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Extract

Mouse brain was demonstrated to concentrate DL-homoserine and L-cysteine from
plasma. Simultaneous injection of 7.5 /xmoles DL-homoserine and L-cysteine intra-
peritoneally to mice resulted in a marked increase of brain cystathionine at the end
of 5 hr. The concentration of cystathionine in the experimental group (0.143 ± 0.022
/imole/g) was more than 6 times that of the control group (0.023 d= 0.011 /oriole/g).
By using unlabeled DL-homoserine and DL-cysteine-36S lor injection, cystathionine
in brain was found to be labeled, with a specific activity (67,800 dpm/^mole) ap-
proximately half that in the radioactive cysteine (115,000 dpm/^mole). These ob-
servations suggest that approximately half the cystathionine in brain has been derived
from cysteine and, presumably, homoserine. The remaining half is presumed to
have been derived from methionine.

Chronic feeding of diets containing 5%, 2%, and 1% DL-homoserine and L-cys-
teine, 5% and 2% DL-homoserine, and 5%, 2%, and 1% L-cysteine to weanling mice
resulted in a significant increase in cystathionine in brain compared with controls
(0.148 ± 0.016, 0.049 ± 0.002, 0.044 ± 0.002, 0.040 ± 0.001, 0.043 ± 0.003,
0.069 ± 0.003, 0.036 db 0.002, 0.034 ± 0.002, and 0.027 ± 0.003 /miole/g, re-
spectively) .

After 34 weeks of dietary experiments, the animals fed with diets containing 5%,
2%, and 1% of both DL-homoserine and L-cysteine, 5% DL-homoserine, and 5% and
2% L-cysteine had significantly lower body weight than that of the controls (22.02 db
0.290, 26.00 ± 0.460, 26.40 ± 0.462, 25.50 db 0.504, 23.10 ± 0.388, 25.82 ± 0.512,
and 28.53 ± 0.786 g, respectively). The lower weight gained in the experimental
animals was correlated with less food intake.

Autopsy on all the experimental animals and light microscopy of their brains,
lungs, hearts, livers, spleens, suprarenals, kidneys, and intestines showed no pa-
thology. However, electron microscopy of the livers of animals fed with diets contain-
ing 5% cysteine showed subcellular changes compatible with poor nutrition, pos-
sibly related to inadequate food intake.

Animals on all the experimental diets remained fertile; they conceived and pro-
duced normal litters.

Speculation

The observations reported in this paper demonstrated that cystathionine in brain
was increased when mice were given cysteine and homoserine either by intraperi-
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toneal loading or by chronic feeding. It is very probable that tissue cystathionine
(particularly that of the brain) may be increased in patients with homocystinuria
when adequate amounts of cysteine (or cystine) and homoserine are supplied in the
diet. Excessive cysteine may produce unpalatability of the diet. However, this may be
corrected by reducing the quantity of cysteine added, flavoring the diet, or by re-
placing the cysteine with cystine or calcium cystinate. Supplementation of cysteine
(or cystine) and homoserine may be the only way to correct cystathionine deficiency
in patients with pyridoxine-resistant homocystinuria.

Our observations provide the biochemical basis for investigating the possible
therapeutic value of supplementing the diet of homoeystinurie patients with cysteine
(or cystine) and homoserine.

Introduction

Classical homocystinuria was discovered by Field et al.
[12], in Northern Ireland and by Gerritsen et al. [14]
in the United States. Mudd and his associates [23]
demonstrated that the biochemical defect in these pa-
tients was due to the deficiency of cystathionine syn-
thase (EC. 4.2.1.21) (Fig. 1). As a result of this meta-
bolic block, little or no cystathionine is synthesized from
homocysteine and serine in the liver and the brain; the
endogenous formation of cysteine is impaired. Tallan
et al. [29] found higher concentrations of cystathionine
in human and monkey brains than in those of other
animals. However, little or no cystathionine was found
in the brains of untreated homoeystinurie patients at
necropsy [4]. These observations gave rise to the specu-
lation that cystathionine may be important in the
function of normal human brains and that its defi-
ciency may be a causal factor in the mental defect in
the patients with classical homocystinuria.

