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Abstract

Verapamil is a widely prescribed calcium antagonist, but suffers from extensive first pass metabolism. Despite its frequent use in drug
metabolism a complete understanding of its metabolic pathway is still lacking. We thus investigated verapamil’s metabolism in cultures of
primary rat hepatocytes and isolated metabolites from cell culture media by solid phase extraction (SPE). In detail, we investigated their
structure in multiple liquid chromatography—mass spectrometry (LCHMSperiments and found 25 phase | and 14 phase || metabolites.

We showed many metabolites to be produced by oxidative dealkylation, and several yet unknown metabolites were identified that stem from
hydroxylation and dealkylation reactions. Furthermore, we identified an array of glucuronides and, additionally, a glucoside. Finally, we
investigated the enantioselective biotransformation of verapamil and found preferential metabolisi@@fidéimtiomers. In conclusion, this
illustrates again the true complexity of verapamil’s disposition.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction that polar compounds cannot be analyzed without deriva-
tization. Consequently, it is difficult to analyze phase Il
Verapamil is a commonly prescribed calcium antago- compounds like glucuronides with this method, although an
nist with anti-anginal, anti-hypertensive and anti-arrythmic identification of the norverapamil glucuronide after deriva-
properties. The metabolites of verapamil found so far partly tization with GC—MS has been describgl]. This is the
show pharmacological properties. Verapamil suffers from only glucuronide that has been reported so far.
extensive first pass metabolism. It is therefore important Liquid chromatography coupled to an ion trap mass spec-
to develop sample preparation and analysis techniquestrometer with ESI source allows a direct identification of
for screening verapamil metabolites in different biological polar compounds like glucuronides without prior derivati-
matrices. zation. An ion trap mass spectrometer with multi-stage MS
A variety of methods for analyzing verapamil metabo- capabilities (MS3) as used in our study is particularly suited
lites have been published. Most methods apply liquid for the identification of unknown metabolic breakdown
chromatography—tandem mass spectrometry (GC—MS) (usu-products.
ally after derivatization) to characterize the main metabo- A very sensitive method based on LC-M%ith an ESI
lites of verapamil[1-3]. One disadvantage of GC-MS is interface has been described recently to determine the main
metabolites of verapamil in various biological matri¢gs
e Here, we focused on the identification and structure elu-
‘*’" Supplgmentary c_iata assogi.ated with this article can be found, in the cidation of new, less abundant metabolites of verapamil.
Onl,:ngovrferz'ggr’];;g Oéhlt?]'olfﬁiﬁﬁgﬁ%?f_gggg;gggsg' These include newly identified glucuronides and glucosides
fax: +49-511-5350-573. formed in cell cultures of primary rat hepatocytes. Finally,
E-mail addressborlak@item.fraunhofer.de (J. Borlak). we also investigated enantioselective phase Il metabolism.
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Overall, this study aims to provide in-depth information

on the true complexity of verapamil’s metabolism.

2. Methods

2.1. Materials and chemicals

AcCN (Malinckrodt-Baker, Deventer, The Netherlands),
MeOH (Malinckrodt-Baker, Deventer, The Netherlands),
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(Sigma, Deisenhofen, Germany) followed by centrifuga-
tion at 4°C and 1200 rpm for 5min. The cell pellet was
resuspended in William’s E medium (Biochrom, Berlin,
Germany) supplemented with 5% fetal calf serum (FCS;
Biochrom, Germany), 9.6g/ml prednisolone, 0.014g/ml
glucagon (Novo, Germany), 0.16 U/ml insulin (Hoechst,
Germany), 200 U/ml penicillin and 200 U/ml streptomycin
(GIBCO, Germany). Hepatocytes were counted in a hemo-
cytometer (Neubauer-chamber) in the presence of 0.04%
trypan-blue solution. Two million hepatocytes per dish were

ammonium acetate (Merck, Darmstadt, Germany), acetic cultured on a collagen type | layer, and after 24 h in culture

acid (Fluka, Buchs, Switzerland), Norverapamil N5¢3,
4-dimethoxyphenethyl) amino-2(8 -dimethoxyphenyl)-2-
isopropyl-valeronitrile) (Research Biochemicals Internati-
onal, Natick, MA, USA), racemic verapamil (8-(3,4-dime-
thoxyphenethyl)methylamino-24(@ -dimethoxyphenyl)-2-
isopropylvaleronitrile) (Lot56H0925/Sigma—Aldrich, Stein-
heim, Germany),Sverapamil andR-verapamil (Sigma—
Aldrich, Steinheim, Germany3-glucuronidase (type H-1,
367500 U/g, Sigma-Aldrich, Steinheim, Germany). The 2,
3, 6,15, 16, 19 verapamilschnd the metabolites D-715 and
D-703 were a kind gift of Prof. W.L. Nelson (University of
Washington, Seattle, USA).

