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1. Introduction

ABSTRACT

The formation and fate of 3-formylrifamycin isonicotinyl hydrazone (HYD) was investigated following
oral co-administration of rifampicin (RIF) and isoniazid (INH) in Sprague-Dawley (SD) rats (n=>5) using
advanced analytical modalities. The study was carried out with 20 and 5 mg/kg doses of RIF and INH,
respectively. The plasma, urine and faeces samples were collected at different time points up to 48 h, which
were qualitatively and quantitatively evaluated for the presence of HYD after proper sample preparation.
For the same, initially liquid chromatography-mass spectrometry/time-of-flight (LC-MS/TOF) method
was developed in electrospray ionization (ESI) positive mode, wherein separation was achieved on a C18
column (4.6 mm x 250 mm, 5 wm), using a volatile mobile phase in a gradient mode. The presence of HYD
was confirmed by accurate mass study, spiking with the standard and UV-visible spectra matching. For
quantitative evaluation of HYD, a selective and sensitive ultra high-performance liquid chromatography
tandem mass spectrometry (UHPLC-MS/MS) method was developed for all the three matrices. In this
case, elution of HYD was achieved on a small C18 column (4.6 mm x 50 mm, 1.8 wm) using a short gra-
dient method. The quantitation was done by selective reaction monitoring (SRM) in ESI positive mode.
The validation parameters like linearity, accuracy, precision, selectivity, matrix effect, recovery and sta-
bility were assessed as per regulatory guidelines. The calibration range was established between 1 and
200 ng/ml, with r2 > 0.99 in all the cases. The back calculated values for three quality control (QC) samples,
and at lower limit of quantitation (LLOQ) were within 15 and 20%, respectively, of the nominal values.
Similarly, the intra- and inter-day precisions were found within 15% at the four tested levels. The HYD
was found to be stable for the duration of sample preparation and analysis in the controlled experimental
conditions. The analysis of in vivo samples showed a significant extent of HYD in faeces, however, the
interaction product was not found in plasma and urine. To verify the results, 5 mg/kg oral dose of HYD
standard was given to rats separately, and its presence was studied in all the three matrices. Further,
in vitro plasma stability of HYD was also carried out to explain its absence in plasma and urine, which
showed ~55% disappearance of HYD in 2 h.

© 2009 Elsevier B.V. All rights reserved.

In our laboratory, it was shown that RIF was converted to
3-formylrifamycin (3-RIF) under stomach acid conditions, which

Rifampicin (RIF) and isoniazid (INH) are front-line anti-
tuberculosis (TB) drugs, which are usually prescribed to TB patients
for a total period of 6 months. Initially, these are administered along
with pyrazinamide (PYR) and ethambutol (ETB) for 2 months, fol-
lowed by two drugs (RIF+INH) for next 4 months. These drugs
are generally used in fixed dose-combination (FDC) formulations.
The advantages of FDCs include prevention of mono-therapy and
improvement in patient compliance. Unfortunately, combination
use of these anti-TB drugs are associated with a few negative aspects
[1-12], which include loss of bioavailability due to in situ interaction
of RIF and INH, and also the stability problems [1-4,8,12-15].
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reacted with INH to form 3-formyl isonicotinyl hydrazone (HYD)
(Fig. 1). In the process, RIF was lost to an extent of ~33% [16]. HYD
was also reported to be formed during dissolution and stability
test conditions [2,17-19]. Considering its importance, a limit has
been prescribed for this interaction product in the monograph on
the four-drug anti-TB combination in International Pharmacopoeia
[20]. The formation of HYD is of serious concern because of its
inactivity against mycobacterium both in vitro and in vivo. The in
vitro activity of HYD against Mycobacterium tuberculosis H37Rv was
0.04 times less than that of RIF (MIC values 6.0 and 0.25 pg/ml,
respectively). HYD was completely inactive on oral and intravenous
administration of 4, 12 and 24 mg/kg to Laca mice infected with the
same strain of mycobacterium [21].