Matsuo and Greenberg [21] crystalized the enzyme
cystathionase (EC. 4.2.1.15) from rat liver that
cleaved cystathionine into cysteine and, presumably,
homoserine as the initial products. However, homoser-
ine was not released into the incubation medium but
was considered to be enzyme-bound. Removal of water
from homoserine produced vinylglycine, which was fin-
ally hydrolyzed by the same enzyme protein into am-
monia and ct-oxobutyrate. This purified enzyme was
able to catalyze the formation of cystathionine from
homoserine and cysteine [9, 21]. Cystathionase activity
(cleavage of cystathionine) was demonstrated in the
brain of a homoeystinurie patient by Laster et al. [19].
These observations suggest that normal subjects and
homoeystinurie patients may also be able to synthesize
cystathionine from homoserine and cysteine. In 1968,
Wong et al. [32] demonstrated that liver homogenates
from normal humans and from patients with homocys-

tinuria were able to synthesize cystathionine from ho-
moserine and labeled cysteine. Oral loading o£ homo-
serine and cystine (or cysteine) in two patients with
homocystinuria resulted in increased excretion of cys-
tathionine in their urine. However, it has not been
demonstrated whether the cystathioninuria following
loading with homoserine and cysteine was associated
with increased cystathionine in the tissues, particularly
in the brain. The long term effect of homoserine and
cysteine administration is unknown.

This paper reports the results of studies on tissue
concentration of cystathionine in mice treated with
homoserine and cysteine, and observations on the ef-
fect of prolonged administration of these ammo acids
in mice.

Materials and Methods

Chemicals
After treatment of the L-cysteine [33] with iV-ethyl-

maleimide (NEM) [10] or with iodoacetate [5], ion-ex-
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change chromatography showed that the purity of cys-
teine was more than 99%. Less than 1% was in the
form of cystine. No ninhydrin peak was found in the
region of the chromatograms where cystathionine was
expected in the untreated, NEM-treated or iodoace-
tate-treated cysteine.

Ion-exchange chromatography of the DL-homoserine
[34] showed no additional ninhydrin-positive peaks,
including the region of the chromatogram where cysta-
thionine was expected.

DL-Cystathionine (a mixture of 4 isomers of cysta-
thionine and allocystathionine) [33] was eluted on
ion-exchange chromatography as a single peak in front
of methionine, and was used as standard for the calcu-
lation of tissue cystathionine.

The purity of the DL-cysteine-3SS [35] was the same as
previously stated [32], and it did not contain any nin-
hydrin-positive peaks nor radioactive peaks in the re-
gion of cystathionine on ion-exchange chromatogra-
phy.

Ion-exchange Chromatography

Ion-exchange chromatography of amino acids was
carried out by a modification of the method of Spack-
man et al. [27], using a Technicon amino acid analyzer
[36]. Thiodiglycol was used as the antioxidant; norleu-
cine and <x-amino-butyric acid were used as internal
standards. The identity of the individual amino acid
was verified by adding an authentic marker to the
samples. Duplicate runs gave reproducibility within
5% in quantities above 0.01 //.mole.

Collection of fractions was carried out by a Jeolco
automatic amino acid analyzer [37] and Fracto-Mette
(model 200). Identity of the individual fraction in rela-
tion to the ninhydrin peaks was confirmed by using an
event marker.

Determination of Radioactivity

Radioactive fractions of the effluent from the Jeolco
amino acid analyzer were counted by using an auto-
matic liquid scintillation counter [38]. The fractions
(0.75 ml) were added to 15 ml Bray's solution [3] with-
out desalting. The counting efficiency of this method
was 79%. Correction for radioactive decay was carried
out. The radioactivity of the DL-cysteine-35S was deter-
mined by diluting a known amount with buffer and
counting in the same manner as the fractions. The
specific activity of the radioactive amino acids was cal-
culated in the same way as reported previously [32].

