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METABOLIC DISTURBANCES CAUSED
BY ADDITIONAL ACROCENTRIC CHROMOSOME G-21%

The question of biochemical mechanisms leading from the
appearance of extraneous chromosome G=21 to profound
changes at an organismal level known as Down's syndrome is
intriguing and important in view of the social significance
of this congenital illness. In this paper, metabolic alter-
ations found in the case of Down s syndrome are reviewed,
emphasis heing paid to changes in the blood plasma and
blood cells, On the basis of literature data and own stu-
dies a tentative scheme of sequence of metabolic disturban-
ces in Down’s syndrome is put forward.

Human beings are exceedingly diverse. They differ from one
another in their normal physical, physiological and mental attri-
butes. They also differ in whether they suffer from particular
diseases or other abnormalities. These variations are caused
in part by differences in environmental oconditions in  which
they live. But they also depend on inborn differences. Indeed,
it is very probable that no two individuals whit the excep~
tion of monozygotic twins are exactly alike in their inherited
constitutions. Analysis in molecular terms of the nature and
effects of such genetically determined differences forms the
subject matter of human biochemical genetics.

It is well known that classical genetics led to the oconcept
of gene as the fundamental biological unit of heredity and pos-
tulated that it must possess three basic properties. It has
to have a speoific function in the cell, and hence in the

* This paper 1is based on a plenaiy lecture presented at
"International Symposium on Bioenergetics and Proteins Funotio-
nally Dependent on ATP" (Uniejdéw 1977).
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organism as a whole. It has to be capable of exact selfreplication
so that its functional specificity would be preserved from one
cell generation to the next. Finally, although an extremely sta-
ble entity, it has to be susceptible to occasional sudden change
or mutation which could result in the appearance of a new unit
or allele differing functionally from the original one but self-
replicating in its new form. _ ‘

It has been shown how such units are arranged in linear order
in chromosomes, each gene having its own characteristic position
or locus, how they are transmitted to an individual from his

parents via the sperm and ovum so that they are usually present
. in pairs, one member of a pair being derived from one parent
and one from the other, and how because of mutational .changes
in previous generations multiple allelic forms of a gene can
occupy a particular gene locus 8o that individual members of
a natural population may differ from one another in their cha~
raocterigtics according to the specific nature of the alleles
that they happened to have received from their parents.

There were four major steps which made it possible to begin
to understand the nature of the genetical diversity in molecular
terms, The first was the discovery that the particular chemical
substance which endows a gene with its characteristic properties
is DNA. The second was the elucidation of the molecular structure
of this substance. The third was the recognition that the
primary role of DNA in cells is to direct the synthesis of enzy-
mes and other proteins. The fourth was the unravelling of the
genetic code that is the relationship' between the structure af.
nucleioc acid and the structure of protein.

Rapid development of molecular biology and advances in re-
gearch in cell structure and function revealed an immensge com-
plexity of these processes. Phenomena creating phenotype are even
more complex and hard to interpret as they must be looked upon
as a combination of action of genome and of a variety of envi-
ronmental agents. In view of a highly complicated pattern of
cooperation of cell organelles analysis of cells in which these
processes are fairly simple seems at present very purposeful,
This research line has been followed, among others, in studies
of Down’s gyndrome - an unfortunately frequent inborn anomaly
constituting an important social problem din modern gocieties
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where various demographic reasons promote a tendency for later
metherhood.

Investigations of biochemical disturbances in Down s ayn-
drome were initiated by J er ome et al. [1] who in 1960
revealed for the first time a reduced excretion of some urine
components in patients suffering this disease (xanthurenic acid,
indophenolacetic acid and indolic acid). This observation became
a starting point in studies of further connections between the
chromosomal anomaly (trisomy G-21) and metabolic alternations,
Most of subsequent investigations concerned differences in levels
of metabolites of main metabolic pathways and of activities
of certain enzymes in blood plasma and morphotic elements.

