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ABSTRACT

The binding to human albumin and uptake by rat kidney slices of a furan dicarboxylic
acid (3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid; 5-propyl FPA), which accumulates to
high concentrations in patients with renal impairment, has been investigated.

The binding of 5-propyl FPA was investigated by equilibrium dialysis and an HPLC
assay was used to measure S5-propyl FPA which bound with high affinity to albumin (K; = 5§
x 10° M}; n; = 0.6 at 37°C and pH 7.4). This explains its retention in uraemic plasma, its
inhibitory potency towards other ligands, and given the high concentrations found in the
plasma/serum of patients with renal failure, suggests that S5-propyl FPA makes an important
contribution to the deficiency in drug binding found in uraemic patients. 5-Propyl FPA
concentrations up to 228uM were found in the plasma of uraemic children and haemodialysis
did not lower the 5-propyl FPA concentration. Negligible levels of 5-propyl FPA were found
in the plasma of control rats and rats with glycerol-induced acute renal failure (ARF) which
suggests that 5-propyl FPA is not an important binding inhibitor in rats with ARF.

The binding of 5-propyl FPA was affected by pH which stresses the importance of pH
control in experiments to measure the degree of binding of 5-propyl FPA to plasma or serum.
Ligands which bind to the two major drug binding sites on albumin (warfarin and dansyl
sarcosine) inhibited the binding of 5-propyl FPA to human albumin, but the results suggested
that 5-propyl FPA did not bind directly to either site I or site II. Direct competition for
binding was demonstrated between 5-propyl FPA and the long- and medium-chain fatty acids
palmitate and caprylate, which suggests that 5-propyl FPA binds to one or more of the long-
and medium-chain fatty acid binding sites on albumin.

The binding of bilirubin to human albumin was measured by enzymatic oxidation with
peroxidase and 5-propyl FPA inhibited the binding of bilirubin to albumin, its inhibitory potency
being greater than that of sulphafurazole (sulfisoxazole) which displaces bilirubin clinically in
the newborn, with potentially fatal consequences. The concentration of S-propyl FPA was raised

in several of a limited number of plasma samples from infants without renal failure. The highest



concentration of 5-propyl FPA detected was 1134M. 5-Propyl FPA may therefore have a role
in jaundice and bilirubin-induced neurotoxicity in newborn babies, as well as contributing to the
drug binding defect in newborns which is similar to that seen in patients with renal failure.
The rat kidney slice technique was used as an in vifro model for renal tubular secretion
and S5-propyl FPA was actively accumulated by kidney slices to a greater extent than p-
aminohippurate (PAH), a substrate commonly used to study the renal organic acid transport
system. Furthermore, competition studies suggested that 5-propyl FPA was transported by the
same system as PAH and probenecid. There was also competition for uptake by rat kidney slices
between 5-propyl FPA, its 5-pentyl analogue, drugs such as benzylpenicillin and other organic
acids which accumulate in the plasma of patients with renal impairment (hippuric acid and
indoles like indoxyl-3-sulphate). Competition for renal secretion between organic acids will occur
in uraemic patients where the capacity for renal transport is diminished and this could lead to
saturation of the system and subsequent accumulation. The inhibition of the binding of drugs
and endogenous ligands to albumin by 5-propyl FPA in uraemic patients may therefore be just
one manifestation of a widespread disruption of organic acid transport at a number of other

critical sites such as the kidney, liver and the blood-brain-barrier.
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1.1  The drug binding defect of uraemia.

The plasma of both patients and experimental animals with acute or
chronic renal failure exhibits a drug binding defect. This is characterised by a
reduction in the binding of many drugs, dyes and endogenous ligands to plasma
albumin with a concomitant rise in their unbound fraction (Westphal & Gedigk
1951, Andreasen 1973, Borga et al. 1976, Gulyassy & Depner 1983, Reidenberg
& Dreyer 1984). The binding defect is observed regardless of the type and
aetiology of kidney dysfunction and dialysis therapy so the term uraemia and
uraemic is used in its broad sense to include all patients with advanced renal
failure.

The binding defect mainly affects acidic compounds such as warfarin,
phenytoin, salicylate, sulphonamides and o-methyl red, which are all normally
highly bound to albumin, although the binding of some neutral drugs such as
the cardiac glycosides is also reduced (for reviews see Reidenberg & Dreyer
1984, Gulyassy & Depner 1983). There is also a reduction in the binding of
endogenous ligands like bilirubin (Oie ef al 1980) and L-tryptophan
(DeTorrente ef al. 1974). The binding of basic drugs is, with few exceptions (e.g.
diazepam and triamterene) unchanged in renal failure (Reidenberg & Dreyer
1984), unless for some reason, the concentration of a;-acid glycoprotein is
altered.