Localization of radioactivity on paper chromato-
grams was carried out as previously described [32].

Animals
For the experiments of intraperitoneal loading of

cysteine or homoserine, Swiss white mice were used
[39]. Weanling mice [40] were used for the dietary and
breeding experiments.

Diets

The amino acid content of the control diet [41] was
determined by both acid (6 N HC1) and alkaline
(Ba(OH)2) [20] hydrolysis for 0, 24, 48, 55, 72, and 120
hr, according to the scheme suggested by Tristram [30].
The samples to be hydrolyzed were sealed in vacuum
hydrolysis tubes with nitrogen and heated with a preci-
sion oven at 110° (temperature variation was less than
±1°). Correction for losses caused by hydrolysis and
degradation of amino acids was made by extrapolating
to zero time.

Experimental diets [42] were made by adding vary-
ing amounts of cysteine, homoserine, or both, to the
control diet.

Light Microscopy

At autopsy, representative blocks of tissue from the
various organs were fixed immediately in 10% buff-
ered formalin. They were embedded and stained by
the usual histologic techniques for light microscopy.
Serial sections of the brain were stained with Kliiver-
Barrera stain.

Electron Microscopy

Representative blocks of tissue from the various or-
gans were fixed in glutaraldehyde and postfixed in
osmium tetroxide. After dehydration, the tissues were
embedded in Epon 812; ultrathin sections were cut for
electron microscopy.

Experiments and Results

Intraperitoneal Loading Experiments

Young adult Swiss white mice were used for these
experiments. 7.5 ^moles DL-homoserine/g body weight
in normal saline were injected intraperitoneally. The
animals were anesthetized with ether 0, 0.5, 1, 2, 3, 4,
and 5 hr after injection, and the abdomen, thorax, and
skull were opened.

Blood was obtained by cardiac puncture, using eth-
ylenediaminetetraacetic acid (EDTA) as the anticoagu-
lant. Five-tenths milliliter blood was immediately
mixed with 0.5 ml NEM (containing 100 yu,moles/ml
NEM in 0.1 M phosphate buffer, pH 7.4); norleucine
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Fig. 2. Homoserine in plasma and brain of mice after intra-
peritoneal injection of homoserine. No homoserine is detected in
the plasma or brain at 0 time.

was added as internal standard and the mixture was
centrifuged. The supernatant fluid was deproteinized
with 20% sulfosalycilic acid (3:1, v/v) within 10 min.
Preliminary experiments demonstrated that the reac-
tion of NEM with cysteine was complete within 1 min
and that no significant loss of cystathionine or homo-
serine occurred within 15 min. After precipitation and
centrifugation, the clear supernatant fluid was frozen
at —35° until it was used for ion-exchange chromatog-
raphy.

Liver and brain tissue (300-400 mg wet weight) were
obtained, rinsed in cold normal saline, dried with fil-
ter paper, and weighed. The tissue was homogenized
with a glass homogenizer containing 5 volumes (w/v)
NEM solution (50 /xmoles/ml NEM in 0.1 M phosphate
buffer, pH 7.4, and 0.125 mg EDTA). Norleucine was
added as the internal standard. After 3 min, the ho-
mogenate was precipitated with 20% sulfosalicylic acid
(3:1, v/v) and centrifuged. The clear supernatant fluid
was frozen at —35° until it was used for ion-exchange
chromatography.

Similarly, groups of mice were injected with 7.5
^moles L-cysteine in normal saline/g of body weight or
7.5 ^moles each of L-cysteine and DL-homoserine/g of
body weight. The animals were sacrificed at 0, 0.5, 1, 2,
3, 4, and 5 hr after injection and were processed as
described above for quantitation of amino acid.

