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Abstract
Procainamide, a type I antiarrhythmic agent, is used to treat a variety of atrial and ventricular
dysrhythmias. It was reported that long-term therapy with procainamide may cause lupus
erythematosus in 25–30% of patients. Interestingly, procainamide does not induce lupus
erythematosus in mouse models. To explore the differences in this side-effect of procainamide
between humans and mouse models, metabolomic analysis using ultra-performance liquid
chromatography coupled with electrospray ionization quadrupole time-of-flight mass spectrometry
(UPLC-ESI-QTOFMS) was conducted on urine samples from procainamide-treated humans,
CYP2D6-humanized mice, and wild-type mice. Thirteen urinary procainamide metabolites,
including nine novel metabolites, derived from P450-dependent, FMO-dependent oxidations and
acylation reactions, were identified and structurally elucidated. In vivo metabolism of
procainamide in CYP2D6-humanized mice as well as in vitro incubations with microsomes and
recombinant P450s suggested that human CYP2D6 plays a major role in procainamide
metabolism. Significant differences in N-acylation and N-oxidation of the drug between humans
and mice largely account for the interspecies differences in procainamide metabolism. Significant
levels of the novel N-oxide metabolites produced by FMO1 and FMO3 in humans might be
associated with the development of procainamide-induced systemic lupus erythematosus.
Observations based on this metabolomic study offer clues to understanding procainamide-induced
lupus in humans and the effect of P450s and FMOs on procainamide N-oxidation.
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1. Introduction
Procainamide, an effective type I antiarrhythmic agent, is used to treat a variety of atrial and
ventricular dysrhythmias. Procainamide was developed over 40 years ago to increase the
effective refractory period of the atria, and to a lesser extent, the bundle of His–Purkinje
system and ventricles of the heart [1–3]. Procainamide is rapidly absorbed in the body with
plasma levels peaking 15–60 min after intravenous or oral administration [4]. Nearly one-
half of the administered procainamide dose is eliminated unchanged in the urine [5], and the
acetylated metabolite N-acetylprocainamide with antiarrhythmic activity is the major
metabolite generated by the polymorphic N-acetyltransferase 2 (NAT2) in vivo[6,7].
Procainamide and N-acetylprocainamide can be further dealkylated into the
desethylprocainamide and N-acetyl-desethylprocainamide [8]. Another important
metabolite, procainamide hydroxylamine, is produced by N-hydroxylation of the primary
aromatic amine in vivo and in vitro[9–11]. Several studies suggested that the CYP2D6 is
responsible for procainamide N-hydroxylation [11,12]. Other minor metabolites were also
reported, such as 4-aminobenzoic acid [13], nitroprocainamide [14], and
nitrosoprocainamide [15]. In addition, previous studies reported that procainamide could
specifically inhibit the hemimethylase activity of DNA methyltransferase 1 (DNMT1),
suggesting that procainamide might be of value in the prevention of cancer [16,17].

Procainamide is limited in its application due to the relatively high incidence (25–30%) of
procainamide-induced lupus [18–20]. It was proposed that procainamide hydroxylamine and
its nitroso derivatives underlie procainamide-induced lupus [21–23]. To a large extent, this
side-effect is dependent on the aromatic amino group of procainamide and acylation of this
amino group helps block the lupus-inducing effect [24]. It was reported that patients having
the rapid acetylator phenotype require a longer period of time to develop lupus than the slow
acetylator phenotype [19]. Additionally, N-acetylprocainamide is a less potent inducer of T
cell autoreactivity than procainamide [25]. Interestingly, lupus was not induced during
treatment with N-acetylprocainamide, suggesting that N-acetylation of procainamide
represents a protective pathway [26]. However, procainamide does not induce lupus in
animals including dog, pig, mouse, and rat, after treatment for up to 39 weeks [27]. This
significant difference between animals and humans suggests that differential metabolism of
procainamide may be involved insusceptibility to drug-induced lupus.

Despite the large number of published studies on procainamide metabolism and the effect of
its metabolites on immune function, the mechanism by which lupus is induced by
procainamide in humans and not animal models, remains unclear. Here, a comprehensive
comparative analysis of procainamide metabolism in humans, CYP2D6-humanized mice,
and wild-type mice was undertaken using ultra-performance chromatography coupled with
electrospray ionization quadrupole time of-flight mass spectrometry (UPLC-ESI-
QTOFMS)-based metabolomics, which has proven successful in studies to uncover novel
metabolites of ifosfamide [28], cyclophosphamide [28], and thioTEPA [29]. The present
study sheds new light on the metabolic pathways of procainamide in vivo, and reveals
metabolic differences between human and mice that might contribute to our understanding
of the mechanisms underlying the side-effects of procainamide in the clinic.

