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ABSTRACT

The enzyme D-glycerate dehydrogenase (D-GDH),
which is also believed to have gloxylate reductase (GR)
activity, plays a role in serine catabolism and
glyoxylate metabolism and deficiency of this enzyme is
believed to be the cause of primary hyperoxaluria type
2 (PH2).

The pH optima and kinetic parameters of D-GDH and
GR in human liver have been determined and assays
developed for their measurement. A reference range was
established for the activity of both enzymes in normal
liver. D-GDH activity in kidney, leucocytes and
fibroblasts fell within the range of values seen in the
liver but GR activity was approximately 30% in the
kidney and barely detectable in 1leuc ocytes and
fibroblasts. Analysis of liver and . jeucocyte samples
from patients with PH2 showed that GR activity was
either very low or undetectable, while D-GDH activity
was reduced in liver but within the normal range in

leucocytes.

D-GDH was partially purified from human liver. The
purification methods included negative adsorption to
DEAE Sephadex pH 7, precipitation with ammonium

sulphate, elution from CM Sephadex pPH 6 with 150 mM



scdium chloride, chromatofocusing using a pH gradient
7.2-5 and fractionation on a 2’5’ ADE‘Sepharose column.

D-GDH separated into two peaks on the
chromatofocusing column. The first peak, with D-GDH
activity only, was not retained by the column, whereas
the second peak with D-GDH and GR activity eluted with
a pI ~ 6.7. These results suggest that liver contains
more than one protein with D-GDH activity. These
observations were reinforced by the finding of only a
single, non-retained peak of D-GDH activity when a

1eucocyte preparation was applied to the
chromatofocusing column.

Antibodies were raised in guinea pigs against the
mixture of six proteins which eluted together from ADP
sepharose. In non-denatured samples the antibodies
recognised a protein of 71 kDa that was observed only
faintly in the liver of a patient with PH2. On
denaturation the signal at 71 kDa disappeared and a
weaker signal at 37 kDa appeared.

Peroxisomes and mitochondria of HepG2 cells, rat
hepatocytes and human leucocytes were isolated. In all
cases over 80% of D-GDH and GR activity was found in

the cytosol.
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CHAPTER l1l: INTRODUCTION.

1.1: Hyperoxaluria and oxalosis.

The role of oxalic acid in living organisms is
variable. For example, in plants, oxalate can have both
structural and defensive functions as well as an
important role in calcium homeostasis (Rose, 1988,
Hodginson, 1977), whereas in animals in general, and
mammals in particular, oxalate has no useful function.
In fact, in mammals oxalate is potentially lethal
mainly because of the physical properties of its
calcium salt, which is very insoluble at physiological
pHs. Crystallisation of calcium oxalate can cause
obstruction of the renal tubular lumen, disruption of
intercellular and possibly intracellular interactions
and communications, in addition to killing of cells
within which or adjacent to which crystallisation
occurs. Calcium oxalate can also be deposited in soft
tissues as seen in primary hyperoxaluria, chronic renal
failure and certain small bowel diseases.

Oxalate is a relatively small dicarboxylic acid
with a pKa; 1.23 and pKa; 4.19. Although the free acid
is soluble to 8.7 g/100 g H;0 at 20°C (wWilliams and

Smith, 1983), calcium oxalate is poorly soluble within
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the physiological pH range of urine (pH 4.5-7.5) with a
solubility of 0.67 mg/100 g H,0 at pH 7 at 13°C.
Supersaturation of the urine with calcium oxalate
happens frequently, but precipitation is inhibited by a
number of compounds present in urine, such as urea,
citrate, sulphate, pyrophosphate, lactate, magnesium,
copper, iron, zinc, adenine, certain colloids and small
molecular weight polypeptides (reviewed by Williams and
Wilson, 1990). Calcium oxalate usually crystallizes as
a monohydrate or a dihydrate but can also form a
tetrahydrate. Renal stones are the ultimate result of
crystals that have been retained in the kidney because
of their dimensions or by their association with the
renal tubular epithelium, allowing them to increase in
size further (Oswald and Hautman, 1979, Menon and Koul,
1992, Kok and Khan, 1994). It has been estimated that
66% of all renal calculi contain oxalate (Prien and
Prien, 1968).

The major determinant of calcium oxalate
crystallisation is the oxalate concentration (Robertson
and Peacock, 1980, Larson and Tiselius, 1987), since
calcium homeostasis in the body is such that changes in
the concentration of Ca** ions in vivo are tightly

regulated. The amount of oxalate found in urine is
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determined by dietary intake, gut absorption,

endogenous production and renal handling.

1.2: Primary and secondary hyperoxaluria.

Hyperoxaluria reflects increased plasma oxalate
levels which can arise from primary, i.e. inherited
causes or secondary, i.e. environmental and acquired.
Secondary hyperoxaluria can be caused by i. increased
ingestion and/or absorption of oxalate and its
precursors, e.g. vitamin C, because of surgery, dietary
changes, intestinal disease, or changes in intestinal
flora; ii. increased endogenous synthesis of oxalate
because of the production of excess oxalate precursors;
and iii. decreased oxalate clearance due to renal
failure. The causes of hyperoxaluria can be
interactive; for example renal oxalosis due to
increased oxalate absorption or synthesis can result in
renal failure which can itself lead to systemic
oxalosis.

The term primary hyperoxaluria describes at least
two inherited diseases, primary hyperoxaluria type I
(PH1) and primary hyperoxaluria type II (PH2, L-
glyceric aciduria). Other hyperoxaluric syndromes that

could be included in this category are type III

18



hyperoxaluria that involves primary enteric
hyperabsorption (Watts and Mansell, 1988, Yendt and
Cohanim, 1986) and familial oxalate transport defects
described in red cells (Baggio et al., 1985, Baggio et
al., 1986, Baggio et al., 1984). An unrecognised
primary disorder might also be the underlying cause in
some patients with idiopathic oxalate stone disease
(Robertson and Peacock, 1980, Yendt, 1988). This
project concentrates on PH2 and therefore only this

condition will be discussed at length.

1.3: Oxalate determination in urine.