Although there is no consensus on this point [2]we regard
it well established that there is a decrease of ATP and 2, 3-DPG

-levels down to about half ‘of the respective normal values in

erythrooytes of patients with Down’s syndrome; the same fin-
ding concerns the ATP level of blood platelets [3, 4]. The
diminished levels of energy-rich ocompounds points to complex
enzymatic disturbances in glycolysis and pentose shunt. One
can suspect that as a consequence of this lowered ATP level,

generation of glucose-6-phosphate in the first stage of glycoly-

gis may be diminished in spite of unchanged hexokinase activity
in blood cells because ATP is a substrate of +this reaction.
However, accumulation of hexosephosphates and a threefold in-
erease in the glucose-6-phosphate dehydrogenase activity accom-
panied by an increase in the NADP level contradicts such a
possibility [51.

It is generally known that in erythrocytes, ATP is generated

' mainly in two stages of glycolysis, namely in the process of pro-

duction of 3-phosphoglyceric acid from 1, 3=diphosphoglyceric
acid and in the process of formation of pyruvic acid from
2-phosphoenolpyruvic acid. Therefore. the disturbances leading
to the observed lowering of ATP level may possibly include a
partial inactivation of glyceraldehyde-3~phosphate dehydrogenase
or a deficiency of pyruvate kinase, a key glycolytic enzyme
catalysing the conversion of phosphoenolpyruvate to pyruvate.
The first possibility seems unlikely taking into account increa-—
ses in the activities of phosphohexokinase and phosphofructo~-
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kinase, accumulation of inorganic phosphate, increase in hexose
«diphosphate levels and considerable decrease in the level of
2, 3-DPG [6-8]. The 1latter compound plays a key role in the
generally known cycle of Rapoport-Luebering which has gelf-
~regulation abilities by means of a feedback.

An increase in the ATPase activity in erythrooytes [9] may
also contribute to the lowering of the ATP level in patients with
trisomy G-21. However, the extent of this increase is not. suffi-
cient to account for the whole of the decrease in ATP concen-
tration.

Regearch into the structure and function of the red hlood
cell in various pathological cases has been always of great in-
terest for many authors [10-14], When comparing erythrocytes of
patients with Dowg's gsyndrome with those of normal subjects,
gignificant differences were found concernihg, among others, the
content of hemoglobin and physicochemical properties of the mem-
brane., Osmotic resistance of erythrocytes from patients with
Down ‘s syndrome is shifted towards solutions of lower NaCl con-
centrations as far as the maximal resistance is concerned. Since
the minimal osmotic resistance coincides for patients with Down’s
gyndromy and for normal subjects, it means that the amplitude of
osmotic resistance is greater for erythrocytes of patients with
trisomy G-21. This is reflected especially in the shape of osmo-
tic resistance-fragility ourves [15] (Fig. 1).

Noteworthy are changes in the levels of erythrocyte sodium
and potassium. We observed an increased level of sodium and a
decreased level of potassium in red cells of trisomics G-21.
These cells contain approximately 5 mmole Na* more and 5
mmole K' more 1less per litre ocell water than normal erythro-
cytes [15]. A

Studies on ATP level in blood platelets of patients with
Down’s syndrome revealed a decrease of thig parameter paral-
lelling the situation in the red cell. Kecent investigations
have shown that blood platelets, despite the lack of nucleus and
thus their inability do division possess active metabolism and
gpecific complex internal structure connected with their function
in the process of hemostasis, viz. aggregation and colt retrac-
tion[16]s The exact mechanism of morphological, biochemical and
physiological changes occurring during the process of blood’
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clotting and their connection with metabolism of blood cells
has not been fully elucidated in spite of extensive research,
The decreased levels of ATP and ADP in blood platelets of pat-
iegts with trisomy G-21 may be caused by inhibition of forma-
tion of these energy-rich compounds or by alterations of pla-
telets ability to store these compounds in the form of metabo-
lically inactive "storage pool" participating only in the process
of clotting. They may be conditioned by inhibition of glycolysis
which is a basis process providing energy for ©blood platelets
L4, 17-21]. A decrease of the NAD level by ahout 51% with respect
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to the control 1level is in line with this hypothesis. However,
Doeryetal. [22] did not observe any changes in the
activity of platelet phosphokinase in Down’s syndrome though it
is known that the activity of this enzyme is the lowest from
among all glycolytic enzymes [23]. Part of ATP can be derived
in platelets from the Krebs cycle but this way seems to be of
lesser importance since, according to Wa ller et al. [24]
its rate is tenfold lower than that of glycolysis in these
cells.

