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Abstract 

Selective androgen receptor modulators (SARMs) are a novel class of orally active, 

tissue-selective small molecule androgen receptor ligands with potential use for human 

therapeutic purposes. While SARMs show similar myoanabolic effects to anabolic 

androgenic steroids with reduced side effects, their exact underlying molecular mechanisms 

remain unclear. Their abuse has been reported in human and animal sports and further 

potential for abuse exists in livestock species. SARMs abuse therefore poses a threat to sports 

and food integrity as well as public health. To advance forensic testing of illicit use of SARM 

compounds in several relevant species and better understand their physiological impact, this 

thesis studies the in vitro and in vivo metabolism of key SARM compounds. 

To evaluate the use of liver homogenates as an in vitro tool to rapidly produce SARM 

metabolites, cattle liver homogenates, S9 fractions, and microsomes were isolated, 

characterised (protein concentration, P450 and cytochrome b5 content, enzymatic activity), 

and incubated with SARM compounds ostarine, andarine, or S-1 and respective cofactors to 

generate phase I and II  metabolites followed by ultra-high performance liquid 

chromatography- quadrupole time of flight mass spectrometry (UHPLC-QTOF MS) 

analysis. All fractions produced metabolites that have previously been described as 

important target analytes of the investigated SARM compounds, demonstrating that the 

proposed simple and low-cost liver homogenate approach holds potential for use in the rapid 

development of metabolite-based screening methods. 

Further, the in vitro metabolism of key SARM compounds across several relevant sports 

(horse), livestock (cattle, pig) and laboratory (rat) species, and the correlation of in vitro to 

in vivo generated metabolites was investigated. After isolation and characterisation of the 

liver fractions, microsomes alone or in combination with S9 fractions were incubated with 

SARM compounds ostarine, LGD-4033, or RAD140 to generate phase I and II metabolites 

respectively. To characterise in vivo generated metabolites, urine samples were collected 

after initial and repeated administration of ostarine, LGD-4033, or RAD140 to rats. Prepared 

in vitro and in vivo samples were analysed by UHPLC-ion mobility-QTOF MS. Interspecies 

differences within determined in vitro metabolite profiles were observed, highlighting the 

necessity of studying the metabolism of emerging anabolic agents such as SARMs on a by-

species basis. The majority of detected urinary metabolites were also produced in vitro. 

While RAD140 was metabolically relatively stable, ostarine and LGD-4033 were 

extensively metabolised in vitro in all investigated species as well as in vivo - Subsequently, 
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cytochrome P450 (CYP) isoenzymes responsible for the formation of ostarine and LGD-

4033 phase I metabolites using cattle, horse, pig, or rat liver microsomes were identified 

using a CYP-selective inhibitor reaction phenotyping approach followed by UHPLC-tandem 

mass spectrometry (UHPLC-MS/MS). Bovine, equine, murine, and porcine orthologues of 

human CYP2A6, CYP2B6, CYP2C8, CYP2C9 (only ostarine), and CYP3A4 were 

implicated in metabolism of ostarine and LGD-4033 across species. 

To expand on the liver-based in vitro tools employed in this thesis, the metabolism of 

SARM compounds ostarine, LGD-4033, and RAD140 by multiple equine tissue microsomal 

and S9 fractions from liver, lung, kidney, and small intestines was investigated by UHPLC-

QTOF analysis. Although it was shown that SARMs are not only metabolised by hepatic but 

also extrahepatic equine tissues, no additional metabolites were produced by extrahepatic 

tissue fractions.  

Administration of SARM compounds ostarine or LGD-4033 to rats at sub-toxic levels 

for 17 days was shown (via two-dimensional difference gel electrophoresis (2-D DIGE) to 

identify differential protein levels with subsequent matrix-assisted laser 

desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis to cause 

a response to the hepatic proteome. Subsequent differential centrifugation of livers into 

subcellular fractions (nuclei, mitochondria, cytosol, and microsomes) and 2-D DIGE 

analysis enabled detection of more subtle changes to the protein levels in response to SARM 

treatment. While all investigated SARM compounds triggered changes to 12 protein spots, 

each compound exhibited a unique response profile. Pathway enrichment analysis revealed 

that identified proteins were mainly involved in metabolic processes related to amino acid, 

carbohydrate and energy metabolism. Several proteins involved in protein processing within 

the endoplasmic reticulum had elevated differential abundances suggesting a potential 

cellular stress response following SARM treatment. 

This thesis describes in vitro strategies and in vitro/in vivo metabolite profiles of key 

SARM compounds in sports, livestock and laboratory species and the in vivo effects of 

SARMs on hepatic protein levels. It is anticipated that the results will help to inform SARM 

metabolite-based screening approaches in veterinary species and provide a better 

understanding of SARMs effects on liver as a key metabolic tissue. 
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Chapter 1: Introduction 
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1.1.   An emerging class of anabolic compounds: SARMs 

Testosterone and anabolic androgenic steroids (AAS) have important anabolic effects, 

however, the lack of tissue specificity leads to several dose-dependent side effects, such as 

increased risk of prostate cancer in men and virilisation in women and children[1–3], often 

preventing their long-term clinical use. Selective androgen receptor modulators (SARMs), 

an emerging class of anabolic agents, have been widely studied as potential therapeutic drugs 

in humans because of their tissue-selective anabolic activities since their discovery in 1998 

by Dalton et al.[4] They act as full androgen receptor (AR) agonists in anabolic organs (e.g. 

muscle and bone) via coactivator recruitment, but act as AR antagonists or weak AR agonists 

in androgenic tissues (e.g. prostate and seminal vesicles) via corepressor recruitment.[5,6] 

They are not substrates for 5α-reductases and aromatases in contrast to testosterone, which 

is converted by these enzymes leading to an undesirable metabolic amplification of 

androgenic or estrogenic functions in off-target tissues. Therefore, SARMs have similar 

anabolic effects to AAS, but with a reduced side effect profile.[6] The mechanistic basis for 

SARM tissue-selective action is not yet fully understood. Several mechanisms such as 

ligand-dependant conformational changes of the AR[7], the varied expression of coactivators 

and corepressors in different tissues[8,9], and distinct genomic and non-genomic signalling 

pathways[10] are likely to contribute to the tissue selectivity of SARMs. 

Despite high specificity for the AR and tissue selectivity, an “ideal” SARM has high oral 

bioavailability and reasonably long half-life (t1/2) that is consistent with daily dosing.[11] 

Advanced modifications to SARM chemical structures improved these properties to achieve 

an ideal pharmacokinetic profile. For example, the structural development of the first 

described non-steroidal aryl-propionamide-derived SARM compounds[4] was based on the 

AR antagonist bicalutamide (Figure 1.1). Notably the sulfone group was replaced by a 

thioether substituent in acetothiolutamide[12], an AR agonist in vitro exhibiting anabolic 

effects but unfavourable short half-lives due to oxidation of the thioether to sulfoxides and 

sulfones.[13] Through replacing the thioether by an ether resulting compounds acted as AR 

agonists in castrated male rats with unprecedented tissue-selective actions.[14] S-1 and 

andarine were identified as the first potent tissue-selective anabolic compounds[15], however, 

both the acetamido group in andarine and the nitro group in S-1 rendered them metabolically 

labile.[16,17] In ostarine the nitro group of S-1 was replaced with a cyano group resulting in a 

metabolically stable SARM compound.[18] To improve the pharmacokinetic and 

pharmacological profiles, SARMs have developed into an increasingly heterogeneous group 
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of compounds with regards to their chemical structure (Figure 1.2) and can be clearly 

categorized into steroidal and non-steroidal structures. The majority of reported SARM 

compounds have a non-steroidal core structure according to which they can in many cases 

be further classified (Table 1.1).   
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Bicalutamide 

AR antagonist 

 

 

 

 

 

Acetothiolutamide 

AR agonist in vitro 

t1/2 26 min (5 or 10 mg/kg iv.)
[13]

 

 

 

 

 

 

Andarine 

SARM 

t1/2 2.88 hours (10 mg/kg p.o.)[17] 

 

 

 

 

 

S-1 

SARM 

t1/2 4.72 hours (10 mg/kg p.o.)
[16]

 

 

 

 

 

 

Ostarine 

SARM 

t1/2 14 ± 3.4 hours (10 mg/kg p.o.)[19]  

 

Figure 1.1 Development of aryl-propionamide-derived SARM compounds: From AR 

antagonists (bicalutamide) to agonists (acetothiolutamide) and metabolically labile 

(andarine, S-1) to stable (ostarine) SARM compounds.[16,17,19] (p.o. = per os; iv. = 

intravenous)  
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LY2452473 ACP-105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Chemical structures of selected SARM compounds   

MK-0733 

GLPG0492 

BMS 564929 

S-40503 JNJ-37654032 

LGD-4033 RAD140 
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Table 1.1 List of selected SARM compounds according to their chemical core structures. 

