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Abstract-The ability of a number of heterocyclic metal chelators to deliver zinc into red cells, to release 
the liganded zinc to haemoglobin and thereby cause a left shift in the oxygen dissociation curve of intact 
red cells has been investigated. Incubation of neutrally charged zinc-pyrone and zinc-pyridin-2-one 
complexes with red cells led to the rapid accumulation of zinc within cells, whereas unliganded zinc in 
the form of zinc acetate, zinc chloride or zinc sulphate accumulated only slowly. The rate at which zinc 
was delivered to red cells by pyrone and pyridin-2-one ligands increased with increasing lipid solubility 
of the ligands. The uptake of zinc into both normal adult and sickle red cells was associated with a dose- 
dependent increase in the oxygen affinity of haemoglobin. The degree of left shift in the oxygen 
dissociation curve following the incubation of red cells with zinc-pyrone and -pyridin-2-one complexes 
suggests that these complexes may find application as agents to increase the oxygen affinity of haemo- 
globin in sickle cell disease and thereby decrease the probability of intravascular sickling at low tissue 
oxygen tensions. Ethylmaltol appears to be a particularly useful agent due to its known low toxicity. 

Although the pathology of sickle cell anaemia is well 
understood at a molecular and at a genetic level, 
there is still no effective treatment available to pre- 
vent or ameliorate intravascular sickling [l]. A var- 
iety of agents have been investigated previously for 
their ability to reduce the tendency for sickle haemo- 
globin (HbS) to polymerize in its deoxy form. Unfor- 
tunately, most agents have been shown to be either 
too toxic or ineffective in clinical trials [2]. One 
potential mode of action for an antisickling agent 
would be to interact with the haemoglobin molecule 
in such a way as to increase the affinity of HbS for 
oxygen, thereby decreasing the proportion of HbS 
in the deoxy state. Such “left shifting agents” can lead 
to reduced sickling and increased red cell survival as 
demonstrated by cyanate [3,4] although this drug 
proved too toxic in clinical use. 

Zinc is known to bind to isolated adult Hb with a 
stoichiometry of 2 Zn per tetramer, thereby causing 
a 3-4-fold increase in oxygen affinity [5,6]. Unlike 
many agents which cause such a left shift in the 
oxygen dissociation curve, zinc does not alter the co- 
operativity of oxygen binding [7] or the Bohr effect 
[8]. Unfortunately unliganded zinc, such as zinc 
chloride, cannot pass into red cells freely, thereby 
limiting the degree of left shift that can be achieved 
[9]. A labile zinc-ligand complex which is capable 
of both crossing the erythrocyte membrane, and 
donating zinc to haemoglobin, might however find 
application as a left-shifting agent for the treatment 
of sickle cell disease. In this communication we have 
investigated the ability of a number of heterocyclic 

7 To whom correspondence and reprint requests should 
be addressed. 

metal chelating agents, such as pyrones and pyri- 
dinones, to allow zinc to cross the red cell membrane 
and interact with haemoglobin so as to cause a left 
shift in the oxygen dissociation curve. Because the 
pyrones, malt01 and ethylmaltol, are known to have 
a low degree of toxicity in animals [lo] and are well 
established as food additives in man, their initial 
investigation has been more extensive than that of 
the pyridinones. 

MATERIALS AND METHODS 

Malt01 and ethylmaltol were purchased from 
Pfizer, (Sandwich, U.K.). The entire range of pyri- 
dinones were prepared as described by Hider and 
co-workers [ll, 121. Zinc solutions for absorption 
studies were prepared by mixing 65Zn (Amersham 
International, Bucks, U.K.) with ZnCl*, the appro- 
priate ligand and buffered solution. All other chemi- 
cals were either purchased from the Sigma Chemical 
Co. (Poole, U.K.) or the Aldrich Chemical Co. 
(Poole, U.K.). Zinc diethylmaltol was prepared by 
adding a chloroform solution of ethylmaltol 
(0.02 moles) to an equal volume of an ethanol solu- 
tion of zinc chloride (0.01 moles). After allowing the 
solution to stand for 5 min, a 10 M excess of solid 
Na2C03 was added and the resulting mixture was 
stirred for 15 min. The filtrate of the mixture was 
rotary evaporated to yield a viscous oil. Trituration 
and subsequent recrystallization from ethanol gave 
zinc diethylmaltol as a white crystalline solid in essen- 
tially quantitative yield, mp. 271-272”; Vmax (nujol) 
1620, 1560, 1530 cm-‘; 6 (d,DMSO) 8.0 (d,2H), 6.4 
(d,2H), 2.6 (q,4H), 1.0 (t,6H). 