Figure 2 shows the concentration of homoserine in
the plasma and the brain after injection of homoser-
ine. Each point represents the average of two animals.
From the peak value 0.5 hr after injection, there was a
rapid decrease of plasma homoserine for 2 hr and a
slow decrease from 2 to 4 hr. There was a steady in-
crease of brain homoserine, which reached the peak at

3 hr. From 3 to 5 hr, the concentration of homoserine
in the brain was similar to that in the plasma.

Figure 3 shows the concentration of cysteine in the
plasma and the brain after injection of cysteine. Each
point represents the average of two animals. From a
peak value 0.5 hr after injection, there was a rapid
decrease in plasma cysteine within 2 hr. There was
only a minute quantity of cysteine in the plasma after
2 hr. The increase of brain cysteine was rapid; the
concentration of cysteine in the brain was higher than
that in the plasma from 2 to 5 hr.

Figure 4 shows the concentration of homoserine in
the plasma, the liver, and the brain after injection of
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Fig. 5. Cysteine in plasma and brain of mice after intraperito-
neal injection of cysteine. No measurable cysteine is detected in
the plasma or brain at 0 time.
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Fig. 4. Homoserine in plasma, brain, and liver of mice after
intraperitoneal injection of both homoserine and cysteine. No
homoserine is detected in the plasma, brain, or liver at 0 time.
The concentrations of homoserine in the liver are 12.90 and
10.62 ̂ moles/g at 1 and 2 hr, respectively.
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both homoserine and cysteine. Each point represents
the average of two animals. As expected, the liver con-
tained more homoserine than either the plasma or the
brain, owing to the route of administration. The con-
centrations of homoserine in the plasma and in the
brain after injection of both amino acids were very
similar to those after injection of homoserine alone.

Figure 5 shows the concentration of cysteine in the
plasma, the liver, and the brain after injection of both
homoserine and cysteine. Each point represents the
average of two animals. The concentration of cysteine
in the brain was higher than that in the plasma and in
the liver from 2 to 5 hr, and was very similar to that
after the injection of cysteine alone.

Figure 6 shows the concentration of cystathionine in
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Fig. 5. Cysteine in plasma, brain, and liver of mice after intra-
peritoneal injection of both homoserine and cysteine. No meas-
urable cysteine is detected in the plasma, brain, or liver at 0
time.
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Fig. 6. Cystathionine in plasma, brain, and liver of mice after
intraperitoneal injection of both homoserine and cysteine. No
measurable cystathionine is detected in the plasma at 0 time.
Liver cystathionine concentrations are 6.32 and 3.94 ^moles/g at
1 and 2 hr, respectively.
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No. of
animals Mean ± SD

Saline 6
Homoserine 6
Cysteine 6
Cysteine and homoserine 6

0.023 ± 0.011
0.042 ± 0.013
0.069 ± 0.017
0.143 ± 0.022

<0.02
<0.01
<0.01

the plasma, the liver, and the brain after injection of
both homoserine and cysteine. Each point represents
the average of two animals. From 2.5 to 5 hr, the
concentration of cystathionine in the brain was higher
than that in the plasma, suggesting that the brain was
able to concentrate cystathionine from the plasma or
that it had synthesized a significant amount of cysta-
thionine in situ.

Table I shows the concentration in micromoles per
gram wet weight in brain 5 hr after intraperitoneal
injection of normal saline (controls), homoserine, cys-
teine, or both homoserine and cysteine. Injection of
homoserine or cysteine alone resulted in a significant
increase of brain cystathionine; however, after the
injection of both amino acids, the cystathionine in
brain was more than 6 times that in the controls.

