed in arbitrary units as the area
under the curve above base-line phenylalanine 1levels as shown
in Figure 1. The addition of B8-2-thienylalanine (20 mgm/kg)
constantly and significantly reduced this elevation.
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These patients who received this A-2-thienylalanine
have been followed for 12 years since receiving the first acute
load of B -2-thienylalanine. None have shown any ill effects
clinically. Nearly two years later, prior to another study,
haemoglobin, red blood cell and white blood cell counts, packed
cell volume, mean corpuscular volume, mean corpuscular haemoglobin
concentration, white blood cell differential; serum electrolytes;
plasma urea, glucose, total protein, albumin, globulin, creatinine,
serum glutamic oxaloacetic acid transaminase, alkaline phosphatase,
gamma  glutamyl transpeptidase, lactic dehydrogenase (include
isoenzymes), were measured. No consistent or significant deviations

were found. These results are shown in Table X.

In addition, the patients showed no clinical disturbance
attributable to B8 -2-thienylalanine in the 12 years following

the acute load of this compound.

While these results are comforting, they by no means
prove the safety of the compound. Further studies in experimental
animals while on chronic dosage extending over several generations
(with challenges by pathogenic intestinal organisms), chronic
and acute studies in the healthy human volunteers, and, finally,
long term exhibition of B-2-thienylalanine in infants and children
with phenylketonuria are needed. Such extensive studies are
beyond the scope of this thesis but are presently being undertaken
by the author or students under his supervision, and are discussed
in Chapter XIII.
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FIGURE 12  SERUM PHENYLALANINE LEVELS AFTER AN ORAL LOAD OF

100 MG/KG PHENYLALANINE WITH (B) OR WITHOUT (A)
R-2-THIENYLALANINE 20 MG/KG.,
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FIGURE 12: TYPICAL SERUM PHENYLALANINE RESPONSE CURVE IN A RETARDED
UNTREATED PHENYLKETONURIC ADULT GIVEN 100 MG/KG OF PHENYLALANINE
ALONE ON ONE DAY (A) AND THE SAME LOAD OF PHENYLALANINE WITH B -2-
THIENYLALANINE (20 MG/KG) ON THE NEXT (B) EFFECTIVE ABSORPTION |s
EXPRESSED AS THE AREA UNDER THE CURVE ABOVE BASELINE FRoM 0 To 6
HOURS.,  (ON STUDY A FASTING SERUM PHENYLALANINE AT 0 HOURS WAS 29 MG%.

IN sTuDY B 1T WAS 15 MG%). B -2-THIENYLALANINE SIGNIFICANTLY REDUCES
THE INTESTINAL ABSORPTION OF PHENYLALANINE,
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CHAPTER VII

THE EFFECT OF 2 WEEKS OF ORAL CYCLOLEUCINE ON SERUM PHENYLALANINE

LEVELS OF PHENYLKETONURIC PATIENTS

While B-2-thienylalanine had been shown to be effective
in reducing serum phenylalanine levels in phenylketonuric patients
in an acute load, as a hitherto unused compound in humans, its
possible harmful effects were yet to be fully investigated.
Because of this uncertainty, it was decided to test cycloleucine,
which, although it had a lesser effect on renal excretion of
phenylalanine in the monkey, had two advantages: it had been
shown to cause an aminoaciduria in man including phenylalanine
(48) as well as rats (47), and it has been used as anti-cancer
chemotherapy in humans on a long term basis with limited success

but, more importantly, little toxicity (94 & 95).

METHODS

6 of the 8 untreated, retarded phenylketonuric patients
previously described were entered into the study. 3 were male
and 3 female and all estimations were conducted after an 8 hour
fast.

For the first two weeks the patients were maintained
on their normal diet. On day 1 and day 15 blood was drawn for haema-
tological and biochemical studies (Tables IX,X), and phenylalanine
measurement by the method of Wong et al (52). Pilot studies
had shown that cycloleucine does not interfere with phenylalanine

estimations by this method.



TABLE VIII

Serum Phenylalanine levels in Phenylketonuric Sufferers (on normal diet) on no Treatment for
2 weeks and then on Cycloleucine 20 mg/kg/day for 2 weeks.

SERUM PHENYLALANINE LEVELS MG %

CONTROL PERIOD ON CYCLOLEUCINE
Patient Age|Day 1 Day 3 Day 5 Day 8 Day 10 Day 12 Day 15 |Day 17 Day 19 Day 22 Day 24 Day 26
A.W. 21 26.5 31.0 46.8 42.5 38.6 37.6 48.8 41.7 36.2 33.0 41.5 43.3
C.M. 19 16.3 19.5 24.5 21.0 21.6 18.5 26.2 22.4 23.7 25.7 29.0* 26.5
G.C. 20 32.8 21.3 36.8 42.8 - - 28.8 29.6 26.5 25.5 21.0 31.7
R.A. 24 25.8 30.6 45.3 38.0 30.0 36.4 34.2 34.8 30.2 33.5 29.0 26.3*
w.J. 68 23.1 33.8 44.5 35.0 30.8 31.8 35.3 44.0 34.6 32.5 34.6 32.5
F.H. 41 25.4 28.7 37.8 30.7 22.7* 27.2 27.2 26.4 23.4 25.3 27.5 32.5
MEAN 25.0 27.5 39.3 31.5 28.7 30.3 33.4 33.1 29.1 29.2 30.4 32.2

MEAN BEFORE CYCLOLEUCINE... 30.8 MEAN ON CYCLOLEUCINE... 30.8

# Indicates.not Fasting
— Indicates no sample obtained

TABLE VIII: The oral administration of Cycloleucine 20 mg/kg/day does not decrease serum phenylalanine
levels. Samples taken on day 29 were unable to be analysed because of spectrofluorophoto-
meter breakdown.

19



TABLE IX

Haematology of Phenylketonuric Patients before Cycloleucine (Days 1 and 15)
and after two weeks of Cycloleucine 20 mg/kg/day.

NEUTRO- EOSINO-
PATITENT DAY Hb RBC PCV MCV MCHC WBC PHILS PHILS BAS LYM MONO

1 13.1 4.55 41% 89 32% 6.3 50% 12% 1% 29% 8%

AW, 15 13.0 4.45 38.5% 86 34% 7.8 53% 14% 3% 24% 6%
29 12.5 4.21 37.5% 87 33.5% 5.9 48% 11% 0 34% 8%

1 12.7 4.14 39% 90 32.5% 9.7 69% 1% 1% 25% 4%

C.M. 15 11.8 3.81 34% 88 34.5% 8.1 67% 3% 0 21% 9%
29 12.4 4.28 36% 85 34.56  11.3  77% 1% 0 17% 5%

1 14.5 4.71 43% 90 34% 7.8  64% 3% 2% 27% 4%

G.C. 15 14.0 4.75 41.5% 87 33.5% 9.5 78% 2% 1% 16% 3%
29 13.9 4.81 40% 82 35% - 8.5 56% 5% 0 31% 8%

1 14.0 4.88 45% 91 32.5% 8.2 66% 2% 1% 26% 5%

R.A. 15 14.0 4.76 39.5% 83 35.5% 7.3 62% 3% 4% 28% 3%
29 13.9 4.89 41% 83 34% 8.2  73% 1% 1% 21% 4%

1 15.1 5.40 47% 96 32% 6.7 62% 5% 0 20% 13%

W.J. 15 14.8 5.13 46% 89 32% 8.2 63% 7% 0 18% 12%
29 14.4 5.31 45.5% 84 31.5% 8.1 62% 5% 0 22% 11%

1 14.9 5.15 44% 84 34% 9.1 53% 21% 1% 19% 6%

F.H. 15  13.5  4.58 39% 85 34.5¢ 8.1 47% 29% 0 23% 1%
29 14.1 5.20 41.5% 80 34% 9.3 50% 26% 2% 19% 3%

TABLE IV: Administration of Cycloleucine 20 mg/kg/day has no consistent effect on red or white blood cells.
In each patient on all 3 samplings platelets were reported as plentiful.

*29



TABLE X: Serum Biochemistry of Retarded Phenylketonurics on Normal Diet (Days 1-14) and on Normal
Diet plus Cycloleucine (20 mg/kg/day) Days 15-29.

. u
Patient Day Sodium . CU2S. Chloride* Urea* Glucose® Total+ yponine Globulins OFe2Es g.o.¥ Alkaline's o quy p gt
sium Protein inine¥* Phospha-
tase
1 144 4.1 103 3.5 4.2 6.6 4.4 2.2 0.070 12 39 5 187
AW, 15 142 4.0 107 3.7 4.1 6.6 4.7 1.9 0.075 6 37 7 239
29 146 4.2 106 3.7 3.9 6.3 4.2 2.1 0.075 7 34 6 150
1 142 4.6 100 4.3 3.7 7.4 4.8 2.6  0.075 12 24 9 218
C.M. 15 139 4.1 111 3.2 4.3 7.3 5.0 2.3 0.075 6 21 13 173
20 140 4.7 99 3.9 4.0 7.3 4.7 2.6  0.085 12 23 7 198
i1 141 4.5 99 2.7 4.1 7.8 5.1 2.7  0.070 11 18 3 167
G.C. 15 137 4.6 101 2.8 4.7 7.5 ) 2.3 0.075 6 16 2 132
20 140 4.6 103 2.8 5.6 7.3 4.5 2.8  0.080 11 16 <1 161
1 143 4.6 103 5.3 4.1 6.5 4.4 2.1 0.105 18 35 7 191
R.A. 15 140 4.3 104 5.3 4.4 6.6 4.6 2.0 0.105 8 31 6 173
20 142 4.3 103 4.9 4.2 6.6 4.1 2.5  0.100 11 29 6 204
1 142 5.0 99 3.7 3.9 7.2 4.4 2.8  0.100 20 33 8 307
W.J. 15 143 4.2 106 5.0 3.9 7.1 4.7 2.4 0.100 7 29 9 171
20 143 4.4 104 5.9 3.8 6.9 4.5 2.4 0.090 10 30 9 210
1 142 4.6 101 4.6 3.9 7.2 4.8 2.6  0.075 12 24 9 218
F.H. 15 141 4.5 104 3.0 4.8 6.6 4.7 2.3 0.075 6 21 13~ 173
20 140 4.5 103 3.8 3.8 6.8 4.7 2.6  0.085 12 23 7 198

TABLE X: Serum biochemistry of phenylketonuric patients in Strathmont Hospital for the Mentally Retarded. Bloods
drawn on Day 1 and 15 were before the administration of cycloleucine 20 mg/kg/day. Those on Day 29 were
after 2 weeks of cycloleucine. No consistent variations were seen. Many of the lactic dehydrogenase (LDH
values obtained were slightly elevated but these occurred in both the control and experimental periods.
Plasma albumin levels on Day 29 were always the same or less than those on Day 15 but the variation was
generally less than occurred between Days 1 and 15 when no cycloleucine occurred.

# Units in mM/1. u = Units for glutamic-oxaloacetic transaminase (GOT) alkaline
+ Grams per 100 ml. phosphatase (international units), gamma glutamyl trans-
peptidase (GGT) and lactic dehydrogenase (LDH).

)

[o)
w
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On days 3, 5, 8, 10 and 12 blood was drawn for phenyl-
alanine and tyrosine estimation only. On day 15 cycloleucine
was started in a dose of 20mg/kg/day in 3 divided doses immediately
before meals in the form of 200mg capsules, and blood was drawn
for estimations as listed above. On days 17, 19, 22, 24, 26
blood was drawn for phenylalanine and tyrosine. On day 28 blood
was drawn for estimations as on day 1 and 15. Also on days 1,

15 and 28 the patients were weighed.

RESULTS

The phenylalanine levels are shown in Table VIII .
No results were obtained on day 28 because of a malfunction of
the spectrofluorophotometer. However, the haematological and other

biochemical estimations were conducted on that day.

It can be seen that cycloleucine did not reduce serum
phenylalanine compared with the control period. Similarly, no
significant variation Dbetween control and cycloleucine period
were noted in haematological, biochemical or patients' weight
data, (Tables IX,X,XI). No clinical abnormality attributable
to cyvloleucine was detected at that time, nor in the 10 years

following the administration of cycloleucine.

DISCUSSION

The inability of cycloleucine at this dosage 20mg/day
to reduce serum phenylalanine levels is perhaps not surprising
in view of the minor degree of phenylalaninuria induced by it

in man (Brown (48) and Rhesus monkey (see Chapter III).
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TABLE XI Body weights of Retarded Phenylketonuric
Patients on Day 1 and 15 (before Cycloleucine)
and on day 29 after 14 days of Cycloleucine
20 mg/kg/day.