2.2. Animals

All animal procedures described in this report were ap-
proved by the ethical committee of the city of Hanover and
the investigation conforms to th@uide for the Care and
Use of Laboratory Animalpublished by the US National
Institutes of Health (NIH Publication No. 85-23, revised
1996). Male Sprague—Dawley rats weighing about 200g
were obtained from Charles River (Sulzfeld, Germany).
Food and water was given ad libitum. Anesthesia: rats
were anesthetized with 0.1 ml of Ketamin per 100g body
weight and 0.05 ml of xylazin-hydrochloride per 100 g body
weight. In addition, 2.000 international units of Heparin
were given intraperitoneally prior to surgery.

2.3. Isolation and cultivation of hepatocytes

A modified method originally described by Segl&i
was used to isolate hepatocytes. In brief, the portal vein
was cannulated after midline incision, and the liver was
first perfused in situ with 100 ml calcium-free Krebs Ringer
buffer (KRB) for 10 min, then with 100 ml KRB and EDTA
(2 mmol/l). Next, the liver was perfused for 8-10 min with
KRB supplemented with Collagenase type IV (Worthing-
ton, Freehold, USA) and 0.5mM calcium chloride (Sigma,
Deisenhofen, Germany). After perfusion, the liver capsule

was gently removed and the dissolved parenchymal tis-

sue filtrated through a nylon mesh (pore size 189 and

washed two times with the washing buffer (1000 ml Hanks
balanced salt solution (PAA, Germany) supplemented
with 2.4g hydroxy-ethyl-piperazine-ethane-sulfonic acid
(HEPES; Sigma, Germany) and 2 g bovine serum albumin

non-adherent cells were removed and the second collagen
layer was applied as originally described by Dunn et al.
[7]. Hepatocytes were allowed to recover for 48 h and were
then used for further experiments.

Verapamil (2uM), R-verapamil (3.M), Sverapamil
(2 M) or verapamil-d (2 .M) were added to hepatocyte
cultures for 24 h and culture supernatant was removed and
frozen (-80°C) subsequently for further studies.

2.4. Sample preparation

The proteins of the culture media were precipitated with
6 ml of methanol and removed by centrifugation (centrifuge
from Sigma, Osterode, Germany, type 1-15, diameter of ro-
tor = 16.4 cm) at 3000 rpm for 5min. The resultant super-
natant was evaporated to dryness using a gentle stream of
nitrogen.

In assays with verapamil antipodes, the cell culture me-
dia was split in a ratio of 2:1. First, 50 of a gallopamil
standard solution (jg/ml) were added to both solutions as
an internal standard. The glucuronides were cleaved with
B-glucuronidase (approximately 1850 units) and dissolved
in 0.01 M ammonium acetate/acetic acid buffer at a pH of
4.5 for 12h at 37C. After incubation, the proteins were
removed as described above.

2.5. Extraction and LC-MSanalysis

Verapamil and its basic metabolites were analyzed by
solid phase extraction (SPE) followed by high-performance
liquid chromatography—mass spectrometry.

For SPE a lipophilic cartridge (RP8 Select B, Merck, Ger-
many) was used which was conditioned with 4 ml methanol
followed by equilibration with 4 ml water. The sample was
loaded onto the cartridge without any organic solvent and
washed with 5% methanol to separate any sample matrix.
Verapamil and its basic metabolites were eluted with 2ml
methanol. The eluent was evaporated to dryness and recon-
stituted in 20Qul of acetonitrile/ammonium acetate (0.01 M,
pH 6.0, 50/50, v/v). Aliquots of 2Q.| were injected onto the
LC-MS system.

LC—MS analyses were done on a Waters (Milford, MA,
USA) LC instrument (pumps 590) coupled to an ion trap
mass spectrometer (Esquire from Bruker Daltonik, Bremen,
Germany) that operated under positive ion electrospray (ESI)



Table 1

Main fragmentation of conjugated and non-conjugated metabolites of verapamil
No. Phase & Phase Il Substituents Phase | Phase Il Cleavageﬁnlt)b Neutral losses, fragments
Ry AbundancEé SR R SR R1 R2 R3 R4 RS R6 R7 R8 R9 R0 M+HT [M+H* A9 A, B9 B, Bgd c  andother low abundant
(min) (%) (min) or mz (<5%), non significant ions

1ver®f9 498 100 36 153 32 OGH OCHy OCH3 OCHg CHs3 H  C3Hy H H H 455 631 150 303 165 - 260 - 216, 238, 262, 337

2 Norv9 471 180 - 16B - OCHy OCHy OCHy OCHg H H  C3Hy H H H 441 617 151 289 165 - 260 398 247

3 D620®9) 256 8.0 14 45 15 - - OGH OCH3 H - CgHy H H H 277 453 - - - - 260 234 -

4 D71 28.6 95 14 57 13 - - OGH OH CHg - CgHy H H H 277 453 - - - - 246 234 218

5 D61M9 300 122 15 152 13 - - OCH OCHg CHg - CgHy H H H 201 453 - - - — 260 248 333, 369, 417, 435

6 21.9 0.02 13 - - - - OGH OH H - GHy H H H 263 - - - - - 246 221 204, 128, 198, 229

7 p702f9 432 23K - 71 20 OH OCH OCHz OCH3 CHz H  CzHy H H H 441 617 - 303 151 291 260 248 -

