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A B S T R A C T   

Peptide therapeutics showcase number of advantages compared to the traditional small molecule drugs, e,g. they 
usually have higher affinity to target and lower toxicity profiles. Endogenous peptides are mostly cleared from 
the body through renal clearance or proteolytic hydrolysis. As a part of drug discovery, metabolite identification 
is an important part in their development to identify metabolic hot spots and to further improve their stability. As 
the catabolism of the peptides and peptide-like drugs is often considered to be extrahepatic, the use of in vitro 
systems derived from these organs might be beneficial. In this study, multiple extrahepatic metabolic systems 
were evaluated for the applicability for peptide metabolism studies. Three peptide drugs (leuprorelin, cetrorelix, 
cyclosporin) were incubated in kidney and intestinal S9 fraction ( ± NADPH), fresh plasma (anticoagulants 
EDTA and heparin separately), and plated proximal tubule cells. Additionally, leuprorelin was also incubated 
with human kidney microsomes and cytosol to further investigate the NADPH-dependent metabolism detected in 
kidney S9 fraction. Both substrate disappearance and metabolite formation were monitored, using UPLC/HR-MS 
analysis of the collected samples.Overall, the largest number of metabolites was formed in the incubation with 
kidney S9 fraction, followed by intestinal S9, while incubations with proximal tubule cells produced lower 
number of metabolites All investigated peptides were stable in plasma and only a few metabolites were detected, 
likely because the studied peptide drugs have been optimized to be stable in plasma. Leuprorelin showed 
NADPH-dependent metabolite formation in kidney S9 fraction, while the metabolism of cetrorelix was more 
NADPH independent. As expected, formation of cytochrome P450 (CYP) catalyzed metabolism of cyclosporine 
was not observed with the employed extrahepatic systems. The NADPH-dependent metabolism of leuprorelin 
was detected also in the incubation with kidney cytosol, but not with kidney microsomes, and was thus not 
caused by CYPs or FMOs, but with cytosolic NADPH-dependent drug metabolizing enzymes. These enzymes 
could, in principle, activate the amide bond via reductive or oxidative metabolism outside the amide bond. The 
identity of the involved drug metabolizing enzymes in this process is still unknown.   

1. Introduction 

Peptide drugs are amino acid chains usually linked together with 
peptide bonds and are commonly defined as consisting of less than 50 
amino acids, which results in maximum 5000 – 6000 Da in molecular 
weight [1]. Typically, these compounds have a short in vivo half-life, 
caused by quick degradation into shorter peptides via hydrolysis of 
amide bonds catalyzed by various proteolytic enzymes [2]. As the 
metabolism or catabolism of the peptide drugs is rarely based on the 

reactions catalysed by the cytochrome P450 (CYP)-enzymes, it is bene-
ficial to investigate metabolism in extrahepatic in vitro enzyme sources 
as a part of the preclinical ADME (absorption, disposition, metabolism, 
and excretion) – studies. 

Peptide drugs are rarely administered orally due to the reasons 
involving instability in stomach, caused by the acid-catalysed degrada-
tion and low permeability through the gastro-intestinal tract [3]. 
Various solutions to enhance the oral delivery of peptides have been 
developed over the years [4], and thus the first-pass metabolism should 
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be taken into account when investigating orally administered peptide 
drugs. The kidneys can rapidly filtrate hydrophilic peptides with mo-
lecular weight between 2 and 25 kDa and they are not readily reab-
sorbed via renal proximal tubule [5]. When peptide drugs are 
administered subcutaneously or intravenously, the proteolytic enzymes 
of the plasma are immediately in contact with the peptide drug. Thus, 
the plasma stability of the peptide drugs is often screened during the 
pre-clinical ADME–studies [6]. There has been reports of varying plasma 
stability of therapeutic peptides when different anticoagulants were 
used, and EDTA has also be shown to be an inhibitor of carboxypepti-
dases A and B, which might affect the stability [7,8]. In this study, two 
anticoagulants, EDTA and heparin, were used to evaluate the effect on 
the stability of the model peptide drugs. 

The objective of this study was to investigate three peptide drugs in 
several extrahepatic human in vitro enzyme sources for their stability 
and metabolism. The selected peptide drugs were leuprorelin (also 
known as leuprolide), cetrorelix and cyclosporine, which exhibit 
different base structures e.g. linear and cyclic, and differences regarding 
in vivo plasma half-life. Leuprorelin is a linear peptide, a synthetic 
analogue of gonadotropin-releasing hormone (GnRH), which consists of 
nine amino acids, containing seven proteinogenic amino acids. It has 
one D-amino acid (D-leucine), ethyl amidated C-terminus and its N- 
terminus contains pyroglutamic acid. Due to the modifications, its 
approximated terminal half-life in vivo in human is 3 h [9]. Cetrorelix is 
a further modified analogue of GnRH, as of the ten total amino acids, 
only five are proteinogenic amino acids. It has acetylated N-terminus, 
amidated C-terminus and the first three constituents of the N-terminus 
are synthetic amino acids, decreasing the affinity of natural peptidases 
to the region. Two D-amino acids, D-citrulline and D-alanine, further 
improve the in vivo stability of cetrorelix, and its in vivo half-life after 
subcutaneous dosing is around 30 h [10]. Lastly, cyclosporine is a cyclic 
peptide, consisting of eleven amino acids, of which four are 
non-proteinogenic amino acids. The non-proteinogenic amino acids are 
D-alanine, butenyl-methyl-threonine, L-alpha-aminobutyric acid, and 
sarcosine. Also, seven of the amino acid bonds are N-methylated to 
improve its stability against hydrolytic enzymes [11]. Its half-life in 
blood varies between 6 and 20 h [12]. Unlike other peptide therapeutics 
in this study, its metabolism occurs via CYP3A4, and it is known to 
metabolize to more than 30 metabolites in vivo [13]. The hepatic 
metabolism of the aforementioned peptide drugs have been recently 
reported, and especially the number of metabolites and level of meta-
bolism in the liver S9 fraction can be used as a baseline compared to 
intestinal and kidney metabolic activity [14]. The stability of the 
selected peptide drugs were studied in S9 fractions derived from kidney 
and intestinal tissue, plasma with EDTA or heparin as anticoagulant, and 
proximal tubule cells. The disappearance and metabolic fate of leu-
prorelin was further studied in human kidney microsomes and cytosol. 

