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a b s t r a c t

Biotransformation products of rifampicin formed in vitro and in vivo were identified using modern tools of
liquid chromatography–mass spectrometry (LC–MS). For the same, first the mass fragmentation pattern
of rifampicin was delineated by conducting multiple-stage MS (MSn), high resolution MS (HR-MS) and
hydrogen/deuterium exchange MS (HDE-MS) experiments in an electro-spray ionization (ESI) mode. Then
in vitro metabolism was investigated by incubating the drug with rat liver S9 fraction and microsomes
at pH 7.4 in the presence of NADPH for 2 h at 37 ◦C. In vivo metabolites were generated by adminis-
tering the drug to Sprague–Dawley (SD) rats (n = 5) at a dose of 50 mg kg−1 and collecting blood, urine
and feaces at different time points up to 72 h. The samples were processed using an optimized sample
preparation approach, involving protein-precipitation using acetonitrile; followed by liquid-freeze sep-

◦
haracterization
C–MS
R-MS

aration at −20 C; and solid-phase extraction of aqueous layer. HPLC conditions were optimized using
known standards of rifampicin metabolites or degradants. The extracted and concentrated samples were
then subjected to LC-DAD–MS/time-of-flight (LC-DAD–MS/TOF) analyses in both ESI positive and nega-
tive modes. The structures of metabolites were elucidated by comparing their accurate mass values and
fragmentation patterns with those of rifampicin, use of in silico identification tools and relative retention
time matching with the standards. The nature of the metabolites and their relative amounts varied. In

e iden
total, 21 metabolites wer

. Introduction

In modern practice of drug discovery and development, compre-
ensive investigation of drug metabolism is necessary to optimize

ead compounds, and to explain mode of their efficacy, clear-
nce, inter-individual variation and toxicity. Drug metabolism
tudies include metabolic stability, cytochrome P450 (CYP) induc-
ion/inhibition potentials, reaction phenotyping and metabolite
dentification. These are generally carried out by employing in vitro
ystems, followed by in vivo studies on rodents and humans. Com-
ared with drug metabolism science of four decades ago, there are
aramount improvements, primarily catalysed by the availability
f in vitro tools for metabolite generation, and use of advanced ana-

ytical modalities, like liquid chromatography–mass spectrometry

LC–MS) [1–6]. The modern MS tools help to identify the bio-
ransformation products even without the need for separation of
ndividual metabolites or in some cases sample processing (e.g.,
rine and bile can be analyzed directly). In fact, MS has been utilized

∗ Corresponding author. Tel.: +91 172 2214682; fax: +91 172 2214692.
E-mail address: ssingh@niper.ac.in (S. Singh).
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tified, of which many structures were new, not reported till date.
© 2009 Elsevier B.V. All rights reserved.

in various modes, like multiple-stage MS (MSn), high-resolution
MS (HR-MS) and hydrogen/deuterium exchange MS (HDE-MS)
for the elucidation of unknown structures, including metabolites
[7–11].

In the present study, we explored an optimized sample prepa-
ration technique and modern LC–MS tools to investigate the
metabolism of an old, but front-line anti-tuberculosis (anti-TB)
drug, rifampicin (Fig. 1). The drug is associated with many prob-
lems including toxicity, potential for interactions with other drugs,
variable bioavailability, development of resistance and patient non-
compliance. As the drug is used for long period, many of the
hurdles are anticipated to be directly or indirectly connected to its
metabolism behaviour. Although, metabolic attributes of rifampicin
have been studied in various models, including humans [12–18],
from the time of its discovery, there are still un-answered questions
like: (i) whether metabolism is a reason for its hepatotoxicity? (ii)
is the metabolism altered when other drugs are co-administered

during therapy? (iii) whether polymorphic enzymes are involved
in the drug’s variable bioavailability? etc. [19–21]. Due to its long-
term use, there is possibility that even trace metabolites accumulate
over the period, and result in unexpected adverse outcomes, as
previously reported in some classes of compounds [22,23]. Accord-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ssingh@niper.ac.in
dx.doi.org/10.1016/j.jpba.2009.05.009
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ig. 1. Structure of rifampicin. Parts A, B, C and D represent aliphatic (saturated),
liphatic (unsaturated), aromatic and piperazine moieties, respectively.

ngly, the basic biotransformation pathways of rifampicin in vivo
n rat and in vitro in various species were revisited using modern
pproaches of metabolite generation, sample preparation, predic-
ion, detection and characterization. The results are reported in this
ublication.

. Experimental

.1. Chemicals and reagents

Rifampicin was supplied gratis by M/s Panacea Biotec Ltd. (Lalru,
ndia). Testosterone, nicotinamide adenine dinucleotide phosphate
educed (NADPH) tetrasodium salt, sodium carboxy methyl cellu-
ose, di-potassium hydrogen phosphate and potassium phosphate

onobasic were purchased from Himedia Laboratories (Mumbai,
ndia). Sprague–Dawley (SD) rats were procured from central ani-

al facility, NIPER (SAS Nagar, India). Human, rat and mouse liver
icrosomes (HLM, RLM and MLM, respectively) were purchased

rom BD Biosciences (Woburn, MA, USA). HPLC grade acetonitrile
ACN) was procured from J.T. Baker (Phillipsburg, NJ, USA). 25-
esacetylrifampicin, rifampicin quinone, rifampicin N-oxide and
-formylrifamycin were supplied by Lupin Ltd., Pune, India. Spec-
roscopic grade deuterated water (D2O) and acetonitrile (CD3CN)
sed in HDE-MS experiments were procured from Sigma–Aldrich
St. Louis, MO, USA). Pure water was obtained from a water purifi-
ation unit (Elga Ltd., Bucks, England). All other chemicals were of
nalytical-reagent grade.

.2. Mass fragmentation studies on rifampicin

MSn studies were performed on LXQ linear ion-trap equip-
ent (Finnigan Mat, San Jose, USA) controlled with Xcalibur

version 2.0) software. For MSn studies, 5 �g ml−1 solution of the
rug was directly injected at a flow rate of 10 �l min−1 and the
S parameters were optimized to get best possible fragmenta-

ion with acceptable sensitivity. HR-MS studies were carried out
sing a LC–MS/TOF instrument, which comprised of 1100 series
PLC system from Agilent Technologies (Waldbronn, Germany)
nd MicrOTOF-Q spectrometer from Bruker Daltonic (Bremen,
ermany). The two were operated using combined software com-
rising of Hystar (version 3.1) and MicrOTOF Control (version 2.0).

he response of the LC–MS/TOF system for HR-MS studies was
ptimized using a 5 �g ml−1 drug solution, which was injected
irectly at a flow rate of 3 �l min−1. The calibration solution used
or accurate mass studies was ES Tuning Mix solution (Agilent Tech-
ologies, Waldbronn, Germany). All masses were corrected by the
d Biomedical Analysis 50 (2009) 475–490

internal reference ions having m/z values of 322.04812, 622.02896
and 922.00980 corresponding to C6H19O6N3P3, C12H19O6N3P3F12
and C18H19O6N3P3F24, respectively. The HDE-MS experiments were
carried out by direct injection of the drug solution prepared in
D2O:CD3CN (70:30). The mass fragmentation studies were also
complemented with in silico tool, i.e., Frontier 5.1 (Finnigan Mat,
San Jose, USA).

