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Abstract [ To understand the reaction between hydralazine (HP) or its
acetone hydrazone (HAH), a metabolite of HP and pyruvic acid, a new
selective HPLC method for simultaneous determination of HP, HAH,
and hydralazine pyruvic acid hydrazone (HPH) was developed. In vitro
degradation of HAH and formation of HP and HPH were investigated at
pH 7.4 and 37 °C in the presence or absence of pyruvic acid. Hydrai-
azine degraded slowly according to an apparent first-order rate (7.46 x
102 h" "), The degenerative reaction of HAH, accompanied by simulta-
neous hydrolysis to the parent drug HP, was also subject to apparent
first-order loss (3.00 x 10~" h™"). In addition, HAH was partly converted
to HP and HPH in the presence of pyruvic acid. For the formation
pathway of HPH, a model that included the direct reaction of HAH with
pyruvic acid and the secondary formation mediated by back-conversion
to HP gave a better fit to the experimental data than the model
consisting of the latter reaction only. About 10% of the HPH formed was
generated by the direct reaction of HAH with pyruvic acid, based on the
rate constants estimated. These results suggest that the formation of
HPH is not all accomplished through back-conversion to HP.

Hydralazine (HP) has been used to treat hypertension by
direct peripheral vasodilation. The meétabolism of HP is
complicated because HP can chemically react with endoge-
nous compounds in addition to the enzymatic metabolism.
Hydralazine readily forms various hydrazones with alde-
hydes and ketones. The pyruvic acid hydrazone (HPH) is
identified as a major metabolite of HP in the systemic
circulation,’? and the acetone hydrazone (HAH) is qualita-
tively demonstrated to be a metabolite in human urine.? The
hypotensive effect of these hydrazones is observed after their
administration to rats, although the hydrazones are consid-
erably less potent than parent drug, HP.+5 On the other
hand, it has been reported that a relatively stable hydrazone,
HPH, is inactive on hypertensive rabbits® and humans? and
that HPH generated in plasma after administration of HAH
may be due to back-conversion from HAH to HP.8 In addi-
tion, Clementi et al.? have concluded that HP hydrazones are
inactive, except when hydrolyzed to HP. However, it has not
been clarified whether the hypotensive effect of HP hydra-
zones is attributed to their intrinsic activity or secondarily to
back-conversion to the parent drug, HP. The lack of a
selective assay for the separation and quantitation of HP and
its hydrazones makes it difficult to exactly interpret the
pharmacokinetic behavior and hypotensive effect of HP hy-
drazones. Because of the potential for conversion of some of
the HP hydrazones back to HP, or a direct reaction of the
hydrazones, like that of HP with p-anisaldehyde, during the
assay process, the kinetic analysis of HP hydrazone (especial-
ly HAH) may be difficult (see the structural formulas of the
compounds discussed). To clarify the pharmacokinetics of HP
hydrazones, a selective assay for HP and HP hydrazones is,
thus, absolutely required.

In this study, the in vitro formation kinetics of HPH from
HAH and pyruvic acid and the degradation kinetics of HP
and HAH at pH 7.4 were evaluated using a convenient,
newly developed HPLC method for the simultaneous deter-
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mination of intact HP, HPH, and HAH. The proposed assay
procedure gave excellent selectivity for HP and its hydra-
zones, without derivatization.

Experimental Section

Materials—Hydralazine (HP) hydrochloride was kindly supplied
by Japan Ciba-Geigy (Takarazuka, Japan). Phenacetin for an inter- -
nal standard for the HPLC assay and sodium dodecyl sulfate (HPLC
grade) for ion-pair chromatography were obtained from Nakarai
Chemicals, Ltd. (Kyoto, Japan). Hydralazine pyruvic acid hydrazone
(HPH) and HAH were synthesized according to the methods of
Haegele et al.1011 The purity of the synthesized hydrazones was
determined by GC-MS analysis of methanolic solutions containing
100 ug/mL of each hydrazone with or without a 1-ug/mL spike of HP.
Comparison of the mass spectra revealed that the purity of hydra-
zones was >99.0% on a weight/weight basis. All the other chemicals
were of reagent grade.