Patients with renal diseases are liable to be treated with a wide variety
of drugs for hypertension, bone disease, immunological abnormalities, infection,
gastrointestinal upsets and neurological disturbances. Even small decreases in the
concentration of bound drug will lead to relatively large increases in the
unbound fraction of highly bound drugs. Reduced plasma protein binding will
affect drug absorption, distribution, metabolism and elimination (Gulyassy &
Depner 1983, Lindup 1987). An increase in the unbound fraction results in an
increase in the unbound drug concentration which is normally transient because
of enhanced elimination and tissue redistribution. The unbound drug

concentration will consequently remain essentially unchanged but the total drug
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concentration in the plasma will decrease. In patients with compromised renal
function, however, the effect of increased unbound drug concentration might not
be rapidly offset by enhanced drug elimination.

The intensity of drug action is assumed to be related to its unbound
concentration so an increase in the unbound drug concentration will lead to
enhanced pharmacological activity (Odar-Cederlof er al. 1970, Gulyassy &
Depner 1983) and could contribute to the toxicity of drugs with low therapeutic
indices (e.g. warfarin, phenytoin, tolbutamide and cardiac glycosides). Reduced
protein binding and renal elimination neccessitates a reduction in the dose of
many drugs in patients with renal impairment in order to maintain the unbound
drug concentration within therapeutic limits (Bennett 1988). Therapeutic drug
monitoring in these circumstances can be improved by measurement of the
unbound rather than the total drug concentration (Gulyassy & Depner 1983,
Lindup 1987).

Drug binding returns to normal levels after recovery from renal failure
(Mussche er al. 1975) and successful renal transplantation (Levy et al. 1976,
Odar-Cederlof 1977).

1.2 Causes of reduced protein binding.

Several disease states including uraemia can cause a reduction in the
plasma albumin concentration. This causes a decrease in the binding of ligands
to albumin and large increases in the unbound fraction of highly bound drugs
like phenytoin (Porter & Layzer 1975). The binding defect of uraemic plasma
is, however, too great to be explained by hypoalbuminaemia alone (Andreasen
1973, Odar-Cederlof & Borga 1976, Craig et al. 1976, Belpaire et al 1977,
Bowmer & Lindup 1979b, Gulyassy & Depner 1983), and binding can be
decreased even when the albumin concentration is in the normal range
(Lowenthal et al. 1974, Belpaire et al. 1977).

Two hypotheses, which are not mutually exclusive, have therefore been

proposed to explain the reduced drug binding in patients with renal impairment.
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The first hypothesis is that there is an alteration in the structure of the albumin
molecule. Isoelectric focussing studies by Shoeman & Azarnoff (1972) and
Boobis (1977) revealed differences in the pattern of protein bands of normal
and uraemic plasma consistent with the existence of two different microforms
of albumin in uraemic plasma. Boobis (1977) also provided evidence that the
amino acid composition of albumin was altered in uraemia, which suggested
synthesis of an abnormal albumin molecule.

The work of Shoeman & Azarnoff (1972) and Boobis (1977) is, however,
open to reinterpretation (Bowmer & Lindup 1979a), and it is possible that
highly bound endogenous metabolites could alter the isoelectric focussing pattern
and the apparent amino acid composition of uraemic albumin. Furthermore,
there are no immunological differences (Boobis 1976) or differences in the
conformation (Sjoholm ef al. 1976) of albumin from normal and uraemic serum.

Post-translational ~ modification of albumin is a possibility and
carbamylation of albumin by prolonged exposure to cyanate derived from high
plasma concentrations of urea may contribute to the binding defect (Calvo ef al
1982, Erill ef al. 1985). Carbamylation of albumin is, however, unlikely to be the
major cause of the binding defect because extraction of carbamylated albumin
with activated charcoal did not restore the binding of o-methyl red and salicylate
to normal or near-normal (Clegg & Lindup 1982). This is in contrast to the
substantial or complete restoration of binding by charcoal extraction of uraemic
serum or plasma (Dromgoole 1973, Sjoholm er al. 1976, Craig et al. 1976,
Bowmer & Lindup 1979a, Clegg & Lindup 1982).

A second hypothesis is that retained endogenous metabolites act as
binding inhibitors. The reversibility of the drug binding defect has been
demonstrated by acidification of uraemic serum from both patients and rats
followed by treatment with activated charcoal (Dromgoole 1973, Sjoholm et al.
1976, Craig et al. 1976, Bowmer & Lindup 1979a, Clegg & Lindup 1982), ion-
exchange resins (Depner ef al. 1980, Lichtenwalner et al. 1981) and 1-
chlorobutane (Lichtenwalner er al 1981, Lindup er al 1986). All these

treatments significantly improved and even fully restored the binding of a wide
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range of drugs and dyes. It appears that the expansion of the albumin molecule
which occurs under acidic conditions (Peters & Reed 1978) facilitates the
removal of highly bound endogenous binding inhibitors. High ionic strength also
alters the tertiary structure of albumin so that purification of albumin from
uraemic patients by ammonium sulphate precipitation and DEAE Sephadex
chromatography restored the binding of L-tryptophan to normal (DeTorrente et
al. 1974).