To diagnose hyperoxaluria it is recommended to use
samples from daily urinary excretion, though spot
urines may be used in pediatric settings. The correct
management of samples upon collection is crucial for
reliability of the results. The most important
interference in oxalate determination involves
ascorbate, which may affect oxalate assays in different
ways before and during analysis. In neutral and
alkaline environments, ascorbate degrades spontaneously
and produces oxalate and threonate, thereby increasing

the measurable oxalate (Harris, 1976). It has therefore
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been suggested that urine should be stored frozen in
the presence of acid.

Oxalate can be measured by chemical, enzymatic and
chromatographic procedures. Chemical techniques include
atomic absorption spectrometry and colorimetry. Atomic
absorption spectrometry requires precipitation of
calcium oxalate and colorimetry requires preliminary
purification of oxalate either by solvent extraction or
precipitation. These techniques are not currently used,
the former because precipitation of oxalate is
generally incomplete and poorly reproducible (Mazzachi
et al., 1984) and the latter because more accurate and
simple enzymatic or ion chromatographic techniques have
been developed.

The analytical use of commercially available
specific oxalate-degrading enzymes has simplified
sample processing and enhanced reliability. Oxalate
oxidase from moss, barley or other vegetable sources,
at a pH of around 4, catalyses the oxidation of oxalate
into carbon dioxide and hydrogen peroxide which is
activated by peroxidase to produce hydroxide radicals.
These are coupled to chromogen substrates to form
highly absorbing quinoneimine dyes (Gochman and
Schmitz, 1971). The use of simple pre-treatments, such

as charcoal adsorption or selective oxidation of

20



ascorbate or of other reducing interferences is
necessary when assaying unprocessed urine because
reducing substances present in the sample react with
the free radicals, decreasing the colour yield (Kasidas
and Rose, 1985). Oxalate oxidase is also used for blood
plasma determinations, in spite of the fact that in
normals oxalate concentration is two orders of
magnitude lower than in the urine (Wilson and Liedtke,
1991, Petrarulo et al., 199%4).

Oxalate decarboxylase from fungal cultures
(Collubia velutipes) catalyses the decarboxylation of
oxalate with formation of carbon dioxide and formic
acid with optimum pH around 3. In the presence of
formate dehydrogenase and NAD, the formate produced is
oxidised with concurrent formation of NADH, which is
detected spectrophotometrically. Although the assay of
unprocessed urines gives poor results, the addition of
EDTA overcomes this drawback (Cannon et al., 1983).

Gas-liquid chromatography (GLC) has been used
since the seventies (Duburque et al., 1970, Gelot et
al., 1980) and recent advances in separation and
detection technologies have enhanced sensitivity and
accuracy. Oxalate has to be extracted and esterified in
an anhydrous environment before the chromatographic

assay. Capillary GLC is particularly useful in
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assessing oxalate concentration in body fluids
(Wolthers and Hayer, 1982, Lopez et al., 1985), but
tedious sample preparation and the requirement for
special equipment and expertise hinder widespread
adoption of this technique.

Anion exchange chromatography with suppressed
conductivity detection is a new and important addition
to the oxalate assays (Stevens and Davis, 1981).
Suppression of eluent conductivity greatly enhances the
sensitivity of conductimetric detection, which, coupled
with chromatographic separation using selective and low
capacity resins, 1s particularly suitable for the
qgquantification of small anions. Without sample pre-
treatment, the use of alkaline eluents promotes the
conversion of ascorbate to oxalate inside the column.
It has been suggested that overestimation can be
prevented by either buffering the sample with boric
acid (Robertson and Scurr, 1984), eliminating
ascorbate (Petrarulo et al., 1990), or lowering the
eluent pH (Dionex Corporation, 1992). Ion
chromatography is one of the most simple and reliable
techniques, but the need for automated instrumentation

still limits its widespread use.
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l.4: Oxalate transport across intestinal and renal

epithelia.

Oxalate has been reported to vary from 70 to 930
mg/day in a typical western diet (reviewed by Williams
and Wilson, 1990). It is found in most plant tissues
and in India, where the diet contains a large
percentage of vegetables, the daily intake of oxalate
can reach 2,000 mg/day. The most oxalate-rich foods
are spinach and rhubarb, while tea, chocolate and cocoa
contain generous amounts (reviewed by Williams and

Wilson, 1990).

1.4.1: Intestinal handling of oxalate.

The proportion of oxalate in urine that is derived
from dietary sources is highly variable and it is
estimated by various studies to be from 2% to 50% of
the total dietary load (in Hatch and Freel, 1995). The
concentration of intraluminal oxalate available for
absorption is partly dependent on the presence of

oxalate-degrading bacteria in the gut which can degrade
oxalate at rates ranging from 0.1 to 4.8 pmol/g

faeces/hour (reviewed by Williams and Wilson, 1990).
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Oxalate absorption appears also to depend on the
solubility of its salt in the gut lumen. Sodium oxalate
is more soluble than calcium oxalate and a larger
percentage of it is absorbed than calcium oxalate.
Furthermore, in patients with steatorrea, a condition
where gut luminal calcium forms soaps with fatty acids
leaving less ionised calcium to form calcium oxalate,
oxalate absorption rate increases almost threefold, as
determined by urinary oxalate output after oral sodium
oxalate loading (Rampton et al., 1979). Another cation,
magnesium, has been found to decrease oxalate
absorption, as measured by a decrease in urinary
oxalate, possibly by forming a magnesium oxalate
complex (Barilla et al., 1978, Berg et al., 1986).

The site and mechanism of oxalate absorption from
the intestinal lumen is not fully determined. Although
oxXalate can be absorbed by all segments of the
intestine, most of the oxalate from food is absorbed
from the upper part of the intestinal tract (Barilla et
al., 1978, Marangella et al., 1982, Earnest et al.,

1974) .
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1.4.2: Oxalate absorption in the small intestine.