DAY DAY DAY

1 15 29
AW. 41.0 40.7 40.4
C.M. 49.3 48 .4 47.1
J.C. 54.4 54.5 55.9
R.A. 52.0 51.7 52.8
w.J. 64.1 63.0 63.3
F.H. 69.5 69.3 69.8

TABLE XI Body weights in kilograms show no significant variation
between when on cycloleucine (Day 29) when campared to
control weights (Days 1 and 15).
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The haematological and biochemical data plus clinical
observations did not show any toxicity of this compound in the
phenylketonuric patients tested. Thus, this compound might be
of more value in the aminoacidopathies where the amino acids
elevated are markedly excreted in the urine in response to cyclo-
leucine, e.g. maple syrup urine disease. From this study cyclo-
leucine at the dose of 20mg/kg. would not appear to be of value

in the treatment of phenylketonuria.
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CHAPTER VIII

THE EFFECT OF B—2-THIENYLALANINE AND OTHER PHENYLALANINE

ANALOGUES ON PHENYLALANINE HYDROXYLASE AND PHENYLALANINE

METABOLISM N 1{7 Vo

As mentioned previously, a difficulty in the inter-
pretation of the effect of B-2-thienylalanine and parachlorophenyl-
alanine on phenylalanine metabolism is the reported effect of
them on phenylalanine hydroxylase (37-39, 63). Thus, while these
two analogues would tend to lower serum phenylalanine by their
renal and intestinal actions, their inhibition of phenylalanine

hydroxylase would tend to increase it.

It was, therefore, decided to confirm the inhibition
of this enzyme by B-2-thienylalanine and parachlorophenylalanine
and to seek possible inhibition by cycloleucine. In addition
to studying the effect of these three analogues on phenylalanine
hydroxylase, an 47 vivo  study of their effect on phenylalanine
metabolism in the rat was conducted, the rat being chosen because

of its very high phenylalanine hydroxylase content in the liver.(96,97)

METHODS

In vitno phenylalanine hydroxylase activity was measured
as described in the analytical methods section. To each of the
initial solutions was added either 0.1 ml of physiological saline
or 0.1 ml physiological saline containing one of the analogues
to give the final following concentrations 1,2,4,8,16 or 32 micro-
moles per ml. Lach concentration of analogue and control saline

was compared with an identical homogenate of the same rat liver
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and spotted on the same paper. Both the experimental and control
samples were counted as a Dbatch. This removed the possibility
of e¢rror due to biological variation of activity of phenylalanine
hydroxylase from one rat liver to another. Such variation was
quite evident so that inhibition is expressed as a percentage
of control activity. Each strength of inhibition was tested

on five different rat livers.
RESULTS
These are shown in Table XII .

It can be seen that cycloleucine did not inhibit
phenylalanine hydroxylase except at 16.0 millimolar concentration,
and even that inhibition 1is to a much lesser degree than with
the other two analogues, both of which appear to definitely inhibit

phenylalanine hydroxylase in vitro.

TABLE XIT

Jn vitno inhibition of phenaylalanine hydroxylase

Strength of Inhibitor
{millimolar in final

solution) 1.0 2.0 4.0 8.0 16.0 32.0

8-2-thienylalanine +7.5% -4.1 -24.0 -11.8 -31.8 -50.9

Parachlorophenyl-

ananine -7.2 -20.0 -28.0 -27.0 -27.0 nos
soluble

Cycloleucine +7.4 +8.2  +20.3 4+2.3 -11.8 +1.6

¥ Inhibition expressed as percentage (increase or decrease of
radioactive tyrosine production) of value obtained when no
inhibition added. Each value is a mean of estimations from
five different rat livers.
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IN VIV

Universally labelled '“C phenylalanine was injected
intraperitoneally as described in the methods section. Control
and experimental (where analogues were added) rats were alternated.
The quantity of analogue injected was 150, 300 and 600 mg/kg
for both cycloleucine and parachlorophenylalanine corresponding
approximately to 1, 2 and 4 millimolar concentration, assumiﬁg

an even distribution throughout body tissues.

Similarly, the 83, 187, 333 and  667mg. of
g-2-thienylalanine corresponded to 1,2,4 and 8 millimolar concen-
tration if distribution throughout tissues was even. As it is
very likely that concentration would be higher in hepatic water
than in other parts of the rats' tissues, the actual molarity
to which phenyalalnine hydroxylase was exposed would probably

have been higher.

The rats were adult, male, Albino weighing 260g.
to 250g. All had food removed for at least 4 hours before testing,
but were allowed free access to water. Intraperitoneal injection
of universally labelled '“C phenylalanine, with or without the
analogue was performed under light ether anaesthesia. The rafs
were then placed in a flask through which a flow of room air.
of 6 litres per minute was maintained. The radioactivity of
the expired carbon dioxide was measured as described in the analytic
methods section.

Five rats were used, each from 3 to 6 times. The
amount of carbon dioxide excreted in one hour in arbitrary units

expressed as the total excreted in the same units over 24 hours
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varied markedly from 304 to 73%. The time of peak radioactive
excretion varied in each rat from day to day. However, in all
but two instances, the peak excretion occurred before 30 minutes
had elapsed. On this data it was decided to measure the total

radiocactivity excreted over one hour with and without analogues.
RESULTS

These are shown in tabular form (Table XIII). The
units are arbitrary and equal the number of mm. of deflection
above mean background that the needle-measuring activity deflected.
The graphic printout 1is shown in Figure 13. Because of the
direction of rotation of the drum, the graph is read from right
to left, i.e. the control period when no radioactivity had been
injected precedes the experimental on the right. In fact, there
was still some mild elevation above baseline 12 hours after in-
jection. Thus, only one rat per day was used and the machine
checked for calibration by a radioactive cobalt source on each

day.
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TABLE XIII

Carbon dioxide production by rats injected with universally labelled

14C phenvlalanine with and without an analogue.

ANALOGUE CYCLOLEUCINE PARA-CHLOROPHENYLALANINE §-2-THIENYLALANINE
|
Dose in mg/kg. 150 7 300 600 150 300 600 83 167 233 667
c|lE|Cc|E|Cc|E| C|E|C|E|jC|E|C|E| C|EjCf{E| C|E
60 | 80 {79 [83 169 |75] 89 387169 146 | 41 | 217 (54| 53| 62| 71| 54 |69 | 70|88

(@]
I

Radioactive phenylalanine alone injected.

E = Same dose of radioactive phenylalanine plus analogue in dose stated given.

# 10 control and 10 experimental animals used for each dosage.

% p <.02

+p <.01

Comment: Only parachlorophenylalanine significantly reduces radioactive carbon dioxide from '*C
phenylalanine in rats.

<A
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It can be seen that, as in the .n vifro experiment,
parachlorophenylalanine had a profound effect on phenylalanine
metabolism. B-2-thienylalanine did not appear to affect the
production of radioactive carbon dioxide from phenylalanine in
contrast to its inhibition of phenylalaﬂine hydroxylase 4in vitzo.
Cycloleucine neither inhibits phenylalanine hydroxylase (n vitao

nor affects the carbon dioxide production from phenylalanine.

DISCUSSION

In phenylalanine there are 6 carbon atoms in the
Benzene ring compared to 3 in the side chain. The Benzene ring
is not split (a necessary requisite for the carbon atoms to enter
the citric acid pathway) until homogenistic acid is converted W
maleyl acetoacetic acid. The first step of the pathway from
phenylalanine to homogenistic acid is its conversion to tyrosine
from phenyalalanine. Here, any inhibition of phenylalanine hydroxy-
lase would be expected to severely reduce the carbon dioxide

production from phenylalanine.

Thus, the B-2-thienylalanine results appear anomalous.
Jn viizo, this compound inhibits phenylalanine hydroxylase but,
wn vive, it does not affect carbon dioxide production from phenyl-
alanine. If anything, it stimulates it, but this trend is not
statistically significant. However, these results are consistent
with those of Uderfriend and Cooper (63) who found that
B-2~-thienylalanine does inhibit phenylalanine hydroxylase .in
vit¢ro, and Godin and Dolan (60) who reported a small increase
in radiocactive carbon dioxide from phenylalanine labelled with

'*C at the one or three position. Their dose of B-2-thienylalanine
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was 10mg. in 150g. rat (67mg/kg) which is smaller than the lowest
dose used in our experiment, but they collected carbon dioxide
for much longer periods. They suggest that the increased catabolism
of phenylalanine is due to B-2-thienylalanine competing with
phenylalanine for incorporation into protein. However, they
did not demonstrate any consistent effect of B-2-thienylalanine
on incorporation of phenylalanine into protein except pancreatic

protein.,

The difference between the i1 vifro and in vivo effects
could be explained on the basis of the assay for phenylalanine
hydroxylase. In the in vitro  experiment a homogenate is used
in which the hydroxylase is released from cells. If, as in the
in vivo  experiment, B-2-thienylalanine was slow to enter intact
cells (a possible explanation for its low incorporation into

protein), then little or no effect on phenylalanine hydroxylase

might be expected.

These experiments do throw a doubt on the validity
of using an experimental animal with any phenylalanine hydroxylase
as a long term model of the use of the analogues in phenylketonuria.
Cycloleucine, which does not appear to affect phenylalanine hydro-
xylase {(n vitao or in vivo, would appear to be an exception to
this. However, a 2 week trial in phenylketonuric patients of

this compound had shown no effect. (Chapter VII ).

Tt therefore appears that Bg-2-thienylalanine or para-
chlorophenylalanine would have to be further tested in phenyl-

ketonuric man. The known side effects of parachlorophenylalanine
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in experimental animals make it unjustified to use this compound
in man. (36,38-45) Thus, B-2-thienylalanine, which had an acute
effect of increasing renal excretion of phenylalanine and appeared
to decrease intestinal absorption of phenylalanine, justified
further examination. As this has not been used in man, safety
studies would be required. Studies previously described in this
thesis indicated two major areas of concern. The first is micro-
biological effects, and the second, the basis of increased glomerular

filtration rate.

The microbiological studies required are extensive
and beyond the scope of this thesis: indeed, they are the subject
of a Ph.D. thesis by Mr. K.J. Brown at Auckland University.
One published paper has shown that Shigella species are inhibited
by 6-2-thienylalanine 4in vitro, as are most gram negative organisms,
but Salmonella species are not. (Brown, Tannock, Elliott and
Lines (98)). However, magnesium levels that could be expected

to be found in the human intestine protected the wusual micro-

biological flora room from inhibition by B-2-thienylalanine.(99)

The basis of the increased glomerular filtration

rate was studied and is described in the next section.



76.

CHAPTER IX

THE BASIS OF GLOMERULAR FILTRATION RATE STIMULATION

BY 8-2-THIENYLALANINE AND PHENYLALANINE

In 1944 Pitts (64) showed that both infusing glycine

and increasing dietary protein elevated glomerular filtration

rate. Moustgard (65) showed similar effects by infusing casein
hydrolysate and oral protein feeding. Both these workers used
dogs. Lindheimer et al. (66), using the same animal, showed

that infused amino acids increased glomerular filtration rate
in the absence of an expanded extracellular fluid. Hiatt and
Hiatt (100) had also shown a stimulation of glomerular filtration

by protein feeding in seals at the same time as Pitts.

The work described in Chapter IIIshowed that parachloro- -
phenylalanine and cycloleucine stimulated glomerular filtration
in Rhesus monkeys (Macaca Mulatta), while B-2-thienylalanine
increased it in 2 of 3 female phenylketonuric patients, as described

in Chapter VI.

It therefore seemed important to study further the
effect of B-2-thienylalanine on glomerular filtration rate and
the mechanism of the increase in rate, if this occurred. If
glomerular filtration rose as a result of higher cardiac output,
with increased cardia work, it might preclude the use of

B -2-thienylalanine as a treatment of phenylketonuria.

The dog was used for this study because the laboratory
the candidate was working in at the time was very experienced
in cardiovascular studies in this animal. It was also known
that the dog did increase glomerular filtration rate in response

to natural amino acids. (64-66)
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METHODS

In the first instance, each dog was used as its own
control and four experimental groups and one control group (in
which no amino acid was infused) of 5 or 6 dogs were chosen.
As there were changes with time, it was decided a further experiment
with 2.0g% phenylalanine infusion which had shown most "effect
be conducted with a further 6 dogs to compare the first 90 minutes

with the first 90 minutes of the control dogs.

