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NMR Predictor and DB). However, two experimental results contradicted the putative mechanism: first, the 

expected oxazole proton was not found in the NMR spectrum of an isolated M10 metabolite sample; second, the 

incubation of the M4 standard in hepatocytes and liver microsomes did not produce M9 as it would be predicted by 

the putative mechanism. Consequently, this has directed us to the formation mechanism proposed in Scheme 1 and 

the M9 structure which was eventually confirmed with a synthetic standard. 

As proposed in Scheme 1, metabolite M9 and its subsequent metabolites would be unusual metabolites 

generated by plausible metabolic pathways that are known. Guengerich and Munro (2013) have previously pointed 

out that many of the cytochrome P450-mediated unusual reactions are in the context of rearrangements, moreover, 

many of the rearrangements are initiated by -hydroxylation to a heteroatom. CYP3A4, 3A5, and 2C19 are the 

major enzymes that form hydroxypropyl metabolites of AZD7325 with minor contributions of CYP1A, 2C9, and 

2D6 (experimental data not shown). Although carbinolamines (also called hemiaminals) are unstable structures in 

general and tend to break apart, some carbinolamine metabolites have been previously reported to be stable enough 

for isolation, structural characterization, and even chemical synthesis (Perrin et al., 2011; Ross et al., 1983, Shea et 

al., 1982). We may have observed the possible on-column interconversion between the carbinolamine-amide 

M5/M6 and imine-amide intermediate 1 in LC-MS and MS/MS experiments. A wide separation in LC retention 

time was seen between M5 and M6 using C8 columns (Fig. 4, 5, and 6).  The elevated baseline in LC-MS and 

MS/MS chromatograms between M5 and M6 suggested on-column interconversion (LC-MS accurate mass m/z 

371.151 chromatograms not shown, or LC-MS/MS m/z 371313 chromatogram shown in Supplemental Fig. 8). 

Rotation around the aryl-aryl bond to convert diastereomers M5 and M6 is an unlikely explanation due to the wide 

separation of diastereomers M5 and M6 by LC. The M4 synthetic standard was prepared and diastereomers can be 

seen in NMR (see Materials and Methods, enantiomers at the 2-hydroxylpropylamine, diastereomers due to 

atropisomers), however, M4 eluted as a single sharp peak under the LC conditions using C8 columns (Supplemental 

Fig. 2B). Two diastereomers of metabolite M42 could only be partially separated even with an LC method 

specifically designed to resolve those diastereomers (Supplemental Fig. 6).  Thereby, the wide separation and 

unequal LC peak heights of M5 and M6 possibly resulted from on-column interconversion between carbinolamine 
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and imine intermediate 1 (Supplemental Fig. 8). The ion corresponding to the intermediate 1 was observed at trace 

amounts and in synchronization with the occurrence of M4/M5 in LC-MS. However, it was unclear whether the 

dehydration occurred in the solution during the chromatography or in the gas phase of the MS ionization source. 

The metabolic cyclization of drug molecules by intramolecular nucleophilic attack of a primary or secondary amino 

group to an imine or iminium intermediate has been previously reported in the formation of 6-membered or 5-

membered cyclic metabolites (Erve, 2008; Nagle et al., 2012). The intermediate 2 contains a cyclic substructure of 

dihydro pyrimidin-4-one, thus could be prone to metabolic aromatization to form a stable pyrimidin-4-one 

substructure of the tricyclic core of M9 (Scheme 1). 

In the present study, only non-conjugate metabolites were evaluated for the exposure coverage of human 

metabolites of AZD7325 in the safety testing animals. O-glucuronidation and O-sulfation reactions make a 

metabolite more water soluble and pharmacologically inactive, thus these conjugate metabolites do not need to be 

further evaluated across species (Gao et al, 2013).  LC-MS chromatographic profiles of the conjugate metabolites 

are still presented to provide a little more comprehensive picture of the AZD7325 metabolism (Figs. 1, 4, 5, and 6). 

LC-MS chromatographic peaks of conjugate metabolites under-represent their level in a sample when compared to 

non-conjugate metabolites, due to lower MS signal response factors. However, adjustments or amplifications were 

not made on any of the LC-MS chromatograms for conjugate metabolites, so as to remain consistent in displaying 

data for different samples in this article. 