Oxalate uptake in everted sacs of rat and rabbit
duodenum, jejunum and ileum was measured (Binder, 1974,
Caspary, 1977). Oxalate flux appeared to be only
concentration-dependent and not affected by metabolic
inhibitors or temperature changes and it was therefore
concluded that intestinal absorption occurred by
passive diffusion (Binder, 1974). This was confirmed in
another study where it was found that decreasing net
water transport in the jejunum and ileum also inhibits
oxalate absorption (Saunders et al., 1975). In
contrast, in situ experiments demonstrated that the
jejunum of nephrectomised rats secreted oxalate into
the lumen against a concentration gradient (Dobson and
Finlayson, 1973). More recent studies of oxalate
transport across isolated, intact sheets of small
intestine from rats and rabbits clearly showed a net
secretion of oxalate into the gut (Hatch and Vasiri,
1994a, Hatch et al., 1994, Hatch and Vasiri, 1994b). In
the absence of an electrochemical gradient the serosal
to mucosal flux of oxalate is significantly greater in
the jejunum compared to ileum in rabbits (Hatch and

Vasiri, 1994a), whereas in rats, net secretion of
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oxalate was much greater in the ileum when compared to
the jejunum (Hatch et al., 1994).

Absorption of oxalate also occurs in the small
intestine. Because of the presence of “leaky" epithelia
the major route for the passive movements across
epithelia is paracellular since the resistance of
tight-junctions to solute flow is very low (Frizzell
and Schultz, 1972). Hence, oxalate will be
predominantly absorbed paracellularly when intraluminal
oxalate concentrations are high.

The presence of oxalate carriers was investigated
using membrane vesicle preparations. In rabbit ileal
brush membrane vesicles two anion exchangers were
identified: an oxalate(SO;)-0OH and an oxalate-Cl
carrier (Knickelbein et al., 1985a, Knickelbein et al.,
1985b) . The specificity of the first system was
determined based upon the fact that outwardly directed
OH gradients stimulated oxalate and SO, uptake and
because both of the divalent anions cis-inhibited and
trans-stimulated one another (Knickelbein et al.,
1985a) . Specificity of the second system was determined
likewise (Knickelbein et al., 1985b). Both systems are
DIDS (4-4'-diisothiocyanostilbene-2,2’'-disulphonic
acid) sensitive and electroneutral (Woolffram et al.,

1988).
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Oxalate uptake into brush border membrane vesicles
from pig jejunum occurs by an oxalate-SO, process
(Wolffram et al., 1988). Only one mechanism has been
suggested for the movement of oxalate across the
basolateral membrane of ileal enterocytes: an
oxalate(S0,s) -HCO; exchange, which is DIDS sensitive and
electroneutral (Knickelbein and Dobbins, 1990).

The mechanics of oxalate secretion in the small
intestine are not yet known, but may be similar to
those governing cAMP-induced chloride secretion (Halm
and Frizzell, 1990). It has been shown that an
exogenous cAMP analog stimulates oxalate secretion in
isolated, short-circuited segments of the rabbit distal
ileum. Ileal brush border membrane vesicles were shown
to possess conductive pathways for oxalate and chloride
that exibited some of the characteristics of a pore or
channel (i.e. activation energies of a non-mediated
diffusion process and poorly saturable) (Freel et al.,

1995).

1.4.3: Oxalate absorption in the large intestine.

Oxalate transport across the large intestine was
also considered to be via passive diffusion since

studies using everted gut sacs did not indicate
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involvement of a carrier-mediated process (Binder,
1974, Caspary, 1977). Later studies, nevertheless,
demonstrated that oxalate was actively transported by
the large intestine of rats and rabbits (Freel et al.,
1980, Hatch et al., 1984). A net absorption of oxalate
and chloride in isolated segments of rat colon immersed
in a calcium-containing solution has been demonstrated
(Freel et al., 1980). Upon removal of the calcium,
transmucosal resistance was decreased twofold and net
oxalate transport was ceased. It was concluded that
calcium was necessary to maintain conductive pathways
across colonic epithelia. In in vivo studies with rats,
the degree of oxalate absorption by rat caecum was
shown to correlate with luminal pH (Diamond et al.,
1988) . When the intraluminal pH was dropped from 7.1 to
4.9, urinary oxalate excretion was significantly
elevated consistent with an increase in caecal
transport due to diffusion of the free acid.

Differences in oxalate transport were also
demonstrated within the colon. In the isolated, short-
circuited proximal colon of the rabbit, oxalate
transport is coupled to Na-H and Cl-HCO;. The addition
of cAMP enhanced the basal net secretion of oxalate
across this segment (Hatch et al., 1993). As

demonstrated in both the proximal and distal (see
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below) segments of the colon, the direction of net
oxalate flux can be regulated by neuro-hormones which
are known to affect enteric handling of major plasma
electrolytes.

In the rabbit distal colon, where oxalate is
absorbed under short-circuit conditions, the movements
and sensitivities of oxalate paralleled those of
chloride, and were Na-dependent but Cl-independent
(Hatch et al., 1994, Hatch and Vasiri, 1994a). Like the
proximal part of the rabbit colon, net flux of oxalate
across the distal colon was sensitive to secretory
stimuli, and cAMP reversed the net absorptive flux to a
net secretory flux. It was proposed that oxalate was
accumulated intracellularly via a Na-K-2Cl cotransport
system on the basolateral membrane and crossed the
apical membrane possibly via a Cl channel (Hatch et
al., 1994).

While there are data regarding oxalate transport
in isolated colonic tissues, the transport systems
suggested to account for net secretion or absorption of
oxalate across the colon have not been tested using
isolated membrane fractions. In rat colonic apical
membrane vesicles, oxalate produced a modest cis-
inhibition of HCO; or OH gradient driven Cl uptake,

suggesting the possibility that Cl-OH or Cl-HCO;
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exchangers mediate oxalate absorption in this tissue

(Hatch et al., 1994, Mascolo et al., 1991).

1.4.4: Importance of intestinal oxalate handling

in disease states.