There are plenty of literature reports, which show formation of
hydrazones with endogenous carbonyl compounds, e.g., pyruvic
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Fig. 1. Mechanism of formation and hydrolysis of HYD [16].

acid, a-ketoglutaric acid, etc. after oral administration of isoni-
azid [22-26]. These hydrazones have also been studied for their
in vivo fate in many species, e.g., human, rat and dogs, and their
presence is confirmed in the blood and urine. In addition, these
hydrazones are known to hydrolyse in acidic pH (<4) and in biolog-
ical matrices, e.g., blood, homogenates of stomach, intestine and
liver [21,27].

In contrast, nothing has been investigated about the systemic
exposure of HYD, after its in situ formation due to interaction of INH
and 3-RIF in stomach. As this compound has completely different
physico-chemical properties, i.e., poor water solubility and high
partitioning coefficient, as compared to the hydrazones of INH
with endogenous polar compounds, a dissimilar pharmacokinetics
was anticipated for HYD. Hence, the purpose of this study was to
investigate the in vivo fate of HYD in rats using modern qualitative
and quantitative analytical tools, viz., liquid chromatography-mass
spectrometry/time-of-flight (LC-MS/TOF) and ultra high-
performance liquid chromatography tandem mass spectrometry
(UHPLC-MS/MS). The levels of HYD were monitored in plasma,
urine and faeces after oral co-administration of RIF and INH. The
results were substantiated by in vitro plasma stability study.

2. Materials and methods
2.1. Chemicals and reagents

RIF and INH were sourced from M/s Panacea Biotec Ltd. (Lalru,
India). The internal standard (IS) ketoconazole was procured from
Himedia Laboratories (Mumbai, India). Sprague-Dawley (SD) rats
were procured from Central Animal Facility, NIPER (S.A.S. Nagar,
India). HPLC grade acetonitrile (ACN) was procured from ].T. Baker
(Phillipsburg, NJ, USA). HYD was synthesized in our laboratory. Pure
water was obtained from a water purification unit (Elga Ltd., Bucks,
England). All other chemicals were of analytical-reagent grade.

2.2. Animal studies

The in vivo studies were performed using adult SD rats
(230-280¢). The animals were housed under controlled environ-
mental conditions (temperature, 23 + 2 °C; relative humidity (RH),

55+5%; 12h ligh/dark cycle), and, normal diet and water were
freely available. The experiments were carried out according to
institutional guidelines for the care and use of laboratory animals.
The protocol was approved by the Institutional Animal Ethics Com-
mittee (IEAC/07/64). Before commencing the study, the rats (n=5)
were fasted for 12 h. The food and water were provided ad libitum
after 2 h of the dosing. RIF and INH were co-formulated as water
suspension using sodium carboxy methyl cellulose as a suspending
agent, and immediately administered to rats (n=5) orally at doses of
20 and 5 mg/kg, respectively. The blood samples (0.4-0.5 ml) were
collected at different time points, i.e., predose, 0.25, 0.50, 1, 2, 4,
8, 12, 24 and 48 h, after which plasma was isolated immediately
by centrifugation for 10 min at 9000 x g. Another set of animals
(n=5) were kept in metabolic cages for collection of urine and
faeces. After initial acclimatization for 2h in the cages, the ani-
mals were dosed similarly and the samples were collected from
the metabolic cages before dosing, and 0-4, 4-8, 8-12, 12-24 and
24-48 h post dose. Additionally, pure HYD was administered orally
(5mg/kg) to rats (n=5) separately, and blood, urine and faeces
were collected at similar time points. The samples were collected
in ice-bath and immediately transferred to —60°C until analy-
ses.

2.3. Sample preparation for analysis

During sample preparation, all the necessary steps were taken
to avoid exposure of samples to ambient conditions for longer time,
e.g., sample tubes were kept in ice-bath while processing, centrifu-
gation was done at 4°C, and prepared samples were immediately
transferred to chilled autosampler at 4 °C or refrigerator set at 4°C
or less.