2. Material and methods 

2.1. Reagents and materials 

HPLC grade methanol was purchased from Merck (Lichrosolv GG, 
Darmstadt, Germany). HPLC grade acetic acid and ammonium formate 
were purchased from BDH Laboratory Supplies (Poole, England). Lab-
oratory water was prepared in-house with Direct-Q water purifier 
(Millipore, Molsheim, France). Human kidney and intestinal S9 frac-
tions, human kidney microsomes and cytosol, in vitro GRO PT media, 
and human kidney proximal tubule cells were purchased from Bio-
reclamation IVT (Brussels, Belgium). Plasma (respective anticoagulants 
K2-EDTA and heparin) was prepared from blood obtained from Finnish 
Red cross blood service. Nicotinamide adenine dinucleotide phosphate 
(NADPH), monopotassium phosphate (KH2PO4), disodium phosphate 
(Na2HPO4,), penicillin, cyclosporine (purity ≥ 98.0%), leuprorelin 
(European Pharmacopeia reference standard, LEUPRORELIN CRS batch 
6, catalogue number L0376000), and cetrorelix (purity >97.5%) were 

purchased from Sigma-Aldrich (Helsinki, Finland). Phosphate buffer 
(pH 7.4) was prepared in-house by weighing 2.722 g of KH2PO4, 11.35 g 
of Na2HPO4 and 0.476 g of MgCl2 into a container and 1 l of ultra- 
purified water was added to obtain 100 mM phosphate buffer. pH of 
the phosphate buffer was adjusted with sodium hydroxide (NaOH). 

Stock solutions (10 mM) of leuprorelin and cetrorelix were prepared 
by weighing calculated amount of peptide into glass vial and diluting by 
20% dimethyl sulfoxide (DMSO) in water (v/v). Due to solubility issues, 
cyclosporine was first diluted by DMSO to obtain 10 mM stock solution; 
further dilution was obtained by adding 20% DMSO in MeOH (v/v). 

2.2. Kidney and intestinal S9 fraction incubations 

Both kidney and intestinal S9 fraction incubations were performed 
similarly. Human S9 fractions (mixed gender pool, kidney lot FBY, in-
testinal lots SHN and ZJL) were diluted into 100 mM phosphate buffer 
(pH 7.4) with 2 mM MgCl2 to obtain final protein concentration of 2 mg/ 
ml in the incubation. A 297 µl aliquot of the mixture was preincubated 
for 6 min at 37 ◦C in a shaking (600 rpm) incubator block (Eppendorf 
Thermomixer 5436, Germany) and the reaction was started via addition 
of 3 µl of study compound (1000 µM in 20% DMSO), to have final test 
concentrations of 10 µM, with 0.2% DMSO. Assay was performed as a 
single incubation and analytical injection. The incubations were per-
formed with and without NADPH (1 mM). 40 µl samples were collected 
at 0 min, 10 min, 20 min, 40 min and 60 min timepoints. The reaction 
was terminated by adding two-fold volume of ice cold 75% acetonitrile 
in water (v/v) containing 100 nM phenacetin as an internal standard. 
Each sample was centrifuged (13 000 g, 10 min at room temperature, 
Heraeus Pico 17, Thermo Scientific), and the clear supernatant was 
collected for immediate analysis. 

2.3. Plasma incubations 

Incubations were performed with K2-EDTA or heparin as anticoag-
ulants. Fresh plasma was prepared from the donated blood by centri-
fuging it in 1 ml aliquots (1800 g, 10 min at room temperature, Heraeus 
Pico 17, Thermo Scientific) that resulted into approximately 500 µl 
plasma recovery. A 490 µl aliquot of the fresh was preincubated for 10 
min at 37 ◦C in a shaking incubator block and the assay was started via 
addition of 10 µl of study compound (1000 µM and 100 µM in 20% 
DMSO), to have final test concentrations of 10 and 1 µM, with 0.4% 
DMSO. The samples of 40 µl were collected at 0 min, 5 min 10 min, 20 
min, 40 min, 60 min and 120 min timepoints and the reaction was 
terminated by adding two-fold volume of ice cold acetonitrile in water 
(v/v) containing 100 nM phenacetin. Each sample was then centrifuged, 
and the supernatant was collected for immediate analysis. 

2.4. Proximal tubule cells incubations 

Vials of cryo-preserved human kidney proximal tubules (lot HVL, 
one donor) were thawed in water bath and were then suspended into 
InVitro GRO PT-medium with 1% penicillin and diluted to obtain 100 
000 viable proximal tubules per one millimeter cell density, determined 
by trypan blue exclusion test [15]. 75 µl of resuspended cells were plated 
on a 96-well plate and the cells were incubated at 37 ◦C for four hours, 
after which the medium was replaced with 100 µl of fresh medium. The 
cells were incubated for two days for them to achieve a monolayer of 
cells. The metabolic stability assay was performed by preparing InVitro 
GRO PT-medium with 10 µM of model peptides, respectively, and 
replacing the thawing medium with 100 µl of the test medium. Samples 
of 60 µl were collected after 0, 1 h, 2 h, 4 h and 24 h of incubation and 
immediately terminated with two-fold addition of 75% acetonitrile in 
water (v/v) containing 100 nM phenacetin as an internal standard. Each 
sample was centrifuged just before analysis, and the supernatant was 
collected for analysis. 
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2.5. Kidney microsomes and cytosol incubations 