8 D70£19 440 236 12 880 07 OCH OCH3 OCHy OH CHz H  CzHy H H H 441 617 151 289 165 - 246 - 133,372

9.9 450 236 - 101 10 OCH OH OCHg OCHgz CHg H  C3Hy H H H 441 617 - 303 151 291 260 248 187, 373

109 38.7 12 - 103 - OH oChl OCHg OH CH3 H  C3Hy H H H 427 603 280 151 277 246 384 —

118f.9 420 200 1 74 19 OH OCH OCHg OCH3 H H  C3Hy H H H 427 603 - - 151 277 260 384 -

12 o719 429 200 18 90 11 OCH OCH; OCH3 OH H H  CgHy H H H 427 603 150 275 165 -  (246) 384 233, 306

13 36.1 0.4 - - - OCg OCHg OH OH H H GHy H H H 413 - 150 261 165 - - - 135, 221, 367, 377,
395 (-H0)

148M 37.1 0.5 - - - OH OCH OCH3 OH H H  CgHy H H H 413 - - 275 151 263 246 370 206, 234, 395

1gmf 39.3 15 46 - - OChg OCHg OCH3 OCHg CHs OH CgHy H H H 471 - - 303 181 291 260 - 234, 248, 453 @)

16% 39.0 1.4 14 111 12 OGCy OCHg OCH3 OCHg CHsa OH CgHy H H H 4711 647 - (303) 181 291 260 248 453 (®)

17 42.8 3 14 112 15 OCg OCHg OCHg OCHg H OH CgHy H H H 457 633 - 289 181 277 260 414 235, 399, 439 4G

1gef.9 34.3 1.2 19 113 -  OCHl OCHg OCH3 OCH CHs H CgHgOH H H H 471 647 150 319 165 - — 413 261, 453 @)

19 415 0.8 8 - - OCHy OCH3 OCHy OH CHz H C3HgOH H H H 457 - 150 - 165 - 398 220, 194, 247, 284,
399, 439 (-H0)

20M 31.9 1.2 19 - - OChH OCHg OCH3 OCHg CHs H  C3Hy H OH H 471 - 150 319 165 - 276 — 191, 249, 440

218m 36.6 0.9 34 - - OChH OCHg OCH3 OCHg CHs H  CgHy H H OH 471 - (151) 319 165 - 276 234, 206, 258, 259

22 32.1 2.5 22 - - OCgl OCHg OCHy OCHz H H  CzHy OH H H 457 - 150 305 165 - 276 - 247, 206, 220, 439 4QH

23" 35.4 0.9 06 - - OCH OCHy OCHg OCH3 H H  C3Hy H H OH 457 - 151 305 165 - 276 - 135, 206, 307, 384, 440

24 42.0 1.2 - - - OCH OCHz OCHg OCH3 CHyOH H  CgHy H H H 471 - 151 - 165 - 260 - 453 (49)

25nf . 1.8 - - - OCH OCHg OCH3 OCHg CHO H GHy H H H 469 - 151 - 165 - 260 - 441 (-CO)

m/z values in parentheses: low abundance fragments (2—-4% relative abundance).

2 phase | metabolites after cleavage wfihglucuronidase.

b Cleavages: reportedvz values are from M3 of the [M +H — 176} ions of the phase Il metabolites and of the %ASpectra of the i/ +H] T ions of the phase | metabolites.

C Relative peak area of the phase | metabolites compared to verapamil.
d Cleavage is accompanied by charge migration.

€ These metabolites have been identified from one single pool of several rats: pool ca. 30ml medium.
f Structures have been additionally confirmed by incubations wiHabelled verapamil: pool ca. 20ml.

9 Metabolite appears also in non-conjugated form.

_hThese metabolites have been identified from the pool of a different rat: pool ca. 30ml; all other metabolites not labelled a or b were detected is. both poo
! Metabolite has been recorded under different chromatographic conditions.
) Phenylethyl moiety lost.

Sum of the abundances of the non-conjugated metabolite 7, 8 and 9.

I Sum of the abundances of the non-conjugated metabolite 11 and 12.
™M position of the hydroxyl group could not be located unambiguously.
N Only the Senantiomer has been detected.
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conditions in the full scan, M$sand, in some instances, in  pamil (100%), se@able 1 They give only semi quantitative
the MS® and MS-mode. The nebulizer pressure was set to information on the concentrations of the metabolites rela-

40 psi and the dry gas temperature to 360 while +3 kV tive to that of verapamil, as the ionization efficiency of the
were applied to the nebulizing capillary. Full mass spectra various metabolites under ESI may vary.
were acquired by scanning the mass rangevaf100—700. The SR ratio of the enantiomers was calculated by