Analytical Procedure—A newly developed HPLC method was
used for the simultaneous determination of HP, HPH, and HAH. An
HPLC (model LC-6A, Shimadzu Corp., Kyoto, Japan) with a variable
wavelength detector (Shimadzu model SPD-6AV) and a C,g re-
versed-phase column (Inertsil ODS, 5-um particle size, 250 x 4.6 mm
i.d., Gasukuro Kogyo, Inc., Tokyo, Japan) was used. The mobile
phase consisted of acetonitrile:50 mM ammonium phosphate buffer
(pH 4.0) containing 1.54 mM sodium dodecyl! sulfate:tetrahydrofur-
ane (35:65:1). The wavelength used was 254 nm. The operating
temperature was 40 °C, and the flow rate was 1.0 mL/min. The peak
areas were computed using an integrator (Shimadzu model C-R3A),
and an internal standard was used for quantitation. To 100 uL of
sample, 1 ng/uL of phenacetin in acetonitrile (100 uL) as an internal
standard was added. The tube contents were then mixed on a vortex
mixer. The mixture (80 uL) was immediately injected inte the
column. If a plasma sample was used, the supernatant was injected
after centrifugation of the mixture at 12,000 rpm for 30 s. Figure 1
shows the chromatograms obtained by this method. Hydralazine
pyruvic acid hydrazone (HPH), HP, phenacetin, and HAH gave
retention times of 4.7, 6.9, 10.1, and 12.5 min, respectively. No
degradation of HP hydrazones to HP was observed during the eluting
process. The sensitivity, with routine detection limits of 0.1 uM, was
obtained for each compound, and the responses of all three com-
pounds versus the amount injected were linear in the 0.1-100-uM
range. The intra-assay coefficients of variation for the assays of HP
and its hydrazones ranged from 1 to 8% over the range of 0.5 to 50
#M, and the interassay variability ranged from 2 to 5%.

Degradation of Hydralazine and Its Acetone Hydrazone with
Pyruvic Acid—The degradation of HP and HAH was measured in
12.5- or 25.0-uM solutions of HP or HAH, at pH 7.4 and 37 °C, in the
presence of 0.1 mg/mL of gentamycin. The solutions of HP and HAH

0022-3549/88/0300-280%01.00/0
© 1988, American Pharmaceutical Association



were freshly prepared in 0.1 M phosphate buffer (pH 7.4). After the
addition of HP or HAH, the mixture was incubated at 37 °C, and
samples were taken at selected intervals and immediately analyzed
according to the HPLC method described above.

Reaction of Hydralazine and Its Acetone Hydrazone—The gen-
eration of HPH from HP or HAH and pyruvic acid was followed at
37 °C in the presence of 12.5 or 25.0 uM HP or HAH and 500 pM
pyruvic acid buffered at pH 7.4. The solutions of HP and HAH were
prepared as described above. By addition of the desired amount of HP
or HAH to the buffer containing 500 uM pyruvic acid, the kinetic
experiments were initiated. Sampling and analysis were identical to
the method used in the experiment mentioned above.

Kinetic Modeling—In the present study, the major aim of model-
ing is to help in the interpretation of the estimates obtained. The
proposed model of the reaction of HAH with pyruvic acid (Figure 2)
consists of the following features. The first includes a combination of
two parallel reactions for HPH formation, namely the direct forma-
tion of HPH from HAH and the hydrolysis of HAH to HP which
forms HPH with pyruvic acid. The second is that both HP and HAH
decompose to unidentified compound(s). On the other hand, further
alteration of HPH was not considered, since the degradation of HPH
under the conditions tested was neglibible.412 It was postulated that
the reactions of these compounds were adequately described by
apparent or pseudo first-order kinetics. This led to a linear dynamic
model, which, as a rule, was the simplest of all possible models. From
the above considerations, the model presented in Figure 2 can be
expressed mathematically with the following differential equations:
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Figure 1—The HPLC chromatogram of hydralazine (HP) and its pyruvic
acid (HPH) and acetone hydrazones (HAH; see Experimental Section
for assay conditions). Key: (1.8.) internal standard (phenacetin); (A)
authentic compounds, (B) freshly prepared standard sample of HAH (25
uM); (C) plasma blank containing 1.S.; (D) plasma obtained 40 min after
an iv dose of HAH (10 mg/kg) fo rat.
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Figure 2—The kinetic model proposed for conversion of hydralazine
acetone hydrazone in the presence of pyruvic acid: M, and M refer to
the unidentical compound(s) derived from HAH and HP, respectively;
the k; values are apparent or pseudo first-order rate constants.
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In the above expressions, Cyap; Cup, and Cypy denote the concen-
trations of HAH, HP, and HPH, respectively, with initial conditions
of Cyag = CY%an, and Cyp = Cupu = 0. Solving these differential
equations, the concentration of each component in the mixture can
be expressed as a function of time:
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where kg, = ky + ky + ks and kgs = Ry + k5.

The rate constants were estimated by nonlinear least-squares
regression analysis (MULTI!®) with a desk-top digital computer (PC-
9801, NEC Corp., Tokyo, Japan). Data in all functions were weighted
numerically equal.