Leuprorelin metabolism was further studied in human kidney mi-
crosomes and cytosol. Human kidney microsomes (mixed gender pool, 
lot LUN) and cytosol (mixed gender pool, lot NBV) were diluted into 100 
mM phosphate buffer (pH 7.4) with 2 mM MgCl2 to obtain a final protein 
concentration of 1 mg/ml in the incubation. A 297 µl aliquot of the 
mixture was preincubated for 6 min at 37 ◦C in a shaking incubator 
block (Eppendorf Thermomixer 5436, Germany) and the reaction was 
started via addition of 3 µl of study compound (1000 µM in 20% DMSO), 
to have final test concentrations of 10 µM, with 0.2% DMSO. Assay was 
performed as a single incubation and injection. The incubations were 
performed with and without NADPH (1 mM). 40 µl samples were 
collected at 0 min, 10 min, 20 min, 40 min and 60 min timepoints. The 
reaction was terminated by adding two-fold volume of ice cold 75% 
acetonitrile in water (v/v) containing 100 nM phenacetin as an internal 
standard. Each sample was centrifuged (13 000 g, 10 min in room 
temperature, Heraeus Pico 17, Thermo Scientific), and the clear super-
natant was collected for immediate analysis. 

2.6. Liquid chromatography / high-resolution mass spectrometry 

Acquity ultra high pressure liquid chromatography (UPLC) system 
(Waters Corp, Milford, MA, USA) was used for the experiments. The used 
analytical column and eluents for the chromatographic separation were 
peptide dependent. For leuprorelin and cetrorelix, reversed-phase col-
umn BEH C18 (2.1×50 mm, 1.7 µm, Waters Corp) with guard filter was 
used. The used eluents were 0.1% acetic acid in water (v/v, A, pH 3.2) 
and methanol (B). The gradient elution for leuprorelin and cetrorelix 
was as follows: 2–2–10–50–95–95 B% in 0–0.5–2–3.5–7–8 min with one 
minute equilibration in initial conditions. The column oven temperature 
was 35 ◦C, injection volume was 4 µl and the flow rate was 0.5 ml/min. 
The used analytical column for cyclosporine was reversed-phase column 
BEH Shield RP18 (2.1 ×50 mm, 1.7 µM, Waters Corp) with guard filter 
and eluents were 2 mM ammonium formate in water (A, pH 6.3) and 
methanol (B). The gradient elution for cyclosporin was as follows: 
2–2–70–95–95 B% in 0–0.5–5–7–8 min with one minute of equilibration 
in initial conditions. The column oven temperature was 70 ◦C, injection 
volume was 4 µl and the flow rate was 0.5 ml/min. 

High-resolution mass spectrometry data was acquired with a Thermo 
Scientific Q-Exactive hybrid quadrupole-orbitrap mass spectrometer 
(QE-Orbitrap-MS, Thermo Scientific, Waltham, MA, USA). The data 
acquisition was performed at data-dependent-MS2 mode which per-
formed a full spectral scan and triggered further MS/MS experiments for 
ions in inclusion list, and also for the most abundant ions not included in 
inclusion list. The mass range of m/z 140–2100 was acquired, with 
acquisition time of 7 Hz, maximum interval time being 100 ms. The used 
capillary voltage was 3000 V and capillary temperature of 320 ◦C was 
used. The auxiliary gas heater temp was set at 500 ◦C. Nitrogen was used 
as Auxiliary gas at 20 arbitrary units, Sheath gas at 50 arbitrary units 
and as a Sweep gas at 5 arbitrary units. External calibration was per-
formed on a weekly basis with Pierce™ LTQ Velos ESI Positive and 
Negative Ion Calibration Solutions (Thermo Scientific). 

2.7. Data analysis 

The peptide drugs included in this study and their sequence together 
with detected LC-HRMS parameters are presented in Table 1. Thermo 
Xcalibur 4.0 software was used to operate both the mass spectrometer 
and UPLC-system, and for chromatographic peak integration. The ion 
chromatograms were extracted from the total ion chromatograms using 
calculated monoisotopic accurate masses with 5 mDa window. The 
metabolites were mined from the data using software-aided data pro-
cessing (Thermo Compound Discoverer 2.1., including structure- 
intelligent dealkylation tool & mass defect filter, Thermo Scientific) 
with manual confirmation. The in vitro half-lives in different metabolic 

systems were extrapolated using the formula t½ = ln2/b, where b is the 
slope of the linear curve fitted on the natural logarithm on the per-
centage remaining of the parent compound versus incubation time. 

3. Results and Discussion 

The disappearance data was used to derive the half-life and intrinsic 
clearance, when applicable, of the model peptides. Summary of the 
observed metabolic turnover and the detected metabolites are collected 
to Tables 2–6, and the elucidated hydrolytic sites are shown in Figs. 1 
and 2. The metabolite numbering was matched with our recent work 
[14], to ease comparison of the results and metabolite profiles with 
those hepatic models. 

3.1. Leuprorelin 

In the NADPH-supplemented incubations with human kidney and 
intestinal S9 fractions, leuprorelin disappearance was considerably 
faster in kidney than in intestine, as the half-lives were 9.8 and 51 min, 
respectively. In the absence of NADPH, the half-lives were 35 min in 
kidney and 100 min in intestinal S9 fraction, suggesting involvement of 
metabolism via NADPH dependent enzymes. Leuprorelin was stable in 
the EDTA and heparin plasma, as well as in the incubations with prox-
imal tubule cells. 

In total, 17 metabolites (M1-M17, Table 2) were detected in the in-
cubations with the investigated extrahepatic metabolic systems. In the 

Table 1 
List of model peptide drugs.  