Investigations of the last 20 years put special emphasis on
hereditary disturbances of protein and amino acid metabolism
[25-28]. The works published concerned almost entirely point de-
feots of amino acid substitutions whereas only relatively few
papers took up the problem of metabolic errors involving amino
acids in genetically conditioned disturbances of morphological-
functional and biochemical type. This refers to Down ‘s syndrome
too. In this case metabolic disturbances concerning tryptophane
were reported leading to a decreased content of serotonin and
other tryptophan metabolites. Our investigations indicated a
congiderable decrease of the tryptophane level and an increase
of the ooncentration of beta-aminoisobutyric acid (BAIBA) in
plasma of patients with trisomy G-21[29] BAIBA is a catabolite of
thymine and does not appear in plasma under normal physiological
conditions or is present in trace amounts. Despite the insrease
in the oconcentration of this compound in blood plasma of tri-
gomics G-21, it was not found in their erythrocytes. The ab-
gence of BAIBA in the erythrocytes may be due to its inabili-
ty to penetrate the erythrocyte membrane which in turn may be
conditioned by spacial configuration of this compound [30-31].

Coming back to the discussion on the tryptophane deficiency
in blood plasma of patients with trisomy G-21, it should be
emphasized that tryptophane belongs to exogenic amino acids and
the decrease in the content of this compound may be connected °
either with its insufficient absorption from the digestive tract
or with its increased catabolism. Tryprophane is subjected to
conversions leading towards 5-OH-tryptamine and indoloacetic
acid or kynurenine [32]. In another metabolic pathway it yields
nicotinic acid needed for the synthesis of NAD (the level of
the latter being diminished in erythrocytes of patients with
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trisomy G-21). On the other hand, a lowered level of 5=OH-tryp-
tamine was reported by many authors [33-36] in blood plasma.
Serotonin deficiency may cause a decrease in tonus of smooth
mugcles, blood vessels, and respiratory tracts as well as
exert a depressive effect upon the central nervous system [33,
34, 37]. Some authors described cases in which 5-OH-tryptamine
[34] as well as L-tryptophane [33] were administered to newhorn
children with trisomy G-21 in different time intervals. As a
consequence, an increase of muscular tonus, of activity and
welght as well as a better mental development were observed in
the children. These changes were particularly evident during the
first six months of life, being less significant in elder
children. According to Ferns trom et al. [38], the
level of 5-OH-tryptamine in blood plasma and in cerebral tissue
is dependent on many hormones whose effects on cells should,
among others, be connected with genome derepression and syn-
thesis of new kinds of mKNA, which could be an evidence of a
close interdependency hetween the genome and metabolism.

Within the human organism we distinguish at least two basic
scopes of cellular regulation and the ascope of total regulation.
The above division is caused by the fact that cell constitutes
an elementary life unit and in multicellular organism there must
be a superior control mechanism assuring a harmonious course of
organismal activities [39]. The complex mechanism of metabolic
regulation is strictly connected with a periodical activation
of genes which enables initiation of processes of protein
biosynthesis [26, 40, 41] and genetic suppression mechanisms
which might be exemplified by hereditary differences in the
synthesis of blood plasma cholinesterase [44~51]. Family studies
employing the technique of dibucaine inhibition indicated the
existence of three cholinesterase phenotypes which are under
control of two allelic genes [52-55]. The decrease of choli-
nesterase activity observed in blood plasma of patients with tri-
somy G-21, parallel to changes of the albumin level does not only
substantiate the hepatic origin of the enzyme but also indicate a
gimilar regulation mechanism,

Darlington and Ber nhard fused mouse liver
(hepatoma) cells and human leukocytes into viable hybrids. These
hybrids had the ability to produce albumin and release it into
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culture medium whereas leukooytes lacked this ability. The
authors concluded on this basis that not only liver cells but
also leukocytes possess inborn information concerning albumin
synthesis but the gene responsible for induction of ‘this process
is - subjected to repression or inactivation in leukocytes. An
agent present in the hybrids of mouse hepatoma cells and human
leukocytes is capable of its activation [56 ],

The discovery of the possibility of obtaining cell hybrids
was a forerunner of progress in this field., T an et al. [57]
using mouse-human somatic cell hybrids demonstrated that parti-
cular human genes are syntenic and linked some genes to ap-
propriate chromosomes.