Two animals were injected with 7.5 ^moles/g of
body weight DL-cysteine-35S with specific activity of
115,000 dpm/jumole. Another two animals were in-
jected with 7.5 /imoles/g of body weight DL-homoserine
and DL-cysteine-35S. Five hours after injection, the ani-
mals were killed and processed as usual. The cysta-
thionine obtained from the brains of all four animals
was found to be radioactive. The specific activity of
the cystathionine obtained from the brains of the ani-
mals with L-cysteine-35S injection alone was 65,000
dpm/jumole; that obtained from the brains of the ani-
mals injected with both DL-homoserine and L-cysteine-
35S was 67,800 dpm/jumole. These observations indicate
that approximately 50% of the cystathionine had been
derived from cysteine and, presumably, homoserine.
The identity of the cystathionine was further deter-
mined by one-dimensional descending paper chroma-
tography with two different solvent systems and radio-
activity scanning as described previously [32]. In all
cases, the radioactive cystathionine had the same RF

values as did the authentic marker.

Dietary Experiments

Ten groups of weanling female mice (C57 BL/6J)
were fed with the experimental diets listed in Table
II. Each group consisted of 25 animals (except A and
B), evenly divided into 5 cages. All the cages were
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checked every day in the first 3 weeks and subse-
quently less frequently for abnormal appearance, be-
havior, or death of the animals. Initially, the animals
were weighed twice weekly and then weekly. The
weight of food consumed per cage of animals per week
was also determined. The amino acid content of Pur-
ina rat chow was determined with ion-exchange chro-
matography after acid or alkaline hydrolysis. The con-
centration of the individual amino acid per gram of
chow is shown in Table III. The amount of cysteine
(or cystine) or homoserine added to the experimental
diets was verified by ion-exchange chromatography of
the aqueous extracts of the ground pellets. The aver-
age moisture content of the diets was 4.8%.

There was no significant difference in the initial
mean body weight among the different groups of ani-
mals (mean: 18.55 g). Each group was fed the corre-
sponding diet ad libitum. Group A, on the control
diet (100% Purina rat chow), had steady weight gain.
Groups B and H, both fed on diets containing 5%
added cysteine (or cystine), had initial weight loss and
slower weight gain subsequently. For 2-3 weeks, both
groups of animals showed "arching of the back" and
their extremities appeared to be stiff on walking. Sub-
sequently, they behaved in the same manner as did the
other groups. All other groups had steady weight gain
similar to that of the control group.

At the end of 24 weeks of experimental period, com-
plete autopsies were performed on five animals in each
group, and tissues were obtained from the brain,
lungs, heart, liver, spleen, suprarenals, kidneys, and
intestine for light microscopy and electron microscopy.
Plasma and half of the brains were obtained for the
determination of amino acids by ion-exchange chroma-
tography. The concentrations of cystathionine in the
plasma and in the brains of each group of animals at
24 weeks of the experimental period were similar to
those found in the corresponding groups of animals at
46 weeks of the experimental period. The results of
the latter are, therefore, presented (Table VI).

There were only trace amounts of cysteine or cystine
in the brain in all groups. No significant cysteine was
found in the plasma. The mean cystine content (micro-
moles per milliliter) of plasma from groups A—J was
0.040, 0.040, 0.050, 0.067, 0.044, 0.032, 0.044, 0.044,
0.030, and 0.050, respectively.

The mean concentrations of homoserine (micro-
grams per gram) in the brains of groups B, C, D, E, F
and G were 1.252, 0.704, 0.260, 0.996, 0.298, and 0.304,
respectively.

No gross abnormality was found in any group at
autopsy. Light microscopy of tissues from the individ-

Table II. Experimental diets

Diet Purina chow, % Homoserine, % Cysteine, %

A
B
C
D
E
F
G
H
I
J

100
90
96
98
95
98
99
95
98
99

0
5
2
1
5
2
1
0
0
0

0
5
2
1
0
0
0
5
2
1

Table III. Amino acid content of diet A

jumoles/g mg/g

Aspartic acid
Threonine
Serine
Glutamic acid1

Proline
Glycine
Alanine
Valine
Gystine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Tryptophan
Lysine
Histidine
Arginine

Moisture content
Nitrogen content

194.0
75.0

102.1
293.2
140.5
202.3
166.8
122.2
10.0
29.2
86.4

200.0
52.7
75.5
16.4

137.5
47.0

102.4

32.8
8.9

10.7
43.1
16.1
15.2
14.9
14.3
2.4
4.3

11.2
26.2

9.6
12.4
3.3

38.1
7.3

17.7

4.8%
3.8%

1 Asparagine overlaps with glutamic acid on column chromatog-
raphy.

ual organs showed no histologic abnormality. Serial
sections of the brain in the region of the hypothalamus
showed normal structure and normal cellular appear-
ance.

