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Human metabolism 
What it is? – Structure 

 

Where it is? - Distribution 
 

How much there is? – Quantification 

 
How it happened? - Mechanism 

 

Where it goes? – Excretion 
 

What it did? – Safety vs efficacy vs inert 
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Human metabolism - why 
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Human metabolism - Why  
a case study of metabolism-related cardiac toxicity 

5-fluorouracil (5-FU): A case study of cardiotoxic anticancer drugs 
• Analogue of uracil, widely used as an antitumor agent (incl. breast, gastric, 

pancreatic, prostate and bladder cancers) 
• Considered as the second most frequent cause of cardiotoxicity by anticancer drugs, 

after anthracyclines 
• High Vd, clearance primarily through hepatic metabolism 
 Arellano M, et al., Br J Cancer. 77:79-86 (1998) 



6 

Human metabolism – why: 5-fluorouracil (5-FU) 
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Reis-Mendes AF, et al., Curr Drug Metab. 17:75-90 (2015) 

• ~ 90% of IV administered 5-FU dose is rapidly catabolized in liver by dihydropyrimidine dehydrogenase (DPD). 
• Fluoroacetate, known as a highly cardiotoxic metabolite, enters Krebs cycle and is transformed into fluorocitrate, 
which inhibits aconitase leading to ↑intracellular citrate and ↓cardiac ATP synthesis.       



Metabolites as the sole contributor to DDI: 
Bupropion/Desipramine example 

  Bupropion not expected to inhibit CYP2D6 
based on its in vitro CYP450 inhibition data. 

  The bupropion metabolites contributed to 
the observed CYP2D6 inhibition. 
 -  high exposures 
 -  potent inhibitor (low Ki) 

Reese MJ et al. Drug Metab Dispos 36:1198-1201 (2008) 
Yu H, et al., Drug Metab Dispos. 43:620-30 (2015) 
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Reactive Metabolites in Adverse Outcome Pathways (AOPs) 

Mathieu V, Chem. Res. Toxicol.  2015, 28:1391-1397. 

• The MIE (blue) is considered protein alkylation and covalent protein binding in the liver. This serves as a trigger to provoke 
hepatocyte injury, including apoptosis, which in turn activates Kupffer cells.  

• As a result, transforming growth factor β1 (TGF-β1) expression is induced, which is a key factor for stellate cell activation. 
The latter goes hand in hand with the occurrence of inflammation and oxidative stress.  

• The overall end result is accumulation of collagen and changes in the extracellular matrix composition in the liver (orange), 
which becomes clinically manifested as the adverse outcome, namely, liver fibrosis (red).  
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Drug metabolism studies in drug discovery and development 

Wen B and Zhu M, Drug Metab Rev., 47:71-87 (2015) 



Outline 
• Background 
   - Why human metabolism? 

 
• Stable drug metabolites (“MIST”) 
   - FDA and ICH guidances 

 
• ‘Human first’ metabolism strategy 
   - Can we MIST human first? 
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•  Historical precedent for metabolite characterisation started to evolve into regulatory guidance 
•  Initiated by PhRMA paper (Baillie et al, 2002) 
•  Industry-wide view on metabolite safety 

 

2003 
•  FDA response letter (Hastings et al, 2003) 
•  Challenged some of the key summaries of the PhRMA paper 
•  Especially around definition of major metabolite, e.g. Halothane  

2005 

•  Draft FDA guide 
•  Defined metabolites of interest accounting for >10% of total drug-related material  
•  Industry response, particularly around relevance of % (Smith  & Obach, 2005, 2006, Humphreys & 

Unger 2006 etc)  

2008 

•  Finalised FDA MIST guide - Emphasis on circulating metabolites 
•  Increased focus on Steady State 
•  Recommendation that studies performed as early as possible 
•  All metabolites accounting for >10% drug exposure, defining unique and disproportionate 

2010 

• Harmonised ICH guidance (ICH M3 (R2): Nonclinical Safety Studies for the Conduct of Human Clinical Trials  
• Broader scope, but did cover metabolites – recommendation 10% of the total drug-related material 
• Helped focus the efforts around approaches to address early metabolism 
• The nonclinical characterization of metabolites  considered on a case-by-case basis 

https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf 
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002941.pdf 
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf 
 

‘Are human metabolites of a drug candidate, as 
well as the parent compound, adequately evaluated 
for safety during nonclinical toxicology studies?’ 