In particular they discovered that the gene controlling the
synthesis of indophenol oxidase (IPO) A'is localised on the human
G-21 chromosome. Further investigations showed a characteristic
increase in the level of Cu, Zn-superoxide dismutase (SOD-1), an
enzyme identified with IPO-A both in erythrocytes [43] and in
blood platelets [58] of patients with trisomy G-21 (Fig. 2).

Since a considerable biochemical evidence has been acoumu-
lated indicating the existence between phenotypes of gimple
trisomy G-21 and unbalanced translocations of the 218t chromosome
in several aspects, we determined the SOD-1 activity in patients
with simple trisomy G-21 and with partial trisomy G-21 due to
unbalanced translocations G-21/22 and G-21/14. In patients with
simple trisomy an increase of SOD-1 activity was observed with
respect to the normal level. However, this activity was slightly
lower than the control value 1in erythrocytes of patients with
translocation G-21/22 as well as G-21/14 [59]. This would indi-
cate a clear-cut position effect on gene activities.

By the way, we employed comparative studies of erythrocytes
from normal patients and from those with Down’s syndrome (simple
trisomy) as an auxiliary tool for differentiating between super-
oxide-mediated phenomena in the red blood cell and those which
are not mediated by this free radical species [60].

Glutathione peroxidase activity was also measured in ery-
‘throcytes of patients with trisomy G-21 and reported to be
increased by 50% [58]. However, studies on nucleated cells, viz.
fibroblasts did not substantiate the increased level of gluta-
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Fig. 2. SOD level in erythrocytes from normal donors, patients
with trisomy G-21 and patients with unbalanced translocations

Poziom SOD w erytrocytach oséb normalnych, pacjentdéw z trisomiag
G-21 i pacjentdw z niezrdéwnowazonymi translokacjami

Conepxanue COJ B 3PHTPOLATAX HOPMANBHHX 1OHODPOB, OOMBHLX
c rpucomMuer (-21 ¥ GOJBHHX C HEYPABHOBAMEHHHMA TPAHCJIOKAIAAMU

thione peroxidase while confirming the increased activity of
sop-1 [61].

An interesting point concerning the regulation of protein
synthesis in the Down ‘s gyndrome is the reported decrease in the
mangano-SO0D (SOD-2) localised in mitochondria by one-third [62 ].
According to a recent free-radical theory of = cancerogenesis
proposed by Oberley and Buettner [63] this
would explain the increased probability of developing acute leu-
kemia in trisomics G=21.

Investigations of many authors concerned albumin and globulin
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fractions of the serum. Except for albumin, all the globulin
fractions or blood serum are glycoproteins of mucoid type [64=
-69], Determination of the glycoprotein fraction of blood plasma
in patients with trisomy G-21 did not reveal any significant dif=-
ferences in comparison with normal controls despite great alter-
ations in the range of globulin fractions. There was a decrease
of the alpha1 fraction by approximately 18% and of the a.lpha2
fraction by about 24% with a simultaneous increase of the beta
fraction by circa 17% and of the gamma fraction by approximately
52% when estimated by paper electrophoresis. The congiderable
increase of the content of gamma-globulin fraction which contains
certain amounts of hexoses and sialic acid compensates for the
decrease in the carbohydrate content due to the diminution of the
content of alpha1 and alpha2 globuling. Hence the only slight
differences in the total glycoprotein level in blood plasma
between trisomics G-21 and normal controls are an expression of
balancing tendencies between different protein fractions [70]
(Fige 3).

Studies of plasma proteins using cross immunoelectrophoresis
(to be published) revealed a decrease in the fractions of preal-
bumins, and IgH while an increase in the fractions of hemopexin,
GC=globulin, alphaz-macroglohulin and IgA, The changes in the
levels of immunoglobulins are of speocial importance since they
may be responsible for the immunodeficiency observed in Down ‘s
syndrome [ 71].

The serum beta1 globulin fraction contains, among others, the
iron transport protein, transferrin (Tf) [72, 73]. The synthesis
of transferrin is regulated by a number of allelic genes. Most
of humans have genotype Tfc/Tfc [74]. The lack of transferrin in
blood plasma is a rare genetic disturbance desoribed only Jn
individual cases [75-77]. In patients with Down’s ' syndrome
a considerable decrease of iron was observed both in whole
blood and in blood plasma (in cases with trisomy G-21 as
well as in cases of translocations G=21/22 and G-21/14)
[78].