Compounds in bold have been studied in clinical trials and will be further discussed in 

Section 1.1.1. 

Chemical core structure Representative compounds Ref. 

Steroidal 

MK-0733 [20]
 

S42 [21] 

YK-11 [22,23] 

TFM-4AS-1 [24] 

Non-steroidal 

Aryl-propionamide 

Ostarine (S-22, Enobosarm, GTx-024, MK-2866) [18]
 

Andarine (S-4, GTx-007) [15]
 

S-1 [15]
 

S-9 [14] 

S-23 [25]
 

S-24 [26]
 

C-6 [27] 

Phenylmethanamide MK-3984 [28] 

Hydantoin 
BMS-564929 [29,30]

 

GLPG0492 (DT-200) [31] 

Quinoline PF-06260414 [32] 

Quinolinone 

LGD-2226 [33] 

LGD-2941 [34] 

LGD-3033 [35] 

LG121071 [36] 

Tetrahydroquinoline 

S-40503 [37]
 

S-101479 [38,39] 

S-49288 [39] 

Benzimidazole JNJ-37654032 [40]
 

Indole 

LY2452473 (TT701, OPK-88004) [41]
 

GSK2881078 [42] 

JNJ-26146900 [43,44] 

Tropanole 
ACP-105 [45]

 

AC-262536 [46] 

Imidazolopyrazole  [47,48] 

Pyrrolidinyl-

benzonitrile 

LGD-4033 (Ligandrol, VK5211) [49]
 

SARM-2f [32,50] 

Pyrazoline JNJ-28330835 [51] 

Thiophene  NEP28 [52]
 

Phenyloxadiazole RAD140 [53] 
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1.1.1 SARM compounds in clinical development 

SARMs are compounds that have emerged from human drug development for potential 

clinical applications. Promising SARM compounds from preclinical studies have advanced 

to testing in humans, and numerous clinical trials for SARMs have been completed (Table 

1.2) to investigate their potential use for various conditions including muscle-wasting 

disorders, Duchenne muscular dystrophy, stress urinary incontinence, osteoporosis, and 

breast cancer.[54] Yet, to date no SARM compound has gained clinical approval. 

An aryl-propionamide-derived SARM compound that holds great promise to gain 

approval is ostarine. A phase II clinical trial with 120 healthy elderly men and women 

evaluated four doses (0.1, 0.3, 1, or 3 mg daily) of ostarine for 86 days and showed a dose-

dependent improvement of lean body mass, i.e. muscle, and physical function compared to 

the placebo.[55] While ostarine was generally well tolerated and no effects on hair growth nor 

sebum production in women were observed, alanine aminotransaminase (ALT) fluctuations 

to above the upper limit were observed in eight participants. One of them (3 mg regime) had 

to be discontinued due to the high level of ALT. However, an increase in ALT plasma levels 

may not be linked to drug toxicity but androgen action of the drug in non-hepatic tissue.[56] 

12 weeks of treatment with ostarine (3 mg) or the phenylmethanamide-derived SARM 

compound MK-3984 (50 mg or 125 mg) in postmenopausal women were shown to increase 

lean body mass, however, seven women in the MK-3984 groups discontinued the trial due 

to elevations in liver enzymes.[57] SARM compounds are promising drugs in the treatment 

of breast cancer that express the AR.[58] AR-positive tumours are associated with improved 

overall and disease-free survival rates compared to AR-negative tumours[59] likely due to 

modulating ER signaling and hence supressing metastasis[60]. In postmenopausal women 

with estrogen receptor positive metastatic breast cancer administration of 9 mg ostarine daily 

was well tolerated and showed no drug-related serious adverse effects.[61,62] Upon 

administration of ostarine (1 mg or 3 mg) for 16 weeks, not only lean body mass but also 

stair climb performance and quality of life in patients with cancer cachexia were 

improved.[63] Another study in cancer patients showed that treatment with a daily dose of 1 

mg or 3 mg of ostarine increased body mass with no observed change in prostate specific 

antigen concentration when compared to the placebo group.[64,65] Growth and functions of 

the prostate depend on DHT and its interaction with the AR[66] and higher levels of serum 

free testosterone were linked to an increased risk of aggressive prostate cancer[67]. Therefore, 

prostate specific antigen concentration was measured as specific prostate marker with 
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increased levels associated with prostate cancer.[68] It has been suggested that SARMs form 

a complex of coactivators and -repressors at a cellular level in the prostate that will prevent 

maximal activation of the AR in this androgenic tissue while coactivators facilitate maximal 

activation of the AR in anabolic tissues.[54] In addition, ostarine was administered as daily 

dose of 1 mg or 3 mg to patients with non-small cell lung cancer (NSCLC), colorectal cancer, 

non-Hodgkin’s lymphoma, chronic lymphocytic leukemia or breast cancer.[69] It was well 

tolerated and improved physical function in NSCLC patients. Two phase III studies on the 

effect of ostarine on the prevention and treatment of muscle wasting in patients with cancer 

(POWER) were subsequently initiated. Based upon the first-line chemotherapy, patients 

with stage IV and III NSCLC were either enrolled in POWER 1 (platinum+taxane, n = 

321)[70] or in POWER 2 (platinum+non taxane, n = 320)[71]. At the time of initiation of the 

chemotherapy, patients received 3 mg ostarine once daily for 84 days. Primary endpoints 

were lean body mass and physical function after 84 days. Secondary endpoints looked at the 

overall survival, durability of benefits and quality of life. Overall, whilst ostarine was well 

tolerated, mixed results were obtained for the primary endpoints. Both trials reported an 

increase in lean body mass, however, significant improvement of physical performance was 

only observed in POWER 1.[28,72–74] Two phase II clinical trials investigating ostarine for 

stress urinary incontinence have been completed[75,76] while two other registered phase II 

trials to assess the long-term safety and response were terminated due to a lack of 

efficacy.[77,78] GTx is still evaluating ostarine for treatment of estrogen and androgen receptor 

positive breast cancer[79] and in combination with the monoclonal antibody pembrolizumab 

for use in patients with androgen receptor positive triple negative breast cancer.[80] 

The pyrrolidinyl-benzonitrile-derived SARM compound LGD-4033 has been developed 

by Ligand Pharmaceuticals and is under investigation as VK5211 with Viking Therapeutics. 