2.3. Preparation of rat liver S9 fraction

All the experiments on animals were carried out in accordance
with the protocol approved by Institutional Animal Ethics Commit-
tee (IAEC/07/64). Male SD-rats (6-week old) of 250 ± 20 g weight
(n = 5) were adapted to normal laboratory conditions (12 h dark/12 h
light cycles) with free access to drinking water, and to a conven-
tional diet for 1 week. The liver S9 fraction was then prepared, as
described in the literature [24], but with some modifications. On
a scheduled day, the animals (n = 3) were first anaesthetized with
diethyl ether. They were then placed on an operating board ventral
side up. A large U-shaped incision was made on the ventral surface
exposing the abdominal cavity all the way to the diaphragm. The cut
began at the mid-section of the lower abdomen and progressed up
toward the right and left foreleg. The intestine was gently lifted and
moved over-and-out of the body cavity to the right side of the ani-
mal. The liver was perfused in situ with ice-cold normal saline. This
was then excised, sliced and homogenized in four volumes (w/v) of
ice-cold 100 mM phosphate buffer (pH 7.4). The homogenate was
centrifuged (9000 × g, 10 min) at 4 ◦C to remove cell debris, mito-
chondria and nuclei. The resultant supernatant (S9 fraction) was
stored in 15 ml centrifuge tubes at −80 ◦C until use. The protein
content of the S9 fraction was estimated using the classical Lowry
method [25].

2.4. In vitro metabolite generation

All the below given studies were performed in a single 24-well
plate, following the reported methodology [24]. 50 �l of RLM, HLM
and MLM suspensions (20 mg ml−1) were placed in three differ-
ent wells, each containing 845 �l of 100 mM phosphate buffer (pH
7.4). After preconditioning the plate in an incubator shaker for
5 min at 37 ◦C, 5 �l of 2 mM stock solution of drug was added to
each well. Further, 100 �l of 10 mM NADPH (cofactor) was added
to start the reaction. In another three wells, control mixtures were
taken, which contained phosphate buffer instead of the cofactor.
The same protocol was simultaneously followed for rat liver S9
fraction, except that the drug solution was directly added into
895 �l of 1 mg ml−1 liver fraction (in phosphate buffer). The via-
bility of in vitro systems was evaluated using testosterone, which
was treated in the same manner as the drug, but at a final concen-
tration of 200 �M. Subsequently, in each case, the solutions were
divided into two parts. One aliquot of 200 �l was withdrawn as
a zero time sample and was quenched immediately by the addi-
tion of an equal volume of chilled ACN, followed by vortexing.
The second aliquot of 800 �l was incubated at 37 ◦C with a con-
tinuous shaking (75 rpm) for 2 h, and then processed similar to
the first aliquot. The samples were then centrifuged at 9000 × g
for 10 min and the supernatants were stored at −20 ◦C until
analysis.

2.5. In vivo metabolism
For in vivo metabolism studies, male SD-rats (n = 5) were fasted
for 12 h before the experiment. Food and water were provided ad
libitum after 2 h of the dosing. 50 mg kg−1 of the drug was adminis-
tered as a water suspension, using sodium carboxy methyl cellulose
as a suspending agent. The blood samples were collected (∼0.5 ml)
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t different time points, i.e., pre-dose, 0.25, 0.50, 1, 2, 4, 8, 12, 24,
8 and 72 h. Plasma was separated from the blood by centrifuging

t for 10 min at 9000 × g. Another set of animals (n = 5) was kept in
etabolic cages for urine and feaces collection. After initial acclima-

ization for 2 h in the cages, the animals were dosed similarly and
he samples were collected from the metabolic cages before dosing
nd 0–4, 4–8, 8–12, 12–24, 24–48, and 48–72 h post-dose. The sam-
les of plasma, urine and faeces, collected across animals and time
oints (0–72 h), were pooled together to generate a single sample
f each matrix. These pooled samples were stored at −20 ◦C until
nalyses.

.6. Preparation of samples for analysis

To obtain concentrated samples free or almost free of
iological matrix, the sample preparation method involved protein-
recipitation and solid-phase extraction (SPE), as described in the

iterature [26]. An additional step of freeze-liquid separation was
ntroduced in-between to reduce the loss of polar analytes due to
verloading of SPE cartridges. The optimized method is summa-
ized in Fig. 2.

First, ACN up to three times of the aqueous volume was added
o the samples, except faeces. In case of feaces, water equiva-
ent to three times the weight of the sample was added, the

ixture was vortexed to slurry, and ACN was added three times
y volume. The samples were then vortexed and centrifuged for
0 min at 9000 × g. The supernatants were subjected to freezing
t −20 ◦C till both ACN and aqueous layers became immisci-
le, and water layer was frozen. The upper ACN layer, which
ontained most of the drug and non-polar metabolites were col-
ected in another set of tubes. The lower aqueous layer containing
olar metabolites and lesser concentration of the drug and non-

®
olar metabolites were subjected to SPE using HLB cartridges
Waters, USA). The procedure involved cartridge conditioning with
ml methanol followed by 2 ml water, loading of samples (1 ml),
ashing with 1 ml water and elution of the analytes with 0.5 ml
CN. Finally, aliquots from SPE were pooled with the previ-

ig. 2. Schematic representation of an optimized sample preparation approach used
or processing of biological samples containing rifampicin and its metabolites.
d Biomedical Analysis 50 (2009) 475–490 477

ously collected ACN layers for a single LC–MS/TOF injection. The
mixtures were dried at 40 ◦C using a nitrogen evaporator (Turbo-
vap, Caliper, USA), and the dried samples were reconstituted in
40 �l diluent (ACN:H2O, 70:30). In the case of testosterone, the
ACN precipitated samples were directly analyzed without further
enrichment.

2.7. Development of LC–UV/DAD method of separation

For the characterization of metabolites by LC–MS/TOF, an
HPLC method was first developed using a solution mixture
containing rifampicin and its known metabolite or degradant
standards including 25-desacetylrifampicin, rifampicin N-oxide, 3-
formylrifamycin and rifampicin quinone. The mixture was injected
into an HPLC system (Waters, USA) consisting of 600 pump, 717
autosampler, 996 PDA detector and millennium software (ver-
sion 2.1). The separation was achieved on a Zorbax C-18 column
(250 mm × 4.6 mm, 5 �m) purchased from Agilent Technologies
(Wilmington, DE, USA). To achieve optimal separation, gradient
mode was explored taking a mobile phase composed of ACN and
10 mM ammonium acetate. The flow rate, detection wavelength and
column temperature were 0.8 ml min−1, 254 nm and 25 ◦C, respec-
tively.

Testosterone metabolism samples were analyzed using same
chromatographic conditions, except that the mobile phase was used
in an isocratic mode (ACN:10 mM ammonium acetate, 51:49 v/v),
while detection wavelength was 241 nm.