Name Sequence Molecular 
weight (Da) 

m/z Ion 
type 

Leuprorelin Pyr1 H2 W3 S4 Y5 L6 L7 
R8 P9 NHEt 

1209.4 605.3300 [M+

2H]2+

Cetrorelix Ac{d-A[3-(2-naphtyl)]}1 
[d-F(4-Cl)]2 {d-A[3-(3- 
pyridyl)]}3 S4 Y5 (D-Cit) 
6 L7 R8 P9 d-A10 NH2 

1431.0 715.8422 [M+

2H]2+

Cyclosporine c{d-A1 L2 L3 V4 Bmt5 
Abu6 Sar7 L8 V9 L10 
A11} 

1202.6 601.9280 [M+

2H]2+

Table 2 
Half-lives (min) and intrinsic clearances (in parenthesis, µl/min/mg of protein 
for S9, µl/min/million cells for proximal tubule cells, µl/min/ml for plasma) of 
each peptide in each metabolic model. HKS9: human kidney S9 fraction, HKM: 
human kidney microsomes, HKC: human kidney cytosol, HIS9: human intestinal 
S9 fraction.   

Leuprorelin Cetrorelix Cyclosporine 

Enzyme 
source 

T½ 
(min) 

Clint T½ 
(min) 

Clint T½ 
(min) 

Clint 

HKS9 +
NADPH 

9.80 35.3 35.2 9.84 192 1.80 

HKS9 – 
NADPH 

35.3 9.81 33.8 10.3 149 2.33 

HKM +
NADPH 

260 2.67 - - - - 

HKM – NADPH 320 2.20 - - - - 
HKC + NADPH 14.0 49.7 - - - - 
HKC – NADPH 56.1 12.4 - - - - 
Proximal 

tubule 
> 9747 <

0.29 
> 9750 <

0.29 
1910 1.45 

HIS9 +
NADPH 

51.3 6.75 121 2.87 233 1.49 

HIS9 – NADPH 100 3.46 135 2.58 295 1.17 
Plasma EDTA > 790 <

0.88 
> 790 <

0.88 
> 790 <

0.88 
Plasma 

Heparin 
> 790 <

0.88 
> 790 <

0.88 
> 790 <

0.88  
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incubations with NADPH supplemented kidney S9 fraction, 14 of these 
were detected, while in the absence of NADPH only eight metabolites 
were detected, suggesting that metabolism is partly NADPH dependent. 

In the incubation with kidney S9 fraction in the absence of NADPH, M3 
formed via hydrolysis of the N-ethylamide group of the C-terminus was a 
clear main metabolite. On the contrary, in the presence of NADPH, M5 

Table 3 
Formed metabolites of leuprorelin and their percentual abundances in the end of the incubation in kidney derived models, based on LC/MS peak area compared to 
parent at 0 min. Order by ascending retention time. The site of hydrolysis in parenthesis. Some metabolites had higher abundance in earlier time points. 1)3.3% at 20 
min time point, 2)1.7% at 20 min time point, 3)4.6% at 10 min timepoint, 4) 10.9% at 40 min timepoint, 5) 54.4% at 20 min time point and 6) 1.7% at 20 min timepoint. 
HKS9: human kidney S9 fraction, HKM: human kidney microsomes, HKC: human kidney cytosol.   

Name Sequence HKS9 þ
NADPH % 

HKS9 – 
NADPH % 

HKM þ
NADPH % 

HKM – 
NADPH % 

HKC þ
NADPH % 

HKC – 
NADPH % 

Proximal 
tubule %  

Leuprorelin PyrHWSYLLRPNHEt 1.6 31.9 85.4 88.1 5.3 47.5 94.6 
M1 2 x hydrolysis (Ser4- 

Tyr5 + Leu7-Arg8) 
YLL 0.4  0.1 0.02   0.1 

M2 2 x hydrolysis (His2- 
Trp3 + Pro9-NHEt) 

WSYLLRP 0.6    1.1 0.3  

M3 hydrolysis (Pro9-NHet) PyrHWSYLLRP 2.8 54.2 8.0 8.9 5.8 41.9 0.9 
M4 2 x hydrolysis (His2- 

Trp3 + Arg8-Pro9) 
WSYLLR 0.2    0.1   

M5 2 x hydrolysis (Ser4- 
Tyr5 + Pro9-NHEt) 

YLLRP 35.6 1.9 0.3 0.1 4.9 0.8 0.1 

M6 hydrolysis (His2-Trp3) WSYLLRPNHEt 0.2(1  0.3 0.1 0.6 0.3 0.1 
M7 2 x hydrolysis (Pyr1- 

His2 + Pro9-NHEt) 
HWSYLLRP 0.6(2    1.0 0.03  

M8 hydrolysis (Pyr1-His2) HWSYLLRPNHEt 0.2(3  0.2 0.1 0.5 0.02  
M9 2 x hydrolysis (Trp3- 

Ser4 + Pro9-NHEt) 
SYLLRP 5.1(4 0.1 0.02  12.6 1.3  

M10 2 x hydrolysis (Tyr5- 
Leu6 + Pro9-NHEt) 

LLRP     3.2 0.3  

M11 hydrolysis (Ser4-Tyr5) YLLRPNHEt 63.1 3.1 6.8 2.9 18.1 4.0 4.7 
M12 hydrolysis (Leu6-Leu7) LRPNHEt 3.2 0.1 1.3 0.5 9.0 1.5 0.2 
M13 hydrolysis (Trp3-Ser4) SYLLRPNHEt 8.7(5 0.3(6 0.9 0.4 34.7 5.7 0.5 
M14 hydrolysis (Trp3-Ser4) PyrHW   0.1 0.1  0.4 0.2 
M15 hydrolysis (Arg8-Pro9) PyrHWSYLLR 0.5 7.9   0.4 3.6  
M16 hydrolysis (Leu7-Arg8) PyrHWSYLL       0.5 
M17 2 x hydrolysis (Ser4- 

Tyr5 + Arg8-Pro9) 
YLLR 3.7 0.1 0.2 0.2     

Table 4 
Formed metabolites of leuprorelin and their percentual abundances in the end of the incubation, based on LC/MS peak area compared to parent at 0 min. Order by 
ascending retention time. The site of hydrolysis in parenthesis. HIS9: human intestinal S9 fraction.   