Enteric hyperoxaluria is the term used for
hyperoxaluria resulting from enhanced absorption of
oxalate secondary to a wide variety of gastrointestinal
diseases, ileal resection, -or jejuno-ileal bypass. The
common finding among these disorders is malabsorption
of bile salts and fatty acids. Using a variety of
techniques including everted gut sacs (Binder, 1974),
perfused loops of rat intestine (Dobbins and Binder,
1976), and perfused colonic segments from humans
(Fairclough et al., 1977), it was concluded that
oxalate absorption from the colon is markedly enhanced
when excessive concentrations of bile salts and fatty
acids are present in the lumen. Two hypotheses have
been proposed to explain the mechanism: one deals with
changes in the permeability of colonic epithelia and
the other with oxalate solubility and its availability
in fecal contents. Low concentrations of bile salt
applied to sheets of rabbit colon resulted in a large

increase in passive permeability of brush membranes to
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oxalate (Hatch et al., 1982). In vitro experiments
examining oxalate solubility in the presence of fatty
acids and calcium showed that the affinity of calcium
for fatty acids was greater than for oxalate, leaving
more soluble oxalate available for absorption (Binder,
1974, Earnest, 1977).

It can be concluded that enteric hyperoxaluria can
be attributed to a combination of enhanced mucosal
permeability that allows large increases in the
paracellular passive movement of oxalate along its
concentration gradient and increased oxalate
solubility. The contribution of active transporters of

oxalate will be negligible under the circumstances.

Absorptive or ’‘dietary‘' hyperoxaluria.

Some oxalate stone-formers have enhanced
intestinal absorption of oxalate that is not secondary
to steatorrhea or bile salt malabsorption. In studies
of patients with an inheritable anomaly of red blood
cell oxalate transport, it was suggested that the
erythrocyte defect might also be present in enterocytes
(Baggio et al., 1986, Borsatti, 1991). This is because
male stone-forming patients with the underlying red

cell defect excreted significantly higher amounts of
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oxalate in urine following an oxalate load when
compared to their brothers who were characterized as
having normal red cell transport of oxalate (Baggio et
al., 1986). It has also been reported that vitamin Bsg
deficiency in rats is associated with an increase in
oxalate uptake in intestinal rings (Farooqui et al.,
1981) and isolated apical membrane vesicles (Gupta et
al., 1988). In vitro studies do not permit the drawing
of conclusions on in vivo transport of oxalate in
stone-forming patients because excretion of oxalate
from the kidney cannot be excluded and intraluminal
oxalate availability cannot be definitively controlled
in these types of studies. Furthermore, a decrease in
the intestinal secretion of oxalate, rather than, or in
addition to an increase in the absorption of oxalate

could explain absorptive hyperoxaluria.

Intestinal secretion in chronic renal failure.

Until recently oxalate excretion was thought to
occur exclusively via the kidneys but new information
regarding alternative routes for the elimination of
oxalate has come to light. Enteric elimination of
oxalate was shown to occur in rats with chronic renal

failure (CRF) in two different studies (Comici et al.,
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1982, Costello et al., 1992). This, together with the
observation that an increased population of oxalate-
degrading microorganisms was found in the large
intestine of patients with CRF (Comici et al., 1982),
provide evidence that colonic excretion of oxalate is

potentially significant in patients with CRF.

1.4.5: Renal handling of oxalate.

Animal studies reveal that oxalate is freely
filtered at the glomerulus and that oxalate undergoes
bidirectional transport along the renal tubule
(reviewed by Hatch and Freel, 1995). However, there is
conflicting information as to whether the bidirectional
transport of oxalate results in tubular secretion or
reabsorption. Oxalate clearance studies employing *C
oxalate in chickens, sheep, dogs, rats, rabbits and man
have shown that oxalate clearance exceeds the clearance
of an extracellular marker like inulin or creatinine,
indicating net secretion of oxalate by the
kidney(reviewed by Hatch and Freel, 1995). In contrast,
recent studies in humans (Kasidas, 1988, Hatch, 1993)
and rats (Costello et al., 1992, Hatch et al., 1994),
in which clearance was determined by measurement of

plasma and urinary oxalate concentrations, show
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oxalate/creatinine clearance ratios less than unity,
implying renal reabsorption of oxalate.

Micropuncture studies indicate that oxalate
secretion occurs in the proximal convoluted tubule
(Greger et al., 1978, Knight et al., 1979, Weinman et
al., 1978, Knight et al., 1981). In isolated, perfused
proximal tubular segments from the rabbit kidney the
rates of oxalate secretion were markedly different
between proximal tubules from superficial and
juxtamedullary nephrons indicating that in this species
there is heterogeneity of oxalate handling within the
kidney (Senekjian and Weinman, 1982).

The secretion of oxalate from the proximal tubule
exhibits some of the characteristics of an active,
carrier-mediated transport process. In rats,
simultaneous perfusion of the proximal tubule and the
peritubular capillary indicated that oxalate secretion
was a saturable process that was reduced by sodium
cyanide and, at capillary oxalate concentrations less
than 4 mM oxalate, was inhibited by the organic anion
transport inhibitor probenecid (Knight et al., 1981).

Reabsorption of oxalate is also considered to
occur in the proximal tubule. Using different
microperfusion techniques in rats, it was concluded

that 7% to 30% of the filtered load of oxalate is
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reabsorbed along the early to mid portions of the
proximal tubule (Greger et al., 1978).

Using in situ tubular microperfusion or stop-flow
peritubular capillary methods it was demonstrated that
oxalate interacts with a luminal, Na-dependent SO,
cotransport system in the rat proximal tubule (David
and Ullrich, 1992). It was also shown that inclusion of
oxalate in peritubular capillary perfusates inhibited
S04 uptake as well, but in a Na-independent manner,
suggesting a SO;-oxalate exchange process on the
contraluminal membrane (Ullrich et al., 1987).

According to membrane vesicle studies, in rabbit
renal microvillus (luminal) membranes there are at
least two distinct anion exchangers that accept oxalate
as one of the counterions, the oxalate-Cl exchanger and
the S0,-HCO; exchanger. Three modes of oxalate transport
are possible via the oxalate-Cl exchanger: oxalate-Cl,
oxalate-formate, and oxalate-OH (Karniski and Aronson,
1987). An oxalate-OH(Cl) has also been identified in
rat renal cortical brush border epithelia, with a
different stoichiometry from the exchanger already
mentioned, since the exchange process was
electroneutral (Yamakawa and Kawamura, 1890).