Infusions used in the experimental groups were O0.5g%
phenylalanine, 0.5g% of B8-2-thienylalanine, 2.0g% phenylalanine,
2.0g% phenylalanine plus 0.5g% B-2-thienylalanine. These solutions
were given intravenously in physiological saline (0.9g% Na Cl)
containing inulin and para-amino-hippurate to allow determination
of glomerular filtration rate and renal blood flow as described

in the methods section.

Each dog was prepared in the following fashion: they
were premedicated with morphine and anaesthetised one hour 1later
with 504 Nembutal and 50% Dial with Urethrane 1.1ml/kg. This
method had been used in over 1,000 dogs in the 1laboratory for
cardiovascular studies and did not cause any significant effect
(after the immediate induction period) on cardiac parameters.
The following were then inserted into the anaesthetised dog -
a cuffed endotracheal tube, Foley indwelling urethral catheter,
intravenous drip in the foreleg, bilateral femoral canulae, and
a cardiac catheter was advanced into the pulmonary artery. Cardiac

output was determined by the cardio-green method of Hetzel et

al. (101).
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In this experiment phenylalanine was determined by
the spectrofluorometric method described in the methods section,

as amino acid analysis was not available.

In the initial experiments; using the dog as its
own control, three 30 minute control periods were followed by
three 30 minute experimental periods. To compensate for possible
time changes, a two way ahalysis (dog/time) was carried out by
Spearman's Rank Correlation Cocfficient (102), This showed a
significant correlation (p <0.1) with time, and thus to determine
the statistical significance of the various treatments and time
periods  Scheffé's method of simultaneous confidence interval

was performed on various contrasts (103).

This statistical analysis was conducted by
Miss J. Herriman of the Medical Statistics Unit of the Auckland

University Medical School.

RESULTS

Table XIV shows glomerular filtration rate in millilitres
per minute while Table XV gives the same values expressed
on a body weight basis. A two-way analysis showed no overall

difference when 0.5g% phenylalanine or B-2-thienylalanine were
infused. However, both 2.0g% phenylalanine alone and in combination
with 0.5g% B-2-thienylalanine.increased glomerular filtration rate

(in mls/kg/min).  This increase was significant at the less than

one percent level.

For 2.0g% phenylalanine infusion and for 2.0g% phenyl-
alanine plus 0,5g% B-Z-thienylélanine infusion, Scheffés method

of simultaneous confidence showed that during the 30 minutes
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Changes in Glomerular Filtration Rate (ml/min) during three
30 minute control periods; and three 30 minute experimental

WT.

periods following addition of Amino Acid to Infusion.

kgs.,

18.
13.
16.
22.
12,
12.

18.
28.
24.
12.
15.

18.
20.
13.
18.
17.

14.
20.
14.
24.
19.
23.

14.
16.
24.
17.
10.
23.
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[N Sl Sl e U, I )

CONTROL

0-30 30-60
51.6 37.4
61.5  135.0
53.2 61.3
85.3 71.4
48.8 55.6
62.1 42.3

NO AMINO ACID

60-90

41.3
47.5
66.8
68.6
51.0
35.8

0-30

33.5
83.3
67.8
46.6
50.9
41.2

EXPERIMENTAL

30-60

32.
67.
56.
58.
46.
39.

oo 00O

0.5 grams % PHENYLALANINE STUDY

62.2 51.3 76.1 103.8 78.3
73.2 89.7 80.3 158.2 177.9
63.2 64.8 56.8 61.2 76.4
51.3 92.1 73.3 91.8 58.1
36.1 39.4 43.2 46.3 48.1
0.5 grams % 8-2-THIENYLALANINE STUDY
61.9 50.9 50.4 68.3 45.7
68.2 30.8 50.8 72.9 70.5
45.2 22.0 30.0 110.8 29.2
40.5 41.2 60.2 65.1 47.9
58.8 69.7 59.1 52.4 51.1
2.0 grams % PHENYLALANINE STUDY
36.0 31.2 20.2 64.2 40.2
52.3 76.6 56.5 78.4 82.2
41.0 30.1 41.0 52.6 39.8
43.8 52.4 65.4 87.7 73.3
28.1 24.2 29.8 57.5 39.0
65.1 71.0 68.0 87.5 75.7
COMBINED B2 + PHENYLALANINE STUDY
49.4 40.4 42.4 83.6 54.9
21.5 23.7 28.1 40.5 33.5
50.9 49.3 47.7 50.2 43.0
54.4 50.9 53.5 67.9 57.2
22.4 32.4 32.8 38.6 40.1
49.7 53.9 55.8 66.2 59.1

60-90

32.
88.
83.
70.
52.
41.

47.
111.
80.
59.
37.

66.
70.
35.
47.

43.

25.
72.
33.
80.

51.
30.

37.
34.
63.
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TABLE Xxv

MEAN
*1 8D

MEAN
*1 SD

MEAN
+1 SD

MEAN
*1 8D

MEAN
+1 SD

80.

Changes in Glomerular Filtration rate expressed on a body weight

basis, comparing three 30 minute control periods with 3 similar
experimental periods when amino acid added to infusion.

OL NN NDW

O Ly LN LW

ON NN N -G

O ==

-43

.62
.27
.27

.04
.72

.40

.48
.25
.46

.19
-47

.55
.62

.83

.46
.82

.36
.53

.53
.30
.07
.16
.20
.16

.40
.74

CLOMERULAR FILTRATION RATE mls/kg/min.

EXPERTMENTAL

CONTROL
30-60 60-90 0-30 30-60
2.01 2.22 1.80 1.77
7.50 2.60 4.63 3.77
3.83 4.18 4.24 3.56
3.16 3.04 2.06 2.59
4.52 4.15 4.14 3.78
3.44 2.91 3.35 3.24
4.08 3.19 3.37 3.12
1.71 0.74 1.09 0.73
0.5 grams % PHENYLALANINE STUDY

2.83 4.20 5.73 4.33
3.19 2.86 5.63 6.33
2.69 2.36 2.54 3.17
7.68 6.10 7.65 4.84
2.48 2.72 2.91 3.03
3.77 3.65 4.89 4.34
1.97 1.38 1.91 1.21

0.5 grams % B8-2-THIENYLALANINE STUDY
2.80 2.77 3.75 2.51
1.52 2.52 3.61 3.49
1.69 2.31 8.52 2.25
2.29 3.34 3.62 2.66
4.10 3.48 3.08 3.01
2.48 2.88 4.52 2.78
0.93 0.46 2.0 0.43

2.0 grams % PHENYLALANINE STUDY

2.21 1.43 4.55 2.85
3.38 2.83 3.92 4.11
2.75 2.89 3.70 2.80
2.18 2.73 3.65 3.05
1.25 1.54 2.98 2.02
3.07 2.94 3.79 3.28
2.55 2.39 3.76 3.02
0.81 0.65 0.46 0.62

COMBINED 82 + PHENYLALANINE STUDY

.89
-44
.00
.96
.18
.34

.47
.61

ON NWN N

O DMNWWwHE =W

.03
.70
.94
.11
.22

.43

.57
.59

=G DNDWwW D
O
(%5

O NWL = o

.92
.03
.78
.33
.93
.57

.93
.86

60~

.76
.89
.20
.13
.29
- 37

.67
.25

=L W wurtds —

OL) LYWL

O NP WW

O LWHFLFWW

ON DLW =MW

90

.04
.49
.71
.64
.71

.24
.46

.10

.80
.01
.72
.47

.83
.81

.66
.82

.94
.20

.34

.62
.69



TABLE XVIa

Changes in Cardiac Output (litres per minute)

three 30 minute control periods and three similar

periods after amino acid added to infusion.

CARDIACG OUTPUT L/min.

CONTROL EXPERIMENTAL

NO AMINO ACID

0-30 30-60 60--90 0-30 30-60 60-90
5.48 4.16 4.63 2.40 2.02 2.08
3.47 3.44 3.28 2.67 2.45 2.15
3.70 2,26 2.89 2.47 2.55 2.21
4.41 4.13 3.70 4.13 3.77 2.70
3.19 2.33 1.69 1.46 1.40 1.47
5.75 3.81 2.78 2.63 1.57 1.75
0.5 grams % PHENYLALANINE
J.16 4.16 1.74 1.50 1.58 1.43
2.93 3.73 3.54 2.94 2.56 2.31
5.55 2.00 3.36 2.78 2.90 2.30
2. 45 1.51 1.46 1.48 1.58 2.43
1.85 3.19 2.51 1.78 1.69 2.18
0.5 grams % p-2-THIENYLALANINE STUDY
[Wd 1.54 1.38 1.72 1.74 1.57
2.73 3.02 3.63 2.88 3.08 3.44
2.0 3.03 3.68 1.47 1.74 2.07
2 203 3.17 2.75 2.32 1.96 2.36
3.80 3.32 1.68 1.35 1.17 1.06
2.0 grams % PHENYLALANINE STUDY
2.31 2.31 1.94 1.42 1.76 1.83
0. 31 4.55 3.39 2.69 3.18 3.23
RN, 2.61 2.54 2.36 1.08 1.61
5.83 4.02 2.59 2.42 2.22 2.06
1.50 2.36 2.03 2.08 1.73 2.21
3.43 4.92 2.66 2.04 1.93 2.11
COMBINED 82 + PHENYLALANINE STUDY
2.51 2.33 1.97 1.72 1.18 1.86
2.47 1.56 1.44 0.89 0.54 0.54
4.67 4.45 4.27 3.88 2.74 2.05
3.56 3.70 2.72 1.69 2.27 1.61
3.70 5.78 2.27 2.18 1.74 1.53
3.06 2.78 2.60 2.19 1.64 1.46

81.



TABLE XVIb

Changes in Cardiac Output per kg. body weight
comparing three 30 minute control periods and
three similar after amino acid added to infusion.

CARDIAC OUTPUT mls/kg/min.

CONTROL EXPERIMENTAL
NO AMINO ACID AMINO ACID
0-30 30-60 60-90 0-30 30-60 60-90
295 224 249 129 109 112
193 191 182 148 136 119
198 140 178 152 157 136
195 183 164 183 167 120
259 189 137 119 114 120
467 310 226 214 128 142
MEAN 268 206 189 158 135 125
H Sp 97 58 38 32 21 11

0.5 grams % PHENYLALANINE STUDY

230 230 96.1 82.8 87.2 79
104 132 125 104 91.1 82.
230 120 139 115 120 136
204 126 122 123 132 203
308 201 158 112 106 137
MEAN 215 162 128 107 107 127
¥ 'SD 66 45 20 13.7 17 45.

0.5 grams % 8-2-THIENYLALANINE STUDY

97.8 84.6 103 94.5 95.6 86.

135 150 180 142 152 170

156 233 283 113 133 159

146 176 153 129 109 131

224 195 08.8 79.4 68.8 62.

MEAN 152 168 164 111 112 122
t18p 38 45 61 23 29 41.

2.0 grams % PHENYLALANINE STUDY

164 164 138 101 125 130

316 228 170 135 159 162

156 184 179 166 139 113

243 168 108 101 92.5 85.

233 164 130 113 112 113

148 213 115 88 84 91

MEAN 210 187 140 117 119 116
+1 SD 60 25 26 26 26 25

COMBINED 82 + PHENYLALANINE STUDY

179 166 114 123 84.2 133
150 94.5 87.2 53.9 32.7 32.
190 181 174 158 111 83.
207 215 158 98.2 132 03.
363 567 223 214 171 150
172 121 113 05.2 71.3 63.
MEAN 210 224 149 124 106 99

t1sp 71 158 44 51 46 41

Lo [o YOV RN |



TABLE XVII 83.

Cardiac Index (litres/min/Mz) comparing three 30 minute
control periods and three similar periods after amino
acids added to infusion.