https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002941.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf


http://www.ema.europa.eu/docs/en_GB/document_library/Other/2011/07/WC500109298.pdf 

Harmonised ICH M3(R2) guidance: Q&A 2012 

...characterisation of metabolite 
toxicity generally considered 

adequate when animal exposure 
is at least 50% the exposure seen 

in humans 

...10% threshold...when a 
metabolite comprises 

greater than 10% of the 
measured total exposure to 

drug and metabolites 
(usually group mean AUC) 

...important to have adequate 
exposure to metabolite in 1 

species used in general tox, 1 
species used in carc and 1 species 
used in embryofetal development 

...a single dose radio 
study provides a 

reasonable 
estimate...but need to 

factor in changes at 
steady state 

...exposure comparison 
conducted at MTD in 
animal compared to 
therapeutic dose in 

human 

...or NOAEL if toxicity at 
MTD not mentionable or 
poses an unacceptable 

human risk 
...nonclinical studies 

for metabolites – 
consider design on 
case by case basis 

http://www.ema.europa.eu/docs/en_GB/document_library/Other/2011/07/WC500109298.pdf


Decision trees from the FDA MIST guidance 
in alignment with the ICH M3(R2) guidance 
 

https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf 
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf 

MIST guidance Feb 2008 MIST guidance Nov 2016 

https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/OHRMS/DOCKETS/98fr/FDA-2008-D-0065-GDL.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf
https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf


Standard ‘tiered’ approach in MIST  

Predictions – routes 

+/- 

in silico 

in vitro 

in vivo 

in vivo 
HRS 

in vivo 

Human SD n=6 (Phase2/3) 

Human SAD, MAD 

In vitro cross-species comparison 
Select toxicology species 

ADME rodent/non-rodent 

Haglund J, et al, Chem Res Toxicol. 27:601-610 (2014) 

演示者
演示文稿备注
14C-Radiolabel studies prior to FTiH
Cross-species comparison in vitro
Balance excretion – rodent & non-rodent (single dose)
Metabolite profiling – rodent & non-rodent (single dose)
QWBA
Protein binding, blood cell association
FTiH (what are the metabolites & how much; how was it made)
Single dose 
Urine – metabolite structures by MS & NMR
Pooled plasma (AUC) – quantification of metabolites by NMR (& MS)
Relate circulating levels in human to animals using 14C metabolism data
Exposure multiple compare putative human dose to NOAEL in animals
Repeat dose human urine & plasma
Relate circulating levels in human to animals using 14C metabolism data 
Analyse plasma from animal studies after repeat dose if metabolites not covered from SD
Human Radiolabel Study (Phase 2/3)




Building evidence and confidence for HRS 
Where we are? 



Which and how much metabolites will circulate in human?  

For a given circulating metabolite with >25% parent  
• fm > 15% 
• cLogD > -1 
• Structural motifs 

Smith DA and Dalvie D, Xenobiotica. 42:107-26 (2012) 
Anderson S, et al, Chem Res Toxicol. 22:243-56 (2009) 

Kamimura H, Drug Metab Pharmacokinet. 25:223-35 (2010) 



Outline 
• Background 
   - Why human metabolism? 

 
• Stable drug metabolites (“MIST”) 
   - FDA and ICH guidances 

 
• ‘Human first’ metabolism strategy 
   - Can we MIST human first? 

 
17 



“Human First” Metabolism in alignment with MIST guidance 
• Metabolites identified only in human plasma or metabolites presented at disproportionately higher levels in 

humans than animals should be considered for safety assessment 
• The metabolite level that riggers an assessment for nonclinical safety testing has been defined as 10% of 

the total drug-related exposure - harmonized FDA and ICH guidances  

• Traditionally human metabolites are identified and quantified in a single-dose 14C radiolabeled human 
ADME study during phase II or after POC is achieve; however, the information may not be adequate to 
assess metabolism at steady state, and may be too late for timely initiation of a large-scale clinical trial if 
any human metabolite requires safety evaluation.  

• Identification of qualitative and quantitative differences in drug metabolism between humans and animals 
in non-clinical safety assessment as early as possible is critical to avoid a delay of drug development.      
 

 
 

 
 

https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf 

https://www.fda.gov/downloads/Drugs/.../Guidances/ucm079266.pdf


Can we get certain earlier? 

+/- 

in silico 

in vitro 

in vivo 

in vivo 
HRS 

in vivo 

Putting human first 
FTIH studies 

“cold metabolism” 

 
Obtain “certain” data 
then contextualise: 
 

 non-clinical 
 mechanisms 
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MIST without radiolabel or reference standards? 