In the rabbit a luminal oxalate exchanger that

utilizes either SO, or HCO; has been proposed. This
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exchanger is reported to be electroneutral and has
little affinity for Cl (Aronson, 1989). A S0O,-HCO;
exchanger has also been identified in rat renal luminal
membranes, but this exchanger is Na-dependent (Bdstlein
and Burchhardt, 1986), and therefore not a simple anion
exchanger.

Oxalate transport across rabbit renal basolateral
membrane vesicles has also been shown to occur via a
sodium-independent, electroneutral S04-HCO; exchanger
(Kuo and Aronson, 1988). Oxalate has been shown to
stimulate SO, uptake into rat renal basolateral
membrane vesicles. This transport process is strongly
Na-dependent and can utilize a wider range of anions

(including Cl and PO,) (B&stlein and Burchhardt, 1986).

1.5: Endogenous oxalate production.

The endogenous production of oxalate is not fully
elucidated. It is believed that oxalate is a metabolic
end product excreted in the urine and possibly secreted
into the gut. Most of the studies investigating
metabolic pathways of oxalate precursors have been
performed in animals raising the question which
precursors are the most important in humans. Dietary

precursors of oxalate are mainly sugars and amino acids

~ -

36



(reviewed by Danpure and Purdue, 1995). Most oxalate
precursors are metabolised via glyoxylate and/or
glycolate (see fig. 1.1 and 1.2). It is thought that
the two major immediate precursors of oxalate are
ascorbic acid and glyoxylate.

40% of urinary oxalate is derived from ascorbic )
acid (Crawhall et al., 1959, Atkins et al., 1963). An
increase in the daily intake of ascorbic acid results
only in a limited increase of oxalate. Intake of 4
g/day of asorbic acid produces an increase in urinary
oxalate, but when daily intake of ascorbic acid is
increased to 10 g, less than 1% of the extra ascorbate
is metabolised to oxalate. In vivo studies using C
ascorbic acid show that urinary oxalate is derived from
carbon atoms 1 and 2, suggesting cleavage of the C,-C;
carbon bond Ascorbic acid is not metabolised to CO.,
since only 1% to 5% of C'*-labelled ascorbic acid is
converted to *C0O, (reviewed by Williams and Wilson,
1990). To establish the metabolic pathway by which
ascorbic acid is converted to oxalate in vivo studies
were done in rats using 2-'*C ascorbic acid (Gibbs and
Watts, 1973). No '“C urinary intermediates were found,
indicating that ascorbic acid is converted directly to

oxalate in a nonenzymic manner.
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Fig. 1.2: Pathways involved in oxalate, glyoxylate and glycolate metabolism in the human
hepatocyte.

Peroxisomal enzymes: 1. L-2-hydroxy acid oxidase A/glycolate oxidase (GO, EC 1.1.3.1); 2.
alanine:glyoxylate aminotransferase (AGT)/serine:pyruvate

aminotransferase (EC 2.6.1.44/2.6.1.51). Cytosolic enzymes: 3. D-glycerate dehydrogenase (D-
GDH)/glyoxylate reductase (GR) (EC

1.1.1.29/1.1.1.79); 4. lactate dehydrogenase (LDH, EC 1.1.1.27). PH1: primary hyperoxaluria type 1;
PH2: primary hyperoxaluria type 2.
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1.5.1: Metabolic pathways involved in the synthesis of

glyvoxylate.

The most important immediate precursors of glyoxylate
are glycine and glycolate (see fig. 1.2). The oxidative
deamination of glycine to glyoxylate is catalysed by D-
amino acid oxidase (DAO, glycine oxidase) in the presence
of flavin adenine nucleotide, producing hydrogen peroxide
in the process. DAO is found in many tissues, the activity
in the kidney being greater than that in the liver (Neims
and Hellerman, 1962, Dixon and Kleppe, 1965). Experiments
with isolated perfused rat livers, where competitive
inhibition of DAO leads to a marked inhibition of glycine
to oxalate metabolism (Liao and Richardson, 1972) may
indicate that DAO is important for oxalate synthesis from
glycine. However, in guinea pigs, the enzyme has a
Michaelis constant (60 mM) (Neims and Hellerman, 1962) for
oxidation of glycine approximately 4 times greater than
the determined physiological level (~ 15 mM) (Hosaki et
al., 1985), suggesting that the glycine oxidising activity

is low.
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The importance of glycine as an oxalate precursor is
disputed. Studies have shown that the proportion of
glycine converted to oxalate ranges from less than 1%
(Elder and Wyngaarden, 1960), to 40% (Crowhall et al.,
1959, Atkins et al., 1964). Only small quantities of
glycine were converted to glyoxylate and oxalate by
isolated guinea pig peroxisomes (Poore et al., 1997).
Moreover, the effect of glycine loading (5.4 g/day) was
investigated in normal and stone forming patients and no
change was found in plasma or urine oxalate levels in

either study group (Butz et al., 1980). This agrees with

the observation that in humans, an intravenous infusion of

22 g of glycine failed to alter urinary oxalate excretion
(Hahn and Sikk, 1994). These experiments, together with
the low activity of DAO, suggest that glycine is not
likely to be a significant source of glyoxylate.
Tryptophan and serine are also reported to be

metabolised to oxalate via glycine (Gambardella and
Richardson, 1978). Hydroxyproline catabolism produces o-

keto-B-hydroxy-glutaric acid, which is another precursor

of glyoxylate. Both pathways contribute minimally to

oxalate production.
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The oxidation of glycolate to glyoxylate is catalysed
by L-2-hydroxy acid oxidase A (GO, glycolate oxidase),
Purified human liver glycolate oxidase requires flavin
mononucleotide or flavin adenine nucleotide for activity
(Fry and Richardson, 1979b) and yields hydrogen peroxide
as a toxic by-product. GO exists as two isozymes, A and B,
of which only the liver specific isozyme A can use
glycolate as substrate (Nakano et al., 1968). Isozyme B,
which is found mainly in nonhepatic tissues, especially
the kidney, is inactive toward glycolate (McGroarty et
al., 1974). Both GO and DAO are peroxisomal enzymes (De
Duve and Bauduin, 1966). Their intracellular location
facilitates the rapid removal of the toxic hydrogen

peroxide, catalysed by peroxisomal catalase.