CARDIAC INDEX

CONTROL EXPERIMENTAL
NO AMINO ACID

0-30 30-60 60-90 0-30 30-60 60-90

6.45 4.89 5.45 2.82 2.38 2.45

4.13 4.10 3.90 3.18 2.92 2.56

4.27 3.01 3.85 3.29 3.40 2.95

4.55 4.26 3.81 4.26 3.89 2.79

4.69 3.43 2.49 2.15 2.05 2.16

8.98 5.95 4.34 4.11 2.45 2.73

MEAN 5.51 4.27 3.97 3.30 2.84 2.61

*1 3D 1.73 0.96 0.87 0.72 0.63 0.26
0.5 grams % PHENYLALANINE STUDY

5.33 = 2.23 1.92 2.03 1.83

2.66 3.39 3.22 2.67 08 2.10

5.72 2.99 3.46 2.87 2.99 3.40

3.83 2.36 2.28 2.31 2047 3.80

6.74 4.43 3.49 2.47 2.35 3.03

MEAN 4.86 3.29 2.94 2.45 2.43 2.83

*1 SD 1.44 0.75 0.56 0.32 0.31 0.75

0.5 grams % B-2-THIENYLALANINE STUDY

2.12 1.83 2.24 1.05 2.07 1.87

3.00 3.40 4.00 3.20 2.42 3.82

3.63 5.41 6.57 2.63 3.11 3.70

3.13 3.77 3.27 2.76 2.33 2.81

4.87 4.26 2.15 1.73 "1.50 1.36

MEAN 3.35 3.73 3.65 2.47 2.49 2.71

*1 SD 0.90 1.17 1.61 0.52 0.70 0.97
2.0 grams % PHENYLALANINE STUDY

3.85 3.85 3.23 28 7 2.93 3.05

6.86 4.95 3.68 2.92 3.46 3.51

3.70 4.35 4.23 3.93 3.30 2.68

5.61 3.87 2.49 2R 2.13 1.98

5.36 2.86 2.42 2.48 2.06 2.63

3.27 4.69 2.53 1.94 1.84 2,00

MEAN 4.78 4.08 3.09 2.66 2.62 2.64

1 SD 1.26 0.69 0.68 0.64 0.64 0.54
COMBINED B2 + PHENYLALANINE STUDY

4.25 3.95 3.34 2.92 2.00 3.15

3.29 2.08 1.92 1.19 0.72 0.72

4.45 4.24 4.07 3.69 2.61 1.95

4.51 4.68 3.44 2.14 2.87 2.04

8.41 13.1 5.16 4.95 3.95 3.48

4.08 2.87 2.68 2.26 1.69 1.51

MEAN 4.83 5.15 3.59 2.86 2.31 2.14

*1 SD 1.65 3.6 1.06 1.21 1.01 .94



TABLE XVIIIa

Renal Plasma Flow in mls/min; combining three
30 minute control periods with three similar
periods after amino acid added to the infusion.

RENAL PLASMA FLOW mls/min.

CONTROL EXPERIMENTAL
0-30 30-60 60-90 0-30 30-60 60-90
221 168 180 168 12 155
276 444 180 238 19 213
330 308 289 260 267 299
400 369 370 230 256 199
194 208 165 150 138 139
213 188 174 202 218 156

0.5 grams % PHENYLALANINE STUDY

291 265 246 228 381 160
219 252 209 178 230 225
292 195 189 174 244 303
196 208 203 197 164 183
242 215 276 259 250 202

0.5 grams % B-2-THIENYLALANINE STUDY

190 152 160 159 126 116
255 92 149 210 140 191
110 131 217 291 153 202
150 238 264 318 222 265
197 188 201 181 152 140

2.0 grams % PHENYLALANINE STUDY

240 127 167 320 173 148
230 219 214 209 221 235
130 150 142 161 103 99
266 227 193 262 198 194
209 181 173 213 160 136
254 242 285 282 263 243

COMBINED B2 + PHENYLALANINE STUDY

186 198 242 253 211 196
143 163 218 263 189 187
241 244 252 281 196 179
254 221 232 304 194 175
142 166 170 152 135 128

2901 272 261 308 242 220



MEAN
*1 SD

MEAN
1 SD

MEAN
*1 SD

MEAN
*1 SD

MEAN
1 SD

TABLE XVIIIb

16.

12.
16.
15.

13.

10.
12.

11.
10.

17.
10.

11.
10.
11.

11.

13.

14.
13.
12.

12.
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RENAL PLASMA FLOW mls/kg/min.

EXPERIMENTAL

CONTROL
30-60 60-90 0-30 30-60
9.0 8.6 8.0 6.0
24.7 10.0 13.2 10.9
19.0 17.8 16.0 16.5
16.3 16.4 10.2 11.3
16.9 13.4 12.2 11.2
15.3 14.1 16.4 17.7
16.8 13.4 12.7 12.3
5.1 3.6 3.0 3.9
0.5 grams % PHENYLALANINE STUDY
14.6 13.6 12.6 21.0
9.0 7.4 6.3 8.7
8.1 7.8 7.2 10.1
17.3 16.9 16.4 13.7
13.5 17.4 16.3 15.7
12.5 12.6 11.8 13.8
3.5 4.3 4.3 4.4
0.5 grams % B-2-THIENYLALANINE STUDY
8.35 8.79 8.74 6.92
4.6 7.4 10.4 6.93
10.1 16.7 22.4 11.8
13.2 14.7 17.7 12.3
11.1 11.8 10.6 8.9
9.48 11.9 14.0 9.4
2.9 3.5 5.2 2.3
2.0 grams % PHENYLALANINE STUDY
9.0 11.8 22.7 12.3
11.0 10.7 10.5 11.1
10.6 10.0 11.3 7.3
9.5 8.1 10.9 8.3
9.4 9.0 11.0 8.3
10.5 12.3 12.2 11.3
10.0 10.3 13.1 9.8
0.73 1.5 4.3 1.9
COMBINED B2 + PHENYLALANINE STUDY
14.1 17.3 18.1 15.1
9.9 13.2 11.3 11.5
9.9 10.2 11.4 8.0
12.8 13.5 17.7 11.3
16.3 16.7 14.9 13.2
11.8 11.4 13.4 10.5
12.5 13.7 14.5 11.6
2.3 2.6 2.2 2.2

Renal Plasma Flow in millilitres per kg. body weight

per minute comparing three 30 minute control periods

with three similar periods after amino acid added to
the infusion.

60-90

8.
.8
18.

11

11.
12.

11.

12.

15.
12.

11.

15.
14.

10.

10.
11.

14.
11.

10.
12.

10.
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TABLE XIX 86.

Phenylalanine reabsorption (% of filtered load) comparing three
30 minute control periods and three experimental periods where
the amino acid (1) indicated was added.

CONTROL EXPERIMENTAL
0-30 30-60 60-90 0-30 30-60 60-90
67.0 84.8 94.7 96.9 06.3 96.1
80.3 89.2 87.9 97.1 06.2 96.0
90.5 91.0 92.5 90.2 90.1 92.6
85.6 88.02 91.1 95.6 93.2 93.9
78.74 66.5 76.2 71.0 61.3 69.6
MEAN 80.5 83.9 88.5 88.2 87.4 89.6
t1 SD 7.9 8.9 6.5 8.4 9.7 8.5
0.5 grams % PHENYLALANINE STUDY
92.1 93.2 93.9 08.8 97.8 98.0
94.3 80.0 80.1 08.1 08.8 98.0
03.4 93.9 95.8 08.2 08.4 98.1
97.6 08.6 08.6 99.6 99.5 99.5
61.2 60.4 60.4 92.7 96.1 97.0
MEAN 87.7 85.0 85.8 97.4 08.1 08.1
1 SD 13.4 14.2 14.2 2.4 1.15 0.79
0.5 grams % B-2-THIENYLALANINE STUDY
88.7 01.0 91.3 92.7 02.6 93.9
83.9 94.2 90.0 91.7 87.1
97.8 99.6 08.3 99.3 99.3 98.7
89.7 95.3 95.0 82.6 89.5
98.8 99.2 99.1 99.0 99.0 99.2
MEAN 93.8 93.8 95.6 92.7 94.4 94.7
+1 SD 4.6 5.8 2.8 6.2 4.0 4.9
2.0 grams % PHENYLALANINE STUDY
81.9 00.0 80.9 94.3 96.9 97.1
81.3 93.5 84.1 99.4 99.6 99.4
88.4 84.1 88.7 99.2 08.6 99.3
81.8 89.2 00.9 08.1 99.0 99.2
84.1 78.8 80.2 96.8 97.3 97.9
MEAN 83.5 87.2 85.0 97.6 08.3 08.6
1 SD 2.63 5.2 4.2 1.9 1.0 0.92
COMBINED 82 + PHENYLALANINE STUDY
92.4 86.2 90.7 99.2 08.9 08.9
94.3 87.8 94.4 08.8 98.1 08.7
93.0 96.0 06.1 08.8 08.7 08.8
06.5 97.7 96.7 09.8 99.7 99.7
84.0 81.6 81.9 97.4 97.8 98.8
MEAN 92.0 89.9 92.0 08.8 08.6 99.0
*1 SD 4.3 6.1 5.5 0.79 0.66 0.37



TABLE XX

Stroke Volume in Millilitres comparing three 30 minute
control periods add three similar periods after amino
acids added to infusion.

STROKE VOLUME

NO AMINO ACID

0-30 30-60 60-90 0-30 30-60 60-90
73 55 66 34 31 30
39 23 31 41 31 27
46 35 48 41 39 37
59 59 67 75 63 49
34 39 31 26 28 27
44 29 40 33 22 21
MEAN 49 40 47 42 36 32
+1 SD 14 14 16 16 13 9
0.5 grams % PHENYLALANINE STUDY
32 - 32 25 18 24
45 29 44 53 43 39
69 45 52 43 39 35
38 25 24 17 18 26
54 35 28 24 21 24
MEAN 48 33 36 32 28 30
+1 SD 13 8 10 13 11 6

0.5 grams % B—2-THIENYLALANINE STUDY

36 31 38 34 35 31
68 86 81 58 62 69
34 47 49 17 20 19
48 53 46 39 33 34
54 42 34 25 26 24
MEAN 48 52 50 35 35 35
+1 SD 12 19 16 14 14 18
2.0 grams % PHENYLALANINE STUDY
26 31 26 19 22 23
74 70 57 41 42 46
30 37 39 34 33 29
69 57 37 37 32 32
38 31 29 26 22 23
49 55 35 34 30 30
MEAN 45 47 37 32 30 31
1 Sh 17 15 10 7 7 8

COMBINED g2 + PHENYLALANINE STUDY

39 36 33 31 20 31
25 16 21 12 9 9
72 63 63 60 42 41
39 37 36 28 23 29
31 36 24 23 18 17
34 25 29 29 25 21
MEAN 40 36 34 31 23 25

*1 SD 15 14 14 15 10 10



TABLE XXI LEFT VENTRICULAR WORK kg—M/min
(To obtain left ventricular work in Watts divide by 6.12)

CONTROL EXPERIMENTAL

NO AMINO AC1D

0-30 30-60 60-90 0-30 30-60

10.06 7.64 8.50 4.08 3.21

5.43 6.08 5.58 4.56 4.17

0.31 4.61 5.90 4.20 5.03

6.30 5.62 5.03 6.18 5.04

3.82 2.79 1.93 1.67 1.52

9.78 5.96 4.35 3.92 2.56

MEAN 6.95 5.45 5.2 4.1 3.69
*1 8D 2.4 1.6 2.1 1.32 1.42
0.5 grams % PHENYLALANINE STUDY

6.51 2.84 2.55 2.58

4.18 5.33 4.81 4.20 3.66

9.81 5.32 6.40 4.92 5.13

3.17 2.05 2.08 1.91 2.26

7.59 4.56 3.75 2.90 2.87

MiEAN 6,25 4.32 3.97 3.30 3.30
1 SD 2.4 1.3 1.52 1.10 1.02

0.5 grams % B-2-THIENYLALANINE STUDY

2,66 2.41 2.94 2.81 2.96

3.90 4.72 6.17 4.90 5.03

2.45 4.94 5.51 2.30 2.72

3.76 4.32 3.55 3.09 2.18

5.58 5.19 2.28 2.02 1.67

MEAN 3.83 4.31 4.09 3.02 2.91
+1 SD 0.99 0.99 1.5 1.01 1.15
2.0 grams % PHENYLALANINE STUDY

3.93 3.93 3.30 2.51 3.23

0.87 7.74 5.30 4.76 5.62

3.47 3.90 3.80 3.69 3.37

9.12 6.01 3.87 4.11 3.77

8,87 4.01 3.45 4.24 3.29

4.48 6.42 3.47 2.89 2.83

MEAN 6,02 5.33 3.86 3.70 3.68
1 SD 2.7 1.48 0.62 0.78 0.91
COMBINED 82 + PHENYLALANINE STUDY

3.58 .64 3.08 2.81 1.85

3.53 2.02 1.76 1.27 0.80

6.35 6.60 6.39 5.80 4.29

6.54 7.55 4.44 3.06 4.26

5.28 9.43 3.39 3.85 2.96

6.19 5.29 4.60 4.32 3.41

MEAN 5.25 5.77 3.94 3.52 2.93
1 SD 1.26 2.46 1.4 1.4 1.26

00-90
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MEAN
*1 SD

MEAN
*1 SD

MEEAN
*1 8D

MEAN
1 8Sh

MIEAN
1 SD

TABLE XXII . 89.