2.3.1. Sample pooling and pretreatment

For qualitative analyses, samples of all the five animals were
pooled across different time points for individual matrices, sep-
arately. However, samples from each animal were pooled across
different time points, individually for different matrices. Faeces
samples were pretreated to slurry with addition of three volumes
of water (w/w), while urine and plasma samples were subjected to
sample preparation without any pretreatment.
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2.3.2. Sample preparation for qualitative studies

For qualitative studies, the sample preparation method involved
protein precipitation, freeze-liquid and solid-phase extraction (SPE)
approaches. For the same, 9 ml ACN was added to 3 ml of the sam-
ples, i.e., plasma, urine and faeces slurry, in a 15ml centrifuge
tube. All the samples were then vortexed gently and centrifuged
for 10 min at 9000 x g. The supernatants were subjected to freez-
ing at —20°C for 30 min till both ACN and aqueous layers became
immiscible, and lower water layer was frozen. The upper ACN layer
was collected in another set of tubes and the lower aqueous layer
was subjected to SPE using HLB® cartridges (Waters, USA). The SPE
procedure involved cartridge conditioning with 1 ml methanol fol-
lowed by 2 ml water, loading of 1 ml samples, washing with 1 ml
water and elution of the analytes with 0.5 ml ACN. Finally, sam-
ples recovered from SPE were pooled with the previously collected
ACN layers and the mixtures were dried at controlled temperature
(40°C) under nitrogen purging for 5 min using a nitrogen evapora-
tor (Turbovap, Caliper, USA). Samples were reconstituted in 40 vl
diluent (ACN:HO0, 70:30). To evaluate stability of HYD during sam-
ple preparation, a known concentration of standard HYD was spiked
into respective blank matrices and treated similarly before analy-
ses.

2.3.3. Sample preparation for quantitative studies

A much simpler sample preparation method was used for quan-
titative determination of HYD concentration in all the three types
of samples. 200 pl of plasma, urine or faeces slurry was taken in a
micro-centrifuge tube and 600 wl of ACN solution of IS (25 ng/ml)
was added. All the samples were then vortexed gently and cen-
trifuged for 10 min at 9000 x g. Supernatant was collected and used
for analysis directly.

2.4. Qualitative LC-MS-DAD/TOF studies

2.4.1. Analytical method

Initial identification studies were performed on a liquid chro-
matograph equipped with diode array and time-of-flight mass
detectors (LC-DAD-MS/TOF), which comprised of 1100 series
HPLC system from Agilent Technologies (Waldbronn, Germany)
and MicrOTOF-Q spectrometer from Bruker Daltonics (Bremen,
Germany). The two were operated using combined software com-
prising of Hystar (version 3.1) and MicrOTOF Control (version 2.0).
The LC-MS/TOF parameters used were: end plate offset voltage,
500V; capillary voltage, 4500V; nebulizer pressure, 1.2 bar; dry
gas flow, 6 1/min; dry temperature, 200 °C; collision energy, 18 eV/z;
transfer time, 100 ws and collision RF, 400 Vpp.

The separation was achieved on a Zorbax C18 column
(250 mm x 4.6 mm, 5 pm) purchased from Agilent Technologies
(Wilmington, Delaware, USA). The mobile phase composed of ACN
and 10mM ammonium acetate was used in a gradient mode
(Table 1). After passage through DAD, only one-fourth of the LC
flow was allowed to enter into the mass source using a splitter.
The flow rate, detection wavelength, and column oven temperature
were 0.8 ml/min, 254 nm and 25 °C, respectively. On-line mass cali-
bration was done in all the cases using calibration standard supplied
by the vendor.

2.4.2. Presence of HYD in biological matrices

10 pl of the prepared samples (Section 2.3.2) were injected into
LC-MS/TOF and chromatograms of all the in vivo samples were
studied for the presence of HYD by comparing elution behaviour
against the standard. HYD peak detected in the extracted ion chro-
matograms (EICs) was confirmed by spiking with its standard, by
UV-vis spectra matching, accurate mass data and MS/MS fragmen-
tation studies.

