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Summary. The ultraviolet-visible absorption
spectra of the orally effective iron chelator, pyri-
doxal isonicotinoyl hydrazone (PIH), and three
analogues, pyridoxal benzoyl hydrazone (PBH),
pyridoxal p-methoxybenzoyl hydrazone (PpPMBH)
and pyridoxal m-fluorobenzoyl hydrazone
(PmFBH) have been measured in aqueous solu-
tion with various concentrations of added acid or
alkali. Assignment of absorption bands to various
molecular species in equilibrium in aqueous solu-
tion is made by reference to their acid ionisation
constants. All four hydrazones were stable at
physiologial pH, but hydrolysed in strongly acidic
and basic solutions, resulting in the liberation of
pyridoxal and the acid hydrazide. In acidic solu-
tions this resulted in a dramatic decrease in the
intensity of absorption at wavelengths of 225 nm
and above 300 nm, allowing a quantitative esti-
mate of the degree of acid-catalysed hydrolysis of
the ligands. These results indicate that for oral ad-
ministration the chelator should be administered
with calcium carbonate or provided with an ent-
eric coating to minimise acid-catalysed hydrolysis
in the stomach. At high pH, base-catalysed hydro-
lysis occurred, resulting in a decrease in the ab-
sorption at a wavelength of 387 nm.

Key words: Pyridoxal isonicotinoyl hydrazone —
Ultraviolet-visible spectrophotometry — Acid/
base-catalysed hydrolysis

Introduction

Abnormal accumulation of iron in the parenchy-
mal cells of the liver and other organs is a serious
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complication of thalassemia major and other
chronic anaemias requiring long-term blood
transfusion (Modell and Berdoukas 1984). These
haemoglobinopathies are now recognised as be-
ing of wide distribution, particularly in the Medi-
terranean region and South East Asia (WHO
1983). The only practical method of iron mobili-
sation in chronic anaemias is with the use of an
iron-chelating drug. Desferrioxamine is at present
the only iron chelator which is commercially
available and of relatively low toxicity (Martell et
al. 1981). However, the high cost of desferrioxam-
ine (approximately $10000 per patient per year in
Australia) and its poor intestinal absorption (Kat-
tamis et al. 1981) are serious limitations and un-
derline the need for an alternative iron-chelating
compound, especially one wich is effective
when given orally (Baker 1988; Webb and Vitolo
1988).

Extensive evaluation of pyridoxal isonicoti-
noyl hydrazone (PIH) in vivo (Avramovici-Gris-
aru et al. 1983; Cikrt et al. 1980; Hershko et al.
1981; Hoy et al. 1979; Johnson et al. 1982; Ponka
et al. 1979b; Williams et al. 1982) and in vitro
(Baker et al. 1985; Hoy et al. 1979; Ponka et al.
1979a, b; Williams et al. 1982) has shown that this
orally effective iron-chelating agent (Cikrt et al.
1980; Hershko et al. 1981; Hoy et al. 1979; Wil-
liams et al. 1982) holds substantial promise in the
treatment of iron-loading diseases such as thalas-
semia. A recent clinical trial of this compound in
a limited number of iron-loaded patients has
shown encouraging results (Brittenham, personal
communication).

Recent studies have shown that three ana-
logues of PIH, pyridoxal benzoyl hydrazone
(PBH), pyridoxal p-methoxybenzoyl hydrazone
(PpMBH) and pyridoxal m-fluorobenzoyl hydra-
zone (PmFBH), are more active on a molar basis
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than PIH and desferrioxamine in the hepatocyte,
macrophage and reticulocyte screens (Ponka et al.
1988; Richardson et al. 1988). Further investiga-
tion of these compounds showed that at pH 7.5
the ligands are present predominantly as the neu-
tral molecule, allowing access to intracellular iron
pools (Richardson et al., unpublished results). In
additon, PIH and some analogues are highly spe-
cific for iron(I1I), showing a selectivity compara-
ble to that seen with desferrioxamine and much
greater than that seen with the aminocarboxylic
chelating agents, DTPA and EDTA (Richardson
et al. and Vitolo et al., unpublished results).

In the light of these encouraging reports, the
ligands were investigated further to gain addi-
tional understanding of their chemical properties
in solution which may be of use in their clinical
application. In this paper we report the ultravio-
let-visible spectrophotometric investigation of the
stability of PIH and its three analogues, PBH,
PpMBH and PmFBH (Fig. 1) in acidic, neutral
and basic solutions.