In all these cases the 1level of transferrin was studied
and was found to be decreased, too, in patients with trisomy
G-21; in patients with translocations G-21/22 and G=-21/14
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Fige. 3. The levels of: (a) sialic acid, (b) total protein-bound

hexoses and (c¢) seromucoid hexoses in serum of normal donors,

patients with trisomy G-21 agd patients with unbalanced trans-
ocations

Poziomy: (a) kwasu sialowego, (b) catkowitych heksoz zwigzanych z
biatkiem i (¢) heksoz seromukoidu w surowicy dawcéw normalnych,
pacjentéw z trisomig G-21 i pacjentéw z niezrdéwnowazonymi trans-

lokacjami
Conepxanue: (a) cuanosaa kucrora, (b) noxnwe GeNOK-CBA3AHHHE IeK-
coan, (c) rekcosw CEPOMyKOMIA B CHPOBOTKE HODMAJIBHHX LOHODOB,
GonbHuX ¢ Tpucome#t G-21 ¥4 GONBHHX C HeypPABHOBEMEHHHMA TPAHCIOKA-
LAAMA

particularly low levels of transferrin were observed [79]
(Fig. 4). '

The metabolism of iron, its transport and its incorporation
into the porphyrin structure of hemoglobin and other hemoproteins
is also influenced by copper. In serum the latter is almost to-
tally bound to ceruloplasmin [80, 81]. The copper ocontent of
serum shows also a significant decrease in the group of patients
with trisomy G=-21. The iron/copper ratio in patients with Down’s
syndrome lies considerably below the borderline of normal values
as far as the blood plasma levels are concerned [78].

It is noteworthy that despite the low copper level in plasma

\
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Fig., 4. Transferrin level in blood serum of normal subjects,
patients with trisomy G-21 and patients with unbalanced
translocations

Poziom transferyny w surowicy krwi osdéb normalnych, pacjentdw
z trisomig G-21 i pacjentéw 2z niezrdwnowazonymi translokacjami

YpopeHb TpaHcPepUHA B CHPOBOTKE KPOBH HODPMAJBHHX LOHODOB, GOJBHHX
¢ CHHIPOMOM JlayHa ¥ GOJBHHX C HeypPABHOBEMEHHWMH TDPAHCIOKANAAMYU

of patients with Down’s syndrome, the level of Cu, Zn-S80D in
their erythrocytes was about 50% higher in oomparison with
control group [82]., This indicates that the copper 1level in
plasma has no influence upon the SOD-1 content [82, 83],

From the investigations of various authors and those perform-
ed by us we can conclude that the presence of additional acrocen-.
tric shromosome in trisomy G-21 results not only in an increased
activity of genes located in this chromosome but also disturbs
the cooperation of genes located elsewhere. The overdosing effect
of SOD-1 ocoded by a gene ascribed to chromosome G-21 is quite
understandable but the cause of a threefold increase of the
activity of glucose-6-phosphate dehydrogenase or an inorease in
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the level of glutathione peroxidase is more difficult to explain
as these enzymes are coded by genes linked to other chromoso-
mes. i

An additional diffioculty in understanding of the mechanism
of metabolic disturbances in Down’s syndrome comes from the
diversity of stimuli causing simultaneous qhangeé in cellular me-
tabolism. They include not only the stimuli due to altered genome
but also changed responses to environmental factoms.

Currently the sequence of events induced by external stimuli
and leading to metabolic responses ie elucidated for a broad
range of phenomena. It is generally known that when dealing with
the connection between a stimulus and the cellular regulatory
mechaniesm one must take into consideration the following patt-
ern: stimulus --»>hormone --»adenylate cyclase --+cAMP~-»gpecific
protein kinaee—?¢transport or regulatory protein [84, 85).

The broad scope of changes in protein metabolism observed in
Down ‘g syndrome suggests that the genetic disturbance must in-
fluence the processes of transcription and translation of ge-
netic information., The effect of aneuploidy on the m-RNA syn-
thesis would paryially explain the dysproteinemia typical for
this syndrome [86-88] and would be in line with the report of
Ingenito who found an additional protein fraction de-
gignated as 11,1n the blood plasma of patients with Down’s synd-
‘rome [89]. The observed form of dysproteinemia may depend not on-
ly on alterations at the level of transcription but also on those
at the level of translation. The activation of the mRNA-ribosome
complex depends on many factors, among them on ' the pool of
energy-rich oompoudds, €.ge ATP, The revealed decrease in the
level of ATP in blood cells of patients with Down’s syndrome
oould influence this process.