Table 1
Different time programs used in LC-MS/TOF and UHPLC-MS/MS analysis of HYD.
Program Time (min) Event
LC-MS/TOF
Gradient program (% ACN) 0.0-2.0 4
2.0-27.0 430
27.0-42.0 30— 40
42.0-55.0 40— 60
55.0-65.0 60— 80
65.0-70.0 80
70.0-80.0 804
80.0-90.0 4
UHPLC-MS/MS
Gradient program (% ACN) 0.0-0.7 30
0.7-1.8 30— 58
1.8-2.7 58 — 60
2.7-29 60— 72
2.9-39 72
3.9-4.2 72— 30
4.2-6.0 30
Segments program 0.0-4.0 SRM monitoring of HYD

4.0-6.0 SRM monitoring of IS
Divert valve program 0.0-2.0 Waste

2.0-5.5 MS source

5.5-6.0 Waste

2.5. Quantitative UHPLC-MS/MS studies

2.5.1. Analytical method development

Quantitation of HYD was performed using an ultra high perfor-
mance liquid chromatography (UHPLC) Accella™ (Thermo Electron
Corp., San Jose, USA) system having quaternary pump and temper-
ature controlled autosampler connected with linear ion trap mass
spectrometer (LTQ XL™, Thermo Electron Corp.) via an electrospray
interface. Instrument control and data collection were done with
the help of Xcalibur (Version 2.0.7 SP1) and LCquan (Version 2.5.6)
software (Thermo Electron Corp.).

For quantitative studies, ketoconazole was selected as an IS
because of similar partitioning (cLog P) profile to HYD. A rapid
gradient UHPLC method was developed to achieve satisfactory sep-
aration of HYD, IS and matrix components employing a short C18
(4.6 mm x 50mm, 1.8 wm) column (Agilent Technologies, Wilm-
ington, Delaware, USA) using a similar volatile mobile phase, as
discussed in Section 2.4.1. The flow rate was 500 pl/min. The data
for both HYD and IS were acquired in positive SRM mode using
ESI/MS/MS parameters, optimized for monitoring the most abun-
dant fragments of HYD and IS. The optimized parameters for MS/MS
studies were: ionization spray voltage, 5kV; spray current, 5 pA;
sheath gas flow rate, 25 1/min; auxilliary gas flow rate, 10 I/min, cap-
illary voltage, 50V; capillary temperature, 325°C; tube lens, 55V
and collision energies for HYD and IS, 25 and 30 eV, respectively.
Ion transitions used for monitoring response were m/z 845 — m/z
813 for HYD and m/z 531 — m/z 489 for IS.

2.5.2. Method validation

The method was validated by assessing linearity, accuracy, pre-
cision, selectivity, matrix effect, recovery and stability in plasma,
urine and faeces according to the US-FDA guideline [28].

2.5.2.1. Preparation of working solutions for calibration curve stan-
dards and quality control (QC) samples. Stock standard solutions of
HYD and IS (1 mg/ml each) were prepared in ACN:water (70:30, v/v).
Further dilution of the same was done to get a secondary stock solu-
tion of 100 wg/ml. This solution was then used to prepare a series
of eight HYD working standards of 20-4000 ng/ml. The IS solution
contained 25 ng/ml of ketoconazole in ACN.
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2.5.2.2. Preparation of calibration curve standards and QC sam-
ples in biological matrices. Blank plasma, urine and faeces slurry
(water:faeces=3:1) were spiked with different concentrations of
working standard solutions (Section 2.5.2.1.) to give respective
sets of calibration curve standards and QC samples. The calibra-
tion curves for the biological matrices were constructed with eight
standards of HYD at 1, 3, 8, 16, 40, 80, 160 and 200ng/ml in
plasma, urine and faeces slurry. Among these, QC samples were
selected at three concentrations, i.e., 3, 80 and 160 ng/ml. Valida-
tion experiments were carried out at LLOQ and QC concentration
levels.

2.5.2.3. Linearity. Linearity of the matrix-matched calibration
curves was established in all the matrices by calculation of the
coefficient of determination (r2) on 3 different days.

2.5.2.4. Accuracy and precision. Accuracy and precision of the meth-
ods were tested by analysis of individually prepared standard
samples at LLOQ and all the QC levels in plasma, urine and fae-
ces. Accuracy was evaluated by back calculating concentrations of
HYD at the four tested levels and expressed as % nominal con-
centration. Intra-day precision was performed in a single day by
repeating analysis for five times, while, inter-day precision was car-
ried out by analysing LLOQ and QC samples for 3 consecutive days.
The precision values were expressed as % R.S.D.