The solution chemisty of these ligands may be
important to consider in terms of: (a) the stability
of these compounds towards acid-catalysed hy-
drolysis which could occur in the stomach; (b) the
protocol used for potentiometric titrations over a
wide pH range (pH 2-12), the results of which
will be reported elsewhere (by Richardson et al.
and Vitolo et al.), and (c) the methods used to dis-
solve the ligands prior to experimentation in vitro
and in vivo.

Materials and methods

PIH, PBH, PpMBH and PmFBH were prepared as will be de-
scribed elsewhere (by Richardson et al.).

The ultraviolet-visible spectra were obtained using a
Hewlett-Packard 8450 spectrophotometer with a pair of
matched 1-cm quartz cuvettes. All spectral studies were car-
ried out immediately after preparing solutions.

The hydrolysis of PITH and analogues was investigated un-
der pseudo-first-order conditions with a ligand concentration
much lower than the acid or base concentration. For kinetic
measurements concerning acid-catalysed hydrolysis, the li-
gands at a concentration of 0.05 mM were prepared in nitric
acid (50 mM, pH 1.3) diluted from a 0.1000 M nitric acid stock
solution prepared from concentrated volumetric ampules
(BDH, UK). All solutions were prepared using distilled water
that had been passed through a Millipore Milli-Q System, hen-
ceforth referred to as ‘millipore water’. At pH 7.5, the buffer
used was Hepes (Sigma Chemical Co., St. Louis, MO, USA).
For kinetic measurements of base-catalysed hydrolysis, the 1i-
gands at a concentration of 0.1 mM were prepared in 0.5 mM
KOH (pH 10.7) diluted from a 0.1000 M potassium hydroxide
stock solution prepared from concentrated volumetric am-
pules (BDH, UK) diluted with fresh, degassed millipore water.
The pH of the solutions was measured using a DDS pH meter
equipped with a Beckman glass electrode which was cali-
brated with Beckman calibration buffers.

Kinetic studies were performed using the spectrophotom-
eter described above fitted with a cell block thermostatted at
25+0.1°C. First-order rate constants were calculated as de-
scribed by Chang (1981).

Results and discussion

The absorption spectra of PIH at pH 1, 7.4 and 12
are illustrated in Fig. 2. Similar spectra were also
noted for PBH, PpMBH, PmFBH and 35 other
analogues of PIH (Edward et al. 1988). As is evi-
dent from Fig. 2, the spectral changes associated
with these ligands are complex. The changes
which occur in the spectra can be explained by
the complex protonation-deprotonation equili-
bria of the ligands in accordance with their acid
dissociation constants (Richardson et al. unpub-
lished results).
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Ultraviolet-visible spectra in acidic solutions

For PIH at pH 1 there are three strong absorption
bands at 233 nm, 307 nm and 343 nm (Fig. 2A),
corresponding to the fully protonated ligand
(H,L?*), where the two ring N atoms (Fig. 1) are
protonated (Richardson et al., unpublished). It
should be noted that the phenolic hydrogen is
probably H-bonded to the imine nitrogen, two
tautomeric forms being possible, as suggested for
other Schiff bases of similar structure (Dudek and
Dudek 1966; Ferguson and Kelly 1951; Matsu-
shima and Martell 1967; Metzler 1957).

If the spectrum of the ligand in acidic solution
(pH 1) is observed over a number of hours, there
is a dramatic decrease in absorption at the wave-
lengths of 233 nm and greater than 300 nm, and a
blue shift of the maximum absorbance (Fig. 3).
The final spectrum obtained is the same as that
for equimolar amounts of pyridoxal and isonico-
tinic acid hydrazide (INH) in acidic solution.
Similar observations were made for the remaining
three hydrazones. Comparable observations have
been reported for the acid-catalysed hydrolysis of
pyridoxylidenevaline into pyridoxal and valine
(Matsushima and Martell 1967).

Fig. 3. The acid-catalysed hydro-
lysis of PIH at pH 1. Spectra

were recorded every 100 s. There
| was a marked decrease in absor-
. bance of 233 nm and at all wave-
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This evidence indicated rapid hydrolysis of
PIH and its analogues into pyridoxal and INH in
acidic solution (pH 1). This suggestion is also sup-
ported by the fact that when either acid-hydro-
lysed PIH or an acidic solution of equimolar
amounts of pyridoxal and INH were adjusted to
pH 12, the final spectrum is identical to that of a
freshly prepared solution of PIH at pH 12 (Fig.
2C). These changes are associated with isosbestic
points at 240, 250, 275 and 310 nm. Hence pyri-
doxal and INH are condensing to form the hydra-
zone at high pH. The marked increase in absor-
bance which occurs at 387 nm may suggest that
this peak is characteristic of the hydrazone link-
age at basic pH (see below).