RICHT VENTRICULAR WORK kg-M/min

NO AMINO ACIDS

CONTROL KXPERIMENTAL
0-30 30-60 60-90 0-30 30-60 60-90
1.27 0.91 0.94 0.49 0.44 0.48
0.47 0.61 0.45 0.40 0.45 0.38
0.65 0.40 0.47 0.37 L 0.2R 0.33
0.30 0.51 0.35 0.42 0.41 0.33
0. 56 0.38 0.18 0.20 0.19 0.20
0.04 0.62 0.34 0.39 0.23 0.24
0.70 0.57 0.46 0.38 0.33 0.34
0.32 0.19 0.26 0.90 0.10 0.90
0.5 grams % PHENYLALANINE STUDY
0.62 0.24 0.22 0.28 0.23
0.28 0.46 0.34 0.32 0.28 0.28
1.26 0.59 0.69 0.57 0.71 0.81
0.33 0.21 0.20 0.22 0.26 0.40
0.79 0.52 0.44 0.24 0.21 0.33
0.68 0.45 0.38 0.31 0.35 0.41
0.39 0.14 0.18 0.13 0.18 0.21
0.5 grams % B8 -2-THIENYLALANINE STUDY
0.29 0.25 0.28 0.26 0.31 0.30
0.41 0.53 0.59 0.58 0.63 0.70
0.22 0.29 0.25 0.14 0.14 0.17
0.43 0.52 0.45 0.16 0.32 0.42
0.59 0.47 0.18 0.18 0.18 0.16
0.39 0.41 0.35 0.26 0.32 0.35
0.39 0.12 0.15 0.16 0.17 0.20
2.0 grams % PHENYLALANINE STUDY
0.38 0.44 0.32 0.41 0.55 0.60
1.11 0.87 0.60 0.55 0.69 0.75
0.5t 0.55 0.55 0.55 0.46 0.35
0.95 0.60 0.42 0.49 0.42 0.42
0.92 0.239 0.33 0.37 0.35 0.45
0.51 0.54 0.25 0.19 0.25 0.29
0.73 0.56 0.41 0.42 0.45 0.47
0.27 0.15 0.13 0.13 0.14 0.16
COMBINED B2 + PHENYLALANINE STUDY
0.24 0.22 0.19 0.21 0.16 0.25
0.37 0.21 0.16 0.12 0.08 0.09
0.70 0.54 0.55 0.53 0.41 0.36
0.58 0.50 0.37 0.28 0.37 0.35
0.45 0.8G 0.28 0.33 0.28 0.27
0.47 0.43 0.30 0.29 0.24 0.25
0.15 0.23 0.13 0.13 0.12 0.90



MIAN
1 35p

MEAN
t1 8D

MEAN
*1 8D

MEAN
*1 SD

MEAN
1 8D

0-30

1969
2649
3621
1903
2205
1737
2347

033

4995
2864
1872
3099
1895
2945
1139

4939
3074
4921
3191
2313
30688
1058

4325
1457
4140
1576
2575

i)y
YRV

2718
1137

3343
3397
1711
3011
2268
2321
2679

621

TOTAL PERIPHERAL RESTSTANCE DYNES/kg/min.

CONTROL EXPERIMENTAL
NO AMINO ACIDS

30-60 60-90 0-30 30-60
2594 2330 4163 4629
3020 3046 3742 4078
5304 4148 4045 4544
1935 2160 2129 2332
3018 3972 4598 4567
2412 3306 3343 6108
3047 3160 3670 4376
1076 748 789 1110

2= 0.5 grams % PHENYLALANINE STUDY
5511 6660 6078

2250 2257 2854 3277
3720 3330 3737 3583
5293 5748 5130 5311
2631 3502 5388 5911
3474 4070 4754 4632
1181 1345 1384 1163

3= 0.5 grams % B-2-THIENYLALANINE STUDY

7922
3043
3165
2521
2768
3884
2031

4889
2752
2389
2761
4757
3510
1082

5576
3469
6252
3376
6512
5037
- 1354

5742
3114
5282
4077
7172
4957
2027

grams % PHENYLALANINE STUDY

4325
2196
3368
2187
4233
1559
2978
1064

5149
2711
3461
3394
4921
2884
3753

946

5= COMBINED

7317
3862
3894
4128
5763
4074
4839
1287

6130
3267
5045
4500
6468
4472
4980

999

B2 + PHENYLALANINE STUDY

3945
4867
1976
3240
1659
4025
3285
1143

4665
4995
2059
3526
3873
3996
3852

941

5576
0429
2266
6290
4766
5292
5603
2123

7789
16280
3354
4859
5741
7456
7580
4172

60-90

4227
4832
5063
3539
5002
5709
4729

686

6436
3771
3148
3453
4583
4278
1180

6109
2672
4324
3386
8294
3776

459

5677
3093
5957
5043
4701
4545
4839

858

5156
17020
4483
744C
5746
8649
8083
4234

90.



TABLE XXIV

MEAN
1 SD

MEAN
*1 SD

MEAN
*1 SD

MEAN
*1 Sb

MEAN
+1 SD

0-30

248
230
375

326
176

240
94

792
191
259
326
198

353
225

539
322
315
365
242

357
99

415
165
612
165
266
256

313
158

223
356
188
269
190
182

235
62

TOTAL PULMONARY RESISTANCE DYNES/kg/min.

CONTROL EXPERIMENTAL
NO AMINO ACIDS

30-60 60-90 0-30 30-60 60-90
307 259 500 633 653
302 244 329 440 483
460 332 356 251 398
174 151 145 170 265
412 378 547 571 544
252 259 334 560 457
318 271 369 438 467

95 71 130 172 120

0.5 grams % PHENYLALANINE STUDY

459 586 652 671
193 158 217 250 311
413 357 431 496 436
529 543 594 607 395
301 414 449 246 403
359 387 455 486 443
125 130 137 143 121

0.5 grams B-2-THIENYLALANINE STUDY

623 468 511 597 713
344 264 416 389 348
185 109 381 276 232
303 349 396 489 440
253 381 592 751 829
342 314 459 500 512
150 122 80 164 224

2.0 grams % PHENYLALANINE STUDY

484 494 118 104 105
246 306 446 402 421
459 503 576 686 794
219 370 495 504 582
406 472 500 693 542
130 210 274 373 378
324 393 402 460 470
132 108 157 202 211

COMBINED g2 + PHENYLALANINE STUDY

241 284 418 677 430
512 444 898 1628 1776
162 170 206 321 507
211 294 567 432 794
152 317 403 551 679
201 215 2902 341 493
246 287 464 658 837

122 86 224 450 486
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immediately after the amino acids were started, there was a sig-
nificantly higher glomerular filtration rate than for the control
periods as a group. This first 30 minute experiment period was
also significantly higher than the immediately preceding control
30 minute period. The last two periods (1 hour) of the experimental
period were not significantly different from the 3 control glomerular

filtration rates.

The same method of analysis showed that the first
JO minutes of the experimental group demonstrated a significantly
higher glomerular filtration rate than the last half hour or
the last hour of the experimental infusion. It therefore appears
that there was an initial increase in glomerular filtration rate
after the amino acid was added to the infusion, but that this

falls away with time.

Tables XV1 to XXIV show cardiac output, cardiac
index, renal plasma flow, tubular reabsorption of phenylalanine,
stroke volume, left ventricular work, right ventricular work,
total peripheral resistance and total pulmonary resistance, and

these results will be discussed as a group.

There is a fall in cardiac output to almost half
the value of the first control period; however, a similar trend
is seen in those dogs which received no amino acid and statistical
analysis by both two-way variance and Chi squared show no sig-
nificance. Similarly, cardiac index and stroke volume did not
fall at a greater rate after amino acid infusion than in dogs

that did not have amino acids in the last 90 minutes.
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When inspecting the renal plasma flow as shown in

Tables XVIIIa & XVIIIb, it is clear that there is a slight tendency
for this to fall with time in the dogs that received no amino
acid, and this trend is not altered by the addition of 0.5g%
of phenylalanine to the infusate. With the other three amino
acid infusions ( B -2-thienylalanine 0.5g%, 2.0g% phenylalanine
and phenylalanine 2.0g% plus B-2-thienylalanine O.Sg%) there
is a rise in renal plasma flow immediately after the amino acid
is added. This corresponds to the period when glomerular filtration
rate increased most. However, statistical analysis showed no

significant rise at this time.

Examination of the filtration fraction in Table
XXV shows that while the value tended to rise with addition
of amino acid to infusate, this was of much smaller degree than
the rise in glomerular filtration rate. It also tended to rise
with time in the dogs into which no amino acid was infused.
Statistical analysis of filtration fraction showed a significant
difference over time in all infusates (including when no amino
acid added) except when 0.5g% B-2-thienylalanine was added.
However, no pattern in change when amino acid was added could

be detected.

Thus, it can be concluded that glomerular filtration
rate‘ does increase significantly, albeit temporarily, with the
addition of 2.0g% phenylalanine to the infusate with and without
0.5g% of B-2-thienylalanine. This rise is accompanied by a rise
in renal plasma flow and filtration fraction which, however,

is not statistically significant. This suggests the possibility
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Filtration Fraction comparing thrce control periods of 30 minutes

MEAN

MEAN

MEAN

MEAN

MEAN

with three similar periods after amino acids added to infusion.

0-30

O OO0 O O OO0 O OO0 OOCOo

S OO0OO0OOOO

COMBINED B -2-THIENYLALANINE (0.5g%)

.23
.22
.16
.21
.25
.29

.23

.21
.33
.22
.26
.15

.23

.33
.27
.41
.27
.30

.32

.15
.23
.32
.16
.13
.26

.21

CONTROL

30-60

e oNeoNeNeoRoNe)

60-90 0-30
NO AMINO ACIDS
.22 0.26 0.23
.30 0.26 0.35
.20 0.23 0.27
.19 0.19 0.20
.27 0.31 0.34
.22 0.21 0.20
.23 0.24 0.26

EXPERIMENTAL

30-60

[e BN e NoNoNoNeoNe]

.30
.35
.22
.23
.34
.18

.27

0.5 grams % PHENYLALANINE STUDY

0.19 0.31 0.46 0.21
0.36 0.38 0.89 0.77
0.33 0.30 0.35 0.31
0.44 0.36 0.47 0.35
0.18 0.16 0.18 0.19
0.30 0.30 0.47 0.37
0.5 grams % 8—2-THIENYLALANINE STUDY
0.33 0.32 0.43 0.36
0.33 0.34 0.35 0.50
0.17 0.14 0.38 0.19
0.17 0.23 0.20 0.22
0.37 0.29 0.29 0.34
0.27 0.26 0.33 0.32
2.0 grams % B—2-THIENYLALANINE

0.25 0.12 0.20 0.23
0.35 0.26 0.38 0.37
0.26 0.29 0.33 0.39
0.23 0.34 0.33 0.37
0.13 0.17 0.27 0.24
0.29 0.24 0.31 0.29
0.25 0.24 0.30 0.31

60-90

[l NoNoNoNoNol

[« NoNoNoNo]

[l Neo NoNeoNs)

s BN oNoNoNoNoNol

.21
41
.28
.36
.38
.27

.32

.57
.37
.17
.18
.45

.35

.30
.33
.26
.37
.24
.33

.31
AND PHENYLALANINE (2.0g%)

O OO0OO0OOOO

.27
.15
.21
.21
.16

.17
.19

e oNeoNeoNeoNoNe)

.20 0.18
.20 0.13
.20 0.19
.23 0.23
.20 0.19
.20 0.21
.20 0.19

.33
.15
.18
.22
.25
.21

.22

[e BN eNeNoNoNoNeo

[l e NeoRoNoNo N

.25
.18
.22
.29
.30
.24

.25

O OOO0OOO0OO0

.26
.16
.27
.27
.27
.29

.24
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of shunting of renal blood flow, as cardiac output, cardiac index
and stroke volume do not show any significant difference that

could not be explained by time alone.

While it is not possible to determine such changes
of flow within various areas of the kidneys, it is possible to
measure both peripheral and pulmonary resistance. If these altered
substantially it might be reasonable to infer an alteration in
renal vascular resistance. Tables XXIITI and XXIV show that both
these rose with time. Statistical analysis shows that there
were no significant differences in those dogs infused with 2.0g%
phenylalanine (with or without B8 -2-thienylalanine) when compared
to the dogs that received no amino acid during the experimental

period.

