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Abstract
The application of mass spectrometry-based metabolomics in the field of drug metabolism has
yielded important insights not only into the metabolic routes of drugs but has provided unbiased,
global perspectives of the endogenous metabolome that can be useful for identifying biomarkers
associated with mechanism of action, efficacy, and toxicity. In this report, a stable isotope- and
mass spectrometry-based metabolomics approach that captures both drug metabolism and changes
in the endogenous metabolome in a single experiment is described. Here the antioxidant drug
tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) was chosen because its mechanism of
action is not completely understood and its metabolic fate has not been studied extensively.
Furthermore, its small size (MW = 172.2) and chemical composition (C9H18NO2) makes it
challenging to distinguish from endogenous metabolites. In this study, mice were dosed with
tempol or deuterated tempol (C9D17HNO2) and their urine profiled using ultraperformance liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry. Principal component
analysis of the urinary metabolomics data generated a Y-shaped scatter plot containing drug
metabolites (protonated and deuterated) that were clearly distinct from the endogenous
metabolites. Ten tempol drug metabolites, including eight novel metabolites, were identified.
Phase II metabolism was the major metabolic pathway of tempol in vivo, including
glucuronidation and glucosidation. Urinary endogenous metabolites significantly elevated by
tempol treatment included 2,8-dihydroxyquinoline (8.0-fold, P<0.05) and 2,8-dihydroxyquinoline-
β-D-glucuronide (6.8-fold, P<0.05). Urinary endogenous metabolites significantly attenuated by
tempol treatment including pantothenic acid (1.3-fold, P<0.05) and isobutrylcarnitine (5.3-fold,
P<0.01). This study underscores the power of a stable isotope- and mass spectrometry-based
metabolomics in expanding the view of drug pharmacology.
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INTRODUCTION
Metabolite identification in drug metabolism research typically includes in vitro incubation
systems, in vivo animal studies, and human trials.1 In vitro assays using hepatocytes, liver
microsomes, and recombinant human P450s have been widely used to investigate drug
metabolism. Compared to an in vitro system, one major challenge of in vivo studies is the
unequivocal identification of xenobiotic metabolites, especially for the identification of
minor metabolites. More importantly, to elucidate the mechanism of drug action, in vivo
investigations are essential to understand how endogenous metabolism is affected by
xenobiotic metabolism. Mass spectrometry- and nuclear magnetic resonance (NMR)-based
metabolomics are important tools to systematically identify xenobiotic and endogenous
metabolites (i.e., biomarkers).2–4 Recent drug metabolism applications using mass
spectrometry include studies of ifosfamide5, thioTEPA6, and procainamide metabolism.7

Studies of the endogenous metabolome with respect to understanding mechanisms of drug
action include a urinary metabolomic study reporting a decrease in pantothenic acid and
acylcarnitines as small molecule indicators of increased fatty acid β-oxidation due to the
induction of genes involved in fatty acid transport and metabolism by the hypolipidemic
drug fenofibrate.8 Additionally, serum metabolomics revealed that acetaminophen overdose
is associated with an accumulation of long chain serum acylcarnitines, indicating that
acetaminophen hepatotoxicity is associated with the inhibition of fatty acid β-oxidation.9

However, an ideal approach would be one that effectively captures both drug metabolism
and changes in the endogenous metabolome in a single experiment.

The antioxidant drug tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl), a six-
membered piperidine ring nitroxide, is a stable free radical stabilized by four methyl groups
at the α-position.10 Tempol mainly exists in three forms; the nitroxide radical, the reduced
hydroxylamine, and the oxidized oxoammonium cation.11 Different forms of tempol can be
generated via one or two electron transfer reactions. During the transformation of the
nitroxide radical to the oxoammonium cation, tempol is capable of dismuting two
superoxide anion (O2•−) molecules by a direct reaction with O2•− or •OOH.12 Previous
studies have demonstrated that tempol can ameliorate the effects of high-fat-diet induced-
obesity in mice.13, 14 Tempol treatment can reduce plasma glucose levels, low-density
lipoprotein cholesterol and triglyceride, and body weight.13–15 Additionally, some studies
also reported that tempol can act as a chemopreventive agent in ataxia-telangiectasia
mutated (ATM) deficient mice16 and reduce the age-related spontaneous tumor incidence in
wild-type C3H mice.15 To date, only two metabolites, the hydroxylamine and the amine of
tempol, were identified using gas chromatography coupled with mass spectrometry (GC-
MS) and electron spin resonance.17, 18