The exposure comparison of drug metabolites should be conducted at the NOAEL of safety testing animals for 

the assessment of safe exposure of the metabolites (Gao et al, 2013).  AZD7325 showed a sufficient NOAEL in the 

animals, e.g., 100 mg/kg/day in rat and 45 mg/kg/day in dog, when compared to the targeted therapeutic dose range 

of 10 mg to 50 mg in human.  Using the MS signal response factors relative to the parent drug which were derived 

from radiolabeled in vitro metabolites and in vivo rat metabolites of [14C]-AZD7325, i.e. an approach that has been 

previously reported for the MIST analysis (Yu et al, 2007; Yi et al, 2010), the exposure comparison can be 

constructed from the LC-MS peak areas of the pooled plasma samples.  Based on this comparison (plotted in 
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Supplemental Fig. 9), the exposure multiples for all twelve major non-conjugate metabolites in rat vs. human (100 

mg/kg/day in rat vs. 50 mg once daily in human) are estimated at ≥ 6 and up to 200. The exposure multiples for the 

same metabolites in dog vs. human (45 mg/kg/day in dog vs. 50 mg once daily in human) are estimated at ≥3 and 

up to 40. This basically confirms that if the safety margin is sufficient, the coverage of metabolite exposure in the 

safety study could also be adequate, given no unique or significantly disproportional human metabolites (Fig. 6) 

The estimated sufficient coverages in the exposure of human major metabolites by rat and dog at NOAEL level 

(Fig. 6 and Supplemental Fig. 9) have avoided the need for bioanalytical quantification of major metabolites. 

Furthermore, the observation of late-occurring and long-circulating metabolites for AZD7325 demonstrates the 

need to  assess the circulating metabolite profile at steady state as opposed to after a single dose. Together with a 

non-intuitive metabolic pathway identified for the AZD7325 drug metabolism, we would hope that this case will 

serve as a useful cautionary example to others who engage in drug development. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

23 

ACKNOWLEDGMENTS 

This article is dedicated to the memory of Dr. Scott W. Grimm. The authors thank several DMPK colleagues 

of the AstraZeneca legacy R&D at Wilmington DE for contributions to the related in vitro studies, preliminary work 

on some metabolites, and bioanalysis, thank Michael Ramaker for selecting representative patient plasma samples 

for metabolite analysis after a Phase IIb outpatient study, thank Drs. Jason Shields and Bin Yang of AstraZeneca 

Waltham MA for helpful discussion, and thank Dr. Ujjal Sarkar of AstraZeneca Waltham MA for helping to retrieve 

spectral data. The rat mass balance study was carried out by Covance Laboratories at Madison, WI. Three-month 

safety studies in rat, mouse, and dog were all conducted by Charles River Laboratories at Tranent, Edinburgh, in 

UK.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

24 

AUTHORSHIP CONTRIBUTIONS 

Participated in research design: Gu, Elmore, Davis, Christoph, Smith, Chapdelaine, Sunzel 

Conducted experiments: Gu, Artelsmair, Elmore, Lewis, Hall, Dembofsky 

Contributed new reagents or analytic tools: Artelsmair, Elmore, Dembofsky, Chapdelaine 

Performed data analysis: Gu, Elmore, Lewis, Davis, Hall, Christoph, Sunzel 

Wrote or contributed to the writing of the manuscript: Gu, Artelsmair, Elmore, Lewis, Davis, Smith, Sunzel 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

25 

References 

Alhambra C, Becker C, Blake T, Chang A, Damewood JR Jr., Daniels T, Dembofsky BT, Gurley DA, Hall JE, 

Herzog KJ, Horchler CL, Ohnmacht CJ, Schmiesing RJ, Dudley A, Ribadeneira MD, Knappenberger KS, 

Maciag C, Stein MM, Chopra M, Liu XF, Christian EP, Arriza JL, Chapdelaine MJ (2011) Development and 

SAR of functionally selective allosteric modulators of GABAA receptors. Bioorg. Med. Chem. 19:2927–2938. 

Antila S, Kivikko M, Lehtonen L, Eha J, Heikkilä A, Pohjanjousi P, and Pentikäinen PJ (2004) Pharmacokinetics 

of levosimendan and its circulating metabolites in patients with heart failure after an extended continuous 

infusion of levosimendan. Br J Clin Pharmacol 57:412-415. 

Artelsmair M, Gu C, Lewis R, Elmore CS (A manuscript accepted by J. Labelled Comp. Radiopharm.). 