One of the purposes of this study was to see if the
increased glomerular filtration rate induced by amino acids and
B-2-thienylalanine in particular was associated with any deleterious
effects such as increased cardiac work. It has already been
seen that cardiac output did not increase, and in Tables
XXI  and XXII it can be appreciated that neither left nor right

ventricular work increased as a result of the amino acid infusion.

Finally, the opportunity was taken to measure the
effect of B-2-thienylalanine on the tubular reabsorption of phenyl-

alanine.

As expected, there was a high rate of phenylalanine

reabsorption which tended to increase with time in those animals
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that received no amino acid in the experimental period. The
addition of phen}lalanine at 0.5g% had no effect on this trend,
while at 2.0g% the effect was damped. B -2-thienylalanine alone,
or in combination with phenylalanine, did not block the reabsorption
of phenylalanine. Thus, in the dogs tested in this way
B-2-thienylalanine did not block renal tubular reabsorption of
phenylalanine. Because the effect of the passage of time appeared
more pronounced than the addition of any amino acid, it was decided
to infuse 6 dogs with 2.0g% phenylalanine from the outset, and
to compare them with the 6 control dogs from the previous study,
using the 3 first half hour periods. 2.0g% phenylalanine was
chosen because it had caused the most marked deviations from

control trends in the previous study.

Glomerular filtration rates in mls/min are shown
in Table XXVI and in Table XXVII. This value is shown as a function

of body weight.

No significant differences <can be detected when
glomerular filtration is expressed as a function of body weight
which is in contrast to when the dogs were used as their own
controls; in that experiment when 2.0g%7 of phenylalanine was
added after 90 minutes, a significant but transitory rise in

glomerular filtration rate was seen.

This difference is probably due to the high individual
variations between the glomerular filtration rates of each dog,
even when this value is expressed as a function of body weight.

The dogs were not selected by breed so this is perhaps not sur-

prising.
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Clomerular Filtration Rate in 6 Dogs infused with
2.0g% Phenylalanine in 3 thirty minute periods compared
with control animals receiving Intravenous Saline only.

GLOMERULAR FILTRATION RATE mls/minute

Exp. Exp. (con) Exp. (con) Exp. (con)
Wt.kgs. 0-30 mins. 30-60 mins. 60-90 mins.
12.7 39.0 (51.6) 31.5 (37.4) 36.6 (41.3)
13.7 31.5 (61.5) 76.9 (135) 59.0 (47.5)
20.0 78.5 (53.2) 52.9 (61.3) 56.2 (66.8)
37.6 61.5 (85.3) 63.7 (71.4) 63.2 (68.6)
19.3 77.2  (48.8) 116 (55.6) 97.7 (51.0)

TABLE XXVII

Glomerular Filtration Rate, expressed per kg. body

weight in 6 Dogs Infused with 2.0g% Phenylalanine

in 3 thirty minute periods compared with Control
Animals receiving Intravenous Saline only.

GLOMERULAR FILTRATION RATE mls/kg/minute

Fxperimental Control  Experimental Control Experimental Control
0-30 minutcs 30-60 minutes 60-90 minutes
2.99 (2.77) 2.48 (2.01) 2.89 (2.22)
2.30 (3.42) 5.61 (7.50) 4.31 (2.60)
3.93 (3.33) 2.65 (3.83) 2.81 (4.18)
1.04 (3.77) 1.69 (3.16) 1.68 (3.04)
4.00 (3.97) 6-01 (4.52) 5.00 (4.15)
2.04 (5.05) 1.88 (3.44) 1.79 (2.91)
MEAN 2.81 3.72 3.39 4.08 3.09 3.19
1 8D 0.91 0.77 1.75 1.87 1.24 0.81
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No significant differences in cardiac output, renal
plasma flow, stroke volume or ventricular work were seen. (Tables XXVIII
to  XXX1 ). However, percentage phenylalanine reabsorption was
markedly increased when 2.0g% phenylalanine was infused initially,
compared to those animals that received saline only. (Table

XX11)
DISCUSSION

The study described in this section set out to examine
the basis of the increase in glomerular filtration rate caused
by the infusion of phenylalanine and/or g-2-thienylalanine.
In the dogs used, it was found that a significant, albeit transient,
rise did occur when amino acid in the form 2.0g% phenylalanine
was added to the infusate after 90 minutes. A similar result
wirs obtained when the combination of 2.0g% phenylalanine plus
0.5s% B -2-thienylalanine was added at the same time. However,
ncither 0.5g% phenylalanine or 8 -2-thienylalanine caused a sig-
nificant rise in glomerular filtration rate but a similar trend

of a brief rise in glomerular filtration rate was observed.

fhesc changes in glomerular filtration rate were
accompanied by rises in renal plasma flow and filtration fraction
not associated with increased cardiac output or ventricular work,
This suggests that the short-lived stimulation of glomerular
filtration rate was probably due to effects upon the renal vas-
culature. Certainly, the findings do not preclude the use of
B-2-thienylalanine on the basis of undesirable cardiovascular

side-effects.



TABLE XXVIITIa

TABLE XXVIITb

MEAN

*1

Sh
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Renal Plasma Flow in mls/min in 6 dogs infused with

2.0e% Phenylalanine compared to those infused receiving

Exp.
0-30

151
214
259
345
735
738

(con)

221
276
330
400
194
213

Exp.
30-60

155
105
287
219
1022
266

(con)

168
444
308
369
208
188

saline: three thirty minute periods used.

Exp.
60-90

113
172
221
256
686
327

No significant differences.

Renal Plasma Flows as a function of Body Weight

(con)

180
180
289
370
165
174

(mls/kg/min) in 6 dogs infused with 2.0g% Phenylalanine

compared to control dogs receiving Saline.
Flow mls/kg/min.

11.9
15.6
13.0

9.2
38.1
30.4

19.7
10.7

(con)
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Y

[y

.

Y O~
N OO ORI

Ll Y (k%2 ]

(con)

— et s DD
NS LN ONOND & O

[
=00 W\ CLWONNOo

Exp.
60-90

8.9
12,6
11.1

6.8
35.5
13.5

14.7
9.6

No significant differences.
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TABLE XXTIXa
Cardiac Output in litres per minute in
6 dogs Infused with 2.0g% Phenylalanine
in 3 thirty minute periods compared with
Control Animals receiving Intravenous
Saline only.
CARDIAC OUTPUT litres/minute
Exp. (con) Exp. (con) Exp. (con)
0-30 30-60 60-90
2.10 5.48 1.79 4.16 1.28 4.63
4.31 3.47 3.53 3.44 2.39 3.28
5.21 3.70 4.62 2.26 2.10 2.89
4.24 4.41 2.83 4.13 2.70 3.20
3.49 3.19 3.74 2.33 3.45 1.69
2.24 5.75 2.75 3.81 2.28 2.78
No significant differences
TABLE XXIXb
Cardiac Output as function of body weight
(mls/kg/min) in 6 dogs infused with 2.0g%
Phenylalanine compared to control dogs
receiving Saline
Exp. (con) Exp. (con) Exp. (con)
0-30 30-60 60-90
151 221 155 168 113 118
214 276 105 444 172 190
159 330 287 308 221 189
345 400 219 369 256 370
735 194 1022 208 686 165
738 213 266 188 327 174
MEAN 188 268 169 206 121 189
1 SD 78 97 65 58 41 38

No Significant Differences



TABLE  XXIXc T

Cardiac Stroke volume of 6 dogs infused with 2.0g% Phenylalanine
compared to 6 control dogs receiving Saline: 3 thirty minute
periods used.

Exp. (con) Exp. (con) Exp. (con)
0-30 30-60 60-90
35 73 36 55 38 66
54 39 50 23 43 31
65 46 51 35 21 48
65 59 47 59 49 67
39 34 39 39 43 31
43 44 55 29 33 40
MEAN 50 49 46 70 38 47
1 SD 12 14 6.7 14 9 16

No significant differences.

TABLE XXX

Left ventricular work of 6 dogs infused with 2.0g%
Phenylalanine comparing 3 thirty minute periods with those
of 6 control dogs infused with Saline only.

Exp. (con) Exp. (con) Exp. (con)
0-30 30-60 60-90
2.97 10.06 2.82 7.64 2.02 8.50
2.81 5.43 2.11 6.08 1.43 5.58
8.22 6.31 7.50 4.61 3.08 5.90
7.15 6.30 4.80 5.62 4.70 5.03
5.30 3.82 4.60 2.79 4.30 1.93
3.17 9.78 3.74 5.96 2.85 4.35
MEAN 4.9 6.95 4.26 5.45 3.06 5.22
1 SD 1.76 2.5 1.73 1.6 1.16 2.1



TABLE XXXI

MEAN
1 SD

Exp.
0-30

0.32
0.41
0.43
0.92
0.57
0.24

0.48
0.22

Right Ventricular work of 6 dogs infused with
2.0g% Phenylalanine comparing 3 thirty minute
periods with those of 6 control dogs infused

(con)

1.27
0.47
0.65
0.30
0.56
0.30

0.70
0.32

with Saline only.

Exp. (con)
30-60

0.27 0.91
0.34 0.61
0.63 0.40
0.65 0.51
0.56 0.38
0.30 0.62
0.46 0.57
0.16 0.19

No significant difference.
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TABLE XXXIX

Percentage reabsorption of phenylalanine from glomerular
filtrates of 6 dogs infused with 2.0g% phenylalanine,
comparing 3 thirty minute periods with those of 6 control
dogs infused with saline only.

PERCENTAGE OF PHENYLALANINE REABSORBED

0-30 minutes 30-60 minutes 60-90 minutes

DOG Control Experimental Control Experimental Control Experimental

1 67.6 98.9 90.5 99.8 78.7 99.3
2 84.8 99.6 91.0 99.9 66.5 99.7
3 94.7 99.7 92.5 99.9 76.2 99.7
4 80.3 99.5 85.9 96.3 No data 99.9
5 89.2 99.8 88.0 99.3 No data 99.4
6 87.9 99.9 91.1 99.5 No data 99.5
MEAN  84.1 99.6 89.8 99.1 73.8 99.6
1 SD  14.3 2.48 9.8 0.98 8.1 0.67

The phenylalanine reabsorption was significantly higher (p <0.001)
when phenylalanine was infused.
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The comparison of dogs infused from the onset with
2.0¢% phenylalanine against those which had no amino acid added
to the infusate showed no significant changes due to high individual
variation, with one exception: phenylalanine reabsorption by
the renal tubule was increased when 2.0g% phenylalanine was infused.
In the author's opinion this result is probably spurious. It
is noted from Tables XIX and XXXII that percentage reabsorption
is always higher when serum phenylalanine was rendered higher
by the addition of phenylalanine. This suggests that at low
levels of phenylalanine in the urine the spectroflurometric method
measured falsely bigh in quantitating phenylalanine. Certainly,
the result is incompatible with all other studies where it was
found that tubular phenylalanine reabsorption remained relatively
consistent for any one animal, no matter what serum level of

phenylalanine was present.

This finding does not invalidate the results where
urinary phenylalanine was measured in previous chapters because,
in those instances, serum and urinary levels of phenylalanine
woere high, In addition, the measurements done in Wisconsin were
by amino acid analyser, a method known to give satisfactory results

both in that laboratory and elsewhere.

The primary purpose of this study was to determine
whether B -2-thienylalanine might cause undesirable cardiovascular
effects, Such undesirable effects were not seen and, thus, this
compound appears safe to use in phenylketonuria from the cardio-

vascular aspect.
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CHAPTER X

INHIBITION OF PHENYLALANINE TRANSPORT IN ISOLATED BRUSH BORDER

VESICLES IN THE RAT PROXTMAL TUBULE BY B—Z—THIENYLALANINE,

CYCLOLEUCINE AND L —-PHENYLALANINOL

The work described in  this Chapter was initially
conducted at the Department of Biochemical Genetics, HMcGill Uni-
versity, Montreal under the auspices of Professor Charles Scriver
and later at the Division of Human Nutrition, Commonwealth Scientific
Industrial Research, Glenthorne, South Australia while the candidate
was employed at Flinders University. (The candidate chose to
work at the Division of Human Nutrition because of the facilities
that were readily available to him there, and because there was
a long-standing cooperative rescarch effort in other areas between
the Department of Paediatrics at Flinders University and the

Division of Human Nutrition, C.S.I.R.0.)