2.8. LC–MS/TOF characterization of metabolites

The drug was first subjected to in silico metabolite prediction
through Metabolite Predict software available with LC–MS/TOF sys-
tem. The predictions were carried out up to second generation,
involving all mammalian phase I and phase II enzyme systems.
The predicted structures were listed along with accurate theoret-
ical mass of their protonated and unprotonated species. Then the
developed gradient LC method was extended to LC/DAD–MS/TOF
for the characterization of metabolites present in the reconstituted
samples (Section 2.7). After passage through DAD, one-fourth of
the LC flow was diverted to the mass source. Both ESI positive
and negative modes were used to get maximum information on
accurate mass and fragmentation of the components. The blank,
pure drug and in vitro control samples were analyzed similarly.
The metabolites were detected in experimental samples (both
in vitro and in vivo) through the help of Metabolite Detection
software, which allowed matching of the accurate mass of metabo-
lites eluted during LC–MS/TOF study with those predicted. The
software-predicted/detected metabolites and those additionally
observed in total ion and UV chromatograms were confirmed
through the use of accurate mass values, ring plus double bonds
(RDBs) calculations, application of nitrogen rule, and determina-
tion of exact mass losses. The site of change in the drug structure
as a result of metabolism was identified through comparison of
MS fragmentation pattern of each metabolite with that of the
drug.

2.9. Post-run semi-quantitative estimation of metabolites from
extracted ion chromatograms
After determining structures of metabolites detected in different
in vitro and in vivo samples, extracted ion chromatograms (EICs)
of the individual metabolites were evaluated to determine relative
(LC–MS-based) amounts of the metabolites. Metabolite levels in the
various matrices were expressed as a percent of desacetylrifampicin
(M3), a known major metabolite of rifampicin.
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. Results and discussion

.1. Mass fragmentation behaviour of rifampicin

Fig. 3 shows MS spectra of rifampicin in an ESI positive mode.
s shown, mass fragmentation of protonated drug (M+H+ = 823)
esulted only two stable fragments of m/z 791 and 399. Several
ther peaks were detected on zooming the spectra. MSn (n = 8)
ata were obtained using an ion-trap MS system to understand
he sequential order in which the respective product ions were
enerated. The HR-MS data obtained on LC–MS/TOF analyses of
ll the fragment ion peaks are given in Table 1. Both HR-MS
nd MSn studies were used to derive molecular formulae, and to
ssign elemental composition to the losses. Additionally, the RDBs
nd nitrogen rule were applied in assigning possible structures to
he fragments. As the drug contained labile hydrogens containing
roups (–OH, –NHR, etc.), HDE-MS studies were also carried out
o determine the number of exchangeable hydrogen available in
he protonated fragments. The HDE-MS spectrum for rifampicin is
hown in Fig. 4. The sites of protonation were located based on
he HDE behaviour of the fragments and by following the fun-
amental that onium cations are labile and exhibit HDE, while
arbocations do not. Based on all these, a comprehensive mass
ragmentation profile of rifampicin was constructed, which is out-
ined in Fig. 5. In silico studies using Frontier 5.1 provided additional
upport in elucidating mass fragments and their mechanism of for-
ation.

It is proposed that rifampicin initially undergoes simultane-

us ionization into multiple fragments of m/z 807, 805, 791, 781,
67 and 519 on loss of CH4, H2O, CH3OH, CH2CO, and piperazine
nd aliphatic moieties (parts A + B in Fig. 1), respectively. Of these,
xcept m/z 807 and 519, all other fragments underwent further ion-

Fig. 3. MS spectra of rifampic
d Biomedical Analysis 50 (2009) 475–490

ization to yield product ions. The fragments of m/z 805 and 781 lost
CH2CO and H2O, respectively, and yielded a common ion of m/z
763, which on further H2O loss generated a fragment of m/z 745.
The fragment without piperazine moiety (m/z 667) simply lost H2O
to yield an ion of m/z 649. Otherwise, majority of product ions got
generated from a stable fragment of m/z 791. The latter underwent
parallel fragmentation on loss of –NR and H2O to ions of m/z 676
and 773, respectively (Fig. 5). Further ionization of m/z 676 followed
the scheme m/z 658 → m/z 616 → m/z 598 →m/z 580. The ion of 773
was proposed to be formed on liberation of water from 21C posi-
tion, which should be less favoured from stable aromatic side or
from 23C position due to intermolecular H-bonding and steric hin-
drance. The ion underwent further fragmentation by three parallel
routes. The first route involved loss of CH2CO to form an ion of
m/z 731, which sequentially lost water to generate fragments of m/z
713 → m/z 695. In the second pathway, there was direct loss of water
to form a fragment of m/z 755. The third route involved ring cleav-
age, resulting in a stable fragment of m/z 399 (seen in the unzoomed
spectrum, Fig. 3), a quinone moiety of m/z 397, and an aliphatic
part (parts A + B, Fig. 1) with m/z 375. In the HDE spectrum, there
were two peaks for the aliphatic structures originating from the
ring cleavage, i.e., m/z 375 and 376. This partial HDE occurred due
to the intermolecular H-bonding between alcohol moiety attached
to 23C and carbonyl oxygen of the acetyl group attached to 25C
[27]. The removal of CH2CO from m/z 375 resulted into fragment of
m/z 333, which in deuterated solvent showed two peaks at m/z 334
and 335, again due to the partial HDE, thus confirming its keto-enol

structure. The loss of water moiety from m/z 333 resulted into frag-
ment of m/z 315, which showed two peaks of m/z 315 and 316 in the
HDE-MS spectrum due to the presence of keto-enol tautomerism.
Further, sequential water losses from m/z 315 resulted in fragments
of m/z 297 and 279, respectively, where formation of conjugate dou-

in in ESI positive mode.
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Table 1
LC–MS/TOF data for rifampicin in ESI positive mode.

Experimental mass Theoretical mass Error (ppm) Number of nitrogens RDBs Molecular formula