The inhibitors are likely to be highly bound to albumin because the defect
was not removed by prolonged in vifro dialysis of uraemic plasma against normal
plasma or buffer (Odar-Cederlof & Borga 1976, Craig et al. 1976, McNamara
et al. 1981, Lichtenwalner et al. 1982). Craig & coworkers (1976) showed that
the defect in binding was transferred in the protein fraction of uraemic serum
and not in the ultrafiltrate fraction.

The fraction obtained by treatment of anion exchange resins exposed to
uraemic serum with organic solvents or direct extraction of uraemic serum with
organic solvent was, when dried and dissolved with normal human plasma or
albumin, capable of dose-dependent inhibition of the binding of ligands such as
phenytoin, tryptophan, salicylate and sulphamethoxazole (Depner et al. 1980,
Lichtenwalner ef al. 1981, 1982, Bishop 1983, Roman et al. 1984). The defect is
therefore transferable, which is also consistent with the presence of binding
inhibitors.

Binding to normal human plasma was slightly increased after treatment
with charcoal, ion-exchange resin and 1-chlorobutane at pH 3 (Sjoholm et al
1976, Depner et al. 1980, Lindup et al. 1986). Furthermore, exposure of normal
plasma to ion-exchange resin followed by elution with organic solvent yielded an
extract which inhibited the binding of phenytoin and salicylate to normal plasma,
although the degree of inhibition was much less than that elicited by uraemic
plasma extract (Depner et al. 1980, Roman ef al. 1984). Binding inhibitors are
therefore also present in low concentrations in normal human plasma. Binding
inhibitors have also been extracted from normal human urine (Gulyassy et al.
1983, Bishop 1983, Lindup er al. 1986). The urinary inhibitors described by
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Lindup and coworkers (Bishop 1983, Lindup ef al. 1986) had similar inhibitory
activity, fluorescence characteristics and thin-layer chromatographic properties
to the inhibitory extract obtained from uraemic human plasma, serum and
pleural fluid (Depner er al. 1980, Lichtenwalner ef al 1981) and from the
plasma of rats with glycerol-induced acute renal failure (Lindup ef al. 1986).

The binding defect appears within 48h of the induction of experimental
renal failure by nephrectomy (Taylor er al. 1954), ligation of the ureters
(Bowmer & Lindup 1979b) or injection with uranyl nitrate (Belpaire et al. 1977)
or glycerol (Bowmer & Lindup 1979a, 1979b). It is unlikely that significant
amounts of abnormal albumin could be produced in such a short time.

The uraemic binding defect therefore appears to be predominantly due
to the accumulation of highly bound endogenous solutes which are normally
excreted by the kidney. A number of investigators have compared the drug
binding constants obtained with normal and uraemic plasma. Some studies
suggest that a fall in the apparent association constant (K), a measure of the
affinity of a ligand for its binding protein, is the principal reason for the reduced
binding of many ligands (e.g. salicylate, warfarin, phenylbutazone and o-methyl
red) to uraemic serum from man and rats (Sjoholm er al 1976, Belpaire et al.
1977, Bowmer & Lindup 1979a). This indicates the presence of competitive
inhibitors.

Other studies on the binding of L-tryptophan and salicylate have shown
a decrease in both K and the number of binding sites, n, which suggests
predominantly non-competitive inhibition (De Torrente et al. 1974, Borga ef al.
1976). Although Roman & coworkers (1984) showed that uraemic pleural fluid
extract competitively inhibited the binding of salicylate to dilute normal plasma,
there was some evidence for non-competitive inhibition when large amounts of
uraemic extract were used. The authors suggested that there was inefficient
extraction of non-competitive inhibitors (Roman ef al. 1984). Odar-Cederlof and
Borga (1976) found a marked reduction in K but an increase in n for the

binding of phenytoin by uraemic plasma. Experiments on the Kkinetics of
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inhibition obtained from a complex mixture like plasma or serum should

therefore be interpreted with caution.