Zhang D, et al. Drug Metab. Lett. 1, 293-298, 2007 
Ma S, et al. Anal. Chem. 83:5028-5036, 2011 

Gao H, et al. Drug Metab. Dispos. 38:2147-2156, 2010 
Espina R, et al. Chem. Res. Toxicol. 22:299-310, 2009 

Conventional 
GLP bioanalysis 

Radiometric 
calibration 

Mixed matrix 
peak area 

comparison 

NMR-based 
approach 

Data output Absolute 
concentration 

Absolute 
concentration 

Animal:human 
ratio 

Absolute 
concentration 

Reagent needs Metabolite 
standards Radiolabelled drug None None 

Special equipment 
needs None None None NMR 

Resource 
investment Very high Moderate Low High 



Metabolite ‘fishing’ with filters 
What are our hooks? No radiotracer 

• MDF – fractional mass discriminator – taking advantage of 
nature’s imperfection 

• The mass defect for parent is our hook (with a small window 
applied to account for metabolites, e.g. ± 50 mDa phase 1) 

Time
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

%

Raw data

"Filtered" data Human bile metabolites

Element Nuclide Nominal 
mass 

Exact mass Mass defect Isotopic 
abundance 

Hydrogen H 1 1.0078 0.00783 100.00% 
D 2 2.0141 0.0141 0.02% 

Carbon C12 12 12.0000 0.0000 100.00% 
C13 13 13.0034 0.00336 1.10% 

Nitrogen N14 14 14.0031 0.003074 100.00% 
N15 15 15.0001 0.0001 0.37% 

Oxygen O16 16 15.9949 -0.0051 100.00% 
O17 17 16.9991 -0.0009 0.04% 
O18 18 17.9992 -0.0008 0.20% 

Zhang H, et al., J Mass Spectrom 2003, 38:1110-1112. 
Zhu M, et al., Drug Metab Dispos 2006, 34:1722-33. 



General HRMS workflow for metabolite detection and identification 

Wen B and Zhu M, Drug Metab Rev, 47:71-87 (2015) 



MIST with quantitative NMR 
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• NMR is a universal detector for organic compounds (C, H). 
• Same NMR response (1H, 19F) for a nuclei independent of structural changes – 

making it the technique of choice for quantifying unknowns without radiolabel or 
reference standards 

• Can provide both qualitative and quantitative data using the same sample, including 
“unweighable” metabolites isolated from biological sources 

• A complimentary tool to LC/MS to aid structural elucidation and for further 
quantitative studies 

Espina R, et al, Chem Res Toxicol. 22:299-310 (2009) 
Vishwanathan K, et al, Chem Res Toxicol. 22:311-322 (2009) 



Dear GJ et al., J Chromatogr B, 2008, 876:182-190. 

Structural elucidation and metabolite quantification in one NMR experiment 



Putting human first – FTIH metabolism 
• Technology evolved to allow more information with better quality 
• Can we take advantage of FTIH to get certain earlier - generate a 

robust understanding of the metabolic fate of the drug 
  Dose ascending design (SAD and MAD) 

 Abundant sample 

 Multiple dose - steady state metabolism 

 Free data - blood samples collected for PK anyway 

Urine Plasma or Blood Bile string (Entero-test) 
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• No reliance on radiolabel or synthetic standards or validated 
bioanalytical methods 

• Robust data prior to a definitive human radiolabel study - what it is, 
where it is, how it happened, how much, where it goes 

• Reduced animal experimentation – wait until more reason to believe 
– e.g. post-FTIH, post-POC 

• Reduced up-front costs in support of differentiated development 
• Help drive future clinical and safety studies based on reliable early 

assessment, prior to large clinical studies 
• Steady state metabolism – more relevant in clinical chronic dosing 

 
 

 
 

FTIH metabolism: advantages 



‘Human First’ Metabolism: Basic work flow 



Putting human first – FTIH metabolism 

  Once structures and amounts are known a metabolite risk 
assessment based on following criteria can be used to influence 
future clinical and safety programmes as appropriate 
 

• Is it likely to be pharmacologically active (SAR)? 
• Is it likely to be genotoxic (e.g. DEREK)? 
• DDI implications? 
• Is it human unique or disproportionate compared to animals? 
• Is urine a major clearance route for parent or metabolites? 
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Case Study 1 – using ‘Human First’ approach 