823.4106 823.4124 2.19 Even or zero 16.5 C43H59N4O12
+

807.3811 807.3801 1.23 Even or zero 17.5 C42H55N4O12
+

805.4038 805.4018 2.48 Even or zero 17.5 C43H57N4O11
+

791.3857 791.3862 0.62 Even or zero 17.5 C42H55N4O11
+

781.3896 781.4018 15.61 Even or zero 15.5 C41H57N4O11
+

773.3843 773.3756 11.25 Even or zero 18.5 C42H53N4O10
+

763.3852 763.3913 7.99 Even or zero 16.5 C41H55N4O10
+

731.3550 731.3651 13.76 Even or zero 17.5 C40H51N4O9
+

713.3454 713.3545 12.76 Even or zero 18.5 C40H49N4O8
+

695.3454 695.3439 2.16 Even or zero 19.5 C40H47N4O7
+

676.2710 676.2752 6.21 Odd 17.5 C37H42NO11
+

667.2988 667.3126 20.68 Even or zero 19.5 C38H43N4O7
+

658.2574 658.2647 11.09 Odd 18.5 C37H40NO10
+

649.2982 649.3021 6.01 Even or zero 20.5 C38H41N4O6
+

616.2496 616.2541 7.30 Odd 17.5 C35H38NO9
+

598.2369 598.2435 11.03 Odd 18.5 C35H36NO8
+

580.2430 580.2330 17.23 Odd 19.5 C35H34NO7
+

519.2189 519.2238 9.44 Even or zero 15.5 C28H31N4O6
+

399.1665 399.1663 0.50 Even or zero 11.5 C20H23N4O5
+

397.1511 397.1506 1.26 Even or zero 12.5 C20H21N4O5
+

382.1404 382.1397 1.83 Odd 12.5 C20H20N3O5
+

381.1349 381.1319 7.87 Odd 13.0 C20H19N3O5
•+

380.1199 380.1241 11.05 Odd 13.5 C20H18N3O5
+

379.1145 379.1163 4.75 Odd 14.0 C20H17N3O5
•+

375.2154 375.2166 3.20 Even or zero 7.5 C22H31O5
+

370.1412 370.1397 4.05 Odd 11.5 C19H20N3O5
+

354.1084 354.1084 0.00 Odd 12.5 C18H16N3O5
+

333.2029 333.2060 9.42 Even or zero 6.5 C20H29O4
+

315.1960 315.1955 1.68 Even or zero 7.5 C20H27O3
+

299.0661 299.0662 0.33 Even or zero 11.5 C15H11N2O5
+

2
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97.1855 297.1849 1.99
79.1782 279.1743 13.97

ey: Formulae shown in italics were also observed in Frontier 5.1.

le bond systems was favoured. The fragmentation of ion of m/z 399
ielded several small fragments of m/z 382, 381, 380, 379, 370, 354
nd 342 and one prominent peak of m/z 299. Further fragmentation
f the latter resulted in ions of m/z values 281, 271, 257 and 215, as
hown in Fig. 5.

The mass fragmentation behaviour of rifampicin in ESI negative
ode was also worked out, where some of the fragment structures

orresponded to the mass ionization of the drug in the positive
ode (Table 1). However, additional fragments were also found to

e present (Table 2), whose structures were elucidated based on
R-MS data (Fig. 6).

.2. Analysis of testosterone metabolism samples
The activity of in vitro models was assessed by HPLC analysis
f a well known metabolism prone compound, testosterone. As
hown in Fig. 7, all the in vitro matrices showed extensive metabolic
egradation of testosterone within 2 h.

Fig. 4. HDE-MS spectra of rifamp
Even or zero 8.5 C20H25O2
+

Even or zero 9.5 C20H23O+

3.3. Chromatographic separation of rifampicin metabolites

Good separation among the drug and available pure metabolites
was achieved on LC–UV/DAD analysis, using the optimized con-
ditions summarized in Table 3. The relative retention times (RRT)
for 25-desacetylrifampicin, 3-formylrifamycin, rifampicin quinone
and rifampicin N-oxide were 0.64, 1.29, 1.39 and 0.94, respectively,
with respect to the drug. Nearly same chromatographic separation
was achieved on extension of the method to LC–MS/TOF (Fig. 8a),
wherein acceptable separation was also observed among known
and unknown metabolites in the reconstituted samples. LC–UV and
base peak chromatograms (BPCs) of metabolite samples in complex
in vivo matrices are shown in Fig. 8.
3.4. In silico prediction of metabolites of rifampicin

In total, 1780 metabolites of rifampicin were predicted up to
the second generation, which included all the possibilities of mam-

icin in ESI positive mode.
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Fig. 5. MS fragmentation pattern of rifampicin in ESI positive mode.
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Table 2
LC–MS/TOF data of characteristic fragments of rifampicin in ESI negative mode.

Experimental mass Theoretical mass Error (ppm) RDBs Molecular formula

722.3032 722.3056 3.32 17.0 C38H46N2O12
•−

708.3070 708.3025 6.35 16.5 C38H46NO12
−

690.2767 690.2794 3.91 18.0 C37H42N2O11
•−

663.2949 663.2923 3.92 16.5 C36H43N2O10
−

630.2549 630.2583 5.39 18.0 C35H38N2O9
•−

626.2567 626.2508 9.42 19.5 C35H36N3O8
−

606.2629 606.2701 11.88 16.0 C32H38N4O8
•−

519.2171 519.2249 15.02 15.5 C28H31N4O6
−

490.1792 490.1745 9.59 16.0 C27H26N2O7
•−

420.1248 420.1327 18.80 15.0 C23H20N2O6
•−

Fig. 6. Characteristic MS fragments of rifampicin in ESI negative mode.

Table 3
Optimized parameters for LC–MS/TOF and MSn studies.

HPLC parameters Column: Zorbax C-18 (250 mm × 4.6 mm, 5 �m) (Agilent Technologies, USA)
Mobile phase: ACN (A) and 10 mM ammonium acetate (B)
Flow rate: 0.8 ml min−1

Detection wavelength: 254 nm
Gradient program: %A = 20–30% (0–22 min), 30–40% (22–38 min), 40–60% (38–50 min),
60–80% (50–60 min), 80% (60–65 min), 80–20% (65–70 min), 20% (70–80 min)

MS-TOF parameters ESI +ve mode ESI −ve mode
End plate offset −500 V −500 V
Capillary +4500 V +4500 V
Nebulizer 1.2 Bar 1.2 Bar
Dry gas 6 l min−1 6 l min−1

Dry temperature 200 ◦C 200 ◦C
Funnel 1 RF 200 Vpp 200 Vpp
Funnel 2 RF 300 Vpp 200 Vpp
ISCID energy 0 eV 10 eV
Hexapole RF 300 Vpp 300 Vpp
Ion energy 5 ev 5 eV
Low mass 300 m/z 300 m/z
Collision energy 18 eV/z 30 eV/z
Transfer time 100 �s 100 �s
Collision RF 400 Vpp 400 Vpp
Pre-pulse storage 10 �s 10 �s
Detector voltage −1200 V −1200 V

MSn parameters Spray voltage 4.75 kV
Capillary temperature 250 ◦C
Vaporizer temperature 200 ◦C
Helium gas flow rate 0.5 ml min−1

Scan rate for product ions 11,000 amu s−1
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Table 4
Rifampicin metabolites detected in test samples against in silico predicted first generation metabolites.

Metabolite type Molecular weight Number of metabolites predicted Number of metabolite detected

Mono-oxygenated rifampicin 838.40 21 9
Desacetylrifampicin 780.39 1 1
R
D
R

F
D

ifampicin quinone 820.38 2
emethylrifampicin 808.38 2
ifampicin glucuronide 998.44 7

Fig. 7. LC–UV chromatograms of testosterone in vitro samples in

ig. 8. Typical LC–UV and base peak chromatograms of rifampicin metabolites in plasm
R = 25-desacetylrifampicin, FR = 3-formylrifamycin, RQ = rifampicin quinone, and RNO = r
2
2
1

cubated without and with NADPH (a and b, respectively).

a (a and a′), urine (b and b′) and feaces (c and c′) samples. Key: R = rifampicin,
ifampicin N-oxide.
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Table 5
LC–MS/TOF data of rifampicin and its metabolites.