2. Materials and methods
2.1. Chemicals and reagents

The procainamide used in the human study was Pronestyl SR purchased from Bristol-Myers
Squibb Company (New York, NY). Procainamide hydrochloride used in the mouse study,
and NADPH were purchased from Sigma (St. Louis, MO). HPLC-grade solvents
(acetonitrile and water) were purchased from Fisher Scientific (Hampton, NH).
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Recombinant human P450s and flavin-containing monooxygenases (FMO) were obtained
from BD Biosciences (San Jose, CA).

2.2. Synthesis and chemical reduction of N-oxide metabolites of procainamide
For purposes of validation of procainamide N-oxide in urine, authentic procainamide N-
oxide was prepared by a modification of a published method [30]. A solution of
procainamide hydrochloride (1.0 g) in diluted ammonium hydroxide (pH 9) was extracted
with chloroform (5 × 2 ml). The extracts were combined and dried down in nitrogen at room
temperature. Part of the resultant residue (100 mg) was dissolved in chloroform (0.5 ml) and
treated with 39% (v/v) peroxyacetic acid (200 mg) drop-wise during 30-min. After 2 h, the
mixture was analyzed by UPLC-ESI-QTOFMS following 1:10,000 dilution. To further
determine the N-oxide metabolite of procainamide in urine, TiCl3 was used for chemical
reduction of procainamide N-oxide and N-acetylprocainamide N-oxide [31]. A100 μl
aliquot of urine was treated with ice-cold TiCl3 in HCl (10 μl) and shaken at room
temperature for 1 h, and analyzed by UPLC-ESI-QTOFMS.

2.3. In vivo metabolism of procainamide in humans and mice
Ten male and ten female healthy volunteers aged from 20 to 35 years were included in this
study. All volunteers were evaluated by clinicians before and during the study to ensure they
remained in good health during the course of the study. The study was originally conceived
and designed to test the effects of high and low salt diets on DNA methylation. Therefore,
an aim of the study containing procainamide treatment was included, in order to inhibit
DNA methylation. Individuals received an oral dose of procainamide (500–1000 mg) twice
daily according to the body weight of the volunteer. This study included three periods. In the
first period, procainamide was administrated to the volunteers in normal salt diet from day 1
to day 10. Urine sample was collected at day 10. In the period 2, the volunteers were treated
with procainamide in low salt diet from day 11 to day 21, and the urine collection was at day
17 and day 21. In the period 3, the procainamide was given to the volunteers in high salt diet
from day 22 to day 28, and urine collection was at day 24 and day 28. Pretreatment urine
was collected from the volunteers 2 weeks prior to administration of the drug. Urine
collection was at days 1, 3, 7, 10 and 14. All the urine samples used in this study were
collected over 24 h. The collected urine sample was immediately stored at −80°C until
analysis. The study was approved by the Ethics Commission of the Canton of Bern.

The CYP2D6-humanized mouse line on an FVB/N background was described previously
[32] and wild-type mice on the FVB/N background were also used. All animals were
maintained under a standard 12 h light/dark cycle with water and food provided ad libitum.
Male wild-type and CYP2D6-humanized mice 8- to 10-weeks old, five mice per group, were
used for urinary metabolite profiling. Pretreatment urine was collected 1 day before
procainamide administration, and then a 10 mg/kg body weight dose of procainamide
(dissolved in isotonic saline) was administrated to mice by oral gavage. Control mice were
treated with normal saline alone. Urine samples were collected from mice housed in plastic
metabolism cages. After a 24 h urine collection, the urines were stored at −80°C until
analysis. All animal experiments were conducted in accordance with a protocol approved by
the NCI Animal Care and Use Committee.

2.4. In vitro metabolism of procainamide in mouse liver microsomes (MLMs) and human
liver microsomes (HLMs)

Mouse liver microsomes (MLMs) were prepared from untreated wild-type (FVB/N mice)
and transgenic (hCYP2D6) mouse liver as described previously [33]. Human liver
microsomes (HLMs) were purchased from BD Biosciences (San Jose, CA). Microsomal
incubations were carried out in 20 mM phosphate-buffered saline (PBS), pH 7.4, containing
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0.5 mg/ml microsomal protein, 2 mM MgCl2,20 μM procainamide, and 2 mM freshly
prepared NADPH (dissolved in PBS) in a final volume of 200 μl. After a 30-min incubation
at 37°C with shaking at 250 rpm, the reaction was stopped by plunging the samples into dry
ice. Acetonitrile, 100 μl, was directly added into the 100 μl reaction mix. After centrifuging
at 14,000 × g for 20-min, 5 μl of the supernatant was transferred to an autosampler vial.