Speciution plots. The relative populations of Zn?+, 
[ZnL]+, [ZnL$ and [ZnL& as a function of Zn : L 
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ratio, Zn concentration and pH of the solution were 
determined from affinity constants using MLGEN19 
[13]. The affinity constants for the interaction 
between zinc and malt01 are log K,, 5.62; log K2, 
4.82; log K3, 2.44 and pK,, 8.73 [14]. The affinity 
constants for the interaction between zinc and 3- 
hydroxypyridin-2-one are log K,, 5.57; log Kz, 4.55; 
log K3, 2.18 and pK, 8.66 [15]. The affinity constants 
for the interaction between zinc and 3-hydroxy- 
pyridin-4-one are log K,, 7.35; log K2, 6.38; log K,, 
5.38; and pK, 9.74 [13, 161. 

Determination of Kpart values. The partition coef- 
ficients for free ligands and bsZn (in the presence of 
ligands) between n-octanol and aqueous Tris-HCI 
(20 mM, pH 7.4) was determined at 20” by the ‘hand- 
shake’ method. In each case the material to be 
measured was dissolved in the aqueous phase at a 
concentration of 10e4M. After shaking for 1 min, 
the mixture was centrifuged at 1OOOg for 30 sec. 
The two resulting phases were separated. Ligand 
concentration was determined spectrophoto- 
metrically over the 220 to 340 nm range, whereas 
h5Zn was determined directly on a y-counter. Values 
presented are the means of at least three independent 
determinations. 

Erythrocyte uptuke studies. Whole blood was 
centrifuged at 3000 rpm for 5 min at 4” on a Beckman 
model J-21 centrifuge. The plasma was removed by 
aspiration and discarded. The packed erythrocytes 
were then washed (2x) with approximately twice 
their volume of (Tris-HCI 20mM, pH 7.4; NaCl 
130 mM). Packed erythrocytes 0.5 mL were added 
to 2 mL of zinc complex in a 25-mL conical flask and 
incubated with shaking at 37” for the desired length 
of time. After incubation, O.l-mL aliquots of the 
cell suspension were added to 0.4-mL MCC plastic 
tubes containing approximately 0.1 mL silicon fluid 
(p, 1.2) and 0.2 mL silicon fluid (p, 1.2) and 0.2 mL 
silicon fluid (p, 1.08). After centrifugation in a Beck- 
man Microfuge B for 30 set the erythrocytes sep- 
arated from the supernatant. The centrifuge tubes 
were cut into two parts by the use of a hot scalpel 
and each part was placed into a vial insert. Thus, the 
‘“Zn content of both the incubation media and the 
centrifuged cells could be determined by y-counting. 
The dry weight of the packed erythrocytes was deter- 
mined by drying two 0.2-mL samples at 100” to 
constant weight. 

Haemoglobin-zinc interaction. A haemoglobin 
solution was prepared by lysing packed erythrocytes 
with twice their volume of hypotonic buffer (20 mM, 
Tris-HCl, pH 7.4). The solution was centrifuged at 
3000 rpm for 5 min at 4”. The supernatant contained 
haemoglobin at an approximate concentration of 
4x10-“M. A solution of zinc complex (zinc, 
0.1 mM; ligand, 1 mM) was added to an equal vol- 
ume of haemoglobin solution and incubated at 37” 
for 15 min. Two different procedures for separating 
the haemoglobin from the low molecular complexes 
were employed. 