Results and Discussion

Concentrations used in this study were high relative to
those observed after usual HP dosing. Considering that the
maximum plasma level of HP is 500 ng/mL,*4 the concentra-
tion ratio of pyruvic acid to HP in blood is ~22.15 Therefore,
the disappearance of HP and HAH and the formation of HPH
were examined in a physiological concentration ratio of
pyruvic acid to the drugs, although the rate constants ob-
tained may not directly relate to the in vivo situation.

Degradation of Hydralazine and Its Acetone Hydra-
zone—Hydralazine is stable at acidic and neutral pH,'¢ but
in alkaline solution, it undergoes degradation to phthala-
zine.l? To estimate the stability of HP at pH 7.4, a 12.5- or
25.0-uM solution of HP buffered at pH 7.4 was incubated at
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Figure 3—Semilog plots for degradation of HP in 0.1 M phosphate

buffer (pH 7.4} containing 12.5 uM (O) and 25.0 uM (@) HP as initial
concentrations at 37 °C. Plots are the mean data (n = 3 preparations),
and lines are the best fit values calculated using eq 3.
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37 °C. Figure 3 shows the semilog plots of the concentrations
of remaining HP as a function of time. The plots show good
linearity at both concentrations of HP, indicating that the
disappearance of HP in aqueous solutions follows apparent
first-order kinetics under the experimental conditions used.
The degradation rate constant of HP was computed according
to eq 3, and appeared to be independent of the concentration
of HP. The calculated first-order rate constant was 7.46 X
1072 (£5.03 x10™%) h™%

Cup = Chip exp(—kq?) (3)

Figure 4 depicts the concentration—time profile of the
residual HAH and product HP. The semilog plots indicated
that the degradation of HAH also followed apparent first-
order kinetics. The degradation of HAH was followed by the
generation of an appreciable amount of HP. The HAH
hydrolysis to HP, as reported by Clementi et al.,® was clearly
confirmed by our HPLC method. However, the sum amounts
of HAH and HP in the medium were not equal to that of HAH
added, indicating that the conversion of HAH to products
other than HP was included. The time courses of disappear-
ance of HAH and generation of HP can be expressed by:

Cran = Chian expl—(k; + kp)f] (4A)
__ kClam _ _ _
Cup = ity — lexp(—kyt) — exp(—(k; + ky)t)]
(4B)

Equations 4A and 4B were used to simultaneously calculate
ky and k5 on the basis of the experimental data derived from
the degradation of HAH. The degradation rate constant of
HAH, the sum of %, and ko, was 3.00 x 107! (£7.87 x 1073)
h™%. This value was four times higher than that of HP. The
generation rate constant of HP from HAH, k,, at pH 7.4 and
37 °C, was estimated as being 1.59 x 107! h™!. The ratio
ky:(ky + ko) was 0.53, suggesting that about half of the HAH
was hydrolyzed to HP under the conditions tested.
Formation of the Pyruvic Acid Hydrazone from Hydral-
azine—We have reported that HPH formation from HP and
pyruvic acid follows second-order kinetics with a rate con-
stant of 0.333 L/mol/s in the mixture of 30.86 uM HP and 710

0+

CONCENTRATION » M/

! 1 L
3 b 9
INCUBATION TINE 74/

Figure 4—Semilog plots for degradation of HAH (circles) and formation
of HP (squares) in 0.1 M phosphate buffer (pH 7.4} containing 12.5 uM
(open symbols) and 25.0 uM (closed symbols) HAH as initial concentra-
tions at 37 °C. Plots are the mean data {n = 4 preparations), and lines
are the best fit values calculated using eqs 4A and 4B.
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#M pyruvic acid.* In this paper, the formation kinetics of
HPH was simplified to pseudo first-order kinetics, since only
one concentration of pyruvic acid, which was 20—40 times
higher than that of HP, was used. To re-evaluate the HPH
formation rate from HP and pyruvic acid under the previous
conditions, HP was incubated at 37°C and pH 7.4 in a
solution containing 500 uM pyruvic acid. As shown in Figure
5, rapid appearance of HPH was observed as a result of the
rapid and extensive reaction of HP with pyruvic acid. The
formation rate constant was computed according to the
following equation:

C —i”gg*—"—[l— (= (ky + kD] (5)
HPH = ka + ks exp 4 5

When fitting the data to the model, k&, was fixed at 7.46 x
1072 h™ L. The calculated formation rate constant of HPH
from HP was 6.14 x 107! (£2.85 x 1072 h™!, the largest of
the other constants calculated. This result demonstrates that
the reaction of HP with pyruvic acid occurs most easily, as
reported by other workers.1217 The values for k;, estimated
separately, are summarized in Table L.