2.5. In vitro metabolism of procainamide by recombinant human P450s
Reactions were carried out in 20 mM PBS, pH 7.4, containing 0.5 mg/ml recombinant
human P450s, 2 mM MgCl2, 20 μM procainamide, and 2 mM freshly prepared NADPH
(dissolved in PBS) in a final volume of 200 μl. The recombinant human P450s included
CYPs 1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, 2E1, 2J12, 3A4, 3A5, 3A7, 4A11
and 4F12 (BD Biosciences, San Jose, CA). After 30 min of incubation at 37°C, samples for
UPLC-ESI-QTOFMS analysis were prepared under the same conditions as described above.
The kinetics of procainamide hydroxylamine (VI) formation by CYP2D6 were determined
by incubating with procainamide in duplicate at 1.0, 2.0, 5.0, 10, 20, 50, 100, and 200 μM.
Kinetic parameters (Km) for VI were evaluated by the nonlinear regression (Prism GraphPad
5.0; GraphPad Software Inc., San Diego, CA).

2.6. In vitro metabolism of procainamide by recombinant human FMO isozymes
Reactions were carried out in 20 mM PBS, pH 7.4, containing 0.25 mg/ml recombinant
human P450s, 2 mM MgCl2, 20 μM procainamide, and 2 mM freshly prepared NADPH
(dissolved in PBS) in a final volume of 200 μl. The recombinant human FMOs included
FMO1, FMO3, and FMO5 (BD Biosciences, San Jose, CA). After 30 min of incubation at
37°C, samples for UPLC-ESI-QTOFMS analysis were prepared under the same conditions
as described above. The kinetics of procainamide N-oxide (V) formation by FMO1 and
FMO3 isozymes were determined by incubating with procainamide in duplicate at 1.0, 2.0,
5.0, 10, 20, 50, 100, and 200 μM. Kinetic parameters (Km) for V were evaluated by the
nonlinear regression (Prism GraphPad 5.0; GraphPad Software Inc., San Diego, CA).

2.7. UPLC-ESI-QTOFMS analysis
Human samples were prepared by mixing 100 μl of urine with 100 μl of 50% aqueous
acetonitrile, and mouse samples were prepared by mixing 20 μl of urine with 180 μl of 50%
aqueous acetonitrile. After centrifugation at 14,000 × g for 20 min, a 5 μl aliquot of the
supernatant was injected into a UPLC-ESI-QTOFMS system (Waters Corporation, Milford,
MA). The urine and microsome incubation mixture were analyzed using an Acquity BEH
UPLC column (Waters Corporation). A flow rate of 0.5 ml/min was maintained throughout
the 10 min run. Solvent A was composed of water and 0.1% formic acid and solvent B was
composed of acetonitrile and 0.1% formic acid. The gradient was maintained at 100% A for
0.5 min, increased to 100% B over the next 7.5-min and returning to 100% A in the last 2
min. The capillary voltage and cone voltage was 3000 and 20 V, respectively. Source
temperature and desolvation temperature were set at 120°C and 350°C, respectively.
Nitrogen was used as both cone gas (50 l/h) and desolvation gas (600 l/h). Data were
collected in positive mode and negative ionization mode.

2.8. Data processing and multivariate data analysis
Chromatographic and spectral data of urine samples were processed by MarkerLynx (Waters
Corporation). The data matrix was further analyzed using SIMCA-P + 12.0 (Umetrics,
Kinnelon, NJ). Principal component analysis (PCA) and partial least squares discriminant
analysis (PLS-DA) were used to examine the separation of all the procainamide treatment
group (93 samples) and pretreatment group (97 samples) in human. Orthogonal projections
to latent structures (OPLS) was conducted to identify procainamide metabolites in human
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and mouse samples after procainamide was given in the normal salt. Identification of
procainamide metabolites in human and mouse urine was performed by comparing the
distribution of ions in the scatter plots of control or pretreatment with procainamide
treatment group.

2.9. Data analysis
Experimental values are presented as mean ± SD. Statistical significance was determined
using two-tailed Student’s test. P-values less than 0.05 were considered significant.

3. Results
3.1. Metabolomic profiling of human and mouse urine

UPLC-ESI-QTOFMS coupled with both PCA and PLS-DA modeling was used to examine
the separation of all the procainamide treatment and pretreatment groups in humans. The
procainamide treatment and pretreatment group could be well separated by both models
(Fig. 1A and B). Since principal component 1 (X-axis) represents the effect of drug
metabolites on the urinary ions, it can clearly be seen that no such variance exits in the
untreated group. Principal component 2 (Y-axis) represents the other main sources of
variance, for example, gender, diet, lifestyle, etc. Here, interindividual variation in the
untreated subjects is clearly visible and this is also the case for the treated group,
presumably due to wide-interindividual differences in procainamide metabolism. To
determine the procainamide metabolites, OPLS model was applied to the identification of
procainamide metabolites in human and mouse samples. The differences between human
samples and mouse samples were best described by OPLS (Fig. 2A and B). Examination of
the loadings scatter S-plots for human and mouse urine revealed ions that deviated from the
major ion cloud (Fig. 2A and B). Many ions were elevated in the urine after the treatment of
procainamide as evident in the top right of the S-plots in the bottom panels. A comparison of
the increased ions in the human and mouse samples revealed many ions with similar mass-
to-charge (m/z) ratios and retention times. Combined with the trend plots of these ions in the
control and treatment groups, these increased ions were putatively identified as
procainamide metabolites and their fragments. In this study, 13 procainamide metabolites
were determined in human samples, and 9 metabolites were determined in mouse samples
based on metabolomic analysis (Table 1).