• Sitamaquine (SB-220) is an orally active 8-aminoquinoline which has shown 
encouraging efficacy against Visceral leishmaniasis 
 

• Welfare/ethical issues precluded any further healthy subject studies and 
development was carefully continued in patient clinical studies 
 

• The only option for generating in vivo human metabolism data, was via a ‘FTIH’ 
style study in patients 

 

• Urine and plasma were examined by NMR and MS to determine the nature and 
amounts of metabolites present, and provided a good understanding of the 
metabolic fate in humans 
 

Nedderman et al, Xenobiotica 41:605-622 (2011) 
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Case Study 1 – using ‘Human First’ approach 

Nedderman et al, Xenobiotica 41:605-622 (2011) 
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• The major metabolites in human plasma were formed following N-dealkylation with 
subsequent oxidation - exposure coverage in toxicology species subsequently determined 

• Approximately 20% dose eliminated in urine 

• Of most concern was the identification of a notable, human specific circulating metabolite 
formed via. N-nitrosation 

• The N-nitroso metabolite was a major component excreted in urine accounting for 
approximately 5 mg (25% administered dose) 
 

 
 

 

• Metabolite synthesised and a full assessment of its genotoxic potential made via a series of 
safety studies, including in vivo rat micronucleus test 

• Concerns over genotoxic risk were decreased 

N

N
O N

N
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N

N
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O

Case Study 1 – using ‘Human First’ approach 

Nedderman et al, Xenobiotica 41:605-622 (2011) 



• O-glucuronidation of GSK1325756 was predominant in 
rat hepatocytes but not human hepatocytes. 

• Parent and low levels of oxidative metabolites detected 
in human blood, but not the O-glucuronide metabolite.  

• Contribution of oxidative metabolism in human (i.e. 
CYP3A4-mediated) was unclear – key question 

• Human bile was collected and analysed in early clinical 
development (non-invasive bile sampling using Entero-
Test®); only 4% of administered dose recovered in urine. 

 
 
 

Bloomer JC et al., BJCP  75:488-496 (2012) 

NMR 

Time 

Response 

30 METABOLITE 

70 DRUG 

% PLASMA/ 
URINE/BILE 

(1) Pooling 

(2) Extraction 

(3) Fractionation 

(4) Identification 

(5) Quantification 

UPLC MS 

Case Study 2 – using ‘Human First’ approach 
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• O-glucuronidation confirmed as a major 
metabolic route (M11) in human, 
representing 80% of the DRM in bile 
 

• CYP-mediated oxidative pathways 
responsible for a small fraction of 
clearance, and concerns of CYP-mediated 
victim drug interactions are reduced 
 

• ‘Human first’ metabolism significantly 
contributed to assessment of the 
potential drug interaction risk 

Case Study 2 – using ‘Human First’ approach 

Bloomer JC et al., BJCP  75:488-496 (2012) 

 



‘Human First’ metabolism in Patients 
• Human first metabolism is a patient focused approach 
• Unlike radiolabel, “cold metabolism” is more applicable to patients 
• Increased relevance 
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Live Design Structural 
Toxicology Alerts 

 
 

 Molecular-Clinical Safety Intelligence (MCSI) links 
chemical structure, toxicology, and clinical 
pharmacology data with GSK profiling data and 
FDA/WHO human clinical safety data 

Off target pharmacology prediction for 
small molecules 

Panel Review 
[expert input] 

CYP and hFMO modelling of 
query molecule to binding 
site - prediction of Phase I 
metabolites 

Expert knowledge-based system 
(includes non-P450 and Phase 
II).  From same vendors as 
DEREK 

Used to “sanity check” unusual 
predictions.  Interrogate 
literature by substructure or 
transformation 

Metabolite Browser 

Searches query molecule for embedded 
moieties with known toxicity issues 

Potential liability vs likelihood 
of metabolite forming 

Risks and next 
steps 

In silico prediction 

+ 
 
+ 



Take home message: 



Summary 
• The implementation of regulatory guidances from the FDA and ICH requires 

that novel approaches be considered to adequately address the safety of 
drug metabolites as early as possible in development. 
 

• With technological advances in recent years (namely LC/HRMS, cryoprobes 
for NMR), it is possible now to get certain about human metabolism in early 
development. 
 

• ‘Human first’ metabolism strategy provides robust and quality data in 
metabolites safety assessment with no reliance on radiolabel or reference 
standards or validated bioanalytical method, helps drive clinical and safety 
studies both financially and regulatorily.  
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