Name Sequence HIS9 þ NADPH % HIS9 – NADPH % Plasma EDTA % Plasma Heparin %  

Leuprorelin PyrHWSYLLRPNHEt 45.2 64.2 102.8 99.2 
M3 hydrolysis (Pro9-NHet) PyrHWSYLLRP 44.5 27.3   
M5 2 x hydrolysis (Ser4-Tyr5 + Pro9-NHEt) YLLRP 2.5 1.3   
M6 hydrolysis (His2-Trp3) WSYLLRPNHEt   0.2  
M8 hydrolysis (Pyr1-His2) HWSYLLRPNHEt    0.1 
M11 hydrolysis (Ser4-Tyr5) YLLRPNHEt 6.9 5.0 0.4 0.2 
M12 hydrolysis (Leu6-Leu7) LRPNHEt    0.1 
M13 hydrolysis (Trp3-Ser4) SYLLRPNHEt 0.3 0.4  0.1 
M16 hydrolysis (Leu7-Arg8) PyrHWSYLL   0.1 0.3  

Table 5 
Formed metabolites of cetrorelix and their percentual abundances in the end of the incubation, based on LC/MS peak area compared to parent at 0 min. Order by 
ascending retention time. The site of hydrolysis in parenthesis.   

Name Sequence HKS9 þ
NADPH % 

HKS9 – 
NADPH % 

Proximal 
tubule % 

HIS9 þ
NADPH % 

HIS9 – 
NADPH % 

Plasma 
EDTA % 

Plasma 
Heparin %  

Cetrorelix Ac{d-A[3-(2-naphtyl)]}[d-F(4-Cl)] 
{d-A[3-(3-pyridyl)]}SY(D-Cit)LRP 
{d-A}-NH2 

33.2 30.6 100 73.2 75.0 107 99.8 

M1 hydrolysis 
(Leu7-Arg8) 

Ac{d-A[3-(2-naphtyl)]}[d-F(4-Cl)] 
{d-A[3-(3-pyridyl)]}SY(D-Cit)L 

0.2 0.1 0.8 2.3 0.5  0.2 

M2 hydrolysis 
(Pro9-D-Ala10) 

Ac{d-A[3-(2-naphtyl)]}[d-F(4-Cl)] 
{d-A[3-(3-pyridyl)]}SY(D-Cit)LRP 

5.5 1.5 0.3 15.3 2.3   

M3 hydrolysis 
(Arg8-Pro9) 

Ac{d-A[3-(2-naphtyl)]}[d-F(4-Cl)] 
{d-A[3-(3-pyridyl)]}SY(D-Cit)LR 

8.2 6.0      

M7 hydrolysis (D- 
Cit6-Leu7) 

LRP{d-}-NH2 0.1       

M8 hydrolysis 
(Tyr5-D-Cit6) 

(D-Cit)LRP{d-A}-NH2    0.3 0.3    
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and M11 were the clear main metabolites at 60 min time point, as about 
88% of the total related LC/MS peak area originated from these me-
tabolites. M11 is formed by a single hydrolytic cleavage between amino 
acids Ser4 and Tyr5 in highly NADPH dependent manner, and M5 is 
subsequently hydrolyzed at the C-terminus (the same NADPH inde-
pendent reaction forming M3, or alternatively M5 formes via M3). M11 
is also further metabolized to metabolites M1 and M17, whose formation 
was NADPH dependent. Thus, based on the data it seems M3 is formed 
NADPH independently, and then in the presence of NADPH it is 
metabolized further to form M2, M5, M7 and M9 that were mostly 
NADPH dependent. The second most abundant metabolite formed in 
kidney S9 fraction without NADPH was M15, formed by a single hy-
drolysis between amino acids Arg8 and Pro9 and in addition to M3, M15 
was the only metabolite whose formation in kidney S9 fraction was not 
NADPH dependent. NADPH dependent drug metabolizing enzymes 
seem to activate the peptide bonds to hydrolyze the more sterically 
hindered sections. On the contrary to the higher number of metabolites 

with kidney S9 fraction, only four metabolites were detected in the in-
cubations with intestinal S9 fraction, where M3 was clearly the most 
abundant metabolite, followed by M11 > M5 > M13, and on the con-
trary to kidney S9 fraction, no signs of NADPH dependent metabolite 
formation were observed. Even though no clear disappearance of leu-
prorelin was observed in the other metabolic systems, some low-level 
metabolites were still detected. In EDTA plasma M6, M11 and M16 
were detected in low abundances, while in heparin plasma M8, M11, 
M12, M13 and M16 were observed. In the incubation with proximal 
tubule cells, nine metabolites were detected and again, the main 
metabolite was M11, followed in abundance by M3, M13 and M16. 

In our earlier work with liver S9 fraction, similar NADPH de-
pendency was observed in the formation of leuprorelin metabolites, and 
involvement of CYP enzymes was speculated [14]. However, due to the 
similar observation with kidney S9 fraction, in the presence of clearly 
lower CYP activities, the NADPH effect was further investigated by using 
incubations with kidney microsomes and cytosol to determine whether 

Table 6 
Formed metabolites of cyclosporine and their percentual abundances in the end of the incubation, based on LC/MS peak area compared to parent at 0 min. Order by 
ascending retention time. The site of hydrolysis in parenthesis. The remaining parent percentage is different from the stability study because higher compound 
concentration was used.   