When the drug was administered orally (0.1, 0.3, or 1 mg) to healthy young men between 21 

and 50 years for 21 days, it was well tolerated at all doses, showed favourable 

pharmacokinetics and a dose-dependent increase in lean body mass even in this short period 

although muscle performance and physical function were not significantly different from the 

placebo group.[81] A phase II study evaluated the safety, tolerability and efficiency of LGD-

4033 after 12 weeks of treatment in ≥ 65 year-old patients with acute hip fracture with results 

not yet published.[82]  

Administration of 50 mg MK-7033, a steroidal SARM compound, orally twice daily for 

six months resulted in increased lean body mass in women with sarcopenia. Most of the 

increase occurred within the first three months. However, this did not lead to improved 
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strength or physical function when compared to the placebo group. Liver transaminase and 

haematocrit were elevated, which likely suspended further development of MK-7033.[83,84] 

The first-in-human study with the quinoline-type SARM compound PF-06260414 in 

healthy subjects found that it was generally well tolerated.[32] A phase I clinical trial to 

investigate the bioavailability of PF-06260414 upon oral administration in a solid dose 

formulation compared to a nanosuspension was terminated before enrolling subjects.[85] 

The safety, tolerability and pharmacokinetics of the hydantoin-type SARM compound 

GLPG0492 in healthy subjects was investigated in phase I trials with a single ascending oral 

dose[86] of the hydantoin-type SARM and subsequently multiple ascending doses[87] In 

addition, the pharmacodynamics and metabolism of GLPG0492 in healthy male volunteers 

were studied.[88] Results of these studies have not been openly published yet. GLPG0492 is 

still in development for potential treatment of Duchenne muscular dystrophy or other 

neuromuscular disorders.[89]  

GlaxoSmithKline assessed the safety, tolerability, pharmacokinetics and -dynamics of 

GSK2881078[42,90–92], GSK2849466 (structure undisclosed)[93], and GSK971086 (structure 

and study results undisclosed)[94]. The indole-derived SARM compound GSK2881078 was 

well tolerated and had good pharmacokinetic characteristics, which supports further clinical 

development and another phase II trial in patients with chronic obstructive pulmonary 

disease that suffer from muscle weakness has been initiated.[95] GSK2849466 was well 

tolerated as single dose, however, the study was terminated before advancing to repeat 

dosing due to cardiac necrosis in a pre-clinical 13-week rat study.[96]  

Disposition of another indole-derived SARM compound LY2452473 was studied in 

humans by administering a 14C labelled analogue of the drug.[41,97] A phase I trial studied the 

bioavailability of LY2452473 taken orally as 5 mg capsule and 5 mg tadalafil tablet 

compared to three combination tablets with small, intermediate and large particle sizes.[98] 

In a phase II trial the efficacy of LY2452473 with tadalafil to tadalafil alone in volunteers 

with erectile dysfunction was evaluated.[99,100] The idea was to achieve synergistic effects 

when combining an androgen agonist with a phosphodiesterase type 5 inhibitor.[41,101] 

However, the studies showed a lack of efficacy of LY2452473 with tadalafil in erectile 

dysfunction non/partial responders.[101] Transition therapeutics has acquired the rights for 

LY2452473 from Eli Lilly & Company and has renamed the compound to TT701. In 2016, 

the company announced that they will evaluate in a phase II study how save and efficient 

the drug is in improving the life quality of men with prostate cancer after radical 

prostatectomy surgery.[99,102] Transition therapeutics was acquired by OPKO health that kept 
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LY2452473 in its pipeline as OPK-88004 and enrolled patients with benign prostatic 

hyperplasia in a phase II trial, which has been terminated due to variability in the employed 

method for endpoint measurement of prostate volume and increased liver enzymes at higher 

doses (15 mg and 25 mg) in several patients.[103] 

In 2017 a phase I trial for treatment of hormone positive breast cancer with the 

phenyloxadiazole-derived SARM compound RAD140 has been registered with the aim to 

evaluate the drug’s safety, tolerability and pharmacokinetics with results not yet 

available.[104] 

Overall, the results from clinical studies indicate a superior safety profile of SARMs over 

AAS.[6] Generally, they were well tolerated and led to an increase in lean body mass. While 

ostarine is the most advanced SARM clinically with two phase III trials completed, the 

findings from these were insufficient for a new drug application as definite demonstration 

that the increase in lean body mass is associated with an improvement in physical function 

was not achieved.[105] Lessons learned from these trials (e.g. choice of primary endpoints, 

dosage, methodology) are valuable and will help to shape future trials in the field, where 

guidance on regulatory aspects and study design is highly relevant.[106,107] In addition, 

improved understanding of the targeted mechanisms in specific tissues may also help the 

development of SARMs.  

SARM compounds in clinical trials phase of commercial development are routinely 

abused in sports (Section 1.1.2). The information published from clinical trials investigating 

SARM compounds has been used by various Internet outlets to promote SARM compounds 

as safe alternatives to AAS for muscle mass gain to prospective customers potentially 

fuelling their abuse. Therefore, it is imperative for forensic testing laboratories to remain 

informed on the most recent drug and clinical trial research which will enable them to 

anticipate and detect the abuse of emerging substances. Such information was used to inform 

selection of the specific compounds studied in this project (i.e. ostarine, LGD-4033, and 

RAD140 for Chapter 3-7) and the sub-toxic dosage of SARM compounds for 

administration in the in vivo study (Section 3.2.2 and 6.2.2). 

[108]  
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1.1.2 Abuse of SARM compounds as doping agents and strategies for their 

detection in control analysis  

Whether it is in human sports, animal racing or the agricultural industry – where there is 

an incentive to cheat, fraudsters try to circumvent current legislation and monitoring schemes 

to maximize their profits. Besides their clinical potential (Section 1.1.1) SARMs may be 

used by athletes or in the animal sports and livestock industry due to their myoanabolic 

affects. Some athletes may try to gain an advantage by consuming anabolic substances such 

as SARMs to increase muscle mass and hence enhance performance. For the same reason 

these drugs might be administered to sports animals such as horses or greyhounds, whilst in 

food producing animals, anabolic agents improve muscle mass and therefore meat 

production. However, such practices are illegal and combating the misuse of anabolic agents 

poses a major challenge in animal husbandry and sports.  

The prohibited list published and updated annually by the World Anti-Doping Agency 

(WADA) states that anabolic agents including SARMs are prohibited at any time in- and 

out-competition.[109] The WADA also sets international standards for the testing of samples 

and laboratory accreditation.[110,111] In horse racing the International Agreement on 

Breeding, Racing and Wagering (IABRW) published by the International Federation of 

Horse Racing Authorities (IFHA) states that anabolic agents including SARMs are not to be 

administered to racehorses at any time and it specifies requirements for testing 

laboratories.[112] However, the adoption of this guideline depends on the individual racing 

authorities, e.g. Horse Sport Ireland and the British Horse Racing Authority.[113,114] The 

Fédération Équestre Internationale (FEI) is the international governing body for equestrian 

sports and sole controlling authority for all international events enforcing the Equine 

Prohibited Substance List that includes controlled medication and banned substances such 

as several SARM compounds.[115] Accredited horseracing laboratories must adhere to the 

requirements and criteria outlined in the International Laboratory Accreditation Cooperation 

(ILAC)-G7 guidelines to test for prohibited substances.[116] In livestock, council directive 

96/22/EC[117] prohibits the use of all substances that have hormonal (such as SARMs) or 

thyrostatic action and β-agonists for growth promotion. Council directive 96/23/EC[118] 

requires that each member state implements a national residue control plan to monitor 

specified prohibited substances that has to be submitted to the European Commission for 

annual approval. Levels and frequencies of sampling are outlined in Commission Decision 

97/747/EC[119] and analyses of samples can only be conducted by officially approved 
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accredited laboratories using validated analytical methods as outlined in Commission 

Decision 2002/657/EC.[120] Furthermore, European Union reference laboratories function as 

competent authorities to provide analytical support for national reference laboratories and 

provide the Commission with scientific expertise (Regulation (EC) No. 882/2004).[121] 

Together, these documents are part of the current legal framework for controlling the misuse 

of anabolic substances in human sports, horse racing, and food producing animals.  