The candidate is grateful for the instruction in
brush border techniques given by Susan Tanenhouse in the Division
ot Biochemical Genetics, Montreal. However, all the experiments
described herein are my own work, except for the enzyme assays
ior which I received technical assistance from Lilliana Lattanzio
as it was impossible to conduct both the brush border experiment

and measure enzymes on freshly prepared samples.

The concept that B-2-thienylalanine can inhibit the
renal tubular rcabsorption of phenylalanine has been challenged.
Previous work(Ch.III,VI,IX), has shown conflicting results with
glomerular filtration rate being increased in some species ’by
g-2-thienylalanine, but not others. Yet, in all, renal excretion

of phenylalanine is increased when B-2-thienylalanine is given
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concurrently with phenylalanine.

Cycloleucine presents a similar picture with it being
an agent that increases phenylalanine concentration in the urine
of man (47,48) yet as shown in Chapter III, it did not decrease
renal  tubular reabsorption of phenylalanine. Unfortunately,
it did not appear to reduce serum phenylalanine levels in phenyl-

ketonuric patients. (Chapter VII)

Parachlorophenylalanine was in no way superior to
these two agents in promoting renal excretion and, as it has
shown itself to produce unacceptable side-cffects in a number
of species ( 40-45 ), it was no longer investigated. However,
Shimomura et al. ( 105 ), have shown that phenylalaninol (Figure 14 )
1s an agent that reduces effective intestinal absorption Gf phenyl-
alanine in the rat, and reduces the absorption of phenylalanine by the
everted gut sac of the Wistar rat. As jejunal transport
and  proximal renal tubular transport of amino acids show many
similar characteristics, phenylalaninol was included rather than

parachlorophenylalanine in these studies.

METHODS

Brush border membrane vesicles were prepared by the
method of Booth and Kenny (53) and phenylalanine transport in
them measured by the technique of Evers, Murer and Kinne (54).
As did Booth and Kenny, we checked that brush border membranes
had been obrained by enzyme analysis, but the techniques used

and enzymes chosen were different.

To mcasure a brush border associated enzyme alkaline
phosphatase was chosen. To measure an intracellular enzyme

succinate-cytoclirome C reductase was determined, and for the
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basolateral (plasma) membrane F1-ATPase was chosen and, on some

occasions, Na-K ATPase as well.

In all cases, the enzyme was measured in the initial
homogenate and on an aliquot of the brush border preparation, which
was actually used for determining the transport of phenylalanine.

Na-K ATPase was measured by doing three determinations
of the amount of NAD generated by the homogenate from Tris ATP.
The first determination (A) was in the absence of sodium, the second
(B)" in the presence of sodium but with the inhibitor ouabain
added and, finally, (C) total activity was measured with sodium
present and ouabain absent. In this manner Na-K ATPase activity

could be measured, as could potassium stimulated Mg ATPase. *

#* The reaction involves the cyclic regeneration of adenosine
triphosphate (ATP) via pyruvate kinase (PK) in the presence of phospho-
enol-pyruvate (PEP). The assay is linked to the oxidation of
NADH via lactic dehydrogenase (LDH). The end result is the
conversion of ATP by ATPase with NADH oxidation (see Figure 15 )

ATPase
Mg2+

Na+ + K+

ATP ADP + Pi + HY

) FIGURE 15
Pyruvate kinase

ADP + PEP  ——3 ATP + PYRUVATE

Lactic dehydrogenase

PYRUVATE ——, LACTATE
NADH (oxidised! NAD"

In solution (C) the total activity is measured (by decreasing
absorbance as the oxidation of NADH to NAD is measured). In
solution (B) ouabain is present and this is a specific inhibitor
of Na-K ATPase and thus any rate obtained is due to Mg2+ ATPase.
In solution (A) there is no sodium and the first step requires
both sodium and potassium. Thus the rate obtained is due to
sodium insensitive ATPase activity. 3¢

Calculation is done by subtracting the rate obtained when ouabain
is in the solution (solution (B) ) from the total rate (solution
(C) ) as a measure of magnesium ATPase activity. This value
is then subtracted from the total rate (solution (C) ) and
a value obtained for the ouabain sensitive ATPase which is
Na-K ATPase. The sodium sensitive rate is calculated in the
same fashion except rate used in solution (A) is measured instead
of that in (B). This also is a measure of Na-K ATPase.

* See footnote next page.
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To 500 ul of each of the soluctions (A), (B) and
(C),+ was added an appropriate quantity of homogennte (usually
20 or 40 ul), the content of the vial mixed and incubated at
380 C for 2 minutes. To this was added 14.3ul of Tris-ATP 60mM

which gives a final concentration of 1.5mM.

The NAD generated was measured at 340nM in a Gilford

spectrophotometer.

Alkaline phosphatase was mecasured by using p-nitrophenvl
phosphate as substrate which is hydrolysed by alkaline phosphatase
to p-nitrophenol and phosphate. While the substrate p-nitrophenyl
phosphate is colourless, p-nitrophenol absorbs light strongly
at 405nM. The absorbance rate is directly proportional to the

amount of alkaline phosphatase in the homogenates.

450ul glycylglycine buffer made as indicated above but
with pH adjusted to 8.0 had 20ul of homogenate added (if this
did not give a sufficient reaction the quantity was doubled),
mixed and incubated at 380 C for 2 minutes. To this was added
10ul  of 2mM p-nitrophenyl phosphate and the absorbance measured
immediately at 405nM using a blue Tungsten lamp in a Gilford

spectrophotometer.

+ Solution (B) (total ATPase) contains (in assay tube) lactic
dehydrogenase 14.3 U/ml, pyruvate kinase 23.3 U/ml, phospheno-
pyruvate 3.14mM, sodium chloride 80mM, ouabain ZmM, nicotinamide
adenosine dinucleotide reduced form (NADH) 0.28mM in a glycylglycine
buffer which gives a final concentration in the assay tube
of glycylglycine 100mM magnesium sulphate 7Ho0 2mM, Hy EDTA
0.2mM, potassium chloride 20mM and sucrose 250mM - this buffer
is adjusted to pH7.6 with IM Tris before being used for solution
(¢). Solution (A) is the same as (C) with the sodium chloride
being omitted and replaced with water. Solution (C) is the
same as (B) with ouabain omitted and replaced with water.
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Succinate cytochrome C reductase was measured following
bursting open the mitochondria with potassium phosphate-potassium
cyanide in the prescence of the mitochondrial enzyme succinate

cytochrome C reductase and succinate. It absorbs at 550nM.

To 450uL of potassium phosphate-potassium cyanide
mixture # the homogenate was added, (initially 1Cpl but adjusted
to obtain a sufficiently measurable response). This combination
was mixed and incubated at 3800 for 2 minutes. Then 10ul of
potassium succinate O0.5M in 50mM potassium phosphate (pH  7.2)
was added followed by 80ul of cytochrome C 80mg/ml in the same
potassium phosphate buffer. The optical density was immediately
measured in the visible light of 550nM in a Gilford spectrophoto-

meter,

F1-ATPase was determined by measuring total conversion
of NADH to NAD and by measuring the quantity that was not inhibited
by oligomycin. (2w added to each assay of d4mg/ml dyomycin in

0.4% ethanol).

To a Fl1-ATPase mix containing 1lactic dehydrogenase,
pyruvate kinase and potassium cyanide (as in succinate cytochrome
C reductase assay) was added sodium ATP as substrate to obtain
a final concentration of 2mM. this was incubated at 38°C for 2
minutes following mixing. The homogenate was added in sufficient

quantity to allow effective measurement; usually 20ul was sufficient.

# Potassium cyanide mixture is identical to solution (C) of the
Na-ATPase e¢stimation with the addition of 60ul of potassium
cyanide (3.2mg/ml) to each 12 mls of it.
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The optic density was measured at 340nM using a UV filter and

Tungsten Blue lamp in a Gilford spectrophotometer.

Assuming the oligomycin completely inhibited F1-ATPase

the uantity of this enzyme could be determined.

The enzyme activities were converted to specific
activitié§ by expressing them as pmole of product formed per
hour per mg. of protein. Protein determinations were made on
aliquots of the original homogenate and the brush border preparation.
In this way, the purification of the various cellular fractions
could be determined. For example, in the experiment illustrated
in Figure 3, the specific activity of alkaline phosphatase
increased from 19.96 in crude homogenate of 96.50, a relative
enrichment of 11.6, suggesting that the brush border component
had been increased by at least this amount, the succinate cytochrome
C reductase specific activity fell from 6.36 in the crude homogenate
to 0.41, suggesting that nearly all mitochondria had been removed,
while the Fl1- ATPase altered little - 8.19 in homogenate and 9.57
in  brush border preparation - this enzyme 1s associated with
the baso-lateral membrane which presumably was 1little altered

by the purification step.

The Na-K ATPasc was not measured in this particular

experiment but in others it paralleled changes in F1-ATPase.

The mean changes in these enzymes throughout all
these experiments expressed on enrichment factor (enzyme activity

in  brush border preparation/enzyme activity in crude homogenate

are shown in Table XXXIII.

The above studies strongly suggested that our prepar-

ations of renal tubular cells were purified usually five fold
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Enrichment of Enzymes Associated with Subcellular Functions during
Purification of Brush Borders from Rat Kidney

Enzyme Specific Activity

Alkaline Phos- FlATPase Succinate Na/K
phatase Cytochrome AtPase
C Reductase
Crude Homogenate 14.2 (2.98-31.0)[17.3(11.4- |15.8(4.04- | 18.7(2.11-
37.1) 48.0) -33.1)
Brush Border
Preparation 42.4 (19.3-75.2)(14.4(3.54- [0.556(0.05-| 26.8(3.87
45.9) 1.21) -72.3)
Ratio of Brush
Border Preparation:
Crude Homogenate 5.2 (1.17-10.3)(0.922(0.43 [0.049 (.003| 1.41(0.21.
-1.9) -.145) -2.18)

Table XXXII:
of protein.

In every

crude homogenate

Figures

rats
by the brush border.

was greater

expressed are wunits
Figures in brackets
Alkaline Phosphatase and F, ATPase
for Succinate Cytochrome C Reductase 7,

(
8

than 1,

showed inconsistent purification/removal.

are

of enzyme activity/mg
) represent the range.
experiments

For

. represented,
and for Na/K ATPase 3.
case the ratio of Alkaline phosphatase brush border to
indicating enrichment
Succinate Cytochrome C Reductase was always

markedly reduced, indicating clearance of mitochondria. FlATPase
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in respect of brush border membranes and, therefore, any effect
of the analogues detected would be a reflection of their action
at the brush border of the renal tubule. It was therefore decided
to proceed with an investigation of the effect of B-2-thienylalanine,

cycloleucine and phenylalaninol on phenylalanine transport.

Brush Border Transport Studies

Initially a number of incubation times, phenylalanine
and B -2-thienylalanine concentrations were used, and the results
are shown in Table XXXIV. For all cycloleucine and phenylalaninol
studies, the concentration of phenylalanine doses was 1mM which
was not only the concentration at which Evers, Murer and Kinne
did their studies (54) but corresponds to a level below which
many clinicians feel phenylalanine levels should be kept to protect

children with phenylketonuria from brain damage.

Two concentrations of these .inhibitors were finally
investigated, equimolar, e.g. 1mM, and half that amount O.5mM.
The total volume of incubation solution was kept constant by
reducing the volume of the buffer by the same amount as the amount
of inhibitor added. Four control experiments with no inhibitors
were conducted and the uptake of phenylalanine and glucose in
the presence of sodium, or in its absence (replaced by potassium)
are shown in Figure 3. Clearly,.the transport of both phenyl-
alanine and glucose are sodium dependent. The final active transport
of phenylalanine was calculated by subtracting the amount of
phenylalanine transported in its presence at 30 seconds. A similar
Na-K phenylalanine transported at O seconds was measured and

this was subtracted from the 30 second value to allow for non-
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TABLE XXXIV

effect of g-2-thienylalanine on Phenylalanine Uptake by the Isolated Brush Border
of the Renal Proximal Tubule of the Rat.