Name Sequence HKS9 þ
NADPH % 

HKS9 – 
NADPH % 

Proximal 
tubule % 

HIS9 þ
NADPH % 

HIS9 – 
NADPH % 

Plasma 
EDTA % 

Plasma 
Heparin %  

Cyclosporine c{D- 
ALLVBmtAbuSarLVLA} 

77.6 68.6 49.5 75.9 84.5 116 99 

M6 Oxidation 
(+O) 

c{D- 
ALLVBmtAbuSarLVLA}   

0.2      

Fig. 1. The hydrolysis sites for the observed hydrolytic cleavage sites for leuprorelin. All other metabolites were formed via same reactions, by their combinations. 
Asterisks depict the non-proteinogenic amino acids. 

Fig. 2. The hydrolysis sites for the observed hydrolytic cleavage sites for cetrorelix. Asterisks depict the non-proteinogenic amino acids.  
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the NADPH dependency was caused by microsomal enzymes (i.e. CYPs 
or flavin-containing mono-oxygenases (FMOs)[16,17]). 

In these experiments the metabolic turnover was clearly limited in 
microsomes, as 85% of the initial leuprorelin was remaining after 
60 min incubation, and no NADPH dependency was detected. On the 
contrary, a clear NADPH dependent disappearance was observed in 
kidney cytosol, as the half-life in the presence and absence of NADPH 
was 14 min vs 56 min, respectively. 11 metabolites were detected in the 
incubations with human kidney microsomes in the presence NADPH, 
while 10 were observed in the absence of NADPH. In both experiments, 
two clear main metabolites were M3 and M11, which indicates that the 
enzyme responsible for the hydrolysis between serine and tyrosine is 
active in microsomal fraction of enterocytes. The amount of M3 was 
similar between the experiments, and about a two-fold higher formation 
of M11 was detected in the presence of NADPH. Generally, no clear 
NADPH dependency in metabolite formation was observed in kidney 
microsomes, although formation of some low-level metabolites were 
slightly higher in the presence of NADPH. In the incubation with human 
kidney cytosol, 13 metabolites were detected in the presence and in the 
absence of NADPH. Similarly to kidney S9 fraction, in the absence of 
NADPH the clear main kidney cytosol metabolite was M3, with about 
42% abundance vs leuprorelin 0 min peak area. Other notable metab-
olites were M11, M13 and M15 with about 4 – 6% abundances each. All 
metabolites were a result of single hydrolysis, M3 between the proline 
and ethylated N-terminus, M11 between serine and tyrosine, M13 be-
tween Trp3 and Ser4, and M15 between Arg8 and Pro9. Also similarly to 
kidney S9 fraction, incubation with the kidney cytosol showed a clear 
NADPH dependency in metabolite formation, with lower abundance of 
M3 and M15, and clearly increased formation of all other metabolites, of 
which M13 and M11 were the most abundant, both formed via single 
hydrolysis as previously discussed. The next abundant were M9, M12, 
M5 and M10, of which others than M12 are all formed via M3 by further 
hydrolysis reactions. M9 is related both to the M3 and M13, as it is the 
result of two hydrolysis between Pro9 and ethylated C-terminus and 
Trp3 and Ser4. M5 is formed via enzymes responsible for the hydrolysis 
of M3 and M11, as after the hydrolysis of Pro9 and C-terminus, it is 
further hydrolyzed between Ser4 and Tyr5. M10 has the lowest abun-
dance of the M3 related metabolites, and it is formed with additional 
hydrolysis between tyrosine and leucine. 

Thus, the results suggest that NADPH dependency in observed leu-
prorelin hydrolytic reactions are rather catalyzed by cytosolic enzymes, 
the NADPH dependency is not caused by CYPs or FMOs, and some 
further research would be needed to clarify the mechanism of the 
observed NADPH dependent metabolism. To further speculate on the 
topic, there are numerous different mechanisms and enzymes, which 
might cause this [18]. 

Compared to previously obtained stability data in liver S9 fraction, 
the disappearance of leuprorelin was quite similar, as the half-lives in 
the presence NADPH were 12 min in liver S9 fraction and 10 min in 
kidney S9 fraction, while in the absence of NADPH a half-live of 35 min 
was obtained, in both liver and kidney S9 fraction. The activity of the 
enzymes responsible for the metabolism of leuprorelin was thus equiv-
alent between these two systems. In intestinal S9 fraction, the half-life 
was longer, as the half-life in the presence of NADPH was 51 min and 
in the absence of NADPH 100 min. The metabolite profiles between liver 
and kidney S9 fractions were qualitatively similar, although the relative 
abundances of the metabolites differed, with a higher role of M2, M6, 
M7 and M8 in liver S9 fraction, while in the kidney S9 fraction M5 and 
M11 had relatively higher abundances, and M15 and M17 were detected 
in kidney S9 fraction only. In absence of NADPH in both tissues, the clear 
main metabolite was M3. For intestinal S9 fraction, NADPH dependency 
was not detected, and the main metabolite M3 was the same as in the 
liver and kidney S9 fractions without NADPH. No comprehensive human 
in vivo metabolism data has been released for leuprorelin [19]. As it is 
mentioned in Lupron package insert [9] and in an article by Sofianos et 
al [20]., four metabolites of leuprorelin have been identified in animals 

and human. The metabolites include pentapeptide M–I (YLLRPNHEt, 
corresponding to metabolite M11 in this study), tripeptide M–II (YLL, 
which corresponds to metabolite M1) and tripeptide M–III (PyrHW, 
corresponding to M14). Dipeptide M–IV (PyrH) was not detected 
directly in this study, but the corresponding metabolite of hydrolyzed 
leuprorelin (WSYLLRPNHEt, M6) was detected. Tentative in vitro–in 
vivo correlation based on this limited data seems to be better in the 
incubations with human liver and kidney S9 fractions supplemented 
with NADPH, than in the incubations without NADPH. Yet, M3, the 
major metabolite in the incubations without NADPH has not been re-
ported to form in vivo. Also, the main metabolites produced in the 
NADPH supplemented incubations with proximal tubules and kidney S9 
fraction were more similar than the main metabolites formed in the 
incubations with hepatocytes and NADPH supplemented liver S9 frac-
tion [14]. 