Baillie TA, Cayen MN, Fouda H, Gerson RJ, Green JD Grossman SJ, Klunk LJ, LeBlanc B, Perkins DG, and 

Shipley LA (2002) Drug Metabolites in Safety Testing. Toxicol Appl Pharmacol 182:188–196. 

Chapdelaine MJ, Ohnmacht CJ, Becker C, Chang H-F, Dembofsky BT (2007). Compounds and Uses Thereof. US 

Patent US 2007/0142328 A1. Assignee: AstraZeneca AB, Sweden. 

Erve JCL (2008) Cyclic metabolites: chemical and biological considerations. Curr Drug Metab 9:175–188. 

Gao H, Jacobs A, White RE, Booth BP, and Obach RS (2013) Safety assessment of human metabolites: what’s 

really necessary to ascertain exposure coverage in safety tests? AAPS J 15:970-973. 

Gao H, Deng S, Obach RS (2010) A simple liquid chromatography-tandem mass spectrometry method to determine 

relative plasma exposures of drug metabolites across species for metabolite safety assessments. Drug Metab 

Dispos. 38:2147–56. 

Griffini P, James AD, Roberts AD, and Pellegatti M (2010) Metabolites in safety testing: issues and approaches to 

the safety evaluation of human metabolites in a drug that is extensively metabolized. J Drug Metab Toxicol. 1: 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

26 

1000102. 

Gong J, Eley T, He B, Arora V, Philip T, Jiang H, Easter John, Humphreys WG, Iyer RA, Li W (2016) 

Characterization of ADME properties of [14C]asunaprevir (BMS-650032) in humans. Xenobiotica 46:52-64. 

Gu C, Lewis RJ, Wells AS, Svensson PH, Hosagrahara VP, Johnsson E, Hallström G (2015). Lipid Peroxide-

Mediated Oxidative Rearrangement of the Pyrazinone Carboxamide Core of Neutrophil Elastase Inhibitor 

AZD9819 in Blood Plasma Samples. Drug Metab. Dispos. 43:1441-9. 

Guengerich FP and Munro AW (2013) Unusual Cytochrome P450 Enzymes and Reactions. J. Biol. Chem. 

288:17065–17073. 

Hamilton RA, Garnett WR, Kline BJ. (1981) Determination of mean valproic acid serum level by assay of a single 

pooled sample. Clin Pharm Therap 29:408-413. 

Haglund J, Halldin MM, Brunnström Å, Eklund G, Kautiainen A, Sandholm A, and Iverson SL (2014) Pragmatic 

Approaches to Determine the Exposures of Drug Metabolites in Preclinical and Clinical Subjects in the MIST 

Evaluation of the Clinical Development Phase. Chem. Res. Toxicol. 27:601-610. 

Jucaite A, Cselényi Z, Lappalainen J, McCarthy DJ, Lee C-M, Nyberg S, Varnäs K, Stenkrona P, Halldin C, Cross 

A, and Farde L (2017) GABAA receptor occupancy by subtype selective GABAAα2,3 modulators: PET studies in 

humans. Psychopharmacology 234:707–716. 

Ma S and Chowdhury SK (2011) Analytical strategies for assessment of human metabolites in preclinical safety 

testing. Anal Chem 83:5028-5036. 

Ma S, Li Z, Lee K-J, Chowdhury SK. (2010) Determination of exposure multiples of human metabolites for MIST 

assessment in preclinical safety species without using reference standards or radiolabeled compounds. Chem Res 

Toxicol. 23:1871–3. 

Nagle A, Wu T, Kuhen K, Gagaring K, Borboa R, Francek C, Chen Z, Plouffe D, Lin X, Caldwell C, Ek J, Skolnik 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

27 

S, Liu F, Wang J, Chang J, Li C, Liu B, Hollenbeck T, Tuntland T, Isbell J, Chuan T, Alper PB, Fischli C, Brun 

R, Lakshminarayana SB, Rottmann M, Diagana TT, Winzeler EA, Glynne R, Tully DC, and Chatterjee AK 

(2102) Imidazolopiperazines: Lead Optimization of the Second-Generation Antimalarial Agents. J Med Chem 

55: 4244–4273. 

Perrin L, Loiseau N, André F, Delaforge M (2011) Metabolism of N-methyl-amide by cytochrome P450s: formation 

and characterization of highly stable carbinol-amide intermediate. FEBS J. 278:2167-78. 