1.3  Drug binding inhibitors.

The binding inhibitors extracted from human uraemic plasma, serum and
pleural fluid were weakly acidic, fluorescent, heat-stable, lipid-soluble, highly
bound to albumin at pH 7.4 and had molecular weights of 500 or less (Depner
et al. 1980, Lichtenwalner et al. 1981). Identification of the inhibitors responsible
for the binding defect is difficult because of the large number of compounds
known to accumulate in uraemic plasma (Hicks er al. 1962, McNamara et al
1981, Liebich et al. 1984). The kidney is responsible for the excretion of a wide
range of different organic acids (Gates ef al. 1978, Verner 1988, Liebich & Forst
1990) and Spiteller & Spiteller (1979) separated and identified over 500 organic
acids in normal human urine. There is therefore likely to be considerable
accumulation of many compounds, particularly organic acids, in the plasma of
patients with renal impairment, many of which still remain to be identified and
quantified (Chalmers & Lawson 1982).

Solutes like urea, creatinine and uric acid, which all accumulate to high
concentrations in the plasma of uraemic patients did not inhibit the binding of
o-methyl red and other anionic dyes to normal human serum or albumin either
alone or in combination (Campion 1973, Bowmer 1978, Bowmer & Lindup
1982). Subsequent investigations have led to the identification of a number of
compounds in uraemic plasma which were capable of acting as binding inhibitors
and their concentrations are given in table 1.1. The binding inhibitors hippuric
acid, 3-(3-hydroxyphenyl)-3-hydroxypropanoic  acid (m-HPHA) and p-
hydroxyphenylacetic acid were identified in the inhibitory extract derived from
normal human urine (Gulassy et al. 1986).

m-HPHA probably originates from flavinoids in plant foods and by the
action of intestinal bacteria, and p-hydroxyphenylacetate is produced from

tyrosine by systemic metabolism and by bacterial decomposition in the gut (see
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Table 1.1 Uraemic concentrations of known binding inhibitors.
ND = not detectable. For references see overleaf.
Plasma/serum concn (uM)
Inhibitor References
Normal uraemic

Hippuric acid ND - 39 6 - 2838 1-9
(N-benzoyl glycine)
Indoxyl-3-sulphate 2-5 2 - 285 1,3,7-13

(indican)
2-Hydroxybenzoylglycine ND ND - 467 3
(o-hydroxyhippurate or
salicyluric acid)
p-Hydroxyphenylacetic acid ND ND - 72 3
3-(3-Hydroxyphenyl)-3-
hydroxypropanoic acid ND 39 1+ 23 14
(B-(m-hydroxyphenyl)-
hydracrylic acid
Indole-3-acetic acid ND -2 1-41 79,12,15,16
3-Carboxy-4-methyl-5-propyl-
2-furanpropanoic acid 5 - 28 7 - 370 25-7,16-21

(5-propyl FPA)
3-Carboxy-4-methyl-5-pentyl-
2-furanpropanoic acid 6 12 8 + 3 19

! High concentrations of 2-hydroxybenzoylglycine were only found in the
presence of high concentrations of salicylate. In the absence of salicylate the 2-
hydroxybenzoylglycine concentration was < 2uM (Gulyassy ef al. 1987).
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Gulyassy et al. 1986, Gulyassy & Depner 1983). The concentrations of m-HPHA
and p-hydroxyphenylacetic acid, although elevated in uraemic plasma and serum
(table 1.1),are low compared with the normal plasma albumin concentration of
about 600uM, and p-hydroxyphenylacetate was only a weak inhibitor of the
binding of warfarin, tryptophan and salicylate to normal human plasma (Tavares-
Almeida et al. 1985).

Hippuric acid is the most abundant aromatic organic acid in human urine
(Chalmers & Lawson 1982) and accumulates to high concentrations in uraemic
plasma and serum (table 1.1). Hippuric acid is formed in the liver by
conjugation of benzoic acid with glycine and is usually eliminated by renal
secretion. Benzoic acid is derived from endogenous metabolism and foodstuffs
and is formed from aromatic amino acids by gastrointestinal flora. Benzoic acid
is also used as a preservative both in foods and in heparin solutions used in
patients on haemodialysis (Gulyassy er al. 1986). Hippuric acid is, however, only
a weak inhibitor of the binding of warfarin, L-tryptophan, salicylate and o-methyl
red to normal human plasma and albumin, even at very high (uraemic)
concentrations of hippurate (Tavares-Almeida ef al. 1985, Lindup ef al. 1986,
Gulyassy ef al. 1987).

Indoxyl-3-sulphate inhibits the binding of warfarin, diazepam, L-
tryptophan, frusemide, salicylate and anionic dyes to human plasma/serum and
both human and bovine albumin (McNamara er al. 1981, Bowmer & Lindup
1982, Tkeda et al. 1984, Tavares-Almeida er al. 1985, Lindup et al. 1986, Gulyassy
et al. 1987, Niwa et al. 1988b). Indoxyl-3-sulphate is formed in the liver by
hydroxylation and sulphate conjugation of indole which is produced by bacterial
decomposition of dietary tryptophan in the intestine (Ludwig er al 1968).
Indoxyl-3-sulphate is normally excreted by the kidneys (Ludwig ef al. 1968) so
it accumulates in the plasma of patients with renal impairment (table 1.1).