3.2. Identification and structural elucidation of urinary metabolites of procainamide
OPLS analysis of human and mouse samples initially suggested some potential
procainamide metabolites and their fragments in the scatter plots. The chemical
compositions and structures of these metabolites were further identified based on the
accurate mass measurement and MS/MS fragmentography. Overall, procainamide (I) and 13
metabolites were identified in the urine sample from human and mouse. Four (II, III, IV,
and VI) are known metabolites, and nine (V, VII, VIII, IX, X, XI, XII, XIII, and XIV) are
novel metabolites. The chemical compositions and retention times of procainamide
metabolites are listed in Table 1, and MS/MS spectra of four new metabolites (V, VIII, IX,
and XI,) are presented in Fig. 3. MS/MS spectra of I, II, III, IV, VI, VII, X, XII, XIII, and
XIV are presented in Supplementary Figs. 1 and 2.

Metabolites V and VI were calculated as C13H21N3O2 with a mass error of −6.3 and 1.2
ppm based on their accurate mass measurement, m/z 252.1696+ (RT = 1.35 min) and
252.1715+ (RT = 0.74 min), respectively. Compared with the chemical composition of
procainamide (I, C13H21N3O), metabolites V and VI were oxidation products of
procainamide. The elimination of (CH3CH2)2NH and CH2 = CHNH2 gave fragment ions m/
z 179.0832+ and 136.0418+ from metabolite VI (Supplementary Fig. 1E), while two ions m/
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z 163.0875+ and 120.0442+ were generated by the loss of(CH3CH2)2NO and CH2 = CHNH2
from metabolite V (Fig. 3A). This suggested that the site of oxidation was different in the
generation of metabolites V and VI. Compared with the fragment pattern of procainamide,
the oxidation in metabolite VI and V was the primary amine and the tertiary amine,
respectively. Metabolite VI was identified as the previously reported procainamide
hydroxylamine metabolite [10]. Metabolite V was identified as procainamide N-oxide. This
metabolite was one novel metabolite, which underwent a similar N-oxidation reaction
reported in previous studies [34,35]. Metabolite V was confirmed to be N-oxide compound
through the use of TiCl3 reduction (Fig. 4A and C). The retention time and MS
fragmentation were consistent with the synthesized procainamide N-oxide (Supplementary
Fig. 3A–D).

Metabolites VII and VIII were calculated as C15H23N3O3 with a mass error of 4.7 and −4.7
ppm based on their accurate mass measurement, m/z 294.1832+ (RT = 1.78 min) and
294.1804+ (RT = 2.14 min), respectively. Compared with the chemical composition of N-
acetylprocainamide (II, C15H23N3O2), metabolites VII and VIII were the oxidation
metabolites of N-acetylprocainamide. The elimination of (CH3CH2)2NH and CH2 = CHNH2
gave fragment ions m/z 221.0933+ from metabolite VII (Supplementary Fig. 2A), while the
ion m/z 205.0960+ was generated by the loss of (CH3CH2)2NO from metabolite VIII (Fig.
3B). These data suggested that the site of oxidation was different for generation of
metabolites V and VI. Compared with the fragmentation pattern of N-acetylprocainamide,
metabolite VII was the acetic ester of procainamide hydroxylamine (VI). Compared with
the fragment of procainamide N-oxide (V), the oxidation site of metabolite VIII was also at
the tertiary amine. Both metabolites have not been previously identified. Metabolites VII
and VIII were identified as procainamide hydroxylamine acetic ester and N-
acetylprocainamide N-oxide, respectively. Metabolite VIII was reduced by TiCl3,
confirming that VIII was N-oxide metabolite (Fig. 4B and D).

Metabolite IX was calculated as C14H21N3O2 with a mass error of −3.4 ppm based on the
accurate mass measurement, m/z 264.1703+. Compared with the chemical composition of
procainamide (I, C13H21N3O) and N-acetylprocainamide (II, C15H23N3O2), metabolite IX
was a formylation product of procainamide by the conjugation of a formyl group and a
primary amine. The three ions, m/z 191.0816+, 148.0402+, and 120.0433+, in its MS spectra
were consistent with this conclusion (Fig. 3C). Therefore, metabolite IX was identified as
N-formylprocainamide. Similarly, metabolite XI was identified by the conjugation of a
propionyl group. The three ions, m/z 219.1140+, 163.0850+, and 120.0455+, in its MS
spectra were consistent with this conclusion (Fig. 3D). Metabolite XI was identified as N-
propionylprocainamide.