Gel permeation chromatography. A 0.5-mL ali- 
quot was applied to a PD-10 (G25) column and 
eluted with (20mM, Tris-HCl; 130mM NaCl, 
pH 7.4). Thirty 0.5-mL fractions were collected and 
assayed for @Zn content on a y-counter. 

Ultrafiltration. A 2.0-mL aliquot of the solution 
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Scheme 1. 

was filtered through a 10,000 MW cut off membrane 
filter (Millipore) in a stirred ultrafiltration cell. The 
membrane, retaining the high molecular weight 
ligands (>lO,OOO) and the filtrate containing the low 
molecular weight ligands (<lO,OOO), were estimated 
for 6sZn content on the y-counter. 

Haemoglobin-oxygen dissociation curves. Hep- 
arinized blood samples were obtained from normal 
adult volunteers and sickle cell disease patients. 
Washed packed red cells (0.5 mL) were incubated in 
2 mL 20 mM bisTris buffer, pH 7.1 containing either 
2.5 mM zinc (acetate, chloride or sulphate) or 25 mM 
ethylmaltol or both for 15 min at 37” in a shaking 
waterbath, then washed three times with the bisTris 
buffer. Oxygen dissociation curves on red cells sus- 
pensions in the same pH 7.1 buffer were carried out 
using the method of Bellingham and Huehns [17] 
and Hills coefficient (n value) calculated. For the 
dose-response curves, 2.5 mM ZnSO,. 25 mM ethyl- 
maltol was diluted in bisTris buffer, maintaining the 
zinc:ethylmaltol ratio at 1: 10. 

RESULTS 

Speciation and Kpar, studies 

Zinc forms three different complexes with mono- 
protonated bidentate ligands (L) such as hydroxy- 
pyrones, ZnL+, ZnLz and ZnLT , (Scheme 1). Only 
the non-charged ZnLz complex is likely to permeate 
membranes by simple diffusion and therefore con- 
ditions were selected in this study which optimize 
the formation of this neutral compound. Using speci- 
ation plots it is possible to determine the optimum 
conditions for a given zinc concentration and pH 
(Fig. 1). With malt01 the percentage of Zn(maltol)z 
which is present at pH 7.4 ([Zn] total = 5 x lo-” M) 
increases with increasing maltol/zinc ratio, reaching 
a maximum of 65% with a ratio in the region 20: 1 
(Fig. la). Above this ratio the proportion of 
[Zn(maltol)J~ increases. This trend is matched with 
the increased partition of @Zn into the octanol phase 
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Tahle 1. The effect of the ligand : zinc ratio on partitioning 
of zinc ligand complexes between n-octanol and water 

Ligand 
K pm Ligand : K,,,, 

(ligand) zinc ratio (zinc complex) 

Maltol 
(I) R=Me 

0.66 2:,1 
6:l 

1O:l 
2O:l 

Ethylmaltol 
(I) R=Et 0.75 2:l 

6:l 
1O:l 
2O:l 

0.038 
0.078 
0.100 
0.11 

0.17 
0.65 
1.22 
1.24 

with increasing maltol:zinc ratio (Table 1). From 
these values it is possible to estimate the Kpart value 
of the neutral Zn(maltol)z complex. Thus for malt01 
the value is 0.17, whereas for the more hydrophobic 
ethylmaltol, it is 1.9. From these preliminary studies 
the ligand: zinc ratio in the region 10-20 appeared 
optimal for facilitating the partition of zinc into 
octanol. Parallel studies with 3-hydroxypyridin-2- 
ones (Fig. lb) and 3-hydroxypyridin-4-ones (Fig. lc) 
also identified optimal ratios of 10: 1. This ratio 
was adopted for a wide range of ligands in a study 
designed to correlate the 65Zn K,,,, value with the 
permeation of (j5Zn into erythrocytes. 