Drug/metabolites RRT Experimental mass (error in ppm) Molecular formula Metabolic changea

ESI +ve mode ESI −ve mode

Drug 1.00 823.4106 (2.2) 821.3988 (1.2) C43H58N4O12 –
M1 0.52 797.3948 (2.4) 795.3881 (7.4) C41H56N4O12 −[C2H2]
M2 0.57 767.3830 (0.4) 765.3726 (0.1) C40H54N4O11 −[C3H4O]
M3 0.64 781.4040 (2.8) 779.3806 (8.6) C41H56N4O11 −[C2H2O]
M4 0.70 839.4158 (10.1) 837.3898 (3.6) C43H58N4O13 +[O]
M5 0.71 999.4412 (0.3) 997.4345 (1.7) C49H66N4O18 +[C6H8O6]
M6 0.72 839.4012 (7.3) 837.4001 (8.7) C43H58N4O13 +[O]
M7 0.77 839.4073 (0.0) 837.3936 (1.0) C43H58N4O13 +[O]
M8 0.80 839.3999 (8.8) 837.3930 (0.2) C43H58N4O13 +[O]
M9 0.82 823.4139 (1.8) 821.4005 (3.3) C43H58N4O12 No change
M10 0.90 809.3947 (2.5) 807.3811 (1.4) C42H56N4O12 −[CH3]
M11 0.93 809.3899 (8.4) 807.3792 (3.7) C42H56N4O12 −[CH3]
M12 0.94 839.3985 (10.5) 837.3926 (0.2) C43H58N4O13 +[O]
M13 0.96 684.2990 (3.7) 682.2901 (4.7) C36H45NO12 −[C7H13N3]
M14 0.98 797.3998 (3.9) 795.3806 (2.0) C41H56N4O12 −[C2H2]
M15 1.22 839.4036 (4.4) 837.3973 (5.4) C43H58N4O13 +[O]
M16 1.28 839.4066 (0.8) 837.3962 (4.1) C43H58N4O13 +[O]
M17 1.29 726.3084 (5.0) 724.3033 (8.0) C38H47NO13 Unpredicted
M18 1.29 837.3907 (1.2) 835.3820 (5.9) C43H56N4O13 Unpredicted
M19 1.34 839.4082 (1.1) 837.3962 (4.1) C43H58N4O13 +[O]
M 81
M 83

m
d

3

p
c
t
c

F
a
7
(

20 1.39 821.3978 (1.3)
21 1.44 837.3954 (4.4)

a (+) indicates addition, while (−) indicates loss of the respective moieties.

alian enzyme systems. These were compared with metabolites
etected in the test samples (Table 4).

.5. Accurate mass and fragmentation studies
The accurate mass values of the drug and its metabolites in both
ositive and negative modes are listed in Table 5, along with their
hemical formulae. The table also shows type of metabolic change
hat was determined from comparison of mass values and chemi-
al formulae of all the metabolites and the drug. As shown, several

ig. 9. Typical extracted ion chromatograms of rifampicin and its metabolites observed
cetylated desacetylrifampicin metabolites (m/z 823), monooxygenated desacetylrifamp
81), mono-oxygenated rifampicin (m/z 839), rifampicin glucuronide (m/z 999), demeth
m/z 726), rifampicin quinone (m/z 821), and mono-oxygenated rifampicin quinone-1 (m
9.3839 (2.1) C43H56N4O12 −[H2]
5.382 (5.9) C43H56N4O13 Unpredicted

metabolites had the same mass and chemical formula, e.g., metabo-
lites coded M4, M6–M8, M12, M15, M16 and M19, indicating that
there were multiple sites for metabolism by the same route. The
formation of more than one metabolites with same molecular mass
was also evident from EICs, as shown in Fig. 9a, b, e, g and k. To derive

the exact location of the metabolic change in all the cases, fragments
with common losses, common fragments, characteristic neutral
losses and other important fragments for the drug and metabolites
observed in positive ESI mode are listed in Table 6. The key frag-
ments obtained in negative ESI mode are listed in Table 7. Based

in biological matrices. This figure shows extracted ion chromatogram of drug and
icin (m/z 797), demethyl-desacetylrifampicin (m/z 767), desacetylrifampicin (m/z
ylrifampicin (m/z 809), desacetyl-3-formylrifamycin (m/z 684), 3-formylrifamycin
/z 837) (a–k, respectively).
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Table 6
Mass fragmentation data of rifampicin and its metabolites in ESI positive mode.

Drug/metabolites Major fragments with common lossa Characteristic common fragments Other important fragments Characteristic neutral losses

M M-32 M-50 M-92

Drug 823 791 773 731 399 375 333 315 807, 781, 763, 676, 667, 658, 616, 598, 519, 299, 297, 279 32, 42, 50, 60, 92
M1 797 765 747 399 331 313 729, 625 32, 50
M2 767 735 717 385 333 315 699, 669, 663, 634, 625, 616, 505, 297 32, 50
M3 781 749 731 399 333 315 763, 634, 625, 616, 598, 519, 299, 297, 279, 271 32, 50
M4 839 807 789 747 399 373 331 313 821, 729 32, 50, 92
M5 999 967 399 375 333 315 823, 791, 773, 731, 676, 667, 658, 616, 519, 299 176, 32
M6 839 807 789 747 415 375 333 821, 397 32, 50, 92
M7 839 807 747 399 373 331 821, 729 32, 92
M8 839 807 789 399 373 331 313 821, 771, 729, 674, 667 32, 50
M9 823 791 773 731 399 375 333 315 807, 676, 667, 658, 616, 519, 299, 297 32, 42, 50, 60, 92
M10 809 777 759 717 385 375 333 315 791,741, 699, 681, 505, 353, 297, 279 32, 50, 92
M11 809 399 375 333 791, 769, 505, 297 42
M12 839 807 747 398 375 333 315 822, 791, 676, 659, 641, 536, 520, 399 32, 92
M13 684 652 634 333 616, 598, 302 32
M14 797 765 32
M15 839 807 789 747 32, 50, 92
M16 839 807 789 748 821, 819 32, 50, 92
M17 726 694 676 634 302 375 333 315 658, 616, 598, 580, 562, 492, 464, 446, 424, 406 32, 50, 92
M18 837 805 399 373 331 313 32
M19 839 807 415 32
M20 821 789 771 729 397 375 333 315 779, 761, 711, 667, 519, 297 32, 42, 50, 60, 92
M21 837 805 413 375 315 731, 535, 665 32

a M = molecular ion peak.
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Table 7
MS fragmentation data of rifampicin and its metabolites in ESI negative modes.