A new and ever-expanding range of SARMs deriving from drug discovery and 

development processes with potential for abuse emerges on the black market.[122–124] 

Although safety criteria for the approval of new drugs increase and SARMs still lack 

approval for therapeutic purposes, they are readily available on the Internet with the SARM 

compounds andarine, ostarine, and LGD-4033 previously identified in confiscated black 

market products[122–124] and in test purchases from online vendors.[49,125–129] As discussed 

earlier the use of SARMs by athletes or administration to sports and livestock animals is 

prohibited due to their anabolic properties, but cases of abuse of SARMs in athletes and 

horses have been widely reported.[130–133] WADA testing figures reports from 2012-2018 

show a steep rise in Adverse Analytical Findings (AAFs) of SARMs based on analysis of 

urine and blood samples (Figure 1.3).[134–140] In 2012, five samples tested positive for 

SARMs, whereas, in 2013, this figure rose to 13. From 2014 to 2015, the number more than 

doubled again from 15 to 32 - of these, 28 tested positive for ostarine, with two each 

returning positive for LGD-4033 and andarine respectively. The number of samples that 

tested positive for SARMs increased again in 2016 to 39, including 30 samples that tested 

positive for ostarine, six for LGD-4033, two for RAD140, and one positive sample for 

andarine. Another rise was observed in 2017 when 65 samples were tested positive for 

SARMs including 47 samples positive for ostarine, nine for LGD-4033, six for RAD140, 

and three for andarine. In 2018, the number of AAFs of SARMs reached another high with 

77 samples testing positive. Thereof 45 were attributed to ostarine misuse, 26 to LGD-4033, 

five to RAD140, and one to andarine. This observed rise could be due to improvement of 

detection methods and/or an actual increase of athletes taking SARMs. To provide further 

context, the reports show that the overall number of analysed samples from Olympic and 

non-Olympic athletes has steadily risen from 267,645 in 2012 to 344,177 in 2018 while the 

percentage of overall AAFs relating to the overall number of samples fluctuated: 1.19 % 

(2012), 1.31 % (2013), 1.11 % (2014), 1.26 % (2015), 1.60 % (2016), 1.43 % (2017), and 

1.42 % (2018).   
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Figure 1.3 Number of athletes' samples tested positive for SARMs by the WADA (2012-

2018) [134–140] 
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Moreover, the potential use of SARMs in food producing animals, including cattle, for 

increasing muscle growth and decreasing fat mass has been described in several patents, e.g. 

WO2011119544 A1 and WO2014087298 A1 and in a number of scientific publications.[141–

143] Consequently, the free availability of SARMs and the increasing instances of their abuse 

and misuse emphasise the need to study the in vitro and in vivo metabolism of this class of 

emerging anabolic compounds. 

The chemical diversity and ever-expanding range of SARMs poses an analytical 

challenge for control laboratories. Various methods based on hyphenated mass spectrometry 

techniques have been established to monitor either the intact SARM compound(s) or also 

their metabolites as determined from in vivo and/or in vivo drug metabolism studies (Table 

1.3). Hyphenated mass spectrometry instruments such as ultra-high performance liquid 

chromatography-tandem mass spectrometry (UHPLC-MS/MS) or gas chromatography-

mass spectrometry (GC-MS) are especially useful and advantageous tools for monitoring 

illicit drugs because multiple analytes can be detected from complex sample matrices with 

one sample injection. Routine analyses for SARMs are often performed with UHPLC-

MS/MS due to their high sensitivity, selectivity, and specificity. For doping control in 

athletes, dedicated liquid chromatography (LC)-MS/MS methods have been developed for 

aryl-propionamide-[144], 2-quinolinone-[145], tricyclic tetrahydroquinolinone-[146], 

benzimidazole- and bicyclic hydantoin-derived[147] SARMs. Aryl-propionamides were 

analysed by solid phase extraction (SPE) of human urine followed by LC-MS in negative 

electrospray ionization (ESI) mode with simultaneous multiple reaction monitoring (MRM) 

and precursor ion scanning.[144] When human urine samples were analysed after intake of 

andarine, LC-MS was found to give more comprehensive information than GC-MS and is 

therefore the preferred detection method for aryl-propionamides.[148] Benzimidazole- and 

bicyclic hydantoins were analysed with the same strategy as aryl-propionamides in positive 

mode.[147] For detection of 2-quinolinones and tricyclic tetrahydroquinolinones, human urine 

samples were enzymatically hydrolysed followed by liquid-liquid extractions (LLE) and 

analysed by LC-MS/MS in positive ESI in MRM and precursor ion mode.[145,146] Generally, 

MRM mode allowed for lower limit of detections (LODs) of 1-10 ng/mL, whereas, precursor 

ion scans needed 20-50 ng/mL of the compound in urine to produce distinct signals.[149] 

However, precursor ion experiments scan for core ions as part of the drug and therefore, 

additionally allow for the detection of metabolites with the intact product ion and structurally 

similar or modified drugs. In addition, GC-MS methods were established for 2-quinolinones 

and bicyclic hydantoin-derived SARMs.[150,151] Bicyclic hydantoins showed low ionisation 
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with ESI and therefore, GC-MS is preferred over LC-MS.[150] For example, the LOD of 

BMS-564929 with LC-MS was 20 ng/mL, whereas, GC-MS leads to an improved LOD of 

10 ng/mL.[147,150]  

Besides dedicated methods, SARM compounds have also been implemented in multi-

analyte methods. For example, Musenga et al. developed a high-throughput screening 

method for a wide range of prohibited substances, including andarine and ostarine, in human 

urine by LC-high resolution (HR)-MS.[152] Guddat et al. included andarine and one of its 

main metabolites formed by O-dephenylation in a multi-target approach by direct injection 

of human urine samples onto LC-MS/MS.[153] Further, a method for detection of 12 

prohibited substances, including YK-11, in exhaled human breath has been established.[154]  

In general, SARMs are not only at risk of abuse in human sports, but also in equine sports 

and livestock farming due to their anabolic properties. For equine doping control, e.g. a 

method for detecting 100 drugs, including the SARM compounds andarine and ostarine, in 

horse urine was developed using automated on-line SPE coupled to LC-HR-MS.[155] Multi-

target screening methods covering a broad range of prohibited substances including andarine 

and ostarine in equine hair have been established in order to extend detection 

windows.[156,157] Recognizing the need for veterinary control of SARMs in cattle, a major 

food-producing animal, methods for detecting ostarine and andarine by LC-MS/MS in 

bovine urine[141,158,159] and faeces[159] were validated. Another study applied supercritical 

fluid chromatography (SFC)-ion mobility (IM)-MS to validate a method to detect andarine 

and ostarine in bovine urine.[143] Recently, targeted screening methods dedicated to the 

detection of fourteen SARM compounds that is applicable to the analysis of urine samples 

from several species (bovine, equine, canine, murine, human)[160] and bovine muscle[161] 

have been validated.  

By using in vivo and/or in vitro studies, or authentic samples when available (see Section 

1.3), not only the intact drug but also phase I (PHI) and phase (PHII) metabolites (see Section 

1.2) have been implemented in control strategies (Table 1.3). In order to identify previously 

unknown metabolites LC-HR-MS is a popular technique to measure the mass-to-charge ratio 

(m/z) of analyte precursor and product ions with high accuracy.[162,163] In vivo drug 

administration studies serve the purpose to provide authentic specimens such as urine and 

plasma. After a single administration of the drug, samples are collected over an extended 

period of time to help establish an excretion profile of the drug and associated metabolites. 

This helps to demonstrate the applicability of the procedure to the analysis of authentic 

samples obtained after drug administration, provide detection time windows, and appropriate 
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long-term target analytes. For example, in equine urine SARMs S-1, ostarine, and andarine 

were quickly eliminated after three hours and a metabolite that could be detected up to 96 

hours (S-1) and 48 hours (ostarine and andarine) was proposed as target analyte.[164] While 

metabolite monitoring prolonged the detection time for andarine (18 hours compared to 12 

hours) in equine plasma, the main metabolites of ostarine and S-1 had the same detection 

time as the unchanged SARM compounds (96 hours for S-1 and 18 hours for ostarine).[165] 

Moreover, an excretion study of ostarine in bovine showed that faeces had a 500 times higher 

concentration of ostarine than urine and detection of ostarine beyond 21 days after a single 

high oral dose (200 mg/animal) in faeces was possible. Although in vivo samples are the 

gold standard in drug metabolism studies, authentic samples are limited and drug 

administration studies take a lot of time and resources. Alternatively, in vitro metabolism 

experiments of SARMs (Table 1.3) using human, bovine or equine liver microsomes (LM) 

and/or liver S9 fractions (LS9) have been used to generate metabolites (see Section 1.3.2.4 

for microsomes and S9 fractions) that were subsequently implemented into existing control 

procedures, and hence provide potential target analytes for efficient control analyses.  