6sZn uptake by erythrocytes 

A range of ligands was studied (Table 2). A large 

proportion of zinc (up to 99%) was absorbed by 
erythrocytes when the zinc was presented as a com- 
plex of either a hydroxypyrone (I) or a hydroxy- 
pyridin-2-one (III). In contrast when zinc was 
presented as a stable charged complex, for instance 
citric acid, EDTA, NTA or bipyridyl, no zinc (< 1%) 
was taken up by the erythrocytes (Table 2). With 
lower affinity hydrophilic ligands, for instance 
glycine, lactate and catechol, zinc does not enter 
erythrocytes, but it is completely associated with the 
membrane and probably does not enter the cyto- 
plasm (unpublished observations). 

When zinc is incubated with hydroxypyrones (I) 
an extremely rapid uptake of the metal occurs (Fig. 
2), the initial rate of entry being strongly dependent 
on the K part value of the corresponding zinc dipyrone 
complex. A similar phenomenon occurs in the pres- 
ence of hydroxypyridin-2-ones (III) (Fig. 3). The 
hydroxypyridin-4-ones have lower Kpart values 
(Table 2) and behave like the relatively hydrophilic 
N-methyl-3-hydroxypyridin-2-one. Thus complexes 
with Kpart values ~0.2 only enter the erythrocyte 
slowly and donate the coordinated zinc to competing 
ligands on the outer cell surface. Under these cir- 
cumstances equilibrium distribution is achieved 
within the first 2 min of incubation (data not shown). 

In the presence of the hydroxypyrones and the 
hydroxypyridin-2-ones extremely large distribution 
ratios of zinc occur (>400). The zinc complexes 
enter the cells by simple diffusion as no saturation 
phenomena can be demonstrated (data not 
presented). Consequently, once inside the cell, zinc 
must dissociate from the complex and bind to a high 

Table 2. Uptake of zinc by erythrocytes in the presence of different chelators 

Class Ligand 
K p.irr 

(ligand) 
O/c Zn in RBC 

after 60 min 

Pyrones 

(I) 

Pyrid-2-ones 

(III) 

Pyrid-4-ones 

(II) 

Amino acids 

Hydroxy acids 

Ene diols 

General chelators 

Malt01 
Ethyl malt01 
Isopropyl malt01 

3-Hydroxymethyl-pyrid-2-one 
1-Ethyl-3-hydroxypyrid-2-one 
3-Hydroxy-I-propylpyrid-2-one 
3-Hydroxy-1-isopropylpyrid-2-one 

3-Hydroxy-1.2.dimethylpyrid-4-one 
1-Ethyl-3-hydroxy-2-methylpyrid-4-one 
3-Hydroxy-2-methyl-1-propylpyrid-4-one 
3-Hydroxy-1-isopropylpyrid-4-one 

Clycine 
Glutamic acid 
Picolinic acid 

Citric acid 
Malic acid 
Lactic acid 

Ascorbic acid 
Catechol 

EDTA 
NTA 
Dipyridyl 

0.66 
0.75 
4.so 

0. 10 
1.22 

0.44 
0.50 
0.78 
3.10 

2.19 

0.10 
0.66 
3.27 
2.7(1 

0.21 4x 10 i 
0.40 5x 10 1 
0.67 0.20 
0.95 0. I I 

6x 10 -I 
7x IO 4 
3x 10 3 

2x 10 4 
7 x lo- 
1 x 10 i 

3x 10 i 
3x IO i 

3x10’ 
2x 10 ’ 
3x10 i 

56 
96 
90 

34 
78 
ox 
YY 

17 
27 
3-x 
22 

13.Y 
12.x 
0.6 

0.5 
x.4 

18.6 

21.1 
27.5 

0.6 
0.6 
0.3 

[Zn] = lo-‘M; (Ligand] = 1O-~2 M 
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Fig. 2. Uptake of zinc by erythrocytes as a function of time 
in the presence of maltol, isopropylmaltol and ethylmaltol. 
Initial zinc concentration (5 x 10mJ M), initial ligand con- 
centration (5 x 10.’ M). K,,,, values of zinc complexes are 

given in parentheses; N = 3. 

affinity zinc site, which effectively behaves as a sink. 
In view of the findings of Brewer and co-workers 
[8,9], haemoglobin was considered to be a likely 
candidate. In order to establish whether haemo- 
globin is capable of competing with hydroxypyrones 
and hydroxypyridinones for zinc, binding studies 
using ultrafiltration were undertaken (Table 3). It is 

clear that under the conditions of the experiment, 
haemoglobin is capable of removing zinc from both 
pyrones and pyridinones. Thus in view of its high 
intracellular concentration, haemoglobin is likely to 
provide the intracellular zinc binding site. Identical 
binding results were obtained when zinc haemo- 
globin complex formation was monitored by gel per- 
meation chromatography. 