Mass spectrometry and stable isotope-labeled drugs has been applied to metabolite
identification in in vivo and in vitro metabolism studies.19–21 However, not to be
overlooked, the use of conventional approaches including radiolabeled tracers22 as well as
making use of naturally occurring isotopes, such as 37Cl, have been instrumental in helping
to detect and identify drug metabolites.5, 6 In this report, we hypothesized that stable
isotope- and mass spectrometry-based metabolomics may simultaneously facilitate a better
understanding of both the drug metabolism route as well as to identify endogenous
biomarkers of drug action (Figure 1). To accomplish this, ultraperformance liquid
chromatography coupled with electrospray ionization quadrupole time-of-flight mass
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spectrometry (UPLC-ESI-QTOFMS)-based metabolomics combined with multivariate data
analysis (MDA) was employed to analyze the metabolites generated from tempol and
deuterated tempol and the impact of tempol on endogenous metabolism. Ten xenobiotic
metabolites and four endogenous metabolites were determined in this study. Phase II
metabolism was the major metabolic pathway of tempol in vivo, including glucuronidation
and glucosidation. Fatty acid β-oxidation regulated by tempol may be involved in the anti-
obesity and cancer chemoprevention effects of this compound. Overall, this study
exemplifies the value of stable isotope-labeled drugs and mass spectrometry-based
metabolomics for the simultaneous evaluation of drug metabolism and its effects on host
metabolism.

EXPERIMENTAL SECTION
Chemicals and reagents

Tempol, deuterated tempol, chlorpropamide, creatinine, pantothenic acid, and 2,8-
dihydroxyquinoline were purchased from Sigma (St. Louis, MO). Isobutrylcarnitine was
obtained from the Metabolic Laboratory, Vrije Universiteit Medical Center (Amsterdam,
The Netherlands). All solvents and organic reagents were of the highest grade available.

Animal study
Male 6- to 8-week-old C57BL/6N mice were used for all the metabolomic studies described
below. A urine sample was collected from all mice prior to saline (control), tempol, and D-
tempol treatment to acclimate mice to the metabolic cages. Tempol (dissolved in 0.9%
normal saline) was orally administered by gavage to mice at a dose of 50 or 250 mg/kg for 5
days. D-tempol, dissolved in 0.9% normal saline, was given by gavage at a dose of 50 mg/
kg. Control mice were treated with normal saline alone. A 24 hr urine (room temperature)
was collected individually in metabolic cages (Jencons, Leighton Buzzard, UK) at day 1, 3
and 5 following treatment. All the samples were stored at −80°C until analysis.

UPLC-ESI-QTOFMS analysis
Urine samples were prepared by adding 20 μL of urine to 180 μL 50% aqueous acetonitrile
(50:50 water:acetonitrile). Samples were vortexed for 5 min and centrifuged at 18,000 x g
for 20 min at 4 °C to remove particulates and precipitate protein. The supernatant was
transferred to an autosampler vial for analysis. A 5 μL aliquot of the supernatant was
chromatographed via ultra-performance liquid chromatography (Waters Corp, Milford, MA)
using a 2.1×50mm Waters BEH C18 1.7 μm column and introduced via electrospray into a
quadrupole time-of-flight mass spectrometer (UPLC-ESI-QTOFMS). The gradient mobile
phase consisted of 0.1% formic acid solution (A) and acetonitrile containing 0.1% formic
acid solution (B). 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. Data were collected in
positive mode and negative mode, which was operated in full-scan mode from 100 to 1000
m/z. Nitrogen was used as both cone gas (50 liters/h) and desolvation gas (600 liters/h).
Source temperature and desolvation temperature were set at 120 °C and 350 °C,
respectively. The capillary voltage and cone voltage was 3000 and 20 V, respectively.
Chlorpropamide (5 μM) was added in the sample as the internal standard.