With the exception of the liver in groups B and H,
electron microscopy of all the organs was normal. The
liver of groups B and H showed moderate to marked
decrease in cellular glycogen. There was hypertrophy
of the smooth endoplasmic reticulum and moderate
disorganization of the rough endoplasmic reticulum,
with curling of the cisternae near the mitochondria.
These changes had been observed in the liver of pa-
tients with kwashiorkor [6] and in fasting experimen-
tal animals [2].

Table IV shows the average weight of food con-
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Table IV. Mean food intake1

Week

02
1
2
3
4
5
6
7
8
9

10
12
14
16
18
20
22
26
30
34
38
42

Group A

18.6
21.8
20.2
21.9
24.8
21.7
20.1
24.6
24.7
25.7
24.0
23.0
22.6
25.8
25.2
26.2
27.0
24.1
22.4
21.9
21.4
22.0

Group B

17.1
9.8

12.2
13.6
13.8
14.4
15.1
15.0
13.4
17,5
15.1
15.0
14.8
14.2
17.3
17.4
18.0
17.6
17.3
15.8
16.9
15.8

in grams per animal pel

Group C

18.0
16.6
17.7
15.5
17.7
18.6
18.6
19.8
20.3
21.2
23.9
21.2
23.2
25.7
23.7
25.4
26.2
22.5
19.2
19.4
19.5
19.0

Group D

18.3
17.0
18.0
18.1
18.5
19.3
19.7
19.4
19.6
22.5
21.2
21.3
21.8
26.4
26.7
24.9
23.1
20.9
19.7
19.0
18.1
18.7

week

Group E

19.0
18.7
19.2
19.0
19.4
21.3
21.6
22.8
25.1
28.1
24.8
22.2
22.0
23.7
22.4
21.7
21.6
20.7
19.4
20.3
18.7
18.1

Group F

19.6
20.8
20.2
18.5
21.0
20.4
21.5
23.8
32.3
25.9
26.4
25.8
23.6
32.7
25.4
23.7
24.2
23.3
21.8
19.4
20.8
19.2

Group G

19.6
21.6
23.9
21.5
22.8
23.4
25.5
26.7
40.6i
29.2
23.7
24.8
27.8
31.3
28.4
27.6
25.0
23.5
20.8
20.4
19.3
19.9

Group H

18.4
13.2
14.8
15.0
16.0
15.5
15.6
14.6
14.5
15.7
13.8
16.0
16.8
20.3
17.7
18.1
18.5
17.7
17.3
17.4
16.9
16.2

Group I

17.4
18.8
17.8
19.3
19.7
20.2
20.4
19.7
20.2
18.9
22.8
24.4
22.6
26.0
25.3
25.7
25.9
21.5
20.9
19.7
19.8
18.4

Group J

19.1
21.5
22.0
21.4
25.4
23.2
28.0
24.5
31.61

29.1
27.5
25.9
25.6
28.7
25.3
25.4
24.9
23.0
21.6
20.9
21.2
19.7

1 Possible loss owing to spillage could not be estimated.
2 All groups of animals were fed Purina rat chow (diet A) in 0 week.