Drug/metabolites [M−H]− Key fragments

Drug 821 722 708 690 663 631 626 606 519 490 420
M1 795 696 664 436
M2 765 680 666 505
M3 779 680 664 634 606 519 490 420
M4 837 738 706 436
M5 997 722 708
M6 837 738 706 436
M7 837 738 706 535 436
M8 837 738 706 679 535 436
M9 821 722 708 690 663 631 606 519 420
M10 807 722 708 690 663 631 626 592 505 476 420
M11 807 708 690 649
M12 837 722 708 663 631 519 420
M13 682 422
M14 795 722 422
M15 837 724
M16 837 724
M17 724 724 692 632 422
M
M
M 661
M

o
w
i

3
v

t

F
o

18 835 706
19 837 724
20 819 720 706
21 835 706

n all the data, structures were elucidated for various metabolites,
hich were supported by their fragmentation patterns, as shown

n Figs. 10–13.
.6. Types of metabolites formed in the various in vitro and in
ivo matrices and their semi-quantitative estimation

By using the optimized sample preparation approach, even
he minor and trace-level metabolites were detected. The LC–MS

ig. 10. Characteristic mass fragmentation profiles of desacetylrifamycin and its second g
f oxygenation.
624 518 490 418

characterized metabolites in the various in vitro and in vivo
matrices and their relative amounts are summarized in Table 8.
As the EIC ratios of individual metabolites to the parent drug
were very low, particularity in the case of trace-level metabo-

lites, the relative amounts of metabolites were expressed as
a percent of EIC of desacetylrifampicin (M3), a known major
metabolite of rifampicin. Metabolites with relative ratio >20%
were termed as major, between 1 and 20% as minor, and <1% as
trace.

eneration metabolites in ESI positive mode. Dotted areas indicate postulated sites
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Fig. 11. Characteristic mass fragmentation profiles of conjugated products of r

.7. Structure elucidation of rifampicin metabolites and
xplanation of their presence in different matrices

Desacetylrifampicin (M3), a known main metabolite of
ifampicin [12–18], also appeared as the major peak in this study
Fig. 9d). Its presence was verified by spiking with the standard.
he metabolite showed mass of m/z 781, different by 42 Da than
ifampicin, suggesting absence of acetyl (CH2CO) moiety (Table 5).
he same mass difference was observed in other fragments too,

iz., m/z 676 → m/z 634, m/z 667 → m/z 625 and m/z 658 → m/z 616
Table 6, Fig. 10). Also, there was absence of the fragment of m/z M-
2, typical for the loss of CH3COOH + CH3OH. Also, intense acetyl
ontaining fragments of m/z 375 or 373 were absent. The outcome
as same even from negative ionization mode study, where mass

ig. 12. Characteristic mass fragmentation profiles of mono-oxygenated- and demethylri
xygenation.
icin in ESI positive mode. Encircled areas indicate possible sites of acetylation.

peak of m/z 680 in M3 corresponded to that of m/z 722 for the drug
(Table 7). This metabolite was prominently formed in all in vitro and
in vivo matrices, in line with the literature reports [12–18].

The other known metabolite, i.e., rifampicin glucuronide (M5)
[12], was characterized from mass peak of m/z 999, and was also
justified by its fragmentation pattern (Fig. 11). The accurate mass
difference showed addition of –C6H8O6 in the molecule, equivalent
to the glucuronide moiety. The characteristic neutral loss of 176 Da
and appearance of the fragment of m/z 823 confirmed it to be a

conjugated structure. All other fragments were similar to the drug
(Tables 6 and 7 and Fig. 11). The glucuronidation was predicted to
occur at phenolic OH-group [28], which was preferred to be at 4C
position of rifampicin molecule (Fig. 1) because of the anticipated
least steric hindrance at this location. The metabolite was present to

fampicin-derivatives in ESI positive mode. Dotted areas indicate postulated sites of
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Fig. 13. Characteristic mass fragmentation profiles of rifampicin quin
he maximum in feaces and least in plasma. Being a known metabo-
ite, no phase II in vitro metabolism studies were carried out using
ofactor uridine-diphospho (UDP)-glucuronic acid.

The metabolite M10 (m/z 809) eluted earlier to the drug (Fig. 9g),
ointing to its higher polarity. As shown in Table 5, there was loss

able 8
C–MS characterized metabolites of rifampicin following incubation of rifampicin in variou
o male SD-rats. The relative amounts of metabolites are expressed as a percent of EIC of d

etabolite Code In vitro

RLM HLM

ono-oxygenated desacetylrifampicin-1 M1
√

(L)
√

(L)
emethyl-desacetylrifampicin M2 x x
esacetylrifampicin M3

√
(H)

√
(H)

ono-oxygenated rifampicin-1 M4
√

(L)
√

(L)
ifampicin glucuronide M5 NAa NAa

ono-oxygenated rifampicin-2 M6
√

(L)
√

(L)
ono-oxygenated rifampicin-3 M7

√
(L)

√
(L)

ono-oxygenated rifampicin-4 M8
√

(H)
√

(H)
cetylated desacetylrifampicin M9

√
(L)

√
(M)

-Demethylrifampicin M10
√

(M)
√

(M)
-Demethylrifampicin M11

√
(L)

√
(L)

ono-oxygenated rifampicin-5 M12
√

(M)
√

(M)
esacetyl-3-formylrifamycin M13 x x
ono-oxygenated desacetylrifampicin-2 M14

√
(L)

√
(L)

ono-oxygenated rifampicin-6 M15
√

(M)
√

(M)
ono-oxygenated rifampicin-7 M16

√
(M)

√
(M)

-Formylrifamycin M17
√

(L)
√

(L)
ono-oxygenated rifampicin quinone-1 M18

√
(L)

√
(L)

ono-oxygenated rifampicin-8 M19
√

(M)
√

(M)
ifampicin quinoneb M20

√
(H)

√
(H)

ono-oxygenated rifampicin quinone-2 M21
√

(L)
√

(L)

-‘S9’ = rat liver S9 fraction;
√

= metabolite is present, x = metabolite is absent; H = major
1% of M3.
a Not applicable.
b Rifampicin quinone is mainly generated by auto-oxidation during in vitro incubation
s secondary metabolites and 3-formylrifamycin in ESI positive mode.
of 14.0157 Da, indicating demethylation of the drug in line with its
polarity behaviour. Among the two locations of demethylation in
rifampicin (O-methyl group at 27C and terminal N-methyl group
in piperazine moiety), the site of modification in M10 was eluci-
dated by its unique fragmentation pattern in comparison to the

s in vitro systems and following a single oral administration (50 mg/kg) of rifampicin
esacetylrifampicin.

In vivo

MLM R-‘S9’ Urine Feaces Plasma
√

(L)
√

(L) x
√

(L) x
x x

√
(L)

√
(M)

√
(L)√

(H)
√

(H)
√

(H)
√

(H)
√

(H)
x x x

√
(L) x

NAa NAa √
(M)

√
(H)

√
√

(L) x x
√

(L)
√

(L)√
(L) x x

√
(L)

√
(L)√

(H)
√

(H)
√

(L)
√

(H)
√

(L)√
(L)

√
(L)

√
(M)

√
(M)

√
(M)√

(M)
√

(M)
√ √

(H)
√

(M)
x x x x

√
(L)√

(M)
√

(M)
√

(M)
√

(M)
√

(M)
x x x

√
(M) x√

(L)
√

(L) x
√

(M) x√
(M)

√
(M)

√
(L)

√
(M) x√

(M)
√

(M) x
√

(M)
√

(L)√
(L)

√
(L)

√
(M)

√
(H)

√
(H)√

(L)
√

(L)
√

(L)
√

(L)
√

(L)√
(M)

√
(M) x

√
(M) x√

(H)
√

(H)
√

(M)
√

(L)
√

(M)√
(L)