1.5.2: Oxidation of glyoxylate to oxalate.

Glyoxylate can be metabolised to oxalate by GO,
xanthine oxidase and lactate dehydrogenase (LDH). Xanthine
oxidase is however a minor contributor in oxalate
production (Gibbs and Watts, 1973) as demonstrated by the

observation that allopurinol, a xanthine oxidase
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inhibitor, did not cause a change in oxalate excretion in
patients with gout (Gibbs and Watts 1966).

GO is likely to oxidise glycolate, rather than
glyoxylate in vivo, as revealed by kinetic studies
(Yanagawa et al., 1990). On the other hand, glyoxylate is
as good a substrate as lactate for oxidation catalysed by
LDH (Sawaki et al., 1967) although the lactate
concentration in the cytosol of liver cells is orders of
magnitude greater than that of glyoxylate (Funai and
Ichiyama, 1986).

Various in vitro studies have suggested that LDH is
the major enzyme catalysing glyoxylate oxidation (Smith et
al., 1971, Gibbs and Watts, 1973, Williams and Smith,
1983) . However, in such systems the NAD concentration is a
major determinant of LDH activity (Bais et al., 1987). In
fact, the role of LDH in vivo must be limited, since
patients deficient in various LDH isozymes have normal
urinary oxalate excretion (Yanagawa et al., 1990).

In isolated perfused rat livers the GO inhibitors
phenyllactate and n-heptanoate completely inhibit
glyoxylate to oxalate oxidation indicating that glycolate
oxidase is the major enzyme catalysing the oxidation of

glyoxylate to oxalate (Liao and Richardson, 1973).
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Phenyllactate has the same effect in isolated rat
hepatocytes (Rofe et al., 1976). Furthermore, urinary
excretion of oxalate in rats correlates with the levels of
GO, not LDH or xanthine oxidase (Richardson, 1964).
However, glyoxylate is a much poorer substrate for GO than
glycolate (Yanagawa et al., 1990) and glycolate actually
inhibits GO-catalysed glyoxylate oxidation (Bais et al.,
1987) .

In other studies, phenyllactate and the LDH inhibitor
NAD-pyruvate adduct inhibit both glyoxylate and glycolate
oxidation in isolated rat hepatocytes, implicating both GO
and LDH in the oxidative processes (Bais et al., 1989). It
is predicted that the steady-state glyoxylate
concentration in the peroxisomes is low, but if it were to
increase, for example in PH1l, then the glyoxylate would
leak out into the cytosol to be oxidised by LDH.

In experiments with guinea pigs, when their response
to hyperglucagonemia was examined, urinary oxalate
excretion was increased concomitant with a decrease in the
liver levels of alanine and lactate, suggesting that
alanine and lactate may play a role in regulating oxalate
synthesis (Holmes et al., 1995). A decrease in alanine

concentration may reduce the transamination of glyoxylate
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to glycine catal?sed by AGT, leaving more glyoxylate to be
oxidised to oxalate. On the other hand, in experiments
with isolated guinea pig peroxisomes and purified LDH
(Poore et al., 1997), although lactate inhibited both GO-
and LDH-catalysed oxidation of glyoxylate to oxalate, its
inhibition of the reaction when both GO and LDH were

present was minimal.

1.5.3: Oxidation of glycolate to oxalate.

Glycolate is an immediate precursor both of
glyoxylate and oxalate. Glycolate can be oxidised directly
to oxalate by glycolate dehydrogenase (Fry and Richardson,
1979%a). Tyrosine and phenylalanine are metabolised to
oxalate via glycolate (Gambardella and Richardson, 1977).
Glyoxylate can be reversibly reduced to glycolate by LDH
(Banner and Rosalki, 1967) or glyoxylate reductase (GR)

(Zelich and Gotto, 1962), which are both cytosolic enzymes

(McGroarty et al., 1974).

Hydroxypyruvate, an intermediate in gluconeogenesis
from serine is decarboxylated and oxidised to form
glycolate or glyoxylate respectively. In isolated perfused

rat livers, 12% of administered hydroxypyruvate was
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recovered as glycolate (Liao and Richardson, 1978). On the
other hand, in the intact rat, the major metabolic
intermediate recovered from '‘C-hydroxypyruvate was C-
glyoxylate, not '‘C-glycolate (Gambardella and Richardson,

1978) .

1.5.4: Transamination of glyoxylate to glycine.

Glyoxylate can be converted to glycine by
transamination catalysed by alanine:glyoxylate
aminotransferase (AGT) (Thomson and Richardson, 1967) and
glutamate:glyoxylate aminotransferase (GGT) (Kamoda et
al., 1980). The reaction requires pyridoxal phosphate as
cofactor and a number of studies have shown that
pyridoxine deficiency leads to an increase in oxalate
synthesis (in Danpure and Purdue, 1995). In humans AGT is
a liver-specific (Kamoda et al., 1980) peroxisomal enzyme
(Noguchi et al., 1979), whereas GGT activity is found in
many tissues and is localised mainly in the cytosol
(Noguchi et al., 1977). The activity of AGT in human liver

is substantially greater than that of GGT (Thomson and
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Richardson, 1966) and it appears that AGT is the most
important enzyme in the transamination of glyoxylate in

mammals (Roswell et al., 1972).

1.6: PH1l.

PH1 is the most common and best characterised of the
primary hyperoxalurias. Like PH2, PHl1 is an autosomal
recessive disorder. The disease is characterised by
increased oxalate and glycolate production. Increased
oxalate production leads to recurrent urolithiasis and
nephrocalcinosis. For most patients, chronic renal failure
occurs in mid-to-late childhood or early adulthood,
although in some cases the disease is neonatal.

Alanine:glyoxylate aminotransferase (AGT) deficiency
occurs in individuals with PH1 (Danpure and Jennings,
1988). In humans, AGT is liver-specific (Kamoda et al.,
1980) and solely peroxisomal (Noguchi and Takada, 1979) in
most normal individuals, although in some people 8-10% is
also found in the mitochondria (Purdue et al., 1990). AGT
also possesses serine:pyruvate aminotransferase activity
(Noguchi and Takada, 1978), which is also deficient in PH1

patients (Danpure, 1991). AGT-deficient subjects are
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unable to convert glyoxylate to glycine. This leads to
incresed levels of peroxisomal glyvoxylate, which is either
converted to oxalate by GO in the peroxisomes, or diffuses
into the cytosol where it is oxidised to oxalate by LDH
and reduced to glycolate by GR (Danpure and Jennings,
1986) .