Metabolite X was calculated as C19H31N3O8 with a mass error of 11.4 ppm based on the
accurate mass measurement, m/z 430.2238+. Compared with the chemical composition of
procainamide (I, C13H21N3O), metabolite X was a conjugated metabolite of procainamide.
The elimination of (CH3CH2)2NH and CH2 = CHNH2 gave fragment ions m/z 357.1449+

and 314.1036+ in this metabolite, suggesting that the site of conjugation is the primary
amine. As seen from its MS/MS fragment (Supplementary Fig. 1F), the fragment m/z
236.1781+ was generated by the loss of m/z 195.0682+, suggesting that the conjugating
group was gluconic acid (C6H12O7) and not glucuronic acid (C6H10O7). The generation of
metabolite X might be due to the conjugation of hydroxylamine procainamide (V) with
gluconic acid. However, no gluconic acid conjugate has ever been described and gluconic
acid is not thought to be a mammalian metabolite. That notwithstanding, it is hard to
reconcile the neutral loss of m/z 195.0682+, as anything else but gluconic acid, or one of its
isomers, hexonic acid, galactonic acid, gulonic acid, mannonic acid, altronic acid, talonic
acid, idonic acid or allonic acid. Metabolite X can only be assigned at this time as a
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procainamide hydroxylamine hexuronide (a conjugate with a hexuronic acid, an acidic sugar
derived from a hexose).

Metabolite XII was calculated as C15H21N3O4 with an error of –4.5 ppm based on the
accurate mass measurement, m/z 308.1596+. Compared with the chemical composition of
N-formylprocainamide (IX, C14H21N3O2), metabolites XII was the carboxylation N-
formylprocainamide. Three ions m/z 264.1725+, 191.0832+, 148.0413+, and 120.04367+ in
its MS spectra were consistent with this conclusion (Supplementary Fig. 2B). Therefore,
metabolite XII was identified as N-oxalylprocainamide.

Metabolites XIII and XIV were calculated as C17H27N3O2 with an error of 3.6 and −0.3
ppm based on their accurate mass measurement, m/z 306.2193+ (RT = 2.65 min) and
306.2181+ (RT = 3.15 min), respectively. Compared with the chemical composition of
procainamide (I, C13H21N3O) and N-acetylprocainamide (II, C15H23N3O2), metabolites
XIII and XIV were the butanoylated and isobutanoylated metabolites of procainamide. As
seen from their MS/MS fragmentation patterns (Supplementary Fig. 2C and D), metabolite
XIV shows more fragments than XIII, suggesting that XIII was more stable under similar
MS/MS collision energies compared to XIV. Therefore, metabolites XIII and XIV were
identified as N-butyrylprocainamide and N-isobutyrylprocainamide, respectively.

3.3. Comparison of in vivo metabolism of procainamide in humans, CYP2D6-humanized
mice and wild-type mice

To determine the metabolic maps of procainamide metabolism in humans and mice, the
relative composition of urinary procainamide metabolites were compared in humans,
CYP2D6-humanized mice, and wild-type mice by extracting the peak area of all identified
metabolites (Fig. 5). As shown in Table 1 and Fig. 6A, the differences were distinct among
humans and the two mouse strains with regard to the relative abundance of procainamide
metabolites. These differences fell into three groups: First, procainamidehad ahigher
metabolic rate in humans than in wild-type and CYP2D6-humanized mice. Although there
was no significant difference in the excretion of unchanged procainamide (I), the major
metabolites N-acetylprocainamide (II) in human urine was about 25-fold higher than that in
wild-type mouse urine. Moreover, the further metabolism of metabolites III, V, VIII, and
IX was greater in humans than in mice; second, the contributions of primary amine
hydroxylation and tertiary amine oxidation to procainamide metabolism were comparable in
humans, wild-type mice, and CYP2D6-humanized mice, based on the peak areas of primary
amine-hydroxylated metabolite (VI, procainamide hydroxylamine) and tertiary amine-
oxidative metabolites (V, procainamide N-oxide; VIII, N-acetylprocainamide N-oxide). N-
Oxide formation was a dominant reaction in humans as revealed by the comparatively high
abundance of metabolites V and VIII, while primary amine-hydroxylation was a minor
reaction in humans. In contrast, primary amine-hydroxylation (VI) in wild-type and
CYP2D6-humanized mice was a more dominant reaction than N-oxide formation (V and
VIII). The peak intensities of total N-oxidation to procainamide metabolism were human >
CYP2D6-humanized mice > wild-type mice. The current study revealed that CYP2D6 has
an important role in procainamide N-oxidation consistent with previous studies [12]. Finally,
four new metabolites (X, XI, XII, and XIV) in human samples were not detected in wild-
type and CYP2D6-humanized mouse samples, likely due to the different metabolic
pathways of procainamide in humans and mice. Overall, the differences of urinary
procainamide metabolites among humans, CYP2D6-humanized mice and wild-type mice
were significant as shown in Fig. 6A.
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3.4. Comparison of in vitro metabolism of procainamide by mouse liver microsomes from
wild-type and CYP2D6-humanized mice, and by human liver microsomes