CID spectra (collision gas: helium) were obtained from the quantification with the internal standar8R ratios were
protonated molecules + H]*. HPLC analysis was car-  considered as significant when the differences between both
ried out with a gradient elution of ammonium acetate buffer enantiomers were-4 time the relative standard deviation.
(0.01 M, pH 6.0) and acetonitrile using a flow of 0.2 ml/min. Only metabolites with a s/n of six times the R.S.D. were
The gradient starts with 25% acetonitrile, increasing to 50% quantified and are listed ifable 1

within the first 15min and to 75% acetonitrile from 15 to

30 min. From 30 to 55 min the acetonitrile content remains

constant and decreases to 25% from 55 to 60 min. Sepag Reqults

ration of verapamil and its metabolites was achieved on a

250 mmx 2mm RP Select B column with a particle size of 3.1, structure elucidation of the metabolites by LC2MS
4pm (Merck, Darmstadt, Germany).

For identification of conjugates of metabolites 2 and 5 The structures of the metabolites were investigated by
different chromatographic conditions were used (index hin comparing their MS fragmentation pattern (s&able J)
Table J: A RP8 Select B column was used for separation yyjth that of verapamil. In a first step, the mass of the quasi
(250 mm>x 4mm, 5um). HPLC separation was carried out  molecular ion of each metabolite was compared with that
with a solvent composition of acetonitrile and water using of verapamil to provide a first indication of the structure
a flow rate of 0.6 ml/min. An accurate splitter was used t0 f the metabolite; in a second step, this proposed structure

split the flow 1:3 before introduction into MS. ~ was confirmed by studying the collision-induced fragments
The gradient started with 25% acetonitrile and the acetoni- (only ions with a relative intensity of >5% are discussed).

trile was increased to 80% within the first 30 min. Then the Although only a mass spectrometer (ion trap) with unit
acetonitrile content was kept constant to 80% up to 60 min mass resolution for both the quasi molecular and the frag-
before it decreased again to 25%. ments ions was available, the elemental composition of the
Identification of metabolites was done by collision-induced fragments was unambiguous (with two exceptions discussed
dissociation (CID) experiments in multiple LC-MS/MS  pe|ow). However, mass spectrometry alone is not always
(MS?), LC-MS® and LC-M$ experiments. sufficient for identifying the site of a biotransformation
To distinguish the metabolites from artefacts blank cell (i.e. the site of a hydroxylation or glucuronidation). Here,
culture media (William’s E medium (Biochrom, Berlin, Ger-  clear magnetic resonance (NMR) would be the technique
many)) supplemented with 5% fetal calf serum (Biochrom, qf choice; however, this technique failed due to the low
Germany), 9.¢ug/ml prednisolone, 0.01dg/ml glucagon  amounts of metabolites observed in the cell cultures. Some

(Novo, Germany), 0.16 U/ml insulin (Hoechst, Germany), metabolites formed in rat heart tissue have been published
200 U/ml penicillin and 200 U/ml streptomycin (GIBCO, recently by ug8].

Germany) and blank culture media (without cells) spiked
with verapamil was incubated, extracted and analyzed under3 1 1. Collision-induced dissociation of protonated
the same conditions as described above. verapamil and its phase | metabolites

The collision-induced dissociation of protonated ve-
rapamil and its metabolites proceeds mainly via some

For recovery experiments (done in quadruplicates), a Well-defined fragmentation pathways as illustrateig. 1
blank cell culture supernatant solution was spiked with (Where it is assumed that the initial protonation occurs at
verapamil and norverapamil in a concentration range from the nitrogen):
1ng/ml to 1pg/ml followed by solid phase extraction as
described above. The resulting eluent was reduced in vo
ume to 20Qul. Measurement of these extracts was done as
described above. Recoveries were determined by compar-
ing the peak areas to those of a standard solution injection.
Recoveries of 85+ 4 and 81+ 5% for verapamil and
norverapamil, respectively, were observed.

2.6. Recovery

I_(a) Cleavage of the C-C-bond in theposition to the ni-
trogen of the substituted phenylethyl moiety and charge
migration (in some instances accompanied by hydrogen
transfer) (route A in Fig. 1) leading to the fragment
ion [A1]* or cleavage of this bond with charge reten-
tion and hydrogen transfer to the eliminated neutral, i.e.
a substituted toluene (routexAn Fig. 1) leading to the

2.7. Quantification ion [Az — H] ™. .
(b) Cleavage of the N—C bond of the substituted phenylethyl
The abundances ifable 1were calculated by comparing moiety, charge migration and elimination of a highly

the peak ratios of the metabolites relative to that of vera- substituted phenylbutylamine as neutral (routg) B
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Fig. 1. Structure and main fragmentation pathways of verapamil and metabolites.

leading to the fragment ion [BT or cleavage of this  (d) In addition, many metabolites show an abundant loss of
bond with charge retention and hydrogen transfer onto water which (in conjunction with the observed shift of

the nitrogen with elimination of a substituted styrene the m/z value of the protonated molecule by 16 Da) is
as neutral (route Bin Fig. 1) leading to the ion characteristic of the presence of a hydroxyl group in the
B2+ H]T. aliphatic moiety.