Ross D, Farmer PB, Gescher, A, Hickman JA, and Threadgill MD (1983) The metabolism of a stable N-

hydroxymethyl derivative of a N-methylamide. Life Sci. 32: 597–604. 

Shea JP, Valentine GL, and Nelson SD (1982) Source of oxygen in cytochrome P-450 catalyzed carbinolamine 

formation. Biochem. Biophys.Res. Commun. 109:231–235. 

Takahashi RH, Halladay JS, Siu M; Chen Y, Hop CECA, Khojasteh SC, and Ma S (2017) Novel mechanism of 

decyanation of GDC-0425 by cytochrome P450. Drug Metab Dispos 45:430-440. 

Timmerman P, Blech S, White S, Green M, Delatour C, McDougall S, Mannens G, Smeraglia J, Williams S, and 

Young G (2016) Best practices for metabolite quantification in drug development: updated recommendation 

from the European Bioanalysis Forum. Bioanalysis 8:1297–1305. 

Yu C-P, Chen CL, Gorycki FL, and Neiss TG (2007) Rapid method for quantitatively estimating metabolites in 

human plasma in the absence of synthetic standards using a combination of LC/MS and radiometric detection. 

Rapid Commun. Mass Spectrom.; 21: 497–502. 

Yi P, Luffer-Atlas D (2010) A radiocalibration method with pseudo internal standard to estimate circulating 

metabolite concentrations. Bioanalysis 2:1195–210. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

28 

Footnotes 

 

This work was partially funded from the European Union’s Horizon 2020 research and innovation program under 

the Marie Sklodowska–Curie grant agreement No 675417. 

 

*Separate signals visible from atropisomers. Multiplicity and coupling constants were identical and apply to both 

peaks. Integrals are the total of both peaks. If not indicated by *, only a single peak was observed (i.e. 

diastereoisomer peaks were co-incident). 

  

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on January 8, 2018 as DOI: 10.1124/dmd.117.078873

 at A
SPE

T
 Journals on D

ecem
ber 3, 2020

dm
d.aspetjournals.org

D
ow

nloaded from
 

http://dmd.aspetjournals.org/


DMD # 78873 

 

 

 

29 

SCHEME 

Scheme 1. Proposed formation mechanism for metabolites M9 and its subsequent metabolites M10, M42, and 

M46 

Scheme 2. Non-conjugate metabolites of AZD7325 in plasma of humans and preclinical animal species. 

Calculate exact mass of the protonated molecular ion is provided in m/z for every metabolite. Blue 

fonts in the metabolite numbering indicate metabolites with an estimated level at approximately 10% 

or greater than 10% of parent drug AZD7325 in the pooled human plasma. 

FIGURE LEGENDS 

Fig. 1. Radiochromatographic metabolite profile of [14C]-AZD7325 in male rat plasma acquired with a pooled 

0 to 12 h sample collected after a 2 mg/kg oral dose to animals (A). LC-MS accurate-mass extracted 

ion chromatograms showing non-conjugate metabolites (B) and conjugate metabolites (C), with y-axis 

normalized to the same MS intensity scale. The letter S and G in parenthesis denote O-sulfate and O-

glucuronide respectively. 

Fig. 2. The initial metabolic sites of AZD7325 (marked in red) and subsequent pathways 

Fig. 3. LC-MS/MS CID spectra of protonated molecular ions of AZD7325 (A), M4 metabolite (B), M5 and 

M6 metabolites (C and D), M11 and M12 metabolites (E and F), acquired from the same pooled 

mouse plasma sample. Also provided are spectral interpretations on fragmentations. 

Fig. 4. LC-MS metabolite profiles of AZD7352 in human plasma samples collected from a Phase I multiple 

ascending dose clinical study conducted in clinic: pooled 0-24 h sample after the 1st dose on Day 1 

(A), pooled 0-24 h sample after the 7 repeated once-a-day doses (B), and at 48 h after the final of the 7 

repeated once-a-day doses (C), displayed by accurate-mass extracted ion chromatograms with non-

conjugate and conjugate metabolites in left and right columns respectively and y-axis normalized to 

the same MS intensity scale for each sample. 
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Fig. 5. Metabolite profiles of AZD7325 in plasma sample of three different patients collected on Day 21 

during a Phase IIb clinical trial (i.e. Patients Z, R and U in Table 2), showing a full metabolite profile 

in Patient Z (A), only long-circulating metabolites in Patient R (B), and no metabolites in Patient U 

(C). Data are displayed in LC-MS extracted ion chromatogram, with non-conjugate and conjugate 

metabolites in left and right columns respectively. The same internal standard (I.S.) was added to all 

samples. 