Data processing and multivariate data analysis
Raw data were aligned using MarkerLynx software (Waters) to generate a data matrix
consisting of peak areas corresponding to a unique m/z and retention time without
normalization. The generated multivariate data matrix was exported into SIMCA-P+12.0
(Umetrics, Kinnelon, NJ) for principal component analysis (PCA). Tempol metabolites and
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endogenous metabolites in urine were initially determined by analyzing the ions in the
loadings scatter plot.

Tempol metabolite identification and validation
After the putative tempol metabolites were determined by PCA analysis, tandem MS of
selected metabolites was obtained by ramping collision energies from 15 to 40 V. The
chemical structures of tempol metabolites were elucidated by interpretation of their
fragmentation patterns but not by comparison with synthesized standards as indicated below
with endogenous metabolites. It should be noted that unequivocal identification of drug
metabolites would require comparison with synthesized drug metabolites and their
conjugates and that was not done here. However, to provide further validation of tempol
metabolites, corresponding metabolites containing D-tempol were searched for in the D-
tempol treated mice. A drug metabolite was considered confirmed if the corresponding D-
tempol metabolite (+17 m/z) was identified in the D-tempol portion of the loadings plot and
had a similar retention time. The glucuronide conjugates were confirmed by hydrochloric
acid hydrolysis as described.23 Briefly, a 50 μl urine sample from tempol treatment was
incubated with 3M HCl in a final volume of 200 μl for 1 hr at 100°C and stopped by adding
1 M NaHCO3 pH 8. The reaction was centrifuged at 14,000 rpm for 15 min and the
supernatant was dried down and reconstituted in 200 μl of water for tandem MS analysis.
The tempol glucuronidation assay was performed as previously described.24

Endogenous metabolite identification and concentration measurements
To identify unknown metabolites, the METLIN database was searched. Seven Golden
Rules25 were used to calculate the mass error based on the elemental compositions of each
metabolite and to help reduce or eliminate unlikely candidates. To confirm the metabolite
identification, the MS/MS fragmentation pattern and retention time of the putative
endogenous metabolite was compared with that of an authentic compound.

Quantitation of the endogenous urinary metabolites was performed using the Xevo triple
quadrupole tandem mass spectrometer (Waters Corp.) by multiple reaction monitoring
(MRM) according to previous reports. 26, 27 Urine samples were diluted 1:20 in water for
pantothenic acid measurements, or 1:2 for isobutrylcarnitine, 2,8-dihydroxyquinoline, and
2,8-dihydroxyquinoline-β-D-glucuronide. Five μl of diluted urine and standards ranging
from 0 to 25 μM (dissolved in water) were chromatographed on an Acquity 1.7 μm C18
column. Standard curves with correlation coefficients greater than 0.99 were used to
quantify the urine samples. The following MRM transitions were monitored: pantothenic
acid (220 →116; ESI+), 2,8-dihydroxyquinoline (162 →116; ESI+), 2,8-
dihydroxyquinoline-β-D-glucuronide (338 →162; ESI+), isobutrylcarnitine (232 →85;
ESI+), creatinine (114 →86; ESI+), and chlorpropamide (277 →111; ESI+). Targetlynx
software (Waters) was used to quantify the urine metabolites based on peak area.
Chlorpropamide (0.5 uM) was used as the internal standard, and absolute peak areas
(metabolite/chlropropamide) were used to quantitation. Results were corrected for the
dilution, normalized by the concentration of urinary creatinine, and expressed as μmol/
mmol creatinine.