(c) Alternatively, also cleavage of the N—-C bond on the (e) Finally, loss of ammonia during the fragmentation
highly substituted phenylbutyl moiety and elimination proves the presence of a primary amine and loss of

of substituted phenylethylamine as neutral may occur methylamine the presence of a secondary methylamine;
(B3) leading to the fragment ion B3+ (Fig. 1). loss of acetone is characteristic of a hydroxylation
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of the isopropyl group, and loss of carbon monoxide (with hydrogen transfemy/z = 150), A (m/z = 303), By
shows the presence of a carbonyl group. (m/z = 165) and B (m/z = 260), seeFig. 1 and Table 1

(f) In general, all fragmentation pathways discussed so far while with norverapamil the fragmentation router@z 398)
lead to thermochemically stable, even electron fragment is also observed. Oxidativid-demethylation of verapamil
ions by loss of an even electron neutral molecule (even giving rise to norverapamil?) is reflected by a mass shift
electron rule). of the ion [A-H]™ by 14 Da. The fragments of botH)(

(g) In contrast, loss of a propyl radical from the protonated and @) were confirmed by comparison with synthetic ref-
molecule or a primary fragment ion (as observed with erence compounds. Verapamil and norverapamil were also
most metabolites) leads to an odd electron fragment ion observed as glucuronides.

(a process which is probably favored by the adjacent

cyano group) (C irFig. 1). Note, however, that a com-  3.1.3. Metabolites formed by oxidative dealkylation and
peting (thermodynamically more favorable) loss of a additional demethylation

propene molecule is also observed in some instances.  The metabolites 3) (D-620), @) (D717), 6) (D 617)

(h) Other cleavages of the alkyl chains are observed lessand @) are formed by oxidative dealkylation (loss of the
frequently. All these additional fragments are listed in substituted phenylethyl moiety) as shown by thiz value
the last column offable 1 of their quasi molecular ion and corroborated by their

collision-induced fragments. While witl8 and @) frag-

It is of interest that the presence of a hydroxy group mentation route B proceeds via loss of ammonia (leading
on the substituted phenylethyl moiety (independent of its to m/z 260 for @) and n/z = 246 for §)), consistent
location) influences the fragmentation of the protonated ve- with a N-demethylation, loss of methylamine (leading to
rapamil metabolites significantly: the fragmentation route nvz = 246 for @), but tom/z = 260 for §)) is observed for
B, is observed only if such a hydroxy group is present (4) and 6), which consistent with a retention of the methyl
in the substituted phenylethyl part of the molecule, while group at the nitrogen. Instedd-demethylation must have
lack of this group leads to the fragmentation channgl A occurred with 4), which is corroberated by the observed
In contrast, a hydroxy group on the highly substituted fragments [B]™ atm/z = 246. Finally, 6) must have been
phenylbutylamine moiety apparently has no effect on the formed by oxidativeN-dealkylation, N-demethylation and
fragmentation. O-demethylation as demonstrated not only by the precursor

Metabolic transformation of verapamil leads to character- ion mass, but also by loss of ammonia/{ = 246) and
istic changes in the massaw/t values) of these fragment the mass shift of the fragment ion due the route C (loss
ions, which (together with thevz value of the quasi molec-  of isopropene) (as compared t8)X and the fragment at
ular ion) allow the identification of the type and, to a large m/z = 204 (route D inFig. 1). The observed loss of 31
extent, also the position of the metabolic transformation, as from (4) and (6) indeed corresponds to loss of methyl-

shown below. amine and not to the isobaric methoxy group as shown by
Using this approach, 24 phase | metabolites were identi- hydrogen/deuterium exchange experimgats
fied as summarized ifiable 1 which lists thenvz values The masses of the quasi molecular ions and their

of the main fragment ions of these metabolites. If the collision-induced dissociations thus allow an unambigu-
metabolite was also observed in the conjugated (usuallyous structure elucidation of the metabolitey—6) with
glucuronidated) form, the fragment ions of the glucuronide one exception: Mass spectrometry does not permit to de-
are listed inTable 1 (except for verapamil). Note that termine which of the two methoxy groups of)(and ©)
the collision-induced loss of the glucuronic acid moiety was demethylated. However, an HPLC/NMR/MS study of
(176 Da) from these conjugates leads to the protonated phaseerapamil metabolites in human urine demonstrated that
| metabolite. Thus, the MSspectra of theff — 176]" ions a demethylation of the methoxy group in trans position
of the glucuronides and the MSpectra of the correspond-  (bound to G7) occurred for 4) [9], a result which can very
ing protonated phase | metabolites are almost identical.  likely be extended to the metabolite$) @nd 6) observed