Influence of zinc ethylmaltol on the haemoglobin- 
oxygen dissociation curve 

When normal adult red cells were incubated with 
2.5 mM ZnS04, 25 mM ethylmaltol, i.e. two zinc 
atoms per haemoglobin molecule, the oxygen dis- 
sociation curve Ps, value at pH 7.1 was shifted from 
27.5 mm Hg (n = 2.5) for untreated cells to 16.0 mm 
Hg (n = 3.3), AlogP5,, = 0.235 (Fig. 4a). Efficiency 
of intracellular uptake and binding to haemoglobin 
were not dependent on the zinc salt used, the same 
results being obtained with zinc acetate and chloride 
(Table 4). No significant shift was observed in the 
presence of either 2.5 mM zinc or 25 mM ethylmaltol 
alone (Table 4). Sickle cells also showed a left-shifted 
oxygen dissociation curve on incubation with zinc- 
ethylmaltol, Pso value for untreated cells 43.0 mm 
Hg (n = 2.3) and treated cells 20.5 mm Hg (n = 
2.4), AlogP,,, = 0.322 (Fig. 4b). There was Cl% 
formation of methaemoglobin after incubation. The 
increase in oxygen affinity was dependent on the 
dose of zinc present in both normal adult and sickle 
cells, with maximum shift in P,,, occurring at an 

A = isopropyl (4.6) 

R = npropyl (5.6) 

R - methyl (0.17 

IO 20 
I%ubotion time (min) 

60 

Fig. 3. Uptake of zinc by erythrocytes as a function of time in the presence of A’-alkylpyrid-2-ones. 
Initial zinc concentration (5 x 10m4 M), initial ligand concentration (5 X 10m3 M). K,,,, values of zinc 

complexes are given in parentheses; N = 3. 

Table 3. The binding of zinc to haemoglobin in the presence of a range of bidentate ligands 

Ligand 
Ligand : 
Zn ratio 

Percentage 6’Zn 
bound to haemoglobin 

Maltol 10 95 * 3 
Ethylmaltol 2 98 2 2 
1-Ethyl-3-hydroxypyridin-2-one 10 95 2 4 
1-Ethyl-3-hydroxy-2-methylpyridin-4-one 10 89 + 2 

Values are mean 2 SD, N = 4. 
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Fig. 4. Influence of zinc ethylmaltol on the oxygen dissociation curve of (a) normal human erythrocytes 
and (b) sickle cell erythrocytes incubated in bisTris buffer (20 mM, pH 7.1). (m) bisTris buffer: (0) 

2.5 mM ethylmaltol; (0) 2.5 mM ZnSO,; (0) 2.5 mM ethylmaltol and 2.5 mM ZnSO,. 

Table 4. Effect of zinc, ethylmaltol or both on oxygen affinity of normal adult erythrocytes 

Incubation solution Ps,, (mm Hg) n value 

BisTris pH 7.1 27.5 2.5 
25 mM ethylmaltol 26.75 2.2 

2.5 mM zinc acetate 27.5 2.4 
2.5 mM zinc chloride 28.75 2.6 
2.5 mM zinc sulphate 27.25 2.3 

25 mM ethylmaltol 2.5 mM zinc acetate 16.25 3.0 
25 mM ethylmaltol 2.5 mM zinc chloride 16.0 3.3 
25 mM ethylmaltol 2.5 mM zinc sulphate 16.0 3.3 

Zn/Hb molar ratio 

Fig. 5. Influence of zinc ethylmaltol concentration on the 
oxygen dissociation curve of normal adult erythrocytes 

(O,O, A) and sickle cell erythrocytes (W, 0). 

approximate molar ratio of two zinc/haemoglobin 
molecule (Fig. 5). 