Data analysis
Experimental values are presented as mean ± SD. Statistical analysis was processed using
two-tailed Student’s t-test. P-values of less than 0.05 were considered significant.
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RESULTS AND DISCUSSION
PCA modeling of tempol treatment, D-tempol treatment, and control groups

UPLC-ESI-QTOFMS analysis of urine coupled with PCA modeling was used to profile the
urinary metabolome from control, tempol treated, and D-tempol treated mice. All the
samples were injected into the UPLC-ESI-QTOFMS at random, and quality control samples
including blanks, pooled samples, and a cocktail of standards, showed good separation and
reproducibility in the PCA model (Figure S1) suggesting that UPLC-ESI-QTOFMS was
accurate, precise, and reproducible during the analysis. Tempol treatment (50 mg/kg), D-
tempol treatment (50 mg/kg), and control mouse urines from day 1 were separated in
component 1, showing a “Y” shape in the scores scatter plot (Figure 2A, top). Tempol
metabolites (T1 to T9) were distributed in the first quadrant (upper right), whereas D-tempol
metabolites (D1 to D9) were distributed in the second quadrant (upper left) (Figure 2A,
bottom). As shown in the Figure 3A and 3B, the trend plots of these ions are useful for
determining which ions are tempol metabolites (T1, T2, and T8) and D-tempol metabolites
(D1, D2, and D8) as they are expected to be absent in the control urines. Despite the isotope
effect of deuterium labeling, no significant difference in the metabolism of tempol and D-
tempol was observed (Figure S7B–C).28 The endogenous metabolites were clustered in the
center of the scores scatter plot and distinct from the cloud of ions associated with the drug
metabolites. This effect is essential to clearly identify altered endogenous metabolites
following tempol treatment.

To determine the potential endogenous metabolites associated with tempol treatment, all the
mouse urines from the three groups at days 1, 3, and 5 were analyzed together (Figure 2B,
top). In this “Y” shape loading scatter plot (Figure 2B, bottom), the ions that deviated from
the cloud of ions in the center are those considered putative endogenous biomarkers of
tempol treatment. Two ions (I and II) in the top of ion cloud were depleted following tempol
treatment, whereas two ions (III and IV) in the bottom of the ion cloud were enriched
(Figure 2B, bottom).

Structural identification of tempol metabolites in urine
D-tempol, obtained from Sigma, contains 12 2H in the methyl groups and 5 2H in the six-
membered piperidine ring. The mass differences between the metabolites from tempol and
D-tempol would therefore be 17 mass units. The representative interpretation of the MS/MS
spectrum of the metabolites of tempol and D-tempol are presented in Figure S2. Thus,
according to this property, tempol metabolites and their counterpart metabolites of D-tempol
could be found in the “Y” shape loadings scatter plot providing unequivocal evidence that
these metabolites indeed were generated from tempol. Along with the mass differences
between the drug metabolites, these metabolites also shared similar retention times. The
chemical compositions and retention times of tempol and D-tempol metabolites are listed in
the Table 1. Except for the hydroxylamine metabolite (T1) and dehydroxylation metabolites
(T2), other metabolites, T3 to T10, are considered new metabolites. MS/MS spectra and the
structural interpretation of those metabolites are presented in Figures S3 and S4.

Identification and quantitation of endogenous metabolites in mouse urine
The chemical compositions and identities of the altered endogenous ions were determined
by Seven Golden Rules25 and by searching the METLIN database.29 Two top increased
ions, 162.0539+ and 338.0874+, were found in the top of the central portion of the loadings
plot. Chemical formula calculations on those ions showed that the ions corresponded to 2,8-
dihydroxyquinoline (C9H7NO2, III) and its glucuronide (C15H15NO8, IV). Further analysis
indicated that the ions 162.0539+ (RT = 2.73) and 338.0874+ (RT = 2.49) were indeed 2,8-
dihydroxyquinoline and 2,8-dihydroxyquinoline-β-D-glucuronide in comparison with
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authentic standards. Analysis of the top-decreased ions identified 220.1183+ as pantothenic
acid (C9H17NO5, I) and 232.1547+ as isobutyrlcarnitine (C11H21NO4, II) by comparison
with authentic standards. The endogenous metabolites identified are listed Table 1. The MS/
MS fragments of endogenous metabolites pantothenic acid (I), isobutyrlcarnitine (II), 2,8-
dihydroxyquinoline (III), and 2,8-dihydroxyquinoline-β-D-glucuronide (VI) are listed in
Figure S5.