In the following, the structure assignment of the 24 phase in this study in hepatocytes of rats.
| metabolites, as based on their mass spectrometric fragmen- The metabolites3)—(5) were also detected in the conju-
tation behavior, is only summarized (a detailed discussion gated form, 8) and @) as glucuronide, andj as glucoside.
of the mass spectrometric fragmentation is available upon

request). 3.1.4. Metabolites formed by oxidative O- and
N-demethylation
3.1.2. Verapamil and norverapamil The metabolites M)—(14) are formed by oxidative
Most metabolites summarized ifable 1can be ratio- demethylation, which can occur one or two times. In part,
nalized to originate either from verapamil)(or norvera- an additional N-demethylation is observed. Thus, some

pamil (2), which are therefore discussed first (although the of these metabolites can be rationalized to originate from
N-demethylation leading to2} is not necessarily the first  verapamil, i.e. T)—(10), and others from norverapamil
step). The protonated verapami) fragments via route A (11)—(14), even if N-demethylation is not necessarily the
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first step. If O-demethylation of verapamil occurs once, a formed by direct hydroxylation of verapamil, which leads
quasi molecular ion ofiVz = 441 (14 Da lower than vera-  to m/z = 471 for the quasi molecular ion, 16 Da higher than
pamil) is observed, and if this demethylation occurs twice, that of verapamil. Those derived from norverapamil)(
a quasi molecular ion atVz = 427 (2x 14 Da lower than (22) and @3), form a quasi molecular ion afVz = 457,
verapamil) is foundO-demethylation can occur at ring A 16 Da higher than that of norverapamil. If hydroxylation oc-
or B (seeFig. 1). The m/z value of the fragment formed curs at the substituted phenylethyl moiety, thiz value of
via route A reveals the position of th®-demethylation: the fragment [B]*™ must be shifted by 16 Da when com-
if this value does not shift (as compared to verapamil) a pared to both verapamil and norverapamil (as found with
methoxy group at ring A is demethylated, i.e. wiff) and (15)-(17)), while thenvzvalue of this fragment is not shifted
(9), while a demethylation at ring B lowers thig/z value if hydroxylation occurs at the highly substituted phenylbutyl
by 14 Da as observed witl8); In contrast just the opposite moiety of the molecule, i.e. with18)—(23). In this case,
behavior is observed for ions formed via routg IBading mvz of the fragment [B] ™ (if observed) increases by 16 Da,
to the substituted phenylethlyl ion [B": demethylation while [B1]T is not shifted, as is found with18)—(23). Fi-
at ring A lowers them/z value of this ion by 14Da, as nally, as discussed above, hydroxylation at the substituted
compared to verapamil and observed féy &nd @), while phenylethyl moiety triggers the additional fragmentation ac-
no mass shift is observed if demethylation occurs at ring cording to route B in Fig. 1 as observed with16)—(17).
B as in ). A similar reasoning can be used to demon- Thenvz values of the B, + H]* ions formed via this route
strate that with the metabolited@), one O-demethylation confirm this conclusion.
occurs at ring A and the other at ring B. Single and double  What additional information on the position of the hy-
O-demethylation is also observed for those metabolites de-droxyl group is available from mass spectrometry? In gen-
rived from norverapamil, i.e 14)—(14). If, for instancem/z eral, a phenolic hydroxyl group in a protonated molecule is
of the [A2-H]™ ion is shifted to lower values by 14 Da as not lost as neutral water upon collision-induced dissociation
compared to norverapamil, a single demethylation at ring (but, if at all, as hydroxyl radical), while an abundant loss
B has occurred, i.e. with1l@) and (@4). If, however, this of water is found with alcohols. Consistent with this obser-
value is shifted by 2 14 Da, two demethylations at ring vation, the protonated metabolitey,((6)—(14), which after
B have taken place, e.g. with3). Similarly, them/z value oxidative demethylation have one or two hydroxyl groups
of the [By]* ion (when compared to norverapamil) reveals bound to the aromatic ring, do not undergo collision-induced
any demethylation at ring A, as witli4). loss of water, with one exception: The protonated metabo-
As mentioned above, the presence of a hydroxyl group at lite (13) with two vicinal hydroxy groups shows an abundant
the substituted phenylethyl moiety (here the aromatic ring A) loss of water.
opens up a new decomposition channel, i..d observed In contrast, the protonated metabolites formed by hy-
with (7), (9)-(11) and @4). The occurrence of the ion (B droxylation, i.e. {5)—(19), (22) and @4), undergo in all
H]* and itsmvz value confirms the structure assignment of but three instances collision-induced loss of water, strongly
the O-demethylation products/}—(14). This assignment is  suggesting that the hydroxyl group is bound to an aliphatic

furthermore corroborated by tma/z value of the [B]™ ion carbon. Alternatively, the lack of water loss can be consid-
(shift by 14 Da if ring B is demethylated once, as wifld), ered as a strong indication for a hydroxylation occurring at
(12) and (14)). the aromatic ring, e.g. with the metabolite20), (21) and