2.5.2.5. Selectivity, matrix effect and recovery. In all the 3 matri-
ces, 6 blank samples were analysed, and the absence of interfering
peaks in the retention time window of HYD was checked. Matrix
effect was evaluated at LLOQ level (n=6), where peak areas of the
neat standards were compared to those of samples in which the
extracted matrices were spiked. Similarly, the overall recoveries
were also determined at four levels, i.e., at LLOQ and three QC lev-
els by comparing peak areas of the neat standards with the area of
processed samples.

2.5.2.6. Stability of HYD in spiked biological matrices. A battery of
stability studies were performed at low and high QC levels. Bench-
top and autosampler stabilities were evaluated for 2 and 24h,
respectively, while freeze-thaw stability was checked up to three
cycles.

2.6. Quantitative analysis of HYD in biological matrices

Plasma, urine and faeces samples, collected after administra-
tion of RIF and INH combination and HYD alone, were processed
using the simple protein precipitation method discussed in Section
2.3.3. The analyses of samples were done using the UHPLC-MS/MS
method discussed in Section 2.5.1.

2.7. Invitro plasma stability of HYD

1 ml HYD-free plasma was pre-incubated at 37°C for 10 min,
which was then spiked with HYD stock solution to get a final
concentration of 5uM (n=3). The samples were then incubated
at 37°C, and 200wl incubates were sampled out at different
time points, i.e,, 0, 30, 60, 90 and 120min. The same were
transferred into the micro-centrifuge tubes containing 600 .l
of ACN solution of IS. The solutions were vortexed for 30s
and centrifuged immediately, as described in Section 2.2. The
supernatant was analysed using UHPLC-MS/MS method and
stability was expressed as a fall in the concentration with
time.
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Fig. 2. LC-MS/TOF profiles of plasma, urine and faeces samples (a, b and c, respec-
tively) collected after co-administration of RIF and INH. LC-MS/TOF profile of faeces
sample after administration of pure HYD (d).

3. Result and discussion
3.1. Presence of HYD in in vivo matrices

The stability of HYD under the conditions of sample handling
and processing was established to be >93% in all the spiked matri-
ces. Fig. 2a-c shows LC-MS/TOF ion chromatograms of plasma,
urine and faeces pooled samples collected after administration of
the combination of RIF and INH. The peak of HYD, which was veri-
fied through its accurate mass of 845.3621 (Fig. 3), spiking with the
standard and UV-visible spectral matching with reported spectrum
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[15], was observed next to the RIF peak at 46.2 min (RRT, 1.05). [t was
present only in faeces, and was absent in plasma and urine. Again,
it was only observed in faeces on administration of pure HYD, as
shown in Fig. 2d.

3.2. Fragmentation pattern of HYD

The comprehensive fragmentation pattern of HYD, which is yet
unreported, was delineated based on chemical formulae derived
from accurate mass values for various fragments (Fig. 3). Initially,
HYD (m/z 845) underwent ionization into an intense fragment of
m/z 813 (A) on neutral loss of CH30H. There was consecutive water
loss from A to yield fragments of m/z 795 (B) and m/z 777 (C). Loss of
CH,CO moiety from B resulted in a fragment of m/z 753 (D), which
also consecutively lost two water molecules to form ions of m/z
735 (E) and m/z 717 (F). A could also undergo parallel C-N cleavage
to eliminate hydrazone moiety, leaving back fragment of m/z 676
(G). lonization of G followed the scheme G — 658 (H)— m/z 616
(I) > m/z598 (J) upon loss of water, -CH, CO and water, respectively.
Further, ring cleavage took place to separate aromatic and aliphatic
sides of the structure, resulting in fragments of m/z 421 (K) and
m/z 375 (M), respectively. For formation of the latter, ring cleavage
resulted in an intermediate fragment K’, which on spontaneous loss
of water and CH30H moieties yielded the fragment M. Moreover, K
and M could be formed from fragment B on direct ring cleavage. The
aromatic fragment K lost ammonia on further fragmentation and
resulted in L (m/z 404), while M formed fragment of m/z 333 (N) on
loss of CH,CO moiety. Further ionization of N on sequential loss of
water followed the scheme: N — m/z 315 (0) - m/z 297 (P) - m/z
279 (Q).