In addition to this high-pH peak, the absorp-
tion peak above 300 nm, typically at 340 nm in
acidic solutions, is also dependent on the exis-
tence of the hydrazone linkage. Hence these
peaks can provide a quantitative estimate of the
degree of hydrolysis of PIH and the analogues
into pyridoxal and the acid hydrazide.

Kinetic measurements were performed in or-
der to calculate the rate constants and half-life
values of the ligands in acidic solution. From
these measurements the hydrolysis of the hydra-
zones in acidic solution was shown to follow a
first-order rate law. At pH 1 and 25°C, the rate
constants varied only slightly over 3-5x 10~ *s~",
corresponding to half-life values of 1-2 ks. More
precise measurements at pH 1.3 yielded the re-
sults shown in Table 1. The rate constant for the
hydrolysis of the ligands is approximately 10
times less than that seen at pH 1. The rate con-
stants for PIH, PBH and PmFBH are similar,
varying over 4.04-4.14x107°s~"' which corre-
spond to half-life values of 16.7-17.2 ks. The sta-
bility of PPMBH in 50 mM nitric acid appears to
be greater than that of PIH, PBH and PmFBH
(see Table 1), perhaps due to the electron-donat-

Table 1. First-order rate constants (k) and half-life values (¢,,)
for the acid-catalysed hydrolysis of PIH, PBH, PpMBH and
PmFBH using a mineral acid concentration of 50 mM and a
ligand concentration of 0.05 mM

Ligand Wavelength 10°xk ti2

(nm) (C) (ks)
PIH 345 4,14+0.08 16.7+£0.3
PBH 345 4.08, 3.99 17.0, 17.4
PpMBH 344 3.47+0.09 20.0+0.5
PmFBH 345 4,14+0.04 16.8+0.2

Results given are the mean + SD for three experiments, except
for PBH where the results of two separate experiments are
given

ing properties of the methoxy substituent, stabilis-
ing the hydrazone linkage. Unsubstituted o-hy-
droxy Schiff bases have been shown to hydrolyse
more rapidly than those with methoxy substi-
tuents (Chatterjee et al. 1963). Compared with
other hydrazones, PIH and its analogues are rela-
tively stable in acidic solutions. For example, N-
salicylideneaniline has a half-life of 6 min in a
50% (by vol.) water/dioxane solution at a concen-
tration of 0.02 mM (Chatterjee et al. 1963).

A possible mechanism for the hydrolysis of
the hydrazone linkage involves the protonation of
the imino nitrogen as the first step in the acid-
catalysed hydrolysis of the carbon-nitrogen dou-
ble bond (Bruylants and Feytmants-de Medicis
1970; Bruyneel et al. 1966; Cordes and Jencks
1962; Dash and Nanda 1969; Subha and Rao
1982). It should be noted that, in acidic solution,
the rate-determining step is the attack of the am-
ine on the carbonyl group (Cordes and Jencks
1962), whereas the rate-determining step in neu-
tral solution is the addition of water to form the
carbinolamine intermediate (Willi 1956). Hydroly-
sis of resacetophenone isoniazid hydrazone pro-
ceeds by a mechanism involving the positively
charged protonated substrate and the hydronium
ion (Subha and Rao 1982). It has also been de-
monstrated that the rate of hydrolysis is inversely
proportional to the concentration of the Schiff
base (Chatterjee et al. 1963; Subha and Rao
1982). Preliminary experiments in the present
study also demonstrated this effect (data not
shown).

Clinical implications. Several authors have re-
ported that suitable solutions of PIH and other
aroylhydrazones can be obtained by dissolution
in acid followed by adjustment to neutral pH
(Cikrt et al. 1980; Ekblom et al. 1986; Ponka et al.
1979b; Williams et al. 1982). This procedure
would probably result in hydrolysis of some of
the ligand (depending on the concentration of
acid and ligand used and the time of exposure of
the ligand to the acidic solution) and contamina-
tion with the aromatic aldehyde and acid hydra-
zide; hence it cannot be recommended.