To verify the metabolite profiles of procainamide in humans, CYP2D6-humanized mouse,
and wild-type mouse, procainamide was incubated with MLMs from wild-type and
CYP2D6-humanized mice and pooled HLMs. The unchanged procainamide in HLM was
significantly reduced compared to MLM from wild-type mice (P < 0.01) (Fig. 6B),
suggesting that procainamide (I) had a higher metabolic rate in humans than in mice, in
agreement with the in vivo results. The peak intensities of metabolite V plus VI were HLM
> MLM from CYP2D6-humanized mice > MLM from wildtype mice, indicating that
CYP2D6-humanized MLM may mimic HLM in the metabolism of procainamide compared
to wild-type MLM. Further, metabolites II and IX could also be detected in greater
abundance in HLM than in MLM from wild-type mice, consistent with the in vivo results.

3.5. Role of CYP2D6 in the procainamide metabolism
Although a previous study reported that CYP2D6 is the major enzyme involved in the N-
hydroxylation of procainamide, to verify the current results of in vivo and in vitro
metabolism, procainamide was incubated with a panel of recombinant human P450s,
specifically CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, CYP2E1, CYP2J12, CYP3A4, CYP3A5, CYP3A7, CYP4A11, and
CYP4F12. CYP2D6 was the most active among all the P450s in primary amine oxidation
(Fig. 7A) consistent with published studies [12]. CYP1A1 also had some activity. The
kinetics of human CYP2D6-mediated formation of procainamide hydroxylamine (VI) (Fig.
7B) revealed a Km = 140 μM suggesting that CYP2D6 played an important role in
hydroxylation of the procainamide primary amine group.

3.6. Role of FMO1 and FMO3 in procainamide metabolism
Incubation of recombinant FMO1, FMO3, and FMO5 with procainamide revealed that,
procainamide N-oxide (V) was detected after incubation with FMO1 and FMO3 (Fig. 7C).
Comparison of the abundance of V suggested that FMO3 had the highest rate of
transformation of V than as compared to FMO1. The Km of FMO3 was 342 μM, while the
Km of FMO1 was 543 μM (Fig. 7D). This observation suggested that both FMO1 and
FMO3 were responsible for the generation of procainamide and N-acetylprocainamide N-
oxide in vivo.

4. Discussion
Through the combination of high-resolution LC–MS technology and OPLS analysis, nine
novel metabolites of procainamide (V, VII, VIII, IX, XI,XII, XIII, and XIV) were
identified and further structurally elucidated by MS/MS fragmentography. By using this
strategy, a series of N-acylation metabolites of procainamide were identified in such as N-
formylprocainamide (IX), N-acetylprocainmide (II), N-butyrylprocainamide (XIII), and N-
propionylprocainamide (XI). Another interesting observation from this study is that two
highly abundant quaternary ammonium N-oxide metabolites V and VIII were generated by
the oxidation of this tertiary amine in humans. Metabolomic analysis can simultaneously
determine the relative abundance of all the procainamide metabolites in urine and elucidate
metabolic differences in the metabolism of procainamide in humans and mice. The
differential metabolism of procainamide in human and mouse is summarized in Fig. 8.

Although in vitro and in vivo metabolism of procainamide in humans and mice was
previously reported [10,11], a comprehensive profile and comparison of procainamide
metabolism in these species has not been investigated. Results from the current metabolomic
analysis provided a detailed view of the distribution of each procainamide metabolite and its
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potential biotransformation pathway and further confirmed the interspecies difference
between human and mouse. This study suggested the higher metabolic rate of procainamide
was observed in humans, and the N-acylation metabolites of procainamide were dominant in
humans and mice. Interestingly, besides the N-acetylation metabolites, the N-formylation,
N-butyrylation, N-isobutyrylation, N-propionylation and N-oxalylation metabolites of
procainamide also were found in this study. Previously, N-acetylation of procainamide was
reported to be mediated by polymorphic N-acetyltransferase (Nat2) [19]. Generally, the
other N-acylation reactions are very rare in xenobiotic metabolism. The transformation of
the N-acylation metabolites in humans were much more than in mouse suggesting that
humans possess a specific N-acyltransferase mediating formation of the N-acylated
metabolites of procainamide. Another interesting observation was that tertiary amine
oxidation was the dominant reaction in humans, while primary amine hydroxylation was the
dominant reaction in wildtype and CYP2D6-humanized mice. In vitro studies indicated that
formation of the N-oxide of the tertiary amine was carried out by FMO1 and FMO3, and
formation of the N-hydroxylation of the primary amine was mediated by CYP2D6 and
CYP1A1. These observations suggested that the N-oxidations of procainamide in vivo
metabolism are species-specific.