While the collision-induced fragments, together with the (23).
mass of the quasi molecular ion, not only enable us to de- Furthermore, and according to the above discussion, the
termine the number aD-demethylations but also the posi- hydroxyl group in 5)—(17) showing a loss of water must
tion within the molecule (ring A or B), it is not possible be bound to the aliphatic part of the substituted phenylethyl
to prove which of the two methyl groups at a given aro- moiety, i.e. to G or Cg. Them/zvalues of the [A-H] T ions,
matic ring is demethylated using this technique. The above which comprise @ and are not shifted when compared to
mentioned NMR study of verapamil metabolites in human verapamil () or norverapamil Z), prove that the hydroxyl
urine revealed that in the case of metabolitg)( the trans group must be bound to7Cat least for {5) and (7) (the
methoxy group was demethylated agfdh identification of (6) which shows similanVz values as15)

For metabolite § (D703) a reference compound was is less safe. Note that hydroxylation at (®@ads to a new
available the fragmentation of which further supported the chirality center so thatl§) and (L6) could be diastereomers).

above structure assignment. The metabolif@s(14) where Finally, the protonated metabolites3j and (L9) undergo
also observed in the conjugated form. loss of 58 or 59 Da, i.e. loss of38gO or CG3HgOH from
the protonated molecule (fragmentation route (Fig. 1)
3.1.5. Metabolites formed by hydroxylation which unambiguously proves a hydoxylation of the iso-
Within this study, 10 metabolites formed by hydroxylation propyl group. The observed loss of water and the-F#*
were observed although with low abundance (iL6)+£(24)). ions confirm this assignment.

This metabolic route has not been described previously for Table 1shows the remaining hydroxylated metabolites
verapamil. The metabolited%), (16), (18), (20) and @1) are (20)—(23) and their respective hydroxylation sites, which



272

M. Walles et al. / J. Chromatogr. B 798 (2003) 265-274

were located by considering the further fragments of these 4. Discussion

metabolites. The exact sites of hydroxylation of ring B in
(21) and @3), i.e. G5, C16 0r C19, cannot be derived from the
mass spectra. Although a confirmation of the hydroxylation
sites by NMR was desirable, it was not possible for intensity
reason.

3.1.6. Metabolites formed by oxidation of the methyl group
bound to nitrogen
The metabolites24) and @5) are of particular interest,

as they are formed by oxidation of the methyl group bound
to nitrogen. The quasi molecular ion d4) atm/z = 471

is 16 Da higher than that of verapamil, which is consistent
with a hydroxylation. As then/z values of [B]* and [Bs]™

are not shifted when compared to verapamil itself, hydroxy-
lation must have occurred at the methyl group bound to
nitrogen. The observed loss of water leadingria 453 is
consistent with a hydroxylation. Thus, we conclude that a

4.1. Mass spectrometry

The results demonstrate that, at least for verapamil and
its metabolites, LC/MS in the MSmode is well suited for
an identification of metabolites in extracts of cell culture
media. The collision-induced dissociation of the proto-
nated molecules of verapamil and all 24 phase | metabo-
lites is summarized in the general fragmentation schemes
shown inFig. 1L A collision-induced fragmentation leads
to structure-specific ions formed by bond cleavages in the
aliphatic moiety of the molecule (with and without hydro-
gen transfer). This fragmentation predominantly leads to
thermochemically stable products, i.e. even-electron ions
and neutral molecules (with the exception of the elimina-
tion of the isopropyl group which is predominantly lost
as radical (see above and al3able 7). The observed

carbinolamine is formed as previously discussed by us in neutral losses (in particular water, ammonia, methylamine,

detail [8]. Finally, the metabolite25) shows a M + H]*
ion at m/z = 469, consistent with the aldehyde structure
shown in Table 1 This assignment is confirmed by the

observed loss of 28 Da leading to a very abundant ion at

m/z = 441. Although high resolution MS data are not avail-

carbonmonoxyde and acetone) provide valuable informa-
tion for identifying structural features as demonstrated
in Section 3

In most instances, the structure of the phase | metabolites
can be identified unambiguously with mass spectrometry.

able, the only reasonable explanation for this observed lossFor instance, and as demonstratedSiection 3 it is pos-

is elimination of CO (the isobaric loss of,84 is not ob-
served with verapamil or any metabolite identified so far).

This explanation is also consistent with the proposed alde-

hyde. The fragments atvVz = 151 and 165 further support
this assignment. It is likely that2§) and @5) are inter-
mediates of norverapami®), i.e. that the oxidation of the
methyl group bound to nitrogen proceeds \24)(and @5)
to (2).

In addition to verapamil, also 2, 3, 6, 15, 16, 19
verapamil-d¢ was incubated as described $ection 2 As
only all aromatic hydrogens, and not the aliphatic and
methoxy hydrogens mainly involved in the discussed bio-

sible to distinguish between @-demethylation on ring A

or B of verapamil, while mass spectrometry fails to distin-
guish between isomers due to a different substitution on
one ring. This information is in principle available from
NMR spectroscopy. However, if the biotransformation of
a drug is studied in cell cultures, the concentrations of
the metabolites are usually too low for NMR or LC/NMR
measurements. Nevertheless, several verapamil metabo-
lites in human urine have recently been identified by us
using LC/NMR/MS. An extrapolation of these data to the
metabolism in hepatocytes studied here has provided ad-
ditional structure information. Thus, th®-demethylation

transformation processes, were replaced by deuterium, then ring B involved the methoxy group in para position

results from verapamilglare in agreement with the above
conclusions (se@&able 1 footnote f); however, they did not
provide any additional proof for the structure assignment.