Altogether, the ease of availability and use, advantageous effects and short detection 

window[164] of SARMs increases their potential for abuse and demonstrate the need for in 

vitro and in vivo SARM metabolism studies to provide appropriate target analytes enabling 

monitoring laboratories to sensitively test for emerging SARM compounds, especially in 

sports and food producing animals. Relating to this context the following sections will 

discuss general aspects of drug metabolism (Section 1.2) and methods for studying drug 

metabolism (Section 1.3) 
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Table 1.3 Strategies for the detection of SARM compounds and associated metabolites in 

humans, sport and food producing animals based on analysis using hyphenated mass 

spectrometry techniques. 

Core structure SARM compounds Species Matrix Metabolites Analysis Ref. 

Method development and validation 

Aryl-propionamide S-1, andarine, S-9, S-24 Human Urine  HPLC-MS/MS [144] 

Andarine Human Urine  UHPLC-MS/MS [166] 

Andarine, ostarine Human Urine  UHPLC-HR-MS [152] 

UHPLC-MS/MS [167] 

Andarine Human Urine O-Dephenyl-andarine HPLC-MS/MS [153] 

Andarine, ostarine, S-23, 
S-24 

Human Urine Ostarine glucuronide HPLC-HR-MS [168] 

S-1, andarine, S-9, S-24 Human  Plasma  UHPLC-HR-MS [169] 

Andarine, S-1 Human Blood  UHPLC-HR-MS [170] 

Andarine, ostarine Equine Urine  UHPLC-HR-MS [155] 

Andarine, ostarine Equine Hair   UHPLC-MS/MS [157] 

Andarine, ostarine Equine Hair   UHPLC-MS/MS [156] 

Andarine, ostarine Bovine Urine  UHPLC-MS/MS [141] 

Andarine, ostarine Bovine Urine  HPLC-MS/MS [158] 

Andarine, ostarine Bovine Urine 

Faeces 

 UHPLC-MS/MS [159] 

Quinolinone 

 

LGD-2226, 3 quinolinone-

derived SARMs 

Human Urine  HPLC-MS/MS [145] 

US 6,462,038 

LG121071 

Human Urine  GC-MS [151] 

LGD-2226, 2 quinolinone-
derived SARMs 

Human Urine  GC-µAPPI-MS [171] 

LG121071 Human Urine  HPLC-HR-MS/MS [172] 

Tetrahydroquinoline 

 

S-40503 Human  Plasma  HPLC-MS/MS [173] 

Tricyclic 

tetrahydroquinolinone-
derived SARMs 

Human Urine  HPLC-MS/MS [146] 

Steroidal YK-11 Human Exhaled 

breath 

 UHPLC-MS/MS [154] 

Aryl-propionamide, 

pyrrolidinyl-
benzonitrile 

Andarine, ostarine, LGD-
4033 

Human Urine O-Dephenyl-andarine, 
O-Dephenyl-ostarine 

GC-HR-MS [174] 

Bicyclic hydantoin, 

quinolinone 

BMS-564929, LGD-2226 Human Urine  GC-MS/MS 

GC-MS 

[150] 

Benzimidazole, 
bicyclic hydantoin 

BMS-564929, JNJ-

37654032, 3 

benzimidazole-derived 
SARMs 

Human Urine  HPLC-MS/MS [147] 

Aryl-propionamide, 

pyrrolidinyl-

benzonitrile, 
quinolinone, 

quinoline, 

hydantoin, 
tropanole, indole 

S-1, andarine, ostarine, S-

6, S-9, S-23, LGD-4033, 

LGD-2226, PF-06260414, 
GLPG0492, BMS-564929, 

AC-262536, RAD140, 
LY3452473 

Bovine 

Equine  

Canine 

Human 

Murine 

Urine 

 

 UHPLC-MS/MS [160] 

Bovine Muscle  UHPLC-MS/MS [161] 

In vivo drug administration studies (* in combination with method development and validation) 

Aryl-propionamide 

 

Ostarine Human Urine PHI, PHII UHPLC-HR-MS(/MS) [175] 

Andarine Human Urine PHI, PHII HPLC-MS(/MS) 

HPLC-MSn 

GC-MS(/MS) 

[148] 
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Table 1.3 continued 

Core structure SARM compounds Species Matrix Metabolites Detection strategy Ref. 

 Andarine, ostarine Human Urine PHI, PHII UHPLC-MS/MS 

GC-MS 

[176] 

Ostarine, S-23 Canine Urine PHI, PHII HPLC-MS/MS [177] 

S-1, andarine, ostarine Equine Urine PHI, PHII UHPLC-HR-MS(/MS) [164] 

S-1, andarine, ostarine Equine Plasma PHI, PHII UHPLC-HR-MS(/MS) [165] * 

Ostarine Bovine Urine 

Faeces 

PHI, PHII 

 

UHPLC-MS/MS [142] * 

Ostarine Bovine Urine PHI (ostarine) UHPLC-MS/MS [141]  

Andarine, ostarine  Bovine Urine Excretion profile 

ostarine 

UHPLC-MS/MS 

SFC-IM-HR-MS 

[143] * 

Pyrrolidinyl-
benzonitrile 

LGD-4033 Human Urine PHI, PHII UHPLC-MS/MS 

UHPLC-HR-MS 

GC-MS 

[178] 

LGD-4033 Human Urine  UHPLC-HR-MS(/MS) 

GC-MS 

[179] 

LGD-4033 Equine Urine 

Plasma 

PHI, PHII UHPLC-HR-MS [180] * 

Phenyloxadiozole RAD140 Human Urine 

 

PHI, PHII UHPLC-MS/MS 

 

[181] 

Tropanole ACP-105 Rat Urine PHI UHPLC-HR-MS(/MS) [182] 

Case studies 

Aryl-propionamide 

 

Andarine Human Urine  HPLC-MS/MS [130] 

Andarine Human Urine Andarine-M  

(O-dephenyl) 

Andarine glucuronide 

LC-MS/MS 

UHPLC-HR-MS(/MS) 

[133] 

Ostarine Human Hair  HPLC-MS/MS [183] 

Andarine Equine Plasma  HPLC-HR-MS [131] 

Pyrrolidine LGD-4033 Human Urine PHI UHPLC-MS/MS 

UHPLC-HR-MS 

[132] 

In vitro studies 

Aryl-propionamide S-1, andarine, S-9, 1 aryl-

propionamide-derived 
SARM 

Human LM 

LS9 

PHI, PHII HPLC-MS(/MS) 

HPLC-HR-MS 

[184] 

Ostarine, S-23 Human LM  PHI, PHII HPLC-HR-MS(/MS) [177] 

Andarine, S-24 Equine LM + 

LS9 

PHI, GLUC HPLC-MS/MS 

HPLC-HR-MS 

[185] 

Pyrrolidine 

 

LGD-4033 Human LM PHI UHPLC-MS/MS 

UHPLC-HR-MS 

GC-MS 

[178] 

LGD-4033 Human LM PHI UHPLC-HR-MS(/MS) [49] 

LGD-4033 Human LM 

LS9 

PHI, GLUC GC-MS(/MS) 

UHPLC-HR-MS 

[127] 

Quinolinone LG121071 Human LM PHI, PHII HPLC-HR-MS/MS [172] 

Steroidal MK-0773 Human LM PHI HPLC-HR-MS(/MS) 

HPLC-MS/MS 

[186] 

Phenyloxadiozole RAD140 Human LM PHI UHPLC-MS/MS [181] 

Aryl-proprionamide, 
Quinolinone 

Andarine, ostarine, S-9, S-

24, bicalutamide, 2 
quinolinone-derived 
SARMs 

Bovine LS9 PHI UHPLC-MS/MS 

UHPLC-HR-MS 

 

[141] 
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1.2.  Drug metabolism 

In principle, biotransformation processes help to eliminate drugs from the body by 

metabolising lipophilic substrates to more hydrophilic products. Generally, metabolic 

reactions can be classified as phase I and phase II reactions. Phase I reactions are also 

referred to as functionalization reactions, introducing or exposing functional groups on the 

chemical structure of the compound on which further phase II reactions can occur. Phase II 

or conjugative reactions modify the compound by attaching groups such as sulfo and/or 

glucuronosyl groups. A thorough understanding of drug metabolism is important to 

determine the pharmacological activity, pharmacokinetics and/or toxicity of the drug and its 

metabolites.  