Experiment Incubation Control Experimental Concentration Concentration
Number time in Phenylalanine Phenylalanine & of of
seconds only B-2-thienylalanine Phenylalanine B-2-thienylalanine

1 15 158(£71)" 119(+97) 0.025mM 0.1mM
120 321(+124) 207(+108) " N
90 x 60 132(+27) 123(247) i "

2 15 170(£118) 80(£37) 0.05mM 0.1mM
30 285(+132) 226(£29) " 2
60 1002(+112) 860(*88) i "
90 300(£79) 294(%78) " :
120 164(+118) 91(49) " i
3 15 402(+289) 254(%132) " "
15 + EDTA 288(+78) 230(*62) " i

4 15 2643(+719) 1676(*253) 0. 5mM 0.1mM
15 + EDTA 2185(+991) 1744(*492) " =

5 30 19746(£3702) 15960(+3934) 1.0mM 0. 5mM

6 30 24537(+6642) 22480(*3868) 1.0mM 1.0mM

Transport of phenylalanine into brush border vesicles is expressed as picamoles of phenylalanine/g

of protein in brush border solution in the time shown.

preparing brush borders becau
g-2-thienylalanine but it did not increase inhibition in this system.
), student T test did not show a decrease

However, Sign test is strongly significant p <.001

caused by

individual variation reflected in high standard deviation (
in phenylalanine uptake by B -2-thienylalanine.
as each time B-2-thienylalanine reduces uptake in each case, albeit only slightly.

EDTA was added to remove magnesium used in
se it has been reported to counteract the inhibition of bacterial growth

Because of wide

‘Y11
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specific binding of phenylalanine to the vesicles. This transport
was then expressed in picamoles of phenylalanine transported per
mg. of protein (as measured by the Lowry method (55) in the brush
border solution). Glucose transport was determined in the same
way . The action of the three analogues are illustrated in Figs.
16, 17 & 18. Tables XXXVa, b, and c sho the effect of each concen-
tration of analogue compared to control values in their absence

on the same day, and on the same brush border preparation.
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FIGURE 16 The effect of B-2-Thienylalanine on Phenylalanine
and Glucose uptake bv the Isolated Brush Border

Vesicles from the Rat Proximal Kidney Tubule
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PIGURE 16: Active transport at 30 seconds calculated as

outlined in Figure 17 and described in Chapter 2 shows that
B-2-Thienylalanine mildly reduces uptake of Phenylalanine

but has no effect on the active transport of glucose.
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FIGURE 17 The Effect of Cycloleucine on Phenylalanine and
Glucose uptake by the Isolated Brush Border

Vesicles from the Rat Proximal Kidney Tubule
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FIGURE 17: The active transport of Phenylalanine with or
without Cycloleucine is calculated by subtracting the uptake
at 30 seconds in K CI. from the uptake in NA CL. The zero
second value (which represents non-specific binding) is

subtracted from the 30 second value. Active glucose
transport is calculated in the same way. Cycloleucine reduces

Phenylalanine uptake while having littlie effect on glucose

PR
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FIGURE 18 The Effect of Phenylalaninol on Phenylalanine and
Glucose uptake by the Isolated Brush Border

Vesicles from the Rat Proximal Kidney Tubule
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FIGURE 18: The active transport of Phenylalanine (calculated

as outlined in Figure 17 and described in Chapter 2 ) appears
to be unaffected or stimulated by Phenylalaninol. Glucose

transport is unaffected by Phenylalaninol.



TABLE XXXVa

Percentage Change of phenylalanine and glucose transport by B-2-thienylalanine

Experiment Time in Phenylalanine Glucose Transport { Concentration | Concentration
seconds Transport Change Change of of
Phenylalanine |B-2-thienylalanine
1 15 -24.7% -5.7% 0.025mM 0.1mM
120 -35.5% +9.6% " "
90 x 60 -6.8% +18.8% " "
2 15 -52.9% -2.4% 0.05nM 0.1mM
30 -20.7% +7.8% " "
60 ~-21.1% -2.9% " .
90 -2.0% +9.6% n "
120 -44.5% -0.7% " L
3 15 -36.1% +7.3% 0.05nM 0.1mM
15 + EDTA -20.1% +17.9% 4 .
4 15 -36.6% +9.2% 0.5mM 0.1nM
15 + EDTA -20.2% -1.7% " it
5 30 -19.2% -30.5% 1.0mM 0. 5mM
6 30 -8.4% +5.4% 1.0mM 1.0nM

Transport of phenylalanine and glucose into brush border vesicles expressed as percentage change

when B8-2-thienylalanine is added to incubation mixture as shown.

Phenylalanine data is the same

as in Table XXXIV but results have been expressed as percentages and the reduction of phenylalanine

is significant p <.001 by Sign test.

of B-2-thienylalanine.

Glucose transport does not alter significantly in the presence

611
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TABLE XXXVb

Effect of 0.5mM or 1.0mM (B -2-thienylalanine), cycloleucine
and phenylalaninol on phenylalanine transport into isolated
rat proximal tubular brush border vesicles.

Ratio of PHENYLALANINE TRANSPORT (PICAMOL/GRAM PROTEIN)
inhibitor to CYCLOLEUCINE PHENYLALANINOL  |B-2-THIENYLALANINE
phenylalanine
Absent Present Absent |Present Absent Present
0.5 9,070 3,820 18,700 |27, 500 19,700 16,000
(.0 7,530 2,594 30,600 |42,500 30,600 28,000
TABLE XXXVc

Effect of 0.5mM or 1.0nM cycloleucine, phenylalaninol and

B-2-thicnylalanine on phenylalanine and glucose transport

into isolated rat proximal tubular brush border vesicles
expressed as percentage change

Ratio of % Change in Phenylalanine % Change in glucose
inhibitor to transport transport
vhenylalanine

Cyclo- | Phenyl- B-2-thienyl- | Cyclo- Phenyl—IB-Z—thienyl

leucine | alaninol| alanine leucine |alaninollalanine
0.5 -57.9% | +47.1% | -19.2% -7.8% |+6.2% |-30.5%

1.0 -54.4% | +38.9% |-8.4% +4.1%  |-17% +5.4%
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DISCUSSION

These results show that B-2-thienylalanine is an
inhibitor of phenylalanine transport, but that the inhibition
of uptake into the rat renal brush border isolated vesicle is
only of minor degree. This inhibition is achieved without any
consistent effect on glucose transport. Cycloleucine also appears
to be a potent inhibitor of phenylalanine uptake by the isolated
brush border vesicles in the rat renal proximal tubule but, sur-
prisingly, phenylalaninol, if anything, appeared to promote the
uptake of phenylalanine. This last result is surprising in view
of the fact that Shimomura et al. (105) had shown that phenylalaninol
inhibited intestinal uptake of phenylalanine both in the everted
gut sac and in the whole rat. Generally, amino acid transport
in the small intestine and the renal rat proximal tubule is very
similar in mammalian species. However, there are differences
as has been described by Rosenberg et al. (106 ) in the heterozygous

state of cystinuria.

Cycloleucine appeared to be the most potent inhibitor
of uptake of phenylalanine and this, of course, fits with the
work of Brown et al. (48 ) and Goyer et al. ( 47 ) in showing
an amino acid caused by this agent in both man and rats. In
Chapter VII the candidate was wunable to obtain any significant
reduction in phenylalanine levels in phenylketonuric patients
given a supplement of cycloleucine 20mg/kg. per day. In the
preceding Chapters the candidate has outlined the fact that although
B-2-thienylalanine consistently increased the phenylalanine excretion
by various mammalian species, this appeared to be, in some cases,
due to inhibition of phenylalanine reabsorption by the proximal

tubule and in others, by increased glomerular filtration rate,
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or a combination of these two factors. The promotion of excretion
in the Rhesus monkey is outlined in Chapter Ill and is quite sig-
nificant: an increase of phenylalanine excretion of at least
two-fold. There was a small but significant increase of phenyl-
alanine excretion in three phenylketonuric female patients given
B-2-thienylalanine (Chapter VII). Because studies in human phenyl-
ketonuric patients have produced a 47% reduction of phenylalanine
absorption when a B-2-thienylalanine load was given along with
phenylalanine, and because of the tfinding in this Chapter of
no inhibition of phenylalanine transport by phenylalaninol, it
was decided to look at these three agents - cycloleucine, phenyl-
alanine and B-2-thienylalanine in a model of intestinal transport,

and this work is outlined in Chapter XI.
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CHAPTER XI

THE EFFECT OF B -2-THIENYLALANINE, CYCLOLEUCINE AND
PHENYLALANINOL ON PHENYLALANINE TRANSPORT IN THE
EVERTED GUT SAC FROM THE RAT.

In Chapter VI it was shown that B-2-thienylalanine
reduced the absorption of phenylalanine by phenylketonuric patients
to a significant degree. It has also been shown in three female
phenylketonuric patients (Chapter VI ) that B-2-thienylalanine
increased the excretion of phenylalanine in the urine, but this
effect was minor. Thus, it seems that the major effect of
B-2-thienylalanine is at the gut level, and these studies were
undertaken to see if B-2-thienylalanine inhibited intestinal
transport of phenylalanine in an isolated gut system, and also
to compare this inhibition with that of cycloleucine and phenyl-

alaninol.

It was also decided to demonstrate whether the in-
hibition was competitive or non-competitive by the use of Michaelis-
Menton kinetics. To use this kinetic model the rate of uptake,
V, must vary with the phenylalanine concentration in the manner
as shown in Figure 19. That phenylalanine uptake obeys Michaelis-
Menton kinetics has been established by Shimomura et al. (105)
Evers et al. ( 54 ) and Wapnir and Moak (107 ). The Michaelis-

Menton equation describing the kinetics of this transport is -

V = Vmax (PHE)
(PHE )+KM

where Vmax is the maximum rate of phenylalanine uptake and KM
the Michaelis constant and V is equal to the phenylalanine concen-
tration at which the uptake rate is half the maximum value (see
Figure 20 ). Measurement of the rates of uptake at different
concentrations of phenylalanine and the analogue will distinguish

between competitive and non-competitive inhibition. In competitive
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FIGURE 20 : THEORETICAL PLOT OF VELOCITY OF PHENYLALANINE UPTAKE

BY EVERTED GUT SAC IF SUCH UPTAKE FOLLOWS MICHAELIS-
MENTON KINETICS.

Vmax —————————————————— Vmax

FIGURE 20:  IF UPTAKE OF PHENYLALANINE BY THE EVERTED GUT SAC
FOLLOWS MICHAELIS-MENTON KINETICS, VELOCITY OF UPTAKE AS A FUNCTION
OF PHENYLALANINE CONCENTRATION WILL DESCRIBE A CURVE OF THE SHAPE
ILLUSTRATED, KM (MICHAELIS CONSTANT) IS THE CONCENTRATION OF

PHENYLALANINE AT WHICH THE VELOCITY OF UPTAKE IS HALF MAXIMAL
(VYmMax) .
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inhibition, the intercept of the double reciprocal plot of the
uptake curve, as shown in Figure 21, is the same in the presence
and absence of inhibitors, although the slope is different.
This reflects the fact that Vmax is not altered by a.competitive
inhibitor. The hallmark of competitive inhibition is that the
inhibition can be overcome by sufficiently high concentration
of the substance inhibited. In non-competitive inhibition Vmax
is decreased since the inhibition cannot be overcome by increasing

the substrate and this is illustrated in Figure 22.

The double reciprocal plot of phenylalanine wuptake
can be used to determine Vmax as shown in Figure 23. This plot
also yields an apparent KM value of phenylalanine uptake in the
presence of inhibitor. The true KM value and also the inhibitor
constant, (Ki), can be determined by drawing the secondary plot
the slope of the double reciprocal lines shown in Figure 24.
The decision to obtain kinetic data on the small intestinal absorp-
tion . of phenylalanine suitable to apply to the Michaelis - Menton
model influenced the choice of intestinal transport model used.
The whole animal is not much use because the number of potential
fates of a given dose of phenylalanine, and Michaelis-Menton

kinetics can only be applied to the transport phenylalanine across

one surface at a time.

Data obtained from a cellular homogenate as in the
renal studies in the previous Chapter will be of use in terms
of a potential treatment for phenylketonuria only if it could
be established that such data also held for more physiological
systems. The everted gut sac appears to occupy an intermediate
position between an isolated system and the whole animal, having
the advantage of being more physiological than the isolated brush
border and yet measuring transport across only one surface and

therefore allowing the application of Michaelis-Menton kinetics.

The rat was chosen as the experimental animal because
Munck ( 108 ) states that at the intestinal absorption 1level
there is little species difference in amino acid uptake. Such

amino acid uptake has been measured in the small intestines



FIGURES 21 & 22 : THEORETICAL DOUBLE RECIPROCAL PLOTS OF PHENYLALANINE
UPTAKE WITH COMPETITIVE (21) INHIBITORS AND NON-
COMPETITIVE (22) INHIBITORS OF PHENYLALANINE 126.
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FIGURE 21: 