It is well known that GTP is one of the regulators of trans-
lation [90]. This compound is present in increased amounts in
erythrocytes of patients with Down’s syndrome, This might in-
fluence the protein biosynthesis prior to erythroocyte maturation
and may contribute to shifts observed in the ratios of different
haemoglobin fractions [ 91]. ' A

Disturbances in protein synthesis in trisomy G-21 are of mul-
tidirectional nature with simultaneous increases in the levels of
some proteins (e.g. glucose-6-phosphate dehydrogenase) and de-
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creases in the levels of other ones (e.g. acetylcholinesterase
in erythrocytes and cholinesterase in blood plasma).

On the basis of the above considerations a greatly simplified
scheme of metabolic disturbances in Down s syndrome is being pro-
posed (Fige. 5).

The additional information introduced into genome in the case
of Down’s syndrome leads to a highly complicated pathological
phenomenon, Of course, it is not easy to distinguish between
those events which are due directly to an increased amount of
genes localised in additional chromosome and various compensatory
indireot effects. The metabolic homeostasis which is attained
in this syndrome is shifted with respect to the normal point
in the biochemiocal phase space and is much less advantageous to
the organism. This is evidenced already at the cellular level as
an increased rate of aging was observed in ocultured fibroblasts
derived from trisomics G-21 [92]. At the organismal level,a known
gyndrome of pathological changes develops.

However, we hope'that a deeper understanding of the ordering
of metabolic changes observed in this disease will enable to in-
troduce new, more effective means of correotion of these distur-
bances and will be a significant step in the development of mole=-
cular medicine, We have this goal in mind when performing further
biochemical and biophysical studies of molecular mechanisms un-
derlying this syndrome.
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ZABURZENIA METABOLICZNE
SPOWODOWANE PRZEZ NADMIAROWY AKROCENTRYCZNY CHROMOSOM G-21

Zagadnienie biochemicznych mechanizméw posredniczgcych pomig-
dzy obecnoscig nadmiarowego chromosomu G-21 a istotnymi zmianami
na poziomie organizmalnym, okreslanymi mianem zespoiu Downa, jest
interesujgce i wazne ze wzglgdu na znaczenle spozeozne tego wro-
dzonego schorzenia. Artykui daje przeglad zmian metabolicznych,
stwierdzonych w przypadku zespoxu Downa, zwracajgc szcze 6lng u-
wag¢ na zmiany zachodzgoce w plazmie krwi i w krwinkach. ﬁa pod-
stawie danych literaturowych i wynikdw wiasnych badad zapropono-
wano schemat sekwencji zmian metaboliocznych w zespole Downa.

sep Keunsdpa, I'merox Baprom

. HAPYIIEHAS METABOJM3MA,
BW3BAHHHE JOBABOMHOW XPOMOCOMOM C-21

Bonpoc GHOXMMHYECKHX MEXAHASMOB, BeNymHX OT MPACYTCTBUA roba-
pouno# xpomocoms C-21 X0 rayGOKHX u3MeHeHHH! Ha OpraHUu3IMaJBHOM Y-
pOBHe, M3BECTHHX [O] 3BaHHeM CHHIpOMa JayHa, ABJIAETCA HHTEpPECHHM
A BaxXH4M U3-3a OOMEecCTBEHHOrO 3HAYEHHA 3TO BpoxneHHoO# Gomesnu. B
crarhe OocMoTpesd MeraboilMuecKHe HApPymeHHHd, OOGHapyXeHHHNE B CHHIpPOME
Jaysa, ofpamas ocof6eHHOe BHUMAHHE HA H3MEHEHHA B mrasMe KpoBd H B
KIeTKax KpoBd., Ha OCHOBEe JUTEPATYPHHX NAHHHX Npenraraercd cxema
HOCJIENOBATENBHOCTH MeTaCONHYeCKHX H3MeHeHH# B cHHIpoMe JayHA. .