Phase I reactions typically involve oxidation, reduction and hydrolysis reactions 

catalysed by flavin-containing monooxygenase (FMO), dehydrogenase, esterase, epoxide 

hydrolase, amidase, and most importantly cytochrome P450 (P450) enzymes. Phase II 

reactions include glucuronidation by uridine 5'-diphospho-glucuronosyltransferases 

(UGTs), sulfation by sulfotransferases (SULTs), acetylation by N-acetyltransferases 

(NATs), and methylation by methyltransferases. Except for methylation and acetylation, 

these reactions result in increased water solubility of the metabolites, and besides elimination 

and/or inactivation of a drug, biotransformation can result in activation or toxification.[187,188]  

Most drugs undergo metabolism by several and/or combined pathways at different sites 

of the molecule. Identification of produced metabolites provides crucial information to 

analytical tests for monitoring drugs. Knowledge of drug metabolism, particularly if urine is 

the test matrix, is a crucial prerequisite in order to implement and detect drugs by analytical 

screening methods as the parent compound may not be present or detectable, and its 

associated metabolites have to be monitored instead. This subchapter gives a brief overview 

of common biotransformation reactions of drugs and xenobiotics in mammals and the 

enzymes involved. Several textbooks delve into the topic of drug metabolism to provide a 

more comprehensive overview.[189–191] 
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1.2.1. Phase I metabolism 

1.2.1.1 Oxidations catalysed by cytochrome P450 

Cytochrome P450 (P450) is a superfamily of enzymes containing a haeme prosthetic 

group that catalyse a range of phase I metabolic reactions via oxidation, reviewed by 

Guengerich et al.[192] Besides a hydrocarbon substrate (RH), all these reactions require the 

presence of molecular oxygen (O2), nicotinamide adenine dinucleotide phosphate (NADPH) 

as cofactor, and the mixed-function oxidase system consisting of P450 and NADPH-

cytochrome P450 reductase.[190,193,194] The substrate binds to the P450 haeme in its ferric 

iron Fe3+ state, which causes a substrate-dependent lowering of the redox potential by 

approximately 100 mV[195], e.g. in microsomal systems the redox potential of P450 is 

lowered from -300 to -225 mV upon binding of the substrate benzphetamine[196]. The transfer 

of an electron from NADPH reduces Fe3+ to the ferrous state Fe2+. O2 binds to the Fe2+ 

forming a complex. A second electron from either NADPH-cytochrome P450 reductase or 

cytochrome b5 is transferred to the complex reducing the Fe-O2 adduct to a superoxo state. 

This is the rate-limiting step of the catalysis.[195] Two protons from the surrounding solvent 

break the O-O bond, forming water, and a hydroxylated form of the substrate while the 

enzyme returns to its initial Fe3+ state. 

NADPH-cytochrome P450 reductase is a flavoprotein containing flavin adenine 

dinucleotide (FAD) and flavin mononucleotide (FMN) bound to the cytoplasmic membrane 

of the endoplasmic reticulum and transfers electrons from NADPH to P450.[197] The 

endoplasmic reticulum is a membrane tubular network that crosses the cytoplasm from the 

nucleus membrane to the plasma membrane. FAD is the electron acceptor from NADPH and 

FMN donates electrons to P450.[198,199] Therefore, NADPH-cytochrome P450 reductase is 

essential for the reduction of the P450 haemeprotein, which subsequently binds molecular 

oxygen and oxidises the substrate. 

NADPH-cytochrome P450 reductase not only transfers its electrons to P450 but also to 

the haemoprotein cytochrome b5. Besides NADPH-cytochrome P450 reductase, cytochrome 

b5 and its electron donor cytochrome b5 reductase play an important role in the electron 

transfer to P450[200,201] and it has been shown that the deletion of cytochrome b5 in mice 

significantly affected hepatic and extrahepatic drug metabolism and P450 expression.[202] 

Cytochrome b5 reductase is a flavoprotein containing FAD that can bind and oxidize 

nicotinamide adenine dinucleotide (NADH) to NAD+. The reduced enzyme transfers its 
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electrons to cytochrome b5, which serves as an electron donor for P450 and various 

desaturases that synthesize unsaturated fatty acids. 

P450, NADPH-cytochrome P450 reductase, cytochrome b5 reductase, and cytochrome 

b5, are integral membrane proteins primarily anchored to the cytoplasmic surface of the 

endoplasmic reticulum of eukaryotic cells.[197,203–205] They are widely expressed proteins, 

present in all tissues, most notably in the liver, but also in kidney, lung, and intestines.[206] 

Measurements of NADPH-cytochrome P450 reductase activity, cytochrome b5 content, and 

total P450 content can be used as markers for the integrity of a biological system.[207] Using 

cytochrome c as a surrogate electron acceptor, NADPH-cytochrome P450 reductase activity 

in biological samples can be measured with a spectrophotometer by reducing cytochrome c 

in the presence of NADPH. In this assay, NADPH-cytochrome P450 reductase accepts 

electrons from NADPH, which are passed on to cytochrome c. The reduction of cytochrome 

c results in the formation of distinct bands in the absorption spectrum and increase in 

absorbance at 550 nm over time.[207] The assay is an indirect measure of the NADPH-

cytochrome P450 reductase activity towards P450 as the reduction rate of cytochrome c and 

not P450 is measured. Measurement of the actual NADPH-cytochrome P450 reductase 

reduction rate of P450 requires anaerobic conditions and rapid reaction techniques.[208] 

NADPH-cytochrome P450 reductase may be cleaved by proteolysis and still reduce 

cytochrome c, but not P450, however, proteolytic cleavage may not be significant and the 

cytochrome c reduction rate is a generally accepted surrogate substrate for NADPH-

cytochrome P450 reductase activity measurements.[209] The amount of cytochrome b5 can 

also be determined spectrophotometrically through the absorbance difference of the oxidized 

cytochrome b5 at 410 nm and the NADH-reduced cytochrome b5 by cytochrome b5 reductase 

at 425 nm using a molar extinction coefficient of 185 mM-1 cm-1.[203] 

In 1958, the presence of a carbon monoxide (CO) binding pigment was reported in rat 

liver microsomes, which has a distinctive absorbance maximum at 450 nm.[210,211] Therefore, 

in “P450”, the “P” stands for pigment and “450” refers to the absorbance of the distinctive 

carbon monoxide-bound state of reduced P450. The principle of this characteristic P450 

spectral assay is that when the P450 haemeprotein is reduced to the ferrous form Fe2+ it can 

react with CO to form a stable complex that shows a maximum absorbance at 450 nm. In the 

CO-difference method, both the sample and reference cuvette are reduced with sodium 

dithionite, a baseline is recorded with the reference cuvette, and then the sample cuvette is 

bubbled with CO and a difference spectrum is recorded. The content of total P450 can be 

calculated by the difference between the isobestic absorbance at 490 nm and the Soret peak 
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at 450 nm divided by the molar extinction coefficient of 91 mM-1 cm-1.[203]  This method 

may not be suitable for preparations from non-perfused samples or in liver homogenates due 

to the presence and interference of haemoglobin, and therefore the dithionite (DT)-difference 

method was established whereby both the sample and reference cuvette are bubbled with 

CO.[212–215] As haemoglobin is mostly in its ferrous state to bind oxygen, both the 

haemoglobin in the sample and reference cuvette bind CO and the absorbance of this CO-

haemoglobin complex is compensated for in the difference spectra. A molecular extinction 

coefficient of 104 mM-1 cm-1 is used with the DT-difference method.[214] Although the molar 

extinction coefficients were determined using rat liver preparations, these are generally valid 

for most P450s.[207] 

On the basis of protein sequences, similarities and phylogeny, a common nomenclature 

for P450 genes across all organisms has been established.[216] Each P450 gene is rooted as 

CYP followed by a number associated with the gene family (> 40 % homology), a letter 

linked to the subfamily (> 59 % homology), and a further number designating the isoform. 