PH]1 is manifested at the enzymic level in three ways:
i. immunoreactive AGT protein and catalytic activity are
absent (CRM-/ENZ-), accounting 32.1% of patients, ii.
immunoreactive AGT is present, but AGT catalytic activity
is absent (CRM+/ENZ-), accounting for 24.1% of patients,
and 1ii. both immunoreactive AGT and AGT catalytic
activity are present (CRM+/ENZ+), the latter up to a level
of nearly 50% of the mean control value (Danpure and
Jennings, 1988, Danpure, 1991, Danpure et al., 1994).
Although in most CRM+/ENZ- PHl1 patients AGT is localised
within the peroxisomes (Cooper et al., 1990), in most
CRM+/ENZ+ patients 90% of AGT is localised in the
mitochondria and only about 10% in the peroxisomes
(Danpure et al., 1989%a).

The gene encoding AGT (AGXT) has been mapped to the
end of the long arm of chromosome 2 at 2g37.3 (Purdue et

al., 1991). AGXT is composed of eleven exons, ranging in
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size from 65 bp to 407 bp, and its total size is
approximately 10 kb of genomic DNA. The gene translates
into a 392 amino acid protein with an approximate size of
43 kDa. To date five polymorphisms (Purdue et al., 1990,
Purdue et al., 1991, Danpure et al., 1994, von
Schnakenburg and Rumsby, 1997) and eleven mutations have
been described in the gene (Purdue et al., 1990, Purdue et
al., 1991, Nishiyama et al., 1991, Minatogawa et al.,
1992, Purdue et al., 1992, Danpure et al., 1993, von
Schnakenburg and Rumsby, 1997).

In one of the polymorphisms a more common “major AGXT
allele™ differs from the "minor AGXT allele™ in at least
three positions (Purdue et al., 1990, Purdue et al.,
1991) . Normal individuals homozygous for the major AGXT
allele have excusively peroxisomal AGT, whereas
homozygotes for the minor allele target 5-10% of AGT to
the mitochondria. The most frequent mutation (G630A)
(Purdue et al., 1990) causes mitochondrial mistargeting of
AGT in homozygotes for the minor allele. G630A occurs in
about 25% of PH1 alleles. The second most common mutation
found to date is a point mutation in exon 7 that has an
allelic frequency of 9% (von Schnakenburg and Rumsby,

1997). Only 40% of the patients studied to date have one
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of the defined mutations (Tarn et al., 1997), leaving a
large number of alleles without any known mutation
detected.

Diagnosis of PHl1 is suggested by a combination of
renal failure in a child or young adult, recurrent
urolithiasis, a family history of urolithiasis, and
nephrocalcinosis. Measurement of oxalate and glycolate in
the urine can establish PH1 (reviewed by Barratt and
Danpure, 1994). However, renal failure diminishes the
excretion of oxalate and reduces excreted amounts to
normal values (Morgan et al., 1987). In such cases
diagnosis can be established by liver biopsy, measurement
of the enzyme activity (Danpure et al., 1987),
immunoblotting (Wise et al., 1987) and, in case of
patients that cannot be distinguished from carriers by
enzyme activity alone, immunoelectron microscopy.

Prenatal diagnosis of PH1 by oxalate and glycolate
measurements in amniotic fluid is not possible because
their levels are not affected by the phenotype of the
fetus (Leumann et al., 1986). Instead, fetal liver AGT is
measured, although analysis of subcellular location is not
possible because of the limited amount of material

available (reviewed by Danpure et al., 1989b). Molecular
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genetic prenatal diagnosis using either mutational
analysis or linkage analysis (Rumsby et al., 1994) can
also be employed. Mutational analysis is limited to
screening of PH1 patients for the G603A mutation. Linkage
analysis can be performed for a second pregnancy provided
DNA is available from the affected child and the parents.
Intron 1 and intron 4 polymorphisms have been used as
linkage markers for prenatal diagnosis successfully.

PH1 is treated symptomatically by good hydration,
administration of pyridoxine and the administration of
inhibitors of CaOx crystallisation, such as magnesium.
Kidney failure is followed by haemodialysis and renal
transplantation. However, since the metabolic defect is
not rectified, CaOx deposition reoccurs. Liver
transplantation is the definite treatment for PHl1 and can
be carried out successfuly in case of residual renal
function of the patients’ kidneys (Cochat et al., 1989).
Otherwise, combined kidney and liver grafting is
recommended to avoid the risk in liver transplantation
caused by severe renal dysfunction (Ellis et al., 1986).
Complete resolution of oxalate crystals in the body as
well as complete biochemical correction after liver or

combined liver-kidney transplantations have been
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documented (Mc Donald et al., 1989, Toussaint et al.,
1993). Since AGT is expressed almost entirely in the
liver , this makes PHl1 an ideal candidate for gene therapy

in the future.

1.7: Enzymologic defects of PH2.

PH2 is characterised by increased urinary excretion
of oxalate and L-glycerate, while excretion of glycolate
and glyoxylate is normal (Williams and Smith, 1968a). L-
glycerate is not normally detectable in urine (Tolbert,
1981), and its appearance in PH2 patients suggests a
failure to metabolise hydroxypyruvate by its other
metabolic routes. Peripheral blood lymphocytes from PH2
patients were found to lack D-glycerate dehydrogenase (D-
GDH) activity (Williams and Smith, 1968a, Chalmers et al.,
1984). D-GDH is a cytosolic enzyme in mammals that
catalyses the reduction of hydroxypyruvate to D-glycerate.
D-GDH also possesses glyoxylate reductase (GR) activity
(see fig. 1.2) (Willis and Sallach, 1962, Dawkins and
Dickens, 1965). Deficiency of both GR and D-GDH has been
observed in livers of patients with PH2 (Mistry et al,

1988, Seargeant et al., 1991, Chelbeck et al., 1994).