DISCUSSION 

The interaction of zinc with human haemoglobin 

leading to an increase in the oxygen affinity has 
previously been reported using solutions of haemo- 
globin, either unpurified [8] or stripped of all low 
molecular weight components [5]. The increase 
shown for the latter was 3.7-fold (AlogPso = 0.57) 
however, incubations of zinc chloride with whole 
blood showed only a l.l-fold increase (AlogP5,, = 
0.04) [9]. While clinical studies using oral zinc 
sulphate have shown a number of effects including 
improvement in wound healing [18], growth and 
weight of sickle cell disease patients [ 191, con- 
siderable relief from pain [20] and reduction in the 
number of irreversibly sickled cells [21], there has 
been no evidence to suggest that the zinc crosses the 
red cell membrane. In fact in vitro studies on the 
filterability of sickle cells showed that where 
improvement could be demonstrated, less than 0.05 
zinc atoms were bound per haemoglobin molecule. 
This suggests that the effect was exerted on the sickle 
cell membrane and not on haemoglobin [22]. 

Very little is understood about the mechanism of 
zinc transport across the red cell membrane [23]. 
Picolinic acid has been reported to facilitate zinc 
absorption by intestinal cells [24], but in the studies 
presented here it did not increase the rate of entry 
into human erythrocytes (Table 2). Neither did 
hydroxycarboxylic acids, tricarboxylic acids, amino 
acids or dipyridyl. In contrast, both 3-hydroxy- 
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Fig. 6. Schematic representation of zinc accumulation by 
erythrocytes in the presence of hydroxypyrones or hydroxy- 

pyridin-2-ones (L). Hb. Haemoglobin. 

pyrones (I) and 3-hydroxypyridin-2-ones (III) did 
facilitate the entry of zinc into red cells (Figs 2 and 
3). The initial rate of entry was strongly influenced by 
the partition coefficient of the neutral zinc complex, 
with a partition coefficient greater than 0.5 leading 
to appreciable zinc uptake and accumulation by the 
red ceil. The closely related pyridin-4-ones (II) were 
not as effective as a source of zinc transport under 
these conditions, despite being able to form neutral 
complexes with zinc (Table 2). This is probably due 
to the more extensive distribution of charge occur- 
ring with this class of molecule as compared with the 
hydroxypyridin-2-ones [25]. This necessitates a much 
larger side chain in order to increase membrane 
permeability to that observed with the hydroxy- 
pyridin-2-ones. 

Both the pyrones and pyridin-2-ones facilitate the 
entry of zinc into red cells by a carrier mechanism, 
whereby the ligand simultaneously permeates the 
bilayer membrane with its co-ordinated zinc in a 2 : 1 
ratio. Although 1: 1 complexes and 3 : 1 complexes 
are possible (Fig. l), the charged nature of these 
complexes limits uptake into the red cell. With the 
more hydrophobic ligands over 99% of the zinc 
originally present in the media had accumulated in 
the erythrocytes within 60min and is bound to 
haemoglobin (Table 3). Clearly red cells would be 
unable to accumulate zinc against a concentration 
gradient by simple diffusion and yet enormous zinc 
distribution ratios were observed. This distribution 
ratio can be explained however by haemoglobin pos- 
sessing a higher affinity for zinc than the bidentate 
ligand (pyrone or pyridin-2-one) and an overall 
uptake mechanism of the type indicated in Fig. 6 is 
proposed to explain the accumulation of zinc. 