The Cytochrome P450 Homepage gives an overview of P450 sequences and nomenclature 

in various organisms.[217] In mammals, CYP1, CYP2, and CYP3 gene families are 

responsible for most drug metabolism[218–221], whereas others are involved in biosynthetic 

pathways (e.g. steroidogenesis and cholesterol biosynthesis). A characteristic of CYP 

isoforms is that they can be induced or inhibited, which plays a major role in the development 

of new chemical entities as it may lead to drug-drug interactions and subsequent failure of 

therapeutics or toxicity.[222] Inhibitors and inducers of human CYPs were reviewed by 

Pelkonen et al.[223] With regards to potential pitfalls in the drug approval process, the 

expression, regulation, and interaction of CYPs has been intensively studied in humans and 

laboratory species, however, drug metabolising enzyme (DME) expression profiling in 

veterinary species is still in its early stages.[224] 

1.2.1.2 Oxidations not catalysed by cytochrome P450 

Like P450, flavin monooxygenases (FMOs) are a family that require oxygen and 

NADPH to catalyse oxidations. FMO is a non-haeme microsomal enzyme localised in the 

endoplasmic reticulum with a FAD prosthetic group that catalyses the oxidation of 

nucleophilic nitrogen- and sulfur-containing xenobiotics. These reactions are not only 

catalysed by FMO, but also P450. In order to distinguish between FMO and P450 catalysed 

reactions and/or assess their relative contribution, CYP activity can be abolished under the 
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addition of 1 % v/v Triton X-100 or over 80 % of FMO activity can be diminished by heating 

microsomes for 1-2 min at 50 °C.[225,226] Mammalian FMOs can be grouped into five families 

(FMO1, FMO2, FMO3, FMO4, FMO5) based upon their amino acid sequence.[227,228] Based 

on FMO mRNA levels, human FMO1 is highly expressed in the kidneys, whereas FMO3 

and FMO5 are primarily expressed in the liver and FMO2 in the lungs. FMO4 was mainly 

detected in liver and kidney. Additionally, small amounts of FMO1-5 were present in the 

small intestine.[229] Although not readily inducible or inhibitable in contrast to CYPs, there 

is also a degree of underlying genetic variability in FMOs.[230] 

Other oxidative enzymes include dehydrogenases, such as aldehyde dehydrogenases as 

well as alcohol dehydrogenases, and aldehyde oxidases. Aldehyde dehydrogenases are a 

group of enzymes that catalyse the oxidation of aldehydes to carboxylic acids. Alcohol 

dehydrogenases are a group of enzymes that catalyse the oxidation of alcohols to the 

corresponding aldehyde. Both enzymes use NAD+ as cofactor and are localised in the 

cytosol[231], whereas no cofactor is required for oxidations catalysed by aldehyde oxidases. 

1.2.1.3 Reductions 

Although most P450-catalysed reactions are oxidations, reductive reactions such as 

reductions of nitro and azo compounds leading to amino derivatives can also be catalysed 

by P450. They are primarily observed under anaerobic conditions unlike the P450-catlaysed 

oxidations. These reactions can also be catalysed by NADPH-cytochrome P450 reductase. 

For example, a nitro reduction metabolite was formed from the nonsteroidal antiandrogen 

flutamide in liver microsomal incubations by NADPH-cytochrome P450 reductase under 

aerobic, and to a greater level under anaerobic conditions.[232] 

1.2.1.4 Hydrolysis 

Various esterases can hydrolyse substrates such as esters, amides, and thioesters.[233] 

Esters may be hydrolysed by plasma esterases (non-specific acetylcholinesterases, 

pseudocholinesterases, and other esterases) or liver esterases (specific esterases). The 

hydrolysis of amides may be slowly catalysed by esterases in the plasma, however, they are 

mainly hydrolysed by amidases in the liver.[234] A notable representative of esterases are 

carboxylesterases (CES), which are located both in the endoplasmic reticulum (ER) and 

cytosol of various tissues including the liver, small intestine, lungs, and kidneys. 
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Carboxylesterases are a mammalian multigene family that based on homology of amino acid 

sequences can be classified into four families: CES1, CES2, CES3, and CES4.[235] 

Epoxides may be hydrated by epoxide hydrolase, which converts the epoxide to two 

hydroxyl group under addition of water. This hydration reaction is a special form of the 

hydrolysis, where water is added without cleaving the compound.[234]  

1.2.2. Phase II metabolism 

1.2.2.1 Glucuronidation 

The uridine 5'-diphospho-glucuronosyltransferase (UGT) superfamily catalyses the 

conjugation of glucuronic acid to a nucleophilic substrate and are involved in the 

glucuronidation of bilirubin, steroids, and xenobiotics. The mammalian UGT gene 

superfamily can be divided into four families, namely UGT1, UGT2, UGT3, and UGT8.[236] 

The tissue distribution of UGTs is similar to CYPs as they are predominantly expressed in 

the liver with some isoforms also present at high levels in the kidneys and intestines 

contributing to significant extrahepatic glucuronidation.[237] They are anchored in the 

membrane of the ER with the active site of the enzyme being localised lumenally.[238] 

Therefore, latency of activity occurs in preparations of the ER (i.e. microsomes), where the 

closed microsomal membranes pose a barrier for diffusion of substrates, cofactors, and 

products to the active side of UGTs.[239] In vitro UGT is activatable, for example by the 

antimicrobial peptide alamethicin isolated from the fungus Trichoderma viride. It inserts 

into the membranes forming pores[240] that remove the latency[241] and allow free diffusion 

of substrate, cofactor, and products without affecting intrinsic membrane structures. 

Endogenous β-glucuronidases are located inside the ER lumen and their presence can lead 

to underestimation of glucuronide formation.[242] In vivo glucuronides are eliminated by the 

kidneys into urine and bile into the small intestine, where they can be excreted by faeces or 

undergo enterohepatic recirculation by β-glucuronidase-catalysed hydrolysis and 

subsequently deconjugated substrates can be reabsorbed in the intestine.[243] The intestinal 

β-glucuronidase was shown to be produced by bacteria rather than native epithelial cells.[244] 

Firstly described in 1952, saccharolactone is frequently used as a β-glucuronidase inhibitor 

within in vitro assays.[242,245] However, it has been shown that saccharolactone may not or 

not significantly alter the rate of glucuronidation and even moderately inhibit it at a 

concentration of 20 mM.[244] 
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1.2.2.2 Sulfation 

Sulfotransferases (SULTs) are cytosolic enzymes that catalyse the transfer of a sulfo 

group from 3’-phospho-adenosyl-5’-phosphosulfate (PAPS) to substrates that contain 

hydroxy or amine groups subsequently forming sulfate or sulfamate conjugates. They are 

expressed in human liver, intestines, lungs, and kidneys[246] and further studies in mice 

showed their expression in other tissues such as the brain, placenta, and gonads.[247] At least 

47 mammalian SULT isoforms have been identified and classified into six families – 

SULT1, SULT2, SULT3, SULT4, SULT5, and SULT6 - based on their amino acid sequence 

similarities.[248] SULT1 and SULT2 are primarily involved in xenobiotic metabolism.[249] 

Generally, sulfations tend be high affinity and low capacity reactions due to the limited 

availability of PAPS[250], whereas UGTs are low affinity and high capacity enzymes. For 

example, in humans paracetamol sulfate reached a plateau after administration of 20 mM 

paracetamol. This saturation was compensated by an increased excretion of paracetamol 

glucuronide in patients administered up to 66 mM of paracetamol.[251] Moreover, SULTs can 

exhibit partial or complete substrate inhibition at high substrate concentrations.[252] Both 

sulfation and glucuronidation form more hydrophilic conjugates of the parent drug and/or 

metabolites, which facilitates their elimination by the kidneys into urine and by bile into the 

gastrointestinal tract, where sulfate conjugates can be excreted into faeces or undergo 

enterohepatic recirculation via hydrolysis by sulfatase present in the gut microflora.[253] 

1.2.2.3 Methylation  

During methylation, methyltransferases catalyse the transfer of a methyl group from the 

cofactor S-adenosylmethionine to substrates with O-, N-, or S-heteroatoms. Methylations 

mainly occur in endogenous metabolism and it is a common but minor biotransformation 

pathway for drugs. Most methyltransferase catalyse specific endogenous substrate groups. 