Table V. Body weight of mice, in grams, after 34 weeks of exper-
imental diets

Group

A
B
C
D
E
F
G
H
I
J

No. of animals

19
18
20
20
20
19
20
20
20
20

Mean d

28.53
22.02
26.00
26.40
25.50
27.45
27.05
23.10
25.82
27.00

±
±
±
±
±
±
±
±
±
±

- SD

0.786
0.290
0.460
0.462
0.504
0.670
0.640
0.388
0.512
0.636

P

<0.01
<0.01
<0.05
<0.01

NS 1

NS
<0.01
<0.01

NS

'NS: not significant.

sumed per animal per week. It is seen that groups B
and H consumed much less food per animal per week.
All diets containing added cysteine had a smell of
hydrogen sulfi.de on storing, and diets B and E had a
definite acid taste. It seemed that animals fed with
diets containing large amounts of cysteine consumed
less food because of the unpalatability of the diets.

At the end of 34 weeks of experiments, groups B, C,
E, H, and I had significantly lower body weight than
the control group A (Table V). All the animals, how-
ever, behaved in a similar manner as the control
group. The cystathionine content of brain at the end

of 46 weeks of dietary experiment is shown in Table
VI. Groups B, C, D, F, H, and / had significantly more
cystathionine per gram of brain tissue than did group
A (control). There was only a trace amount of cysta-
thionine in the plasma of all groups of animals.

At the end of 46 weeks, light microscopy of the
organs in all groups showed no pathologic changes.
Serial sections of the hypothalamic nuclei in all groups
did not show any histologic abnormality. Electron mi-
croscopy of the liver in groups B and H showed few
of the changes found in the same groups at 24 weeks of
experiment.

Table VI. Brain cystathionine at 46 weeks, micromoles per gram

Group No. of animals Mean ± SD

A
B
C
D
E
F
G
H
I
J

10
10
10
10
10
10
10
10
10
10

0.027 ± 0.003
0.148 ± 0.016
0.049 ± 0.002
0.044 ± 0.002
0.040 ± 0.001
0.043 ±0.003
0.034 ± 0.003
0.069 ± 0.003
0.036 ± 0.002
0.034 ± 0.002

<0.01
<0.01
<0.01
<0.05
<0.01

NS 1

<0.01
<0.02
<0.05

1 NS : not significant.
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Breeding Experiments

Ten groups of five male and female adult mice (C57
BL/6J) were fed the experimental diets. After 3 weeks,
the corresponding groups of males and females were
mated. Each group produced normal litters. However,
newborns of groups B and H died within the first few
days of life whereas litters of all other groups survived
and became normal young adults.

Discussion

Various approaches have been tried in the treatment
of patients with homocystinuria. Supplementation of a
patient's diet with cystine for a prolonged period pro-
duced no demonstrable improvement [8]. Methyl do-
nors, such as betaine [17], choline [26], folic acid [7],
and B12 [15] have been used in an attempt to remove
homocystine by methylating homocystine to form me-
thionine. It has not been possible to eliminate homo-
cystine by the use of methyl donors alone. The in-
crease in methionine secondary to the treatment may
be harmful in itself [28]. The use of lysine or arginine
[11] in order to increase the excretion of homocystine
has not been adequately tested.

Two other approaches seem to be promising.
A. Based on the assumption that methionine, homo-

cystine, and their metabolites might be the major fac-
tors in the pathogenesis of homocystinuria, treatment
by methionine restriction and cystine supplement was
tested in newborn infants with homocystinuria. Pre-
liminary observations by Komrower et al. [18] and
Perry et al. [25] suggested that this form of treatment
might prevent many of the clinical and pathologic
abnormalities. This approach did not correct the cysta-
thionine deficiency in these patients. More extensive
and more prolonged observation is required before the
desirability of this treatment can be judged.

B. Barber and Spaeth [1] demonstrated that a large
amount of pyridoxine alone was able to eliminate
homocystine from the blood and urine and to main-
tain plasma methionine and cystine of these patients
at normal levels. Similar observations have been made
by other investigators [16]. However, other patients
with homocystinuria did not respond to the therapy
with pyridoxine [26].