Possible Formation Pathway of the Pyruvic Acid Hydra-
zone from the Acetone Hydrazone—The acetone hydrazone
was incubated at 37 °C and pH 7.4 in the presence of pyruvic
acid. Figure 6 shows the time course of concentrations of

5
A
N
= 19
= 10F —0
5._
J 1 1 ]
0 2 ] 5 8

INCUBATION TINE 727/

Figure 5—Time course of HPH generated from 12.5 uM (O) and 25.0
uM (@) HP in 0.1 M phosphate buffer (pH 7.4) containing 500 uM
pyruvic acid at 37 °C. Plots are the mean data (n = 4 preparations), and
lines are the best fit values calculated using eq 5.

Table —First-Order Rate Constants® for the Alteration of
Hydralazine (HP) and Its Acetone Hydrazone (HAH) at pH 7.4 and
37 °C in the Presence or Absence of Pyruvic Acid

Separate Fitting Simultaneous Fitting

b

Parameter Estimate, h '€ Estimate, h™ '¢
3 141 x 10 110 x 10
ko 159 x 10 162 x 10°
Py - 1.78 x 1072
Ksn 3.00 x 10 * 2.90 x 10
ks 7.46 % 1072 6.48 x 10°2
ke 7.15 x 107 6.63 x 107"
kaz 7.90 x 107" 6.69 x 10 '

4 Caiculated for solutions containing 12.5 or 25.0 uM HP and HAH
and 500 uM pyruvic acid as initial concentrations (n = 3-5). ®The k;
values are the rate constants shown in Figure 2; k4, and kg are the
disappearance rate constants of HAH and HP, respectively. ¢ Obtained
separately from each experiment. “Obtained simultaneously from the
data for alteration of HAH in the presence of pyruvic acid, using the
kinetic model shown in Figure 2.
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Flgure 6—Time course of degradation of HAH (®) and products, HP
(O) and HPH (W), in 0.1 M phosphate buffer (pH 7.4) containing 25.0 uM
HAH and 500 uM pyruvic acid at 37 °C. Plots are the mean data (n= 5§
preparations), and lines are the best fit values calculated using eqs 2A—
2C.
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Figure 7— Proposed conversion pattern of hydralazine acetone hydra-
2one (HAH) to hydralazine pyruvic acid hydrazone (HPH) in aqueous
solution containing pyruvic acid.

HAH and the products (HP and HPH) during the incubation
of HAH with pyruvic acid. The acetone hydrazone (HAH)
yielded HP and HPH on exposure to pyruvic acid. In the
model presented in Figure 2, eqs 2A-2C were used to
simultaneously calculate k,—k5, with the data derived from
the degradation of HAH in the presence of pyruvic acid. The
estimates for rate constants are shown in Table I. The rate
constants from simultaneous fitting were close to the values
obtained separately from each experiment. The value for k4
obtained from simultaneous fitting was much smaller than
that from separate fitting. This suggests that the decomposi-
tion of HP is negligible in this system. Based on the rate
constants, ~90% of HPH formed was generated via HP
formation.:

The model presented in Figure 2 gave a better fitting
compared with the sequential model (k3 = 0 in the model in
Figure 2) with back-conversion to HP, as judged from the

lower Akaike’s information criterion?® (37.7 for the model in
Figure 2 and 43.4 for the sequential model) and the residual
sum of squares between the experimental and theoretical
values (0.144 versus 0.387). Additionally, in the latter model,
the k, converged value was negative (—4.61 X 10"2h™?), this
being irrational. These results suggest a possibility of direct
reaction of HAH with pyruvic acid. This is partially incom-
patible with the findings presented by Talseth et al.® and
Clementi et al.? that HPH formation from HAH proceeds via
HP formation. They discuss that oxidation of the methyl
group of HAH to carboxylic acid is very unlikely. However,
as shown in Figure 7, pyruvic acid (that is a more reactive
electrophile than acetone) can exchange with the isopropyl
group of HAH. Accordingly, the formation of HPH from HAH
and pyruvic acid should be considered as a result of the
combination of two parallel reactions, the direct transforma-
tion of HAH toc HPH and the indirect formation mediated by
back-conversion to HP, although contribution of the former
to the overall formation of HPH was relatively slight. We
have postulated, therefore, that HPH formation is not always
by back-conversion from HAH to HP in vitro, and that the
possibility of direct conversion in vivo may exist. The pro-
posed HPLC method provided a rapid quantitative analysis
for the conversive reaction of HP hydrazones.
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