Furthermore, the stability of leuprorelin has been determined earlier 
as a part of 17 peptide drug study in human gastric and small intestinal 
fluid, and in simulated gastric and intestinal fluid, by incubating the 
peptides at 37 ◦C for two hours [21]. Leuprorelin was shown to degrade 
rapidly with human intestinal fluids containing pancreatin, but no 
metabolite formation was reported. The fast degradation of leuprorelin 
within the intestine [22] is thus most likely a consequence of pancreatic 
hydrolytic enzymes, and partly explains the slow disappearance in in-
testinal S9 fraction containing enterocytic hydrolytic enzymes [23]. Guo 
et al. have studied the transport of leuprorelin through rat and rabbit 
intestine using everted gut technique, as well as Caco-2 cell monolayers 
[24]. The apparent permeability was the highest in rat intestine, fol-
lowed by the permeability in rabbit intestine. In Caco-2 cell culture, 
consisting of immortalized human epithelial cells, the transport was 
very limited, with apparent permeability value between 0.45 and 
0.56 × 10− 6 cm/s. The limited permeability likely explains the high 
stability of leuprorelin in cell-based models, such as hepatocytes and 
proximal tubule cells. 

3.2. Cetrorelix 

For cetrorelix, the disappearance in the human kidney S9 fraction 
was similar with and without NADPH, with half-lives of about 34 – 
35 min. Thus, the disappearance was non-CYP dependent. Also, in 
human intestinal S9 fraction, disappearance was about similar with and 
without NADPH, and 4-fold slower than in the kidney S9 fraction, as the 
half-lives were 121 – 135 min. Cetrorelix was stable in both EDTA and 
heparin plasma, and in the incubations with proximal tubule cells. 

In total, five cetrorelix metabolites (M1 – M3, M7, and M8) were 
detected in the studied enzymatic systems (Table 3). All metabolites 
were formed via single cleavage between amino acids. Most abundant 
metabolites were formed by cleaving amino acids from the unprotected 
C-terminal of cetrorelix. In incubations with human kidney S9 fraction, 
the most abundant metabolite was M3 (hydrolysis between Arg8 and 
Pro9), followed by M2 (cleaving amidated alanine from C-terminal). 
Two other minor metabolites, M1 and M7, were also detected with 
kidney S9 fraction. The metabolite profile was similar between the in-
cubations with and without NADPH, although the amount of the 
detected metabolites was slightly lower in the incubations without 
NADPH, and low level of M7 was detected only in the presence of 
NADPH. In the incubations with human intestinal S9 fraction, M1, M2 
and M8 were detected, M2 being the most abundant, similarly to earlier 
liver S9 fraction results [14]. Formation of M1 and M2 was about 5 – fold 
higher in the presence of NADPH (vs. absence). M3, i.e the main 
metabolite formed in the human kidney S9 fraction, was not detected at 
all in the intestinal S9 fraction. Similarly to leuprorelin metabolite M17, 
which was also formed via hydrolysis between arginine and proline, M3 
was detected only with kidney S9 fraction, suggesting that human in-
testinal S9 fraction might lack peptidases to cleave this bond, while M3 
was observed also in liver S9 fraction [14]. Due to the unique structure 
of proline, the related amide bonds are often resistant to many broad 
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specific peptidases and many proline specific endo- and exopeptidases 
have been characterized [25]. No cetrorelix metabolites were detected 
in EDTA plasma, while M1 was detected in heparinized plasma in low 
abundance. Two metabolites (M1 and M2) were detected in low abun-
dance in the incubation with proximal tubule cells. 

Of the observed cetrorelix metabolites, M1, M2 and M7 have been 
reported in studies with rat and dogs after subcutaneous dosing by 
Schwahn et al [26]., who also reported a metabolite formed via hy-
drolysis between serine and tyrosine, which was not detected here or in 
our earlier experiments with hepatic models [14]. 

The stability of cetrorelix in liver S9 fraction and kidney S9 fraction 
was rather equivalent, as the half-lives in the incubation in the presence 
of NADPH were 33 and 35 min, respectively. In the absence of NADPH, 
the half-lives were 42 and 34 min in liver and kidney S9 fraction. In 
intestinal S9 fraction, the disappearance was clearly slower, as the half- 
lives with and without NADPH were 3- to 4-fold longer compared to 
other S9 fractions. The main metabolites were identical between the 
liver and kidney S9 fractions (M2 and M3), although the relative 
abundances of the metabolites differed. M2 was clearly more abundant 
in liver S9 fraction as M3, but the abundance of M2 and M3 were almost 
equivalent in kidney S9 fraction. In intestinal S9 fraction, M2 was the 
main metabolite and M3 was not detected. The hydrolytic metabolites 
detected in this study have been mostly reported in the literature, most 
notable exception being the M2 (hydrolysis between Arg8 and Pro9) 
[19]. Non-proteinogenic amino acids clearly protect the N-terminus of 
cetrorelix, as all detected metabolites were derived via hydrolyzation of 
the C-terminus containing proteinogenic amino acids. The alanine in 
C-terminus has been amidated, but that terminus is still highly suscep-
tible for the proteases. The in vivo metabolism of cetrorelix has a good 
correlation with the results from experiments with all S9 fractions, and 
the metabolism between liver and kidney S9 fractions is relatively uni-
form [14]. 

3.3. Cyclosporine 

The disappearance of cyclosporine was slow in both kidney and in-
testinal S9 fractions with and without NADPH, as all the half-lives were 
extrapolated to range from 149 min (kidney S9 fraction without 
NADPH) to 295 min (intestinal S9 fraction without NADPH). Disap-
pearance was not detected in either EDTA or heparinized plasma. In the 
proximal tubule cells, cyclosporine disappeared to 57% of the initial 
concentration during 24 h of incubation, corresponding to extrapolated 
half-life of 1910 min. 