√
(L) x

√
(L)

√
(L)

metabolite, >20% of M3; M = minor metabolite, 1–20% of M3; L = trace metabolite,

and sample processing.
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rug (Tables 6 and 7 and Fig. 12). The metabolite showed character-
stic peaks of m/z 385 and 505 corresponding to the drug fragments
f m/z 399 and 519, which clearly indicated that demethylation
ccurred at the piperazine moiety in the drug (part D in Fig. 1). The
ame was confirmed even through characteristic neutral losses of
2 and 50 Da representing an intact O-methyl group. This metabo-

ite, which is previously known to be formed in minor concentration
rom rifampicin [13], was found as a major metabolite of the drug
n this study. The metabolite appeared in all the matrices, though it
as excreted mainly in feaces, where its extent was almost equiv-

lent to desacetylrifampicin (M3) (Table 8).
The metabolite M17 (m/z 726) was identified in preliminary

tudy to be 3-formylrifamycin, because it eluted at the same reten-
ion time as that of the standard (Fig. 9i). Its identification was
urther confirmed through a spiking study and comparison of frag-

entation pattern with the drug (Tables 6 and 7 and Fig. 13). Similar
o the drug, the metabolite showed intense fragments of m/z 676,
58, 616, 598, 375, 333 and 315 in ESI positive mode, depicting no
hange in the ring and aliphatic part of the drug molecule (parts
+ B + C in Fig. 1). Moreover, while the drug showed fragment of
/z 399 for parts C + D (Fig. 1), the metabolite showed a typi-

al fragment of m/z 302, resulting from loss of piperazine moiety
part D, Fig. 1). In ESI negative mode, the fragments of m/z 724,
92 and 422 also proved the same (Table 7). The metabolite was
bserved in trace quantities in the in vitro systems as compared to

n vivo matrices, which indicated role of non-hepatic enzyme sys-
ems, perhaps chemical decomposition. This was substantiated as
ifampicin is known to hydrolyse to 3-formylrifamycin (M17) in an
cidic environment [29,30]. The order of the presence of M17 in the
n vivo matrices was faeces > plasma > urine. As 3-formylrifamycin
s poorly soluble, only small amount of it was absorbed after in situ
ormation in stomach, and majority of it found its way into faeces.

The metabolite M20 (m/z 821) was identified as rifampicin
uinone on comparison of chromatographic profile with the
tandard. Accurate mass studies revealed the difference of two
ydrogens (2.0157) in the structure, as compared to the drug. The

ntense peak of m/z 397 as compared to m/z 399 in the drug (Table 6
nd Fig. 13), confirmed the change at parts C + D (Fig. 1). The forma-
ion of M20 was intense in the in vitro samples as compared to in
ivo in feaces, plasma and urine. However, M20 was also observed
n the in vitro control mixtures without the cofactor. This indicated
hat in the in vitro system, apart from metabolism, there was oxi-
ation of drug [31] during incubation and shaking at 37 ◦C for 2 h.
o, although it appeared to be a major metabolite in final samples,
t perhaps was formed by chemical degradation of rifampicin.

Regarding the minor metabolites M1, M2, M4, M6–M9, M11–16,
18, 19 and M21, most of them were characterized to be mono-

xidation products of rifampicin. The metabolite M1 eluted earliest
n the chromatogram (Fig. 9b) and was hence the most polar of all.
t was found to have m/z value of 797. The comparison of the accu-
ate mass and formula of the drug with the metabolite indicated
oss of a –C2H2 moiety (Table 5), which clearly showed that it was
ot formed directly as a first generation metabolite. Its fragmen-
ation pattern (Table 6) did not show loss of ions of 42 and 92 Da
n comparison to the drug, indicating at desacetylation at 25C as
ne of the changes (Fig. 1). The same was confirmed by the absence
f fragments of m/z 375 or 373 (Table 6 and Fig. 10), which were
haracteristic of the acetylated structure. The accurate mass studies
llowed the postulation that during the second generation process
here was addition of oxygen moiety (m/z 15.9949). The occurrence
f oxidation away from parts C + D (Fig. 1) of the molecule was con-

rmed through the presence of fragment of m/z 399 (Fig. 10). A fair

ndication that oxidation occurred at saturated aliphatic side (part
) of rifampicin (Fig. 1) was provided by the presence of fragments
f m/z 331 and 315. The postulation was supported by a reported
tudy on rifabutin, a structural congener of rifampicin, where oxida-
d Biomedical Analysis 50 (2009) 475–490

tion at saturated aliphatic side (part A in Fig. 1) was proven through
mass and NMR investigations [32]. This metabolite was observed in
traces in all in vitro systems, while it was detected in slightly higher
amounts in feaces. It was not seen in urine and plasma, probably
due to low mass abundance during mass studies.

As evident in EIC in Fig. 9b, there was another metabolite with
the same mass of m/z 797, as M1, which eluted beyond at 35 min. The
fragmentation pattern of this product (M14) (Table 6 and Fig. 10)
exhibited the absence of fragments of m/z 375 or 373, and neutral
losses of 42 and 92 Da, indicating that it was desacetylated like M1.
Accurate mass studies showed that it was also an oxidized product,
similar to M1 (Table 5). As rifampicin structure (Fig. 1) had only one
position (25C) for desacetylation, it indicated that oxidation per-
haps occurred at a different site than in M1. As the fragment of m/z
399 (Fig. 10), characteristic for unchanged aromatic side (parts C + D,
Fig. 1), was absent in this case, it indicated that the change occurred
at either part C or D. Looking into the chromatographic resolution,
it was observed that M1 appeared at 18.8 min, desacetylrifamipicin
at 23.1 min, while M14 resolved at 35.8 min. This indicated that
M14 was much less polar, though usually there should be an
increase in polarity of any compound on addition of oxygen [33,34].
Based on the reverse behaviour reported in the literature for N-
oxidation products [35–38], oxidation in case of M14 was proposed
to take place at nitrogen atoms in part D of the rifampicin molecule
(Fig. 1). As desacetylation increased polarity, but the RRT of M14 was
higher than the known 4′N-oxide of rifampicin (Fig. 9b), the site of
metabolic change in M14 was indicated to happen at different nitro-
gen atoms in part D (Fig. 1). However, it was not possible to fix exact
position of oxidation among the said three nitrogen atoms, as MS
fragmentation information was very less for this metabolite. The
extent of formation of M14 in different in vivo and in vitro matrices
was parallel to that of M1.

The metabolite M2 (m/z, 767) eluted at 20.5 min in the chro-
matogram (Fig. 9c), showing that it was even polar than the most
polar major metabolite, M3. This product had a mass difference of
C3H4O than the drug (Table 5). The absence of typical neutral losses
of 42 and 92 Da, absence of fragment of m/z 375 (Table 6), and the
presence of characteristic fragment of m/z 680 (Table 7) confirmed
that it was a desacetylated product, similar to M3. The mass formula
difference of CH2, i.e., C3H4O − C2H2O (Table 5) and the presence of
intense peaks of m/z 385 and 505, similar to demethylated metabo-
lite M10 (Figs. 10 and 12), also showed that this metabolite was
further demethylated. The absence of peaks of m/z 399 and 519 indi-
cated that demethylation occurred at piperazine moiety in part D of
the drug (Fig. 1), similar to M10. This metabolite was not observed
in the in vitro systems. Also, it was present in minor amounts in
feaces, and in trace amounts in urine and plasma.