In vitro microsome metabolism kinetics of recombinant CYP2D6 metabolism of
procainamide indicated that CYP2D6 was the main
P450involvedintheformationofprocainamidehydroxylamine(VI), consistent with previous
studies [11,12].Tofurtherexamine the role of CYP2D6 in vivo, procainamide metabolism
was investigated in a CYP2D6-humanized mouse model. In agreement with in vitro
metabolism, the formation of procainamide hydroxylamine (VI) was a major pathway in
CYP2D6-humanized mice compared with wild-type mice. In humans, CYP2D6 is the single
active member of CYP2D subfamily, whereas mice have at least five CYP2D members,
none of which share the same enzymatic activity as human CYP2D6 [36]. Although the N-
oxidations of procainamide were comparable in humans and mice, the level of the total N-
oxidation metabolites in CYP2D6-humanized mice were more than in wild-type mice,
suggesting that N-oxidation of procainamide in CYP2D6-humanized mice was most similar
to that in humans. These results also suggested that the CYP2D6-humanized mouse could be
used to mimic the metabolism of N-oxidation observed in human, especially for drugs with
primary amine groups.

Previous clinical studies reported that long term therapy with procainamide is associated
with development of antinuclear antibodies in 50–90% patients and 25–30% of these
patients ultimately develop systemic lupus erythematosus (SLE) [18–20]. However, the
exact mechanism of procainamide-induced lupus in human remains unknown. Interestingly,
procainamide does not induce SLE in several animal models including dog, pig, mouse, and
rat, after treatment with procainamide for up to 39 weeks [27], the exception being in the A/
J mouse that lacks N-acetyltransferase activity and develops antinuclear antibodies with
procainamide treatment [37]. The species differences in generation of SLE might be due to
differential metabolism of procainamide among the species. Indeed, in this study significant
differences in procainamide metabolism were found in humans and mice, most notably the
N-acylated metabolites and N-oxidation metabolites. Previous studies indicated that the
aromatic amino group on procainamide is necessary to induce SLE and that acetylating this
amino group helps block the lupus-inducing effect [24]. These results suggested that the
high transformation of N-acylation metabolites in humans contributed to inhibit
procainamide-induced SLE. However, a large case–control study of 209 SLE patients and
209 controls was conducted in which the NAT2 gene was genotyped for seven known
inactivating alleles and the authors could find no association between N-acetylation and SLE
[38]. Others have suggested that the N-oxidized metabolites are responsible for SLE
development, such as procainamide hydroxylamine and nitrosoprocainamide [21,22,39]. In
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the present study, the procainamide hydroxylamine (VI) was of low abundance and
nitrosoprocainamide was not detected in the human samples. However, significant levels of
N-oxide metabolites (V and VIII) were generated in humans and not mice. This suggested
that these novel N-oxide metabolites of procainamide might be candidates for the
development of SLE.