In total, only one cyclosporine metabolite was detected, M6 (oxida-
tion) in proximal tubule cell incubations. Thus, no metabolites were 
detected in the incubations with kidney or intestinal S9 fractions, sug-
gesting that the observed minor disappearance in these models could be 
caused by low solubility of cyclosporine [27], and the same phenome-
non could explain the disappearance observed with proximal tubule 
cells, as the abundance of observed metabolite M6 was very low. The M6 
observed with proximal tubule cells was the most abundant metabolite 
with liver S9 fraction, also formed NADPH dependently [14]. The 
limited metabolism of cyclosporine in these models was as expected due 
to the known CYP-enzyme catalyzed metabolism and low CYP activities 
in the employed extrahepatic models [17]. Dai et al [28]. have studied 
cyclosporine in vitro metabolism using human liver and kidney derived 
microsomes and they identified CYP3A5 being partially responsible on 
the metabolism of cyclosporine. Three metabolites were detected in the 
incubation with liver microsomes in the presence of NADPH, but only 
one was detected in the incubation with kidney microsomes. Based on 
their results, CYP3A5, and not CYP3A4, is active in kidney, and the 
oxidation metabolite formed via CYP3A5 is also formed with CYP3A4. In 
the gut, cyclosporine depletion was not detected when using human 
intestinal microsomes as an in vitro model [29]. As microsomes have 
concentrated amount of CYPs, the lack of metabolism in intestinal S9 
fraction is expected. 

The CYPs 1A1, 1A2, 1B1, 2A6, 2C19, 2D6 and 2E1 are not expressed 
in human kidney, while data for CYP 2C8, and 2C9 expression are 
inconclusive [30]. stabilities of leuprorelin and cyclosporine in the colon 
has been studied by Wang et al [31]., by using in vitro colonic model 
comprising of mixed faecal inoculum. The stability of the peptide drugs 
in intestinal S9 fraction in this study followed the same order, as leu-
prorelin (or leuprolide, as named in the study by Wang et al.) was less 
stable than cyclosporine. Cyclosporine has a good permeability across 
Caco2-cells, as the apparent permeability (Papp) is 1.51 × 10− 6 cm/s 
from apical to basal (A to B) and 1.51 × 10− 6 cm/s from B to A. It is thus 
also an efflux substrate, as it is a substrate of P-glycoprotein efflux pump 
[32]. 

3.4. Discussion 

NADPH dependent metabolism was observed for leuprorelin, in 
kidney (and earlier with liver S9 fraction), but not in intestinal S9 
fraction. On the contrary, the formation of its most abundant cetrorelix 
metabolite M2 in the intestinal S9 fraction was clearly higher in the 
presence of NADPH. The NADPH dependency of leuprorelin metabolism 
was further investigated in human kidney microsomes and cytosol, and 
the data suggested that the NADPH dependency did rather originate 
from the metabolism by cytosolic than microsomal enzymes, i.e. 
excluding involvement of CYP or FMO enzymes. M3, formed via hy-
drolysis of ethyl-amidated C-terminus, was the clear main metabolite in 
kidney cytosol in the absence NADPH, while its relative abundance in 
the presence of NADPH or in kidney microsomes ± NADPH was lower. 
Further metabolism of M3 was limited in the kidney microsomes and 
also in kidney cytosol in the absence NADPH, while in kidney cytosol 
with NADPH, M3 was further metabolized to numerous different me-
tabolites. Also, metabolites formed via single hydrolysis of the three first 
amino acids from N-terminus (Pyr1, His2, and Trp3) were clearly more 
abundant in kidney cytosol when incubation was supplemented with 
NADPH. Yet, the data suggests that in the presence of NADPH, the amide 
bonds between the three first amino acids are more susceptible, reducing 
the formation of M3. All the first three amino acids have cyclic, nitrogen 
containing structures, which, in theory, could first undergo oxidative 
metabolism, possibly causing the activation of amide bond either by 
removing steric hinderance via cycle opening reaction or otherwise 
affecting the chemical environment of the amide bond, making it more 
susceptible to hydrolytic enzymes. Further studies of the involved drug 
metabolizing enzymes are needed to elucidate the mechanism of this 
phenomenon. Use of NADPH as a cofactor should be further investi-
gated, regarding the translation of the obtained in vitro results to in vivo 
metabolite profiles, as the presence of NADPH seems to increase the 
overall proteolytic activity of generated S9 fractions. 

Plasma metabolism of the investigated peptide drugs was very 
minor, which is likely as the compounds have passed the development 
process and optimization of this property. As it is well known, plasma 
contains a lot of peptidases and proteases normally involved in the hy-
drolyzing metabolism of the peptides, and it is typical to see instability 
and hydrolysis of peptide drugs in the early stages of preclinical devel-
opment processes. The investigated compounds were also mostly stable 
when incubated with proximal tubule cells derived from human kidney. 
This may be affected by low cell uptake of the compounds, or alterna-
tively lower metabolic/catabolic activities than with kidney S9 fraction 
that was employed [33]. 

4. Conclusions 

The investigated peptide drugs showcased different stabilities and 
metabolism, and both the parent peptide disappearance and metabolite 
formation were variable depending on the employed metabolic system. 
In general, the peptide drugs were the least stable and produced the 
highest number of metabolites in kidney S9 fraction, followed by in-
testinal S9 fraction. The linear peptide leuprorelin was the least stable 
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peptide in most of the employed metabolic systems, followed by 
cetrorelix. Cyclosporin was the most stable of the studied therapeutic 
peptides in extrahepatic systems, which is expected, as its metabolism is 
CYP-dependent. 

Based on these results, sub-cellular S9 fractions are the models pro-
ducing the highest number of metabolites when investigating peptide 
drugs, as the cell-based models might suffer from limited uptake. The 
permeability and structural moieties prone for oxidative metabolism, 
and use of NADPH in tissue fraction incubations, should be considered 
when selecting an in vitro model to investigate peptide metabolism. 
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