For the endogenous metabolites identified in Table 1, concentration measurements were
estimated against calibration curves. A previous study demonstrated large variation in
metabolite concentration in both human and animal urine indicating that creatinine might
offer the best internal standard for correcting urine volume effects.30 Here, however, the
concentration of creatinine was not significantly different between tempol treatment and
control group (data no shown). However, all the endogenous metabolites were normalized
by creatinine to account for any subtle differences in kidney function. Pantothenic acid,
isobutrylcarnitine, 2,8-dihydroxyquinoline and its glucuronide concentrations were
measured by triple quadrupole operating in MRM mode. Although the trend plots showed a
decrease in pantothenic acid following tempol treatment from day 1 to day 5 (Figure S6A),
there were no significant differences for the concentration of pantothenic acid in control and
low dose tempol group (50 mg/kg) from day 1 to 5 (Figure S6B). This result exemplifies the
importance of accurate quantitation following global profiling experiments.31 However, LC-
MS/MS quantitation demonstrated that the excretion of pantothenic acid was significantly
decreased from day 1 to day 5 after high dose tempol treatment (250 mg/kg) (Figure 4A).
The excretion of isobutrylcarnitine was decreased at day 3 (5.9-fold, P<0.01) and 5 (5.3-
fold, P<0.01) following the low dose tempol treatment (Figure 4B). In contrast, 2,8-
dihydroxyquinoline and its glucuronide were significantly increased at day 3 and 5
following low dose tempol treatment (Figures 4C–D). The concentration of 2,8-
dihydroxyquinoline was increased 8.0-fold (P<0.05) in urine at day 5 of tempol treatment,
while 2,8-dihydroxyquinoline-β-D-glucuronide was increased 6.8-fold (P<0.05).

The effect of tempol has been widely evaluated in various in vivo and in vitro models, 32

however, its metabolic pathway remains unclear. Previous studies reported that two
metabolites, the hydroxylamine and the amine of tempol, were detected in rat liver
microsomes 17 or human keratinocyte cells.18 In the present study, tempol metabolism was
investigated using UPLC-ESI-QTOFMS-based metabolomics. Different from previous
metabolomic studies on drug metabolism,5, 6 deuterated tempol was used to distinguish
tempol metabolites from endogenous metabolites. Especially for mass spectrometry-based
applications, it should be pointed out that this approach is expected to work for other
isotopes including 15N. A “Y” shape of the PCA model was generated from those groups,
and tempol metabolites, D-tempol metabolites, and endogenous metabolites were
specifically distributed in different areas of “Y” shape of loading scatter plot (Figure 2B,
bottom). A total of 10 tempol metabolites, including 8 novel metabolites, were identified by
this metabolomic approach (Table 1). As shown in Figure S7B and 7C, more than 95% of
total tempol and D-tempol is metabolized to its glucuronide and glucoside metabolites, and
there were no significant differences for the generation of phase I and II metabolites
between tempol and D-tempol groups. Glucuronide metabolites were the major metabolite
of tempol, which is common in animal drug metabolism.33 Interestingly, several glucoside
conjugates were found in vivo including a mixed monoglucoside monoglucuronide
conjugate. Similar mixed monoglucosides monoglucuronides have been reported for
bilirubin and epigallocatechin gallate.34, 35