An orally effective iron chelator should be sta-
ble towards acid hydroylsis which could occur in
the stomach. Parietal cells of the stomach secrete
0.16 M HCI1 (Junqueira and Carneiro 1980), re-
sulting in gastric juice with a pH of 0.8-1.5 which
may act on food for over 4 h (Schmidt and Thews
1983). Hence, whether a compound is stable to
these highly acidic conditions will dictate its
mode of administration. The results of the present
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Fig. 4. The ultraviolet-visible
spectra of PIH at pH 7.5 at 20°C
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study indicate that, if these ligands reach clinical
trials, it would be desirable to administer the com-
pounds to the fasting patient and/or administer
them with calcium carbonate to limit hydrolysis in
the stomach. In addition, enteric coating of drugs
has been developed to prevent hydrolysis in the
stomach (Goodman and Gilman 1975, 1980) and
should also be employed in these clinical stud-
ies.

The data supporting acid-catalysed hydrolysis
of the ligands may explain the reported failure of
PIH and PBH to increase long-term iron excre-
tion in the rat (Williams et al. 1982). In this study
short-term administration of the ligand to fasting
rats resulted in a 630% increase in iron excretion
in the urine and faeces compared to controls.
However, when the compounds were mixed with
the normal rat diet at a comparable dose over a
period of 10 weeks no increase in iron excretion
over the control was noted. When the ligands
were administered to fasting rats, acid hydrolysis
of the ligand would have been minimal, as the
fasting stomach secretes small amounts of gastric
Jjuice with a neutral to alkaline pH (Schmidt and
Thews 1983). However, when food is eaten, gast-
ric juice with a high concentration of HCl is pro-
duced (Schmidt and Thews 1983), which may
have resulted in hydrolysis of some of the ligand,
decreasing the amount of PIH available for iron
chelation.

Ultraviolet-visible spectra in neutral solutions

For PIH in neutral solution (pH 7.5) four bands

recorded (A) when initially pre-

400 450 pared and (B) 161 days later

are observed at 210, 295, 308 and 384 nm (Fig.
2B). At physiological pH (pH 7.5) for PIH, the
species H,L® predominates (73%) over HL~ (27%)
(Richardson et al., unpublished) and the spectral
bands at this pH cannot be assigned to either spe-
cies. The 384-nm band (absent at pH 1) extends
into the blue region of the visible spectrum and
the solutions are consequently yellow, the inten-
sity of the yellow colour increasing as the pH is
raised. It was important from a practical view-
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Fig. 5. Changes in absorption intensity at selected wavelengths
for PIH, pH 7.5, 20° C, over 161 days. Curves shown are illus-
trative only
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Table 2. First-order rate constants and half-life values for the
hydrolysis of PIH, PBH, PpMBH and PmFBH measured at
pH 7.5 at room temperature (=~20°C) over 161 days

Ligand Conc. Wave- 10" xk tiz
(mM) fength G™H (days)

(nm)

PIH 0.05 254 0.44 182
294 1.26 84
384 222 36

PBH 0.05 295 1.20 67
376 1.76 46

PpMBH 0.05 2522 — —
301 0.99 88

PmFBH 0.1 294 1.17 69
382 1.90 42

2 For chelator PPMBH at a wavelength of 252 nm a first-order
rate law was not obeyed

point to investigate the stability of the chelators at
physiologial pH. A 0.05 mM solution of PIH,
PBH, PpMBH and a 0.1 mM solution of PmFBH
were prepared at pH 7.5 and left standing for 161
days at room temperature (=~ 20°C) with the ab-
sorption spectrum being recorded periodically.
The absorption spectrum of a freshly prepared so-
lution of PIH compared to the spectrum of the
same solution 161 days later is presented in Fig. 4.
Changes in absorption intensity at three wave-
lengths are shown for PIH in Fig. 5. For PIH,
PBH and PmFBH the band at the highest wavel-
ength (384 nm, 376 nm and 382 nm, respectively)
decreases with a blue shift and shows the greatest
decrease in intensity (Table 2). Chelator PPMBH

showed a different mode of spectral collapse from
the other three ligands. In this case a band at 252
nm increased for a period and then, later, slowly
decreased in intensity while a band at 301 nm de-
creased in a similar way to those of the other li-
gands. The greatest decrease in intensity is evi-
dent for the band at the highest wavelength and it
is thought that this band corresponds to the hy-
drazone linkage at neutral pH. Rate constants and
half-life values for the hydrolysis reaction of the
ligands at room temperature and pH 7.5 are
shown in Table 2.

From Table 2 it is apparent that the rate of hy-
drolysis of the ligands in neutral solution is much
slower than that observed for acidic and alkaline
solutions (see below).