Indoxyl-3-sulphate is a weak binding inhibitor with similar inhibitory
potency to hippuric acid (McNamara et al. 1981, Tavares-Almeida et al. 1985,
Collier et al. 1986, Lindup er al. 1986, Gulyassy et al. 1987). Gulyassy and
coworkers (1987) showed that the addition of both hippuric acid and indoxyl-
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3-sulphate to normal human plasma only accounted for about 15% of the
decrease in binding of salicylate to uraemic plasma containing the same total
concentrations of these two inhibitors. This suggests the existence of other
potent binding inhibitors in uraemic plasma.

Many other indole derivatives, mainly carboxylic acids, have also been
tested for their inhibitory effects on the binding of ligands such as L-tryptophan,
salicylate, warfarin, frusemide and o-methyl red to normal human plasma and
human and bovine albumin (Saito ef al. 1980, Bowmer & Lindup 1982, Bishop
1983, Ikeda et al. 1984, Tavares-Almeida ef al. 1985, Lindup et al. 1986). Several
indoles such as indole-3-pyruvic acid, indole-3-acrylic acid, indole-2-carboxylic
acid and indole-3-butyric acid were more potent inhibitors than indoxyl-3-
sulphate (Bishop 1983, Ikeda e al. 1984, Tavares-Almeida et al. 1985, Lindup
et al. 1986).

Although a number of indoles accumulate in uraemia (Ludwig ef al. 1968,
Saito et al. 1980, Bergstrom & Furst 1983), there is little quantitative
information on their plasma concentrations and only the uraemic levels of
indole-3-acetic acid, a less potent inhibitor than indoxyl-3-sulphate (Bishop 1983,
Tavares-Almeida et al. 1985, Lindup et al. 1986) have been well documented
(table 1.1). Indoles are normal metabolites of L-tryptophan and 5-
hydroxytryptamine and are also derived from the diet and from the action of gut
bacteria (Ludwig et al. 1968, Saito e al. 1980). Indole-3-pyruvic acid is unstable
so it is an unlikely candidate for a uraemic binding inhibitor, but indole-3-acrylic
acid has been found in serum from uraemic patients (Ludwig et al. 1968) and
therefore warrants further investigation.

Lichtenwalner & coworkers (1983) isolated 2-hydroxybenzoylglycine (o-
hydroxyhippuric acid) from the sera of patients with chronic renal failure and
suggested that it might be a wuraemic binding inhibitor. Although 2-
hydroxybenzoylglycine is a more potent binding inhibitor than hippuric acid and
indoxyl-3-sulphate (Tavares-Almeida er al. 1985, Lindup et al. 1986), Gulyassy
& coworkers (1987) found that the plasma concentrations of 2-

hydroxybenzoylglycine in uraemic patients were negligible except in patients with
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substantial plasma levels of one of its precursors, salicylate. 2-
Hydroxybenzoylglycine is therefore unlikely to contribute to the drug binding
defect in patients who are not receiving aspirin or other salicylate-containing
drugs or foods.

Tavares-Almeida and coworkers (1985) demonstrated that many phenyl
derivatives and even quinoline compounds were also capable of inhibiting the
binding of L-tryptophan, salicylate and warfarin to normal human plasma.
However, although the plasma concentrations of phenolic acids are raised in
renal failure, their concentrations are still very low compared to the
concentration of albumin (Bajaj ef al 1973). It is possible that some
glucuronidated aromatic acids bind covalently to albumin, thereby affecting its
binding properties (e.g. acetylsalicylic acid; Hawkins ef al. 1969).

1.4  Furan carboxylic acids.

In the last decade, many furan carboxylic acids have been isolated and
identified in normal human urine (Mrochek & Rainey 1972, Pettersen & Jellum
1972, Spiteller & Spiteller 1979, Grupe & Spiteller 1981, Liebich ef al. 1984,
Bauer & Spiteller 1985a, Spiteller 1985, Heindl ef al. 1986, Verner 1988, Liebich
& Forst 1990) and in normal human blood, plasma and serum (Pfordt &
Spiteller 1980, Spiteller ef al. 1980, Pfordt e al. 1981, Liebich ef al. 1984, Thoma
et al. 1984), and some of these are listed in table 1.2. Divry and coworkers
(1987) cite 5-hydroxymethyl-2-furancarboxylic acid and a furan dicarboxylic acid
whose structure was not specified to be among the major organic acids in the
urine of children. Furan carboxylic acids have also been found in the urine of
cattle (Bauer & Spiteller 1985b) and rats (Gorst-Allman ef al. 1988).