In addition to xenobiotic metabolites, four endogenous metabolites affected by tempol
treatment were identified in the “Y” loading scatter plot (Figure 2B). The excretion of
pantothenic acid and isobutrylcarnitine in urine was significantly decreased by tempol
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treatment. In the cytosol, pantothenic acid can be metabolized to generate coenzyme A
(CoA) that is an essential cofactor for numerous enzymatic reactions, especially for fatty
acid β-oxidation in the mitochondria and peroxisomes. Acylcarnitines are generated to
transport fatty acid across the mitochondrial membranes followed by generation of the CoA
intermediate. A previous study reported that the depletion of pantothenic acid and
isobutrylcarnitine reflected an increase in β-oxidation during fenofibrate treatment, which
can reduce lipid levels via activation of peroxisome proliferator-activated receptor α
(PPARα).8 Additionally, the excretion of 2,8-dihydroxyqunoline and its glucuronide was
significantly increased in urine by tempol treatment. 2,8-Dihydroxyqunoline glucuronide
was reported to show higher levels in mouse urine during Wy-14,643 treatment which also
can increase peroxisomal fatty acid β-oxidation through activation of PPARα.36 A recent
study indicated that the excretion of dihydroxyquinoline was increased in rat urine after
treated with medium-fat and high-fat diet.37 These results provide compelling evidence that
fatty acid β-oxidation might be induced following tempol treatment. The formation of
dihydroxyquinoline might be related to gut microbiota metabolism. Indeed, it was reported
that dihydroxyquinoline can be produced from quinoline under the effect of gut bacteria of
the Pseudomonas species.38, 39 Another study showed that dihydroxyquinoline glucuronide
can be detected only in conventional mouse serum, not in germ-free mice.40 The mechanism
regarding how tempol treatment can cause an increase in 2,8-dihydroxyqunoline and its
glucuronide warrants further investigation.

The change of four endogenous metabolites associated with fatty acid oxidation suggests
that tempol might affect fatty acid β-oxidation. Generally, fatty acid β-oxidation occurs in
mitochondria and peroxisomes while ω-oxidation is prevalent in microsomes. Both
peroxisomal β-oxidation and microsomal ω-oxidation lead to a reduction of molecular
oxygen (O2) to hydrogen peroxide (H2O2).41 H2O2 is one of the reactive oxygen species
(ROS) produced during cellular metabolism. Under oxidative stress, H2O2 is a contributor to
oxidative damage. Tempol, a representative nitroxide, possesses superoxide dismutase- and
catalase-mimetic activity that protects cells and animals against a variety of oxidative
insults.32 Previous studies have demonstrated that tempol is effective for metabolizing
cellular O2 and H2O2, and protects cells from damaging effects of the hydroxyl radical
(•OH).11, 42 Therefore, it is reasonable to find changes in endogenous metabolites associated
with fatty acid oxidation during tempol treatment. Various studies have demonstrated that
the disruption of fatty acid oxidation was detected in obesity and cancer models.43–46 These
findings may point to a potential mechanism for the effect of tempol on obesity and cancer.

Several studies have validated that the stable isotope-based metabolomics approach can
facilitate the identification of xenobiotic metabolites during drug metabolism. One example
is that deuterated acetaminophen (APAP), [acetyl-2H3] APAP, was used to determine APAP
toxicity metabolites.19 Three novel APAP metabolites, S-(5-acetylamino-2-hydroxyphenyl)
mercaptopyruvic acid, 3,3-biacetaminophen, and benzothiazine compound, were revealed to
be related to APAP-induced toxicity based on mass isotopomer analysis. In another study,
orthogonal partial least squares (OPLS) analysis of urinary ions from ethanol (C2H6O) and
deuterated ethanol (C2D6O) treatment revealed that N-acetyltaurine was a novel metabolite
of ethanol that can function as a biomarker of hyperacetatemia.47 Xenobiotic metabolism
also can dramatically influence the level of endogenous metabolites that might be candidates
for a biomarker that reflects the pharmacological effects or toxicity of xenobiotics. Since the
endogenous metabolites affected by unlabeled or labeled xenobiotics are very similar, the
ions contributing to the separation of unlabeled group, labeled group, and untreated group in
the scores plot (“Y” shape) are due to xenobiotic and endogenous metabolites. More
importantly, xenobiotic metabolites and endogenous metabolites are distributed in different
quadrants of the scores plot where endogenous metabolites are clearly distinct from
xenobiotic metabolites (labeled and unlabeled). It is particularly important to determine the
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enriched endogenous metabolites affected by the xenobiotic, which usually are overlapped
by xenobiotic metabolites. Taken together, stable isotope and mass spectrometry-based
metabolomics is a useful tool to identify xenobiotic and endogenous metabolites. The
metabolic maps of drug and metabolic pathways regulated by drug treatment can be used to
predict drug pharmacology in vivo, including pharmaceutical effects and toxicity.