Fig. 6. LC-MS metabolite profiles of AZD7325 in pooled human plasma collected over 24 after seven 

repeated daily doses of 50 mg/kg (A), and pooled dog plasma of 45 mg/kg/day dose group (B), rat 

plasma of 100 mg/kg/day dose group (C), and mouse plasma of 400 mg/kg/day dose group (D) 

collected over 24 on Day 91 from the 3-month safety study in respective animal species. Non-

conjugate and conjugate metabolites are displayed in left and right columns respectively with y-axis 

normalized to the same MS intensity scale for each species. The letter S and G denote O-sulfate and 

O-glucuronide respectively. 
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Table 1. NMR data extracted from proton and COSY pdf spectra for the M42 metabolite isolated from a pooled 

dog plasma sample. Two diastereomers of M42 were recorded, due to hindered rotation around C4-C11. 

 

 
 

 M42 Atropisomer 1 

Proton Shift /ppm 

M42 Atropisomer 2 

Proton Shift /ppm 

5 7.77 (d, J=7.0 Hz) 7.96 (d, J=7.0 Hz) 

6 7.87 (t, J=7.5 Hz) 8.04 (t, J=7.5 Hz) 

7 8.81 (d, J=8.0 Hz) 8.83 (d, J=8.0 Hz) 

13 7.05 (d, J=8.0 Hz) 7.11 (d, J=8.0 Hz) 

14 7.49 (q, J=8.0 Hz) 7.55 (q, J=8.0 Hz) 

15 6.97 (t, J=8.8 Hz) 7.03 (t, J=8.8 Hz) 

23 3.65 (s) 3.57 (s) 

25 4.48 (q, J=6.5 Hz) 4.81 (q, J=6.5 Hz) 

26 1.44 (d, J=6.5 Hz) 1.48 (d, J=6.5 Hz) 
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Table 2. Metabolite profiling results for 36 plasma samples collected from 9 representative patients of the 15 mg 

twice daily dose group in a Phase IIb clinical trial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LOQ, limit of quantitation (i.e. 0.5 ng/mL) 
Patients were designated with arbitrary letters to keep anonymous. 

 

 

  

Representative 

category 

Patient Center Day AZD7325 

Concentration 

(ng/mL) 

Metabolites 

No sample 

below LOQ 

X 03 7 68.5 Full profile 

X 03 14 64.5 Full profile 

X 03 21 83.3 Full profile 

X 03 28 91.1 Full profile 

Y 05 7 24.1 Full profile 

Y 05 14 31.8 Full profile 

Y 05 21 21.0 Full profile 

Y 05 28 93.1 Full profile 

Z 56 7 80.4 Full profile 

Z 56 14 35.0 Full profile 

Z 56 21 36.0 Full profile (see Fig. 5A) 

Z 56 28 46.0 Full profile 

Some samples 

below LOQ 

R 14 7 53.9 Full profile 

R 14 14 3.0 Full profile 

R 14 21 Below LOQ Only M9, M10 and M42 (see Fig. 5B) 

R 14 28 Below LOQ Only M9, M10 and M42 

S 49 7 24.3 Full profile 

S 49 14 22.0 Full profile 

S 49 21 Below LOQ Only M9, M10 and M42 

S 49 28 Below LOQ Only M10 and M42 

T 20 7 17.8 Full profile 

T 20 14 Below LOQ Only M9, M10, M42, and M46 

T 20 21 Below LOQ Only M9, M10, M42, and M46 

T 20 28 Below LOQ Only M10, M42, and M46 

All samples 

below LOQ 

U 16 7 Below LOQ None 

U 16 14 Below LOQ None 

U 16 21 Below LOQ None (see Fig. 5C) 

U 16 28 Below LOQ None 

V 40 7 Below LOQ None 

V 40 14 Below LOQ None 

V 40 21 Below LOQ None 

V 40 28 Below LOQ None 

W 45 7 Below LOQ None 

W 45 14 Below LOQ None 

W 45 21 Below LOQ None 

W 45 28 Below LOQ None 
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