More complex furan carboxylic acids with long side-chains (up to 12
carbon atoms) called furan fatty acids (or F-acids) were identified in the livers
and testes of freshwater fish where they are constituents of lipids (Glass et al.
1975, 1977). Fatty acids which contain a furan ring have also been identified in
crayfish hepatopancreas (Ishii ef al. 1988), in the livers of bullfrog

12 Chapter 1



Table 1.2 Some furan carboxylic acids found in normal human urine, plasma

and serum. For references see overleaf.

Furan carboxylic acid References
3-Furancarboxylic acid 1
2,5-Furandicarboxylic acid 1-6
2,5-Furandiacetic acid 5

2-Furanacrylic acid 4
5-Methyl-2-furancarboxylic acid 1
5-Hydroxymethyl-2-furancarboxylic acid 3-4,6
2-Furoylglycine 1-4,6-7
5-Methoxycarbonylfuran-2-carbonyl-glycine ¥
3-Carboxy-4-methyl-5-(1-oxopropyl)-2-
furan propanoic acid 8
3-Carboxy-4-methyl-5-(1-hydroxypropyl)-
2-furan propanoic acid 8
3-Carboxy-4-methyl-5-propyl-2-furan-
propanoic acid (5-propyl FPA) 1,4-5,9-11
3-Carboxy-4-methyl-5-pentyl-2-furan-
propanoic acid (5-pentyl FPA) 1,4-5,9-12

13
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and turtle (Ishii ef al. 1988) and are also common constituents of plants
(Hannemann ef al. 1989). Furan fatty acids have also been found in mammals
e.g. rat tissues (Gorst-Allman er al. 1988), bovine liver and testes (Spiteller 1989)
and bovine and human plasma (Puchta er al. 1988).

The furan dicarboxylic acids 3-carboxy-4-methyl-5-propyl-2-furanpropanoic
acid (5-propyl FPA; fig 1.1) and its 5-pentyl analogue (5-pentyl FPA; fig 1.1)
were first shown to accumulate in the plasma of uraemic patients by Liebich and
coworkers in 1984. This group measured the plasma concentrations of 5-propyl
FPA by gas chromatography and reported mean levels of about 10uM in healthy
individuals and 60uM in patients with chronic renal failure (Liebich ef al. 1984).
Subsequent improvements in detection and the development of a specific HPLC
assay for 5-propyl FPA have led to a substantial upward revision of the uraemic
concentrations of 5-propyl FPA, and concentrations approaching 400uM have
been reported for uraemic plasma/serum (table 1.1).

The mean concentration of 5-pentyl FPA in uraemic serum (8uM) is
much lower than that of 5-propyl FPA and 5-pentyl FPA does not appear to
accumulate in renal failure (Liebich er al. 1984, Niwa ef al. 1988a). The 5-ethyl
analogue 3-carboxy-4-methyl-5-ethyl-2-furanpropanoic acid and 3-carboxy-5-
propyl-2-furanpropanoic acid also accumulate in the serum of uraemic patients
(Niwa ef al. 1988a) but the concentrations have yet to be measured. The
concentrations of the other furan carboxylic acids (table 1.2) in uraemic fluids
are also unknown.

5-Propyl FPA was shown by Lindup and coworkers (Collier ef al. 1986,
Lindup et al. 1986) to be over ten times more potent than indoxyl-3-sulphate
and over five times more potent than hippuric acid at inhibiting the binding of
o-methyl red to albumin at a ligand:inhibitor:albumin ratio of 1:1:1. 5-Propyl
FPA was also about twice as potent as 2-hydroxybenzoylglycine (Collier et al
1986, Lindup ef al. 1986) which makes it the most potent binding inhibitor
studied to date. 2-Furanacrylic acid had similar inhibitory potency to indoxyl-3-
sulphate and the 2- and 3-furoic acids were also weak inhibitors of the binding
of o-methyl red (Lindup er al. 1986).
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Figure 1.1  Structure of 3-carboxy-4-methyl-5-propyl-2-furanpropanoic  acid (5-

propyl FPA) and 3-carboxy-4-methyl-5-pentyl-2-furanpropanoic ~ acid (5-pentyl
FPA).