3.3. UHPLC-MS/MS method development and validation

3.3.1. Method development and optimization

A short gradient method (Table 1) was optimized so that suffi-
cient separation could be obtained among matrix components, HYD
and IS. Initially, 70% buffer was used to quickly elute the matrix
components, while retaining the non-polar analyte and IS in the
column. The ACN concentration was then gradually increased to
elute analyte and IS free from matrix components, without affect-
ing separation and peak shapes. The flow was diverted to waste both
before and after elution of peaks of interest, to prevent entrance of
any matrix components in the MS source. HYD and IS were sep-
arated efficiently, therefore, two segments were used rather than
using two scan events, which resulted in increased sensitivity. Dif-
ferent time programs used in the analysis are shown in Table 1.
Figs. 4a-c depict representative UHPLC-MS/MS chromatograms of
blank, HYD and IS, respectively in faeces sample.

3.3.2. Method validation

3.3.2.1. Linearity. Good linearity was established across the stud-
ied range of 1-200 ng/ml for HYD in different biological matrices.
The linearity equations for HYD in plasma, urine and faeces were
¥=0.0062x+0.0040 (% =0.9990), y = 0.0064x + 0.0109 (1? = 0.9994),
and y=0.0045x +0.0043 (r2 = 0.9983), respectively.

3.3.2.2. Accuracy and precision. The method was found accurate as
back calculated concentrations at LLOQ and three QC levels were
within the 15 and 20% of the nominal values, respectively. The intra-
and inter-day precisions expressed as % R.S.D. were lower than 15%
at LLOQ and all tested QC levels.

3.3.2.3. Selectivity, matrix effect and recovery. Figs. 4a and b show
typical UHPLC-MS/MS chromatograms of HYD representing blank
and LLOQ levels in faeces sample, respectively. The signal to noise
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Fig. 5. In vitro plasma stability profile of HYD at 37 °C.

(S/N) ratio was found to be >5 in faeces sample at LLOQ. Similar
results were obtained in samples of plasma and urine.

The recovery was more than 87% in all the cases, including LLOQ.
There was no significant difference between peak area of neat LLOQ
standard and area of the peak observed in sample where extracted
matrix spiked LLOQ standard was used. This also revealed that
matrix effect was insignificant due to any co-eluting components.

3.3.2.4. Stability of HYD in spiked biological matrices. HYD was found
within 15% of initial concentration at both low and high QC levels,
when prepared in controlled conditions. As the total time of sam-
ple preparation was <30 min, and all the precautions were taken to
avoid unnecessary exposure of samples to ambient conditions, HYD
was proven stable during normal sample handling and processing.

3.4. Quantitation of HYD in plasma, urine and faeces

HYD was not found in plasma and urine. It was found in the con-
centration of 32.4 + 6.5 ng/ml in faeces slurry on in situ formation,
and 61.3 +9.2 ng/ml after administration of pure HYD. The in vitro
plasma stability of HYD is shown in Fig. 5, which depicted that ~55%
of the compound disappeared after 2 h at 37 °C. This may be a part
reason for the absence of HYD in plasma and urine, after getting
formed in situ in stomach.

3.5. Relevance of the study with respect to bioavailability of RIF
and INH

In the stomach, interaction between INH and the fraction of
RIF that has been converted into 3-RIF can give rise to therapeu-
tically inactive HYD. As HYD is poorly water soluble and prone
to hydrolysis, its absorption is less. This phenomenon can have a
negative impact on the bioavailability of the two anti-TB drugs, pro-
ducing lower than expected blood levels and therapeutic efficacy.
Hopefully, studies conducted in the near future will measure blood
levels of each drug at different time points after combined admin-
istration. The data from such study will allow us to quantify this
phenomenon.

4. Conclusion

Avery sensitive and selective UHPLC-MS/MS method was devel-
oped and validated for the determination of HYD in rat plasma,
urine and faeces. This method was employed to determine in vivo
fate of HYD after oral co-administration of RIF and INH, and also
pure HYD. In both situations, HYD was mainly found in faeces,
and was practically absent in plasma and urine. In vitro studies
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revealed that HYD was hydrolysed in plasma, which also explained
its absence in urine.
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