D-GDH/GR can use both NAD(H) and NADP (H) as
cofactors. The reaction catalysed by D-GDH is weighted
heavily toward the reduction reaction. Therefore, a
deficiency of D-GDH allows hydroxypyruvate to be reduced
to L-glycerate by LDH in the presence of NADH (Williams
and Smith, 1968a, Williams and Smith, 1968b). Although
there is no disagreement about this hypothesis, many
theories have been put forward to explain increased
oxalate synthesis in PH2.

The first theory is based on the fact that D-GDH is
the same enzyme as GR. The lack of GR activity is thought
to decrease the conversion of glyoxylate to glycolate. The
subsequent conversion of glyoxylate to oxalate by LDH
would then account for the hyperoxaluria characteristic of
PH2 (Williams and Smith, 1968a). The second hypothesis
has been developed using the experimental models of
isolated rat liver perfusions {(Liao and Richardson, 1978)
and isolated rat liver hepatocytes (Fry and Richardson,
1979a) . This hypothesis proposes that the build up of
hydroxypyruvate due to the deficiency of D-GDH causes more
to be decarboxylated to glycolaldehyde (see fig. 1.2),
which is then oxidised to glycolate and oxalate by
glycolate dehydrogenase without glyoxylate as an

intermediate. Against this theory is the fact that high
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levels of hydroxypyruvate have never been demonstrated in
PH2, and it is likely that the vast majority is reduced by
LDH to L-glycerate, as suggested by the L-glyceric
aciduria found in PH2 patients. Furthermore, PH2 is not
accompanied by hyperglycolic aciduria (Williams and Smith,
1968b), as would be expected if glycolate was an
intermediate in the conversion of hydroxypyruvate to
oxalate.

The third hypothesis suggests that the buildup of
hydroxypyruvate has a direct effect on LDH, increasing its
oxidative role and diminishing its reductive role, due to
a shift in NADH:NAD ratios (Williams and Smith, 1971). The
third theory is cast into doubt because it has been found
that hydroxypyruvate inhibits both GO- and LDH-catalysed
oxidation of glyoxylate in human liver, whether using
purified LDH (Raghavan and Richardson, 1983a) or isolated
perfused rat livers (Liao and Richardson, 1978).

The fourth hypothesis suggests hydroxypyruvate could
autooxidise to oxalate nonenzymatically (Raghavan and
Richardson, 1983b). However, there are no experimental
data to support this hypothesis. Apart from the first
theory all the others do not take into account that both
D-GDH and GR activities are deficient in PH2 patients.

These facts make the first theory the most plausible.
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1.8: Clinical presentation and prognosis of PH2.

PH2 is a rare disease with only 24 patients reported
in the literature so far. However, it should be considered
in any patient presenting with urolithiasis or
nephrocalcinosis in whom secondary causes of hyperoxaluria
have been excluded. It should also be considered in cases
of suspected PHl1 without hyperglycolluria who account for
up to 30% of patients (Latta and Brodehl, 1991, Cochat et
al., 1995, Danpure and Purdue, 1995). Diagnosis can be
established by increased urinary excretion of oxalate
above 0.46 mmol/1.73 m? BSA/day or >2SD above established
oxalate/creatinine ratios (Leumann et al., 1990, Barratt
et al., 1991, Schnakenburg et al., 1994) and L-glycerate
above 28 umol/mmol creatinine (Chlebeck et al., 1994,
Seargeant et al., 1995). However, hyperoxaluria in PH2
tends to be less pronounced than in PH1l, which is
important since reference data for oxalate excretion vary
considerably, especially in small infants (Leumann et al.,
1990, Barratt et al., 1991, Schnakenburg et al., 1994).

Oxalate and L-glycerate measurements in plasma have also
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been used for diagnosis in patients presenting with renal
insufficiency (Marangella et al., 1995).

The classical presentation of PH2 is urolithiasis
(Williams and Smith, 1968a, Hicks et al., 1983, Chalmers
et al., 1984, Seargeant et al., 1991, Chlebeck et al.,
1994, Marangella et al., 1994, Marangella et al., 1995,
Mansell, 1995). In 17 of 24 published patients urinary
stone disease developed. Nephrocalcinosis in PH2 1is rare:
in two patients unilateral and in one bilateral
nephrectomy was performed. Patients with PH2 are
susceptible to complications from urolithiasis such as
infection and obstruction which may cause further kidney
damage. Other symptoms include urinary tract infection and
leucocyturia (Barratt and Danpure, 1994, Kemper and
Miller-Wiefel, 1996). Although nephrocalcinosis 1is rare,
it is recurrent. In two of the patients who progressed to
end-stage renal failure and renal transplantation was
carried out, there was evidence of nephrocalcinosis in the
transplanted organ (Mansell, 1995). Systemic oxalosis has
been documented in only one patient who had excessive
melanin deposition due to retinal oxalate deposition and

radiological evidence revealed oxalate deposition in bone



and vessels (Marangella et al., 1994, Marangella et al.,
1995).

It is generally assumed that at least part of the
clinical biochemistry associated with PH1 and PH2 causes
the disease pathology. Although dysfunction at the organ
level in the primary hyperoxalurias is due to the physical
consequences of calcium oxalate crystallisation, the cause
of damage at the cellular level has not yet been
elucidated. Of the metabolites known to accumulate in PH1
and PH2, oxalate, and especially glyoxylate, are toxic in
the biochemical sense. However, glycolate (in PH1l) and L-
glycerate (in PH2) are not known to be damaging.

Oxalate is known to inhibit LDH, pyruvate kinase and
pyruvate carboxylase in vitro (reviewed by Danpure and
Purdue, 1995). Oxalate is taken up by mitochondria, where
it appears to bind to the inner membrane. It competitively
inhibits mitochondrial uptake and oxidation of malate and
succinate and may affect membrane integrity and
permeability.

Glyoxylate is a highly reactive molecule known to be
toxic to animals. In the presence of oxaloacetate,
glyoxylate inhibits aconitate and citrate oxidation

(reviewed by Danpure and Purdue, 1995) and may also
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