In summary, metabolomics was conducted to investigate procainamide metabolism in
humans and mice. Thirteen urinary procainamide metabolites including nine novel
metabolites, from P450-dependent or FMO-dependent oxidations as well as N-acylation
reactions, were identified and structurally elucidated, and a comprehensive in vivo metabolic
pathway of procainamide was constructed (Fig. 9). Significant differences in the relative
composition of urinary metabolites between humans and mice demonstrated that the novel
N-oxide metabolites of procainamide in this study might be candidates for procainamide-
induced SLE that is primarily observed in humans. In vivo metabolism of procainamide in
CYP2D6-humanized mouse as well as in vitro incubations with microsomes and
recombinant P450s confirmed that human CYP2D6 plays an important role in procainamide
metabolism. Further studies are needed to assess the toxicity of these novel identified N-
oxide metabolites in animal models and in vitro systems.
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Fig. 1.
PCA and PLS-DA analysis of the procainamide treatment and pretreatment groups in
human. (A) Scores plot of a PCA model between procainamide treatment and pretreatment
in the low, normal, and high salt groups. Each point represents an individual human urine
sample. (B) Scores plot of a PLS-DA model between procainamide treatment and
pretreatment in the low, normal, and high salt groups. Each point represents an individual
human urine sample. The t[1] and t[2] correspond to principal components 1 and 2,
respectively. Closed triangles represent procainamide treated-samples; open triangles
represent pretreatment samples.
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Fig. 2.
Identification of procainamide metabolites in human and mouse urine using UPLC-ESI-
QTOFMS-based metabolomics. (A) Scores plot of an OPLS model and OPLS loadings S-
plot of urinary ions from pretreatment and procainamide-treated human innormal salt group.
Each point represents an individual human urine sample (top) and a urinary ion (bottom).
Procainamide and its metabolites are labeled in the S-plot (I, II, III, IV, V, VII, VIII, IX,
and XII), and “f” indicates a fragment ion. (B) Scores plot of an OPLS model and OPLS
loadings S-plot of urine ions from control and procainamide-treated mice. Each point
represents an individual mouse urine sample (top) and a urine ion (bottom). Procainamide
and its metabolites are labeled in the S-plot (I, II, III, IV, V, VI, and VIII), and f indicates a
fragment ion. The t[1]P and t[2]O correspond to principal components 1 and 2, respectively.
The p(corr)[1]P values represent the interclass difference and p[1]P values represent the
relative abundance of the ions. All the data were obtained in positive mode (ESI+).
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Fig. 3.
Tandem MS and chemical structures of metabolites V, VIII, IX, and XI. (A) Procainamide
N-oxide (V). (B) N-Acetylprocainamide N-oxide (VIII). (C) N-Formylprocainamide (IX).
(D) N-Propionylprocainamide (XI).
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Fig. 4.
Chemical reduction of procainamide N-oxide (V) and N-acetylprocainamide N-oxide
(VIII). (A) Procainamide N-oxide in human urine. (B) N-Acetylprocainamide N-oxide in
human urine. (C) Procainamide N-oxide was lost from human urine following treatment
with TiCl3. (D) N-Acetylprocainamide N-oxide was lost from human urine following the
treatment with TiCl3.
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Fig. 5.
Representative chromatograms of major procainamide metabolites in urine samples of
humans, CYP2D6-humanized mice (hCYP2D6), and wild-type mice. Ions within the 20
ppm range of theoretical accurate mass ([M + H]+) of procainamide metabolites (278.189,
250.156, 208.145, 252.169, 294.183, 264.170, 430.223, 292.203, 308.159, and 306.219)
were extracted from each 10 min LC–MS run.
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Fig. 6.
Relative intensity of procainamide and its metabolites produced in vivo and in vitro. (A)
Relative intensity of procainamide and its metabolites in humans, CYP2D6-humanized
mice, and wild-type mice urine. (B) Relative intensity of procainamide and its metabolites in
HLM and MLM from wild-type and CYP2D6-humanized mice. The metabolite codes
correspond to those in Table 1. *, significant differences (P < 0.05) in human or CYP2D6-
humanized mice (hCYP2D6) and wild-type mice; **, significant differences (P < 0.01) in
human and wild-type mice.
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Fig. 7.
Relative N-oxidation activities of recombinant human P450 and FMO isozymes, and
enzyme kinetics of CYP2D6 and FMO3. (A) Relative activities of recombinant human
P450s for the generation of procainamide hydroxylamine (VI). The enzymatic activity of the
P450 form with the highest yield of VI was set as 100%. The relative activity was presented
as the mean ± SD (n = 3). (B) Kinetics of formation of procainamide hydroxylamine (VI)
production by CYP2D6. The abundance of VI in the incubation with 200 μM procainamide
was set as 100%. (C) Relative activities of recombinant human FMOs for the generation of
procainamide N-oxide (V). The enzymatic activity of the FMO with the highest yield of V
was set as 100%. (D) Kinetics of procainamide N-oxide (V) production by FMO3. The
abundance of V in the incubation with 200 μM procainamide was set as 100%.
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Fig. 8.
Summary of differential metabolism of procainamide in humans and mice. The acylation of
procainamide in humans is responsible for the protective metabolism, consistent with
procainamide acylation in mouse. However, more acylated metabolites of procainamide can
be formed by acyltransferase in humans than in mice. The differential metabolism of
procainamide is N-oxidation and N-hydroxylation associated with the side-effects of
procainamide in vivo. In humans, N-oxidation mediated by FMO1 and FMO3 is the major
route of metabolism of procainamide, while N-hydroxylation regulated by CYP2D6 and
CYP1A1 is a minor metabolic pathway. In contrast, N-hydroxylation is the major metabolic
route of procainamide in mice, while N-oxidation is a minor pathway in this species.
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Fig. 9.
Major in vivo procainamide metabolic pathways. The primary amine in procainamide (I)
can conjugate with different types of acyl group to generate several N-acylation metabolites
(II, XI, XII, XIII, and XIV). The metabolites II and XII can be further metabolized to VIII
and IX, respectively. Procainamide (I) can also be converted to N-hydroxylation metabolite
VI and N-oxide V under the effect of oxidation. VI can be transformed into VII by
esterification. In addition to desethylation of I to IV, procainamide also can be conjugated
with a hexuronic acid to X.
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