As shown in Table 5, eight metabolites, M4, M6–M8, M12, M15,
M16 and M19, had the same mass of m/z 839, though their chro-
matographic retention was different (Fig. 9e). This indicated that
all of them were isobaric. Accurate mass analyses showed addi-
tion of an oxygen atom (15.9949 Da, Table 5), denoting a single
step metabolic change. Among them, M12 was easily identified
as rifampicin N-oxide through RRT matching, and similarity of the
fragmentation pattern with the standard. In rest of the cases, it was
assumed that oxidation occurred at other possible sites in the drug
molecule. To delineate the same, fragmentation pattern of each,
as given in Table 6, was studied critically. Unfortunately, a rea-
sonable fragmentation profile was obtained only for metabolites
M4 and M6–M8, and not for the others. In case of metabolites M4
and M7, M8, the presence of fragment of m/z 399, which was also

present in the drug (Table 6), meant that parts C and D (Fig. 1)
were unchanged. The presence of fragments of m/z 373, 331 and
313 (Table 6 and Fig. 12) indicated that the change happened either
at part A or B (Fig. 1). Support for part A was provided again by
the reported study on rifabutin [32], where oxidation was shown
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o happen at similar site, as in rifampicin. There was an opposite
ehaviour in case of metabolite M6, wherein appearance of mass
eaks of m/z 375 and 333 clearly indicated that parts A and B of
ifampicin molecule (Fig. 1) were intact. The change rather hap-
ened at the aromatic side or piperazine moiety (parts C or D in
ig. 1). The same was further supported by the presence of frag-
ents of m/z 415 and 397 (Fig. 12). Among the two parts, site of

xygenation was postulated to part D (Fig. 1), as the change was
ess possible at part C due to the steric hindrance, more specifically,
he N-methyl group, due to higher polarity of M6 than metabolites

15, M16 and M19 (Table 5). The metabolites M15, M16 and M19
luted very closely and in all the three cases, their fragmentation
attern was not complete. So, just based on their polarity behaviour
ith respect to other metabolites and depending upon the litera-

ure reports on N-oxides [35–38], these were assumed to be N-oxide
roducts at remaining nitrogen atoms in part D of the drug (Fig. 1).
ll the mono-oxygenation products were seen in the in vitro RLM
nd HLM, and in vivo feaces samples. M8 was present in highest
oncentration, followed by M12 and non-polar mono-oxygenated
etabolites (Table 8). The proposed sites of oxidation and their MS

ragmentation patterns are shown in Fig. 12.
An interesting case was that of minor metabolite M9, which

howed the same fragmentation pattern and accurate mass data,
s the drug (Tables 5–7 and Fig. 11). It was proposed to be an
cetyl derivative of the major drug metabolite, desacetylrifampicin
M3), but involving 21C/23C position instead of 25C (Fig. 1). The

etabolite was present in all the in vitro and in vivo matrices.
nother minor metabolite, M11, was isobaric (m/z 809) to M10

N-demethylrifampicin), but had a different fragmentation pro-
le (Table 6 and Fig. 12). In this case, typical peaks of m/z 399
nd 519, and the absence of characteristic loss of 32 Da (CH3OH)
elped to propose that it was an O-demethylation product (Fig. 12).
11 was only observed in HLM, RLM and feaces. The metabolite
13 (m/z 684) was established to be desacetyl-3-formylrifamycin,

ased on the fragmentation profile and comparison of the same
ith M3 and M17 (Tables 6 and 7 and Fig. 10). The presence of

ragments of m/z 616, 598 and 302 confirmed it to be a derivative
f 3-formylrifamycin (M17). Further desacetylation in the second
eneration step was confirmed by the absence of neutral losses of
2 and 92 Da. The metabolite did not appear in the in vitro sys-
ems, indicating role of non-hepatic enzyme systems during its
ormation in vivo, where also it was formed only in minor or trace
uantities. That was justified because the precursor of M13, i.e.,
-formylrifamycin (M13) itself was absorbed only in small quan-
ities due to very low solubility in gastric tract as discussed earlier.

hatever small quantities reached the liver were desacetylated,
enerating M13 in the process.

The last two minor metabolites, M18 and M21, had the same m/z
alue of 837, but appeared at different RRT values of 1.29 and 1.44
Table 5). The mass of both was 2 Da less than mono-oxygenated

etabolites, or 16 Da more than rifampicin quinone (M20). This
eant formation of either quinone derivatives of mono-oxygenated
etabolites, or addition of oxygen to rifampicin quinone. Exact

tructure elucidation could not be done for the two, just based on
he mass fragmentation studies (Fig. 13). The two metabolites were
bserved in all the in vitro conditions, and in feaces, while M21 was
lso found in plasma.

. Conclusion
The present study, involving in silico tools, an optimized sam-
le preparation approach and modern LC–MS techniques, showed
ormation of several new metabolites of rifampicin than known
n the literature till date. Apart from the six known metabo-
ites (desacetylrifampicin (M3), rifampicin glucuronide (M5),

[

[

[
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N-demethylrifampicin (M10), 3-formylrifamycin (M17), rifampicin
quinone (M20) and desacetyl-3-formylrifampicin (M13)), fifteen
more were detected in the study. It was observed that while the
previously reported metabolites were essentially all detected in
moderate to major amounts, most of the newly detected metabo-
lites were present in minor to trace amounts, although their relative
amounts varied in the different in vitro and in vivo samples. The new
metabolites were of eight types, viz., mono-oxygenated-desacetyl
(M1 and M14), demethyl-desacetyl (M2), mono-oxygenated (M4,
M6–M8, M12, M15, M16 and M19), acetylated-desacetyl (M9),
O-demethyl (M11) and mono-oxygenated quinone (M18 and 21)
derivatives of rifampicin. It was found that the majority of the
metabolites were detected in feaces indicating that most likely this
was the prominent route of excretion of rifampicin metabolites.
In addition, it was observed that based on their relative amounts
as compared to desacetylrifampicin, the N-demethylrifampicin
metabolite was present as major product in faeces, while rifampicin
N-oxide was found in almost all the matrices up to a moderate
amount. Nevertheless, without the radiolabeled study or quantita-
tive data, these are only semi-quantitative estimates of their actual
amounts in the various biological samples. The identification of rel-
atively non-polar metabolites of the drug highlights the possibility
of their accumulation in body, particularly in liver, which may be
responsible for the drug’s hepatotoxicity. Additionally, the enzyme
induction potential, which is an adverse attribute of rifampicin
[20,21], may also be associated with its metabolism, particularly
if non-polar metabolites were retained in the liver for a longer
period. The newly identified phase I metabolites have a scope to
be assessed for their efficacy, considering that desacetyl deriva-
tives of rifampicin, rifapentine and rifabutin have activity against
the mycobacteria [39,40].
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