Mudd et al. [22] produced evidence that pyridoxine
"activated" cystathionine synthetase by 1-2% in the
"pyridoxine-responsive" patients. No increase of cysta-
thionine excretion was demonstrated during pyridox-
ine treatment [15, 22]. This did not exclude the possi-
bility that tissue cystathionine might be increased with

large doses of pyridoxine. Observations on the effect of
pyridoxine treatment in homocystinurics soon after
birth, therefore, are most important.

Our studies demonstrated that brain tissue of mice
is able to concentrate homoserine and cysteine from
the plasma. When cysteine and homoserine are pro-
vided in the diet of mice, their brains contain signifi-
cantly higher concentrations of cystathionine. Part of
the cystathionine has been demonstrated to be derived
from labeled cysteine and, presumably, homoserine.
The remaining part of the cystathionine is presumed
to have been derived from homocysteine and serine. It
has been demonstrated that cysteine has an inhibitory
effect on the degradation of cystathionine and homo-
serine by cystathionase [21]. Therefore, the cysteine
added to the diets of these animals may have contrib-
uted to the accumulation of cystathionine and may
enhance the availability of homoserine by this mecha-
nism. As cystathionase activity is normal in the brain
tissue of homocystinuric patients [19], it seems likely
that brain cystathionine may be increased when homo-
serine and cysteine are available. It should be pointed
out that endogenous formation of cysteine and homo-
serine is lacking in these patients. Therefore, both
these amino acids must be supplied in the diet before
cystathioninuria [13] and, presumably, tissue cystathio-
nine may be increased.

On standing, diets containing cysteine had a strong
smell of hydrogen sulfide and an acid taste. This is the
probable cause for the poor intake of food in animals
fed with diets containing large amounts of cysteine.
The unpalatability of cysteine-containing diets can be
avoided by giving a diet freshly prepared daily or by
replacing cysteine with cystine or calcium cystinate.
Experience in the treatment of a newborn infant with
homocystinuria [18] and of a newborn with maple
syrup urine disease [31] yielded no difficulty in the
acceptability of a completely artificial diet without any
flavoring. The lack of high concentration of cysteine
in the liver of our animals suggests that the electron
microscopic changes in the liver are not due to a
"toxic effect" of cysteine but are due to poor nutrition.
This hypothesis may be tested by forced feeding to
provide adequate food intake in the animals.

Olney and Ho [24] demonstrated that oral loading
of L-cysteine (3 g/kg of body weight) in mice produced
hypothalamic lesions similar to those found in mice
treated with monosodium glutamate. Our animals fed
with a 5% cysteine diet consumed an equivalent of 0.7
g cysteine/kg of body weight/day. The plasma, liver,
and brain of these animals did not contain any signifi-
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cant concentration of cysteine or cystine. In addition,
none of our animals developed obesity nor did we find
abnormal histology in the serial sections of the hypo-
thalamus. It appears that ingestion of relatively small
amounts of cysteine, even over a long period of time,
would not produce damage in mice.

Various beans and plant seeds, currently under
study, contain high concentrations of homoserine lac-
tone, free homoserine, and relatively low methionine.
It seems very promising that a formula can be made
which is suitable for human infant consumption.

Our observations suggest that the deficiency of cysta-
thionine in patients with homocystinuria is correcta-
ble. Supplementation of the diet for these patients
with homoserine and cysteine (cystine) in conjunction
with methionine restriction or pyridoxine therapy may
be used. Comparison between treatment with methio-
nine restriction and methionine restriction together
with homoserine and cysteine supplement may give
valuable information as to the possible harmful effect
of cystathionine deficiency in patients with homocys-
tinuria.

Summary

1. Brain tissue was demonstrated to be able to con-
centrate homoserine and cysteine.

2. Mice treated with homoserine and cysteine con-
tained significantly more cystathionine in their brains.

3. Diets containing a high concentration of cysteine
became unpalatable on storing.

4. Animals on prolonged feeding of homoserine and
cysteine remained fertile and produced normal litters
after mating.
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