COOH

(cH.), coon

5-Propyl FPA

COOH

(cH.), cooH

5-Pentyl FPA
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5-Propyl FPA was subsequently shown to be a potent inhibitor of the
binding of a host of other ligands to human albumin, including warfarin,
phenytoin, salicylate, diazepam, L-tryptophan, dansyl amide and dansyl sarcosine
(Mabuchi & Nakahashi 1986, 1988a, Collier & Lindup 1987, Niwa ef al. 1988a,
Barker & Lindup 1989). 5-Propyl FPA is also a potent inhibitor of the binding
to albumin of bromocresol purple (BCP) and 2-(4’-hydroxyphenylazo)-benzoic
acid (HABA; Mabuchi & Nakahashi 1987b, Woodhead & Lindup 1988), two
dyes routinely used to measure the plasma albumin concentration by virtue of
the colour change that occurs when the dyes bind to albumin. The BCP method
underestimates the serum albumin concentration in uraemic patients (Maguire
& Price 1986) and the degree of underestimation correlated with the 5-propyl
FPA concentration of uraemic plasma (Mabuchi & Nakahashi 1987b) which
suggests that S5-propyl FPA is at least partially responsible for this
underestimation.

5-Pentyl FPA also inhibited the binding of o-methyl red, warfarin, dansyl
amide and dansyl sarcosine to human albumin with from 50 - 90% of the
potency of 5-propyl FPA (Collier & Lindup 1987, Barker & Lindup 1989). 5-
Pentyl FPA is, however, unlikely to be an important uraemic binding inhibitor
because the serum concentration of S5-pentyl FPA in uraemic patients is low
(table 1.1) compared to the albumin concentration (about 600uM). In contrast,
the concentrations of 5-propyl FPA reported in uraemic plasma/serum (table
1.1) are high enough for it to approach a 1:1 ratio with plasma albumin,
particularly in uraemic patients who are often hypoalbuminaemic.

Haemodialysis removes low molecular weight, water-soluble, poorly-
protein-bound solutes like creatinine, urea, hippuric acid, indole-3-acetic acid and
a number of other indoles (Saito ef al. 1980, Mabuchi & Nakahashi 1987a,
Liebich er al. 1987, 1990, Schoots er al. 1989). Hippurate is only about 40%
bound in uraemic serum (Schoots et al. 1988, Mabuchi & Nakahashi 1988d,
Vanholder er al. 1990). Indoxyl-3-sulphate is more highly bound (80 - 90%
bound in uraemic serum; Schoots ef al. 1988, Mabuchi & Nakahashi 1988d,

Vanholder et al. 1990, Niwa et al. 1990) and as a result is not so effectively
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removed by haemodialysis (Niwa ef al. 1988b, Schoots et al. 1989). 5-Propyl FPA
is more than 99% bound in uraemic plasma/serum (Liebich ef al. 1987, 1990,
Mabuchi & Nakahashi 1988d), which explains why its plasma levels do not
decline after haemodialysis, haemofiltration or direct haemoperfusion (Liebich
et al. 1984, 1987, 1990, Mabuchi & Nakahashi 1987a, 1988b, Niwa e al. 1988a,
1990). This also implicates 5-propyl FPA as a major uraemic binding inhibitor
because the drug binding defect is present even in those patients on
haemodialysis (Andreasen 1973, Craig et al. 1976, McNamara et al. 1981).

The properties of the binding inhibitor fraction extracted from uraemic
human plasma, serum and pleural fluid (Depner ef al. 1980, Lichtenwalner ef al.
1981) are compatible with those of 5-propyl FPA which is acidic, heat-stable
(Mabuchi & Nakahashi 1987a), highly albumin bound (Liebich ef al 1990) and
has a low molecular weight (240). Inhibitory extracts also contain foul-smelling,
yellow-brown fluorescent compounds (Depner ef al. 1980, Lichtenwalner ef al.
1983, Lindup et al. 1986) which could be both indoles (Swan ef al 1983) and
furan carboxylic acids. Mabuchi (1988) reported that 5-propyl FPA could be
responsible for the non-dialysable albumin-associated fluorescence which is a
source of error in the fluorimetric assay of creatine kinase in uraemic patients
(Aleyassine & Tonks 1978).

Depner and coworkers (1980) suggested that the uraemic binding
inhibitor(s) contained a hydrophobic component and a polar component,
(possibly a carboxylic acid group with a pK, of 4 - 5), on the basis of the
properties of the inhibitory extract, and this implicated aromatic carboxylic acids
(Gulyassy & Depner 1983). 5-Propyl FPA is highly soluble in non-aqueous
solvents like acetonitrile (Mabuchi & Nakahashi 1987a) and has pK, values of
3.2 and 3.6, tentatively assigned to the carboxylic acid groups at positions 3 and
2 of the furan ring respectively (fig 1.1; M.G. Costigan, unpublished data).
Furthermore, charcoal extraction of albumin pre-treated with 5-propyl FPA led
to an increase in the binding of a wide range of ligands to human albumin
(Collier & Lindup 1987) which suggests that 5-propyl FPA is removed by

charcoal extraction of albumin under acidic conditions.
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1.5  Origin and function of furan dicarboxylic acids.