3.1.7. Phase Il metabolites

Phase Il metabolites were observed for 13 of the
24 identified metabolites and for verapamil itself. The
collision-induced fragments are summarized Tiable 1
The M spectra of the conjugates are (with one exception)

9.

5. Phase | and phase Il metabaolites

Twenty-four phase | metabolites were identified, of which
(2) (norverapamil)(3) (D-620), @) (D-717), 6) (D-617), (7)
(D-702), B, (10), (11) and (12) (D-715) have been reported
before. We recently reported the identification of metabo-

dominated by an abundant loss of 176 Da, demonstrating alites (24) and @5) in cultures of primary cardiomyocyt¢g].

conjugation by glucuronic acid (176 Da glucuronic acid

— H20). Metabolite 5) showed an abundant loss of 162 Da,
proving the conjugation with glucose (152 Raglucose

— H20). Apart from this dominating dissociation leading
to the protonated phase | metabolite, the dPpectra ex-
hibited only few additional non-specific fragments, which
provide no information on the exact site of glucuronidation
or glucosidation (se8ection 3.

Now, we report further novel phase | metabolites, including
(6), (9), and (3)—(23). The metabolite &) is generated by
dealkylation,O- and N-demethylation, while ), (13) and
(14) represent otheD-demethylation products; in fact, with
(13) and (14) two successiv®-dealkylations must have oc-
curred as shown iffable 1 The metabolites16)—(23) are
formed by hydroxylation of verapamil or norverapamil as
discussed irSection 3
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Fig. 2. Proposed structures for verapamil metabolites and metabolism pathway.

The singly or doubly demethylated or dealkylated metabo-
lites 2)—-(5), (7)—(12) are formed in the highest abundance
(seeTable J).

The remaining metabolitess and (3)—(25), are only

All phase | metabolites are summarizedriy. 2, which
describes the most likely metabolic pathway of verapamil.

In addition, we report 14 phase Il conjugates, of which
the norverapamil glucuronide, i.e2)(has previously been

formed in minor amounts and are only detectable when at reported as an ester in GC-MS experimé¢#}sThe remain-

least a pool of 10 ml of cell culture supernatant was available
The estimated LOD for these metabolites is 1-5pmol/ml

using a sample size of at least 10 ml cell culture supernatant.

Hydroxylation of verapamil or norverapamil has not been
described previously. As discussed above, hydroxylation oc-

,ing 13 glucuronides are novel and are reported here for the

first time.

If the phase | metabolite has no hydroxyl group, the
glucuronides must b&l-bound. This is the case for four
phase Il metabolites: one quaterndfybound glucuronide

curs at almost any aliphatic carbon and in two instances at(1), the norverapamil glucuronid®), a secondari-bound

ring B.

glucuronide 8) and oneN-glucoside §). If the phase |
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metabolite has one or several hydroxyl groups and no with human liver microsome§f2,15]. For metabolite §),
primary or secondary amino functionality (i.e. if upon they foundSR ratios of 0.78 with rat liver microsomes and
biotransformation the methyl group bound to nitrogen is of 1.00 in human liver microsomes. It is noteworthy that the
retained), the glucuronide must &bound. This is the SR ratios have not been determined for metabolites from
case for the seven glucuronided),( (7)—(10), (16) and cultured rat hepatocytes.
(18). However, if the phase | metabolite contains both a  In conclusion, we report a total of 24 phase | and 14 phase
hydroxyl and a primary or secondary amino group (i.e. Il metabolites, of which 13 phase | and 13 phase Il metabo-
if the phase | metabolite is derived from norverapamil or lites are novel. Our study provides new insight into the true
formed by dealkylation), the glucuronide could be eit@er complexity of verapamil’s metabolism and demonstrates the
or N-bound. This is the case for the glucuronid&$)( (12) power of LC-MS/MS in metabolism research.
and (7). The glucuronide12) has recently been found by
us in human urine at relatively high concentrations, so that
a LC/NMR measurement was possilfd. The NMR data Acknowledgements
demonstrated unambiguously that the glucuroni® Wwas
O-bound. Itis very likely that this result can be extrapolated  The authors gratefully acknowledge Bruker-Daltonik
to the glucuronide 12) formed in hepatocyte cultures as (Bremen, Germany) for loaning the Esquire-LC and Prof.
described in this study. The same reasoning suggests thatW.L. Nelson (University of Washington, Seattle) for pro-
also the glucuronides ofill) and (L7) are O-bound. viding the D-715 metabolite and verapamy-d

Besides these conjugated metabolites, almost all metabo-
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