Ultraviolet-visible spectra in alkaline solutions

Base-catalysed hydrolysis of the ligands was im-
portant to investigate in terms of the protocol
used for potentiometric titrations of these ligands
(Richardson et al. and Vitolo et al. unpublished)
and the procedures used to dissolve the ligands
prior to biological screening in vitro and in vivo.
Due to the low solubility of PIH and its ana-
logues, several authors have reported that concen-
trations of the ligands suitable for bioassays can
be attained by dissolving them at high pH i.e.
10-14 (Fuchs et al. 1988; Johnson et al. 1982;
Ponka and Schulman 1985a, b).

For PIH alkaline solution (pH 12) three bands
are observed at 210, 304 and 387 nm (Fig. 2C),
corresponding to the fully deprotonated ligand
(L*7), which is the predominant species at this
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pH (Richardson et al., unpublished). This spec-
trum changes gradually with time, resulting in a
significant lowering in intensity of the 387-nm
band.

When a freshly prepared solution of PIH
(0.05 mM; Fig. 6A) at pH 12 was heated on a
steam bath for 30 min and cooled to room tem-
perature the absorbance of the peak at 387 nm
had decreased to 46% of its original value. In ad-
dition, a new peak at 233 nm appeared (Fig. 6B).
This spectrum is similar, with identical peak as-
signments (210, 233, 300 and 387 nm), to that ob-
tained initially when equimolar solutions of pyri-
doxal and isonicotinic acid hydrazide are mixed
at pH 12 (Fig. 6C). These results suggested that
hydrolysis of PIH and its analogues occurred in
basic solutions, resulting in cleavage across the
hydrazone linkage and liberation of pyridoxal
and INH. Cleavage of the carbon-nitrogen double
bond has been postulated as the mechanism of
Schiff base hydrolysis in alkaline solutions (Bruy-
lants and Feytmants-de Medicis 1970; Kakemi et
al. 1970).

As discussed previously, the absorption peak
at 387 nm was also shown to increase when acid-
hydrolysed PIH or an acidic solution of equimo-
lar amounts of pyridoxal and INH was adjusted
to high pH, the final spectrum being identical to a
freshly prepared solution of PIH in basic solu-
tion. Also, the peak at 233 nm was shown to dis-
appear upon the condensation of pyridoxal and
INH to form the hydrazone at basic pH. It should
be noted that the isosbestic points were in the
same positions (240 nm, 250 nm, 275 nm and 310
nm) as those found when either acid-hydrolysed
PIH or an acidic solution of equimolar amounts
of pyridoxal and INH are adjusted to pH 12.

From these data it was concluded that the ab-
sorption peak at a wavelength of 387 nm is char-
acteristic of the hydrazone linkage at basic pH
and provides a quantitative estimate of the base-
catalysed hydrolysis of the ligands into pyridoxal
and the acid hydrazide.

To examine the decrease in absorbance at 387
nm, PIH, PBH, PPMBH and PmFBH were pre-
pared at a concentration of 0.05 mM at pH 12 and
25°C. For each ligand it was shown that the rate
of hydrolysis followed a first-order rate law, with
approximately 30%-34% of the ligands hydro-
lysed at pH 12 after 2.8 h. More precise measure-
ments were performed at a base concentration of
0.5mM (pH 10.7) and a ligand concentration of
0.1 mM (Table 3). The greater lability of PIH to-
wards base-catalysed hydrolysis may be due to
the presence of the extra ring nitrogen in PIH
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Table 3. First-order rate constants and half-life values for the
base-catalysed hydrolysis of PIH, PBH and PmFBH at 25°C
using a base concentration of 0.5 mM (pH 10.7) and a ligand
concentration of 0.1 mM

Ligand 105k (s~ 1) t1z (ks)

PIH 6.99+0.34 (4) 99+ 4.6 (4)
PBH 1.01£0.15 (3) 70.0+11.6 (3)
PmFBH 1.76£0.29 (3) 400+ 6.4 (3)

PpMBH could not be tested due to its limited solubility at this
pH. Results given are the mean + SD with the number of ex-
periments in parentheses

(Fig. 1) which acts in an analogous way to a nitro
group by withdrawing electron density (Richard-
son et al., unpublished). This may result in an en-
hancement of the positive character of the imine
carbon resulting in increased attack of the hy-
droxyl anion at this site. A comparable, although
less dramatic, effect was also observed comparing
PBH and PmFBH, the latter chelator having an
electron-withdrawing fluoro group (Fig. 1).

It can be concluded that dissolution of these
ligands in highly alkaline solutions prior to use in
a bioassay at pH 7.4 results in decomposition
products that would make interpretation of the re-
sults difficult.
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