5-Propyl FPA and S5-pentyl FPA (referred to as urofuran acids by
Spiteller & coworkers) do not appear to be present in the diet because they
were not detected in foods like milk, meat, bread, fat, vegetables and fruit
(Spiteller 1985). It is likely that the urofuran acids are synthesised within the
mammalian body from furan fatty acids (F-acids; fig 1.2).

Furan fatty acids were first found as constituents of lipids in the livers
and/or testes of many species of fish where they were confined mainly to the
cholesterol ester and triglyceride fractions (Glass er al. 1975, 1977). Furan fatty
acids were subsequently found primarily in the fatty tissue and muscle of rats
(Gorst-Allman ef al. 1988) and in bovine liver and testes (Spiteller 1985, Gorst-
Allman et al. 1988). Furan fatty acids are also present in bovine and human
plasma where they occur in the phospholipid fraction bound to choline- and
ethanolamine-phospholipids and in the neutral fraction as cholesterol esters
(Puchta er al. 1988, Puchta & Spiteller 1988).

Sand and coworkers (1983) administered a mixture of long-chain furan
fatty acids, isolated from the lipids of fish testes to rats and analysed the furan
carboxylic acids subsequently excreted in the urine. Furan dicarboxylic acids
related to S-propyl FPA and S-pentyl FPA were formed by B-oxidation and
shortening of the alkylcarboxyl side-chain at the 2-position of the furan ring (R ;
see fig 1.2), which proceeded to a distance of 3 carbon atoms from the ring, and
oxidation to give a second carboxylic acid group at the 3-position (R,) or at the
end of the alkyl chain at the 5-position (R,; Sand er al. 1983). Although S-propyl
FPA was not detected in normal rat urine (Sand ef al. 1983, Gorst-Allman ef al.
1988), very small quantities were found in rat urine after treatment with furan
fatty acids (Sand er al. 1983).

Consumption of 5-propyl- and 5-pentyl furan fatty acids by man led to
large (twenty-fold) increases in the urinary excretion of 5-propyl and 5-pentyl
FPA which returned to normal levels after 24 hours (Spiteller 1985, Schodel et
al. 1986, Spiteller 1989). This suggests that furan fatty acids are also metabolised
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Figure 1.2 Structure of furan fatty acids (F-acids). (From Sand et al. 1983 and
Gorst-Allman er al. 1988).

Where RI = (CH2)612C00H
RZ = CH3 or H
R, = CH; or H

R4 = (CH2)2CH3 or (CH_z)‘CH_g
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in man by degradation of the long side-chain at the 2-position of the furan ring
(R;) and oxidation of the methyl group at position 3 (R,; fig 1.2).

It has been suggested that furan fatty acids may be produced in the body
from unsaturated fatty acids by similar processes to those involved in
prostaglandin biosynthesis (Spiteller 1985, Gorst-Allman ef al. 1988). 5-Propyl
and 5-pentyl furan fatty acids may be formed from linolenic and linoleic acid
respectively by the action of a lipoxygenase, followed by ring closure, double
bond rearrangement and methylation (Spiteller 1985, Gorst-Allman ef al. 1988).
Gorst-Allman and coworkers (1988) failed, however, to demonstrate the
incorporation of a C, analogue of linoleic acid into furan fatty acids in the
tissues and blood of rats. The fact that neither linoleate (Gorst-Allman et al.
1988) or acetate (Sand ef al. 1984) appear to be implicated in the biosynthesis
of furan fatty acids in rats and fish respectively suggests that furan fatty acids
may accumulate in the tissues after nutritional intake.

Gorst-Allman and colleagues (1988) found that all three furan fatty acids
found in rat tissue were present in rat food in significant quantities. Furan fatty
acids were not found in rat urine or faeces so it appears that dietary furan fatty
acids are removed from the body by metabolism to furan dicarboxylic acids
which are excreted in the urine (Gorst-Allman ef al. 1988). The dietary intake
of furan fatty acids in the rat was sufficient to account for the urinary furan
dicarboxylic acids (Gorst-Allman e al. 1988). Furan fatty acids can also be
oxidised by enzymes liberated by damaged cells to very unstable dioxoenes which
are then conjugated with glutathione or cysteine (Spiteller 1985, Schodel &
Spiteller 1985, Jandke et al. 1988).

5-Propyl FPA and 5-pentyl FPA are also likely to be produced by humans
from furan fatty acids present in the diet (Hannemann ef al. 1989). Dietary
sources of furan fatty acids in man may include fish (Glass et al. 1977, Gunstone
et al. 1978), cod liver oil (Scrimgeour 1977), crustacea (Ishii ef al 1988) and
plants, including certain vegetables, potato, rice, wheat and some fruits
(Hannemann et al. 1989). Spiteller (1985) showed that the ingestion of vitamin
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