The binding of zinc to the intracellular haemo- 
globin resulted in the increase in oxygen affinity 
that had been reported in previous studies using 

haemoglobin solutions [5,6] (Fig. 4). The increase 
was only observed in the presence of both zinc and 
ethylmaltol together (Fig. 4A), demonstrating that 
under normal conditions very little zinc crosses the 
red cell membrane. Ethylmaltol was equally effective 
at chelating zinc acetate, chloride and sulphate and 
releasing the zinc to haemoglobin (Table 4). The 
maximal shift in Pso value was observed when two 
zinc atoms were available to bind per haemoglobin 
molecule, which is consistent with the results of 
Gilman and Brewer [6]. It is not known precisely 
where the zinc binds to haemoglobin though at least 
three amino acid residues have been implicated, 
cysteine fl3, histidine @143 and histidine /J146 15, 61. 
Clearly however the /36 Glu to Val mutation of the 
sickle molecule does not interfere with binding of 
the zinc since the oxygen affinity increases were 
similar in both normal adult (Hb A) and sickle (Hb S) 
cells. It would also appear likely that although the 
binding of zinc to the b chain increases the oxygen 
affinity, it does not directly interfere with poly- 
merization of the sickle molecule since the dose- 
dependent relationship between zinc bound and 
degree of left shift of the oxygen dissociation curve 
was almost the same for normal adult and sickle cells 
(Fig. 5). In contrast, sickle cells treated with agents 
such as urea. which disrupt the intermolecular bonds 
responsible for the aggregation process of the sickle 
polymer as well as increasing the oxygen affinity of 
the haemoglobin, show a far greater shift in P5,, value 
than normal adult cells [26]. 

The results obtained with zinc-ethylmaltol are 
similar to those described for the anti-sickling agent 
cyanate. Carbamylation of the N-terminal amino 
groups of all four globin chains did not directly inhibit 
sickling, but the increased oxygen affinity of treated 
cells decreased the proportion of deoxyhaemoglobin 
present at any particular partial pressure of oxygen. 
This reduced the tendency to sickle at tissue oxygen 
tensions and therefore increased the red cell survival 
of cyanate-treated cells [3]. Experimental data sug- 
gest that maintenance of 25-30% Hb S in the oxy- 
conformation at venous oxygen tensions would help 
to prevent sickling [27]. Results with another agent 
BW12C, which stabilizes the oxy-conformation of 
haemoglobin and causes a left shift of the oxygen 
dissociation curve, have shown that up to 23% of the 
haemoglobin could be modified to the high affinity 
form without evidence of tissue hypoxia and with 
biochemical and rheological evidence for a transient 
decrease in the haemolytic rate [28]. Using zinc- 
ethylmaltol it should be possible therefore to modify 
the dose to achieve a clinical benefit by maintaining 
sufficient haemoglobin in the oxy-conformation, i.e. 
preventing the formation of sickle polymers. without 
compromising oxygen delivery to the tissues. 

Clinical studies on many anti-stickling agents at 
effective doses have proved too toxic for use in 
uioo [2]. An advantage of using the hydroxypyrone 
ethylmaltol as an agent is that its toxicology and 
pharmacology have already undergone extensive 
investigation for use as a flavour-enhancing agent, 
e.g. in chocolate cakes and fruit drinks, with a safe 
level probably greater than 200mg/kg/day [lo]. 
Orally administered ethylmaltol is almost completely 
absorbed, rapidly metabolized and excreted in the 
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urine. However, under the conditions used in these 
experiments, once the ethylmaltol has released the 
zinc intracellularly it leaves the cell and would be 
removed by the washing procedure. Use of zinc- 
ethylmaltol with whole blood would not be expected 
to be as efficient at delivering zinc specifically to red 
cells due to competitive binding of plasma proteins 
such as albumin, which have a high binding affinity 
for zinc. Clinical use of zinc-ethylmaltol would prob- 
ably therefore need to be extra-corporeal with red 
cells being treated in uitro, washed and then returned 
to the patient. 

In conclusion, the results presented suggest that 
the treatment of red cells extra-corporeally with zinc- 
ethylmaltol would result in a left shift in the oxygen 
dissociation curve comparable in magnitude to that 
seen with other left shifting agents. This should 
reduce the tendency of treated cells to sickle in uivo 
at tissue oxygen tensions. Further investigation of the 
use of zinc-ethylmaltol for this purpose is indicated. 
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