In summary, stable isotope- and mass spectrometry-based metabolomics was found to be
effective for the identification of xenobiotic and endogenous metabolites during drug
treatment or xenobiotic exposure. Drug metabolite profiling of tempol-treated mice in this
study indicated that glucuronidation and glucosidation were the major metabolic pathways
of tempol in vivo. A comprehensive in vivo metabolic map of tempol was generated through
use of metabolomics (Figure 5). The change in endogenous metabolites indicated that
tempol has pharmacological activities in vivo via its effect on fatty acid oxidation that may
be involved in the anti-obesity and cancer chemoprevention effects of this compound.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Model of stable isotope and mass spectrometry-based metabolomics applied to drug
metabolism
The urinary metabolites from drug (1H) and deuterated drug (2H) treatment are analyzed
using UPLC-ESI-QTOFMS. All xenobiotic and endogenous metabolites are distributed in
the PCA model. The metabolic maps of the drug will be determined from its phase I and II
metabolites, while the metabolic pathways regulated by the drug might be identified via the
enriched and depleted endogenous metabolites. Drug pharmacology can be predicted based
on these metabolic maps and pathways.
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Figure 2. Metabolomic analysis of xenobiotic and endogenous metabolites in mouse urine
(A) Scores plot of a PCA model and PCA loadings scatter plot of urinary ions from tempol
treatment (50 mg/kg), D-tempol treatment (50 mg/kg), and control group at day 1. Each
point represents an individual mouse urine sample (top) and a urinary ion (bottom). Tempol
and D-tempol metabolites are labeled in the loadings scatter plot (T1 to T10 and D1 to
D10). (B) Scores plot of a PCA model and PCA loadings scatter plot of urinary ions in
tempol treatment (50 mg/kg), D-tempol treatment (50 mg/kg), and control group from day 1
to 5. Each point represents an individual mouse urine sample (top) and a urinary ion
(bottom). The regulated-endogenous metabolites are labeled in the loadings scatter plot (I to
IV). The t[1] and t[2] correspond to principal components 1 and 2, respectively. The p[2]
values represent the interclass difference and p[1] values represent the relative abundance of
the ions. All the data were obtained in positive mode (ESI+).
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Figure 3. Trend plots of ions in control, tempol and D-tempol groups
(A) Tempol metabolites with m/z values of 174.1495+ (T1), 158.1543+ (T2), and 350.1834+

(T8). (B) D-tempol metabolites with m/z values of 194.2564+ (D1), 175.2615+ (D2), and
367.2912+ (D8). Note the presence of suspected tempol and D-tempol metabolites in the
tempol treatment and D-tempol group (n = 5), respectively. Metabolite codes correspond to
those in Table 1.
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Figure 4. Quantitation of urinary pantothenic acid, isobutyrylcarntine, 2,8-dihydroxyquinoline
and 2,8-dihydroxyquinoline-β-D-glucuronide
Results were normalized to creatinine concentration. (A) Pantothenic acid in high dose
tempol (250 mg/kg) and control mice from day 0 to 5. (B) Isobutyrylcarnitine in low dose
tempol treatment (50 mg/kg) and control mice from day 0 to 5. (C) 2,8-Dihydroxyquinoline
in low dose tempol treatment and control mice from day 0 to 5. (D) 2,8-
Dihydroxyquinoline-β-D-glucuronide in low dose tempol treatment and control mice from
day 0 to 5. P-values were calculated using an unpaired t-test. *P < 0.05, **P < 0.01.
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Figure 5. Major metabolic pathways of tempol in vivo
Tempol and hydroxylamine (T1) can be transformed from each other. Under the effect of
cytochrome P450 enzymes, hydroxylamine (T1) first is converted to T2 and T3 through the
elimination of hydroxyl group and water, respectively. T1 also can be metabolized to T4 via
the hydroxylation. Under the effect of UDP-glucuronosyltransferases (UGTs), T2 and T3
can be conjugated with glucuronic acid to generate their glucuronides, T5 and T6,
respectively. In addition, T1 can be directly transformed into its glucoside (T7) and
glucuronide (T8). Also, T7 and T8 can further be converted to T10 and T9 by conjugation
with glucuronic acid and glucose, respectively.
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