For example, catechol O-methyltransferases methylate catechols and S-methyltransferases 

methylate thiols. Drugs can be methylated by non-specific methyltransferases found only in 

the lung.[234]  

1.2.2.4 Acetylation 

N-Acetyltransferases (NATs) catalyse the transfer of acetyl groups from the cofactor 

acetyl coenzyme A to aryl amines and are localised in the cytosol of liver, spleen, lung, 

kidney, and intestinal cells.[254,255] In 1995 a consensus nomenclature was established, which 
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has been kept updated since.[256–259] Two NAT enzymes have been documented for humans 

and rabbits, NAT1 and NAT2, while only NAT2 was reported in monkeys. Hamsters express 

two enzymes as well, designated as Nat1 and Nat2, whereas mice express three enzymes 

(Nat1, Nat2, and Nat3). Rats were shown to express Nat2 and Nat3.[259] In humans, rabbits, 

mice, rats, and hamsters genes for N-acetylation have been described as polymorphic 

resulting in different levels of expression amongst individuals.[260] 

1.2.3. Factors affecting drug metabolism 

A huge number of variables are known to influence drug metabolism and enzyme 

activities. Internal factors such as species, genetic polymorphisms, strain, sex, age, hormonal 

status, and physio-pathological conditions (e.g. pregnancy, diseases) and external factors 

such as diet, drug administration, and the environment may affect drug metabolism.[261] For 

example, age dependent differences between the cattle breeds Charolaise, Piedmontese, and 

Blonde d’Aquitaine in females and males have been described showing that breed, age, and 

gender can affect expression of DMEs.[262,263] P450, UGT, and carboxylesterase activities 

showed an age-dependent increase in female horses, whereas glutathione S-transferase 

activity declined with age.[264] 

Several species are relevant in veterinary research (Table 1.4).[265] Therefore, species-

specific differences in the expression of DMEs and metabolism of drugs are of particular 

interest. Differences in pharmacodynamics and -kinetics between species are numerous, and 

this can be due to species defects in certain metabolic reactions (e.g. glucuronidation in 

cats[266], N-acetylation in dogs and guinea pigs[267]) and/or species differences to the relative 

extent of various reactions.[265,268] Even among phylogenetic subfamilies, small differences 

in the gene sequence can alter catalytic specificities and activities.[269] By using substrates 

that are specific for one human isoenzyme, species-differences in catalytic activities were 

reported.[270–272] While investigating different species with this substrate approach, it has to 

be considered that the substrate might be catalysed by a different isoenzyme (change in 

selectivity) or by several (loss of selectivity).[273] Species differences are so profound that 

prediction of results is not possible[272] and drug metabolism should be studied in the species 

of interest. However, a number of factors as mentioned above, such as genetic 

polymorphisms, sex, diet, age and pathophysiological conditions (e.g. pregnancy, diseases), 

may alter the regulation of DMEs within a species and contribute to interspecies differences. 

Also, results from comparison of species will be limited to the strains studied.[274]  
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Table 1.4 Taxonomic classification of some mammalian species of interest in veterinary 

research 

Cohort Order Family 
Representative 

species 

Glires Rodentia Muridae Rats 

 
  Mice 

 Lagomorpha Leporidae Rabbits 

Ferungulata Carnivora Canidae Dogs 

  Felidae Cats 

 Artiodactyla Bovidae Cattle 

   Goat 

   Sheep 

  Suidae Pig 

 Perissodactyla Equidiae Horse 

   Donkey 
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1.3.  Methods for studying drug metabolism  

Drug metabolism studies play a pivotal role in drug discovery[275,276], are a prerequisite 

for developing clinical and forensic screening procedures[277–279] and surveillance schemes 

in sports and food producing animals[279–282]. Different methods are available to study the 

metabolic fate of a drug and the choice of system depends on the research question which a 

study aims to answer and investigate. In addition, ethical and financial factors as well as 

availability of subjects and tissues play a decisive role in the choice of method, with each 

system possessing strengths and limitations, which ultimately govern their applicability. 

This subchapter describes the most commonly employed methods used in drug metabolism 

studies that precede drug surveillance outlining their relative advantages and disadvantages 

and their potential applications. 

1.3.1 In vivo metabolism 

In vivo studies are the gold standard to elucidate the metabolism of a drug and post drug 

administration to the species under investigation, authentic biological samples such as urine, 

blood, faeces, and/or hair may be collected and analysed. Depending on the study design, 

drugs can be administered per os, intravenous, intraarterial, intraperitoneal, intramuscular, 

or via subcutaneous injection, inhalation, topical or ocular as single or multiple doses in 

toxicological relevant concentrations.[283] Administration of radiolabelled drug analogues 

with 14C or 3H in a single dose are common practice in pharmaceutical industry studies. 

Subsequent quantitative whole body autoradiography and ADME/mass balance studies 

provide a comprehensive picture of covalent binding of the drug to macromolecules, 

distribution, rates and routes of excretion.[284] However, radiolabelled materials are often not 

commercially available and preparation thereof is technically difficult, time-consuming, and 

expensive.[285] Moreover, due to the radioactivity these studies are accompanied with 

regulatory issues and ethical concerns and additional precautions have to be taken when 

handling acquired samples.  

Blood and urine are the typical biological matrices samples and analysed during drug 

surveillance procedures. Drugs can be detected in blood just after intake prior to metabolism 

and filtration and it is the sample of choice for quantification purposes. However, urine is 

often the preferred sample of choice for screening as drugs are detectable longer than in 

blood and urine contains more metabolites, which provide further evidence of drug use. Hair 

samples can provide information on presence of drugs over an even longer period of time 
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compared to urine and long-term detection of testosterone in horse hair samples highlight 

the use of hair as complimentary matrix to urine and blood.[286] Interestingly, higher 

concentrations of β-agonists have been observed in black than in white hair of heifers.[287,288] 

Before GC-MS analysis, enzymatic or acid hydrolysis of urine samples is necessary prior 

to extraction to hydrolyse phase II metabolites.[289] Different deconjugation protocols exist 

and have been extensively studied especially for steroids.[290] For enzymatic hydrolysis, 

urine samples are incubated with β-glucuronidase from Escherichia coli or Helix pomatia, 

or β-glucuronidase/arylsulfatase from Helix pomatia. Enzymatic hydrolysis with 

arylsulfatase may not sufficiently cleave sulfate conjugates as in the case of 19-

nortestosterone-17β-sulfate, which requires further cleavage by chemical hydrolysis using 

sulfuric acid in ethyl acetate and methanol.[291] Enzymatic hydrolysis is a gentle but time-

consuming method and preferred in metabolism studies, whereas acid hydrolysis is more 

rapid and preferred for systematic toxicological analysis.[289] The possibility of artefact 

formation with both methods has to be considered to avoid misleading results.[292,293] 

Deconjugated phase II as well as phase I metabolites are derivatised to improve their gas 

chromatographic characteristics.[289] The hydrolysis leads to deconjugation of sulfate and 

glucuronide moiety resulting in a loss of information on phase II metabolites. Phase II 

metabolites are directly detectable with LC-MS for which urine samples are prepared 

without hydrolysis.[277] Hydrolysis of samples is also employed prior to LC-MS analysis 

where the method of choice is based on the detection of the deconjugated drug and/or 

metabolites.[294,295]  

Metabolites, which are detectable for a longer duration, make more effective targets for 

drug testing. Excretion studies can help to establish such long-term metabolites and expand 

detection windows. For example, long-term metabolites for the AAS metandienone, namely 

18-nor-17β-hydroxymethyl-17α-methylandrost-1,4,13-triene-3-one[296], methyltestosterone, 

namely 17β-methyl-5α-androstan-3α,17α-diol 3α-sulfate[297], methasterone, namely 18-nor-

17β-hydroxymethyl-2α, 17α-dimethyl-androst-13-en-3α-ol-ξ-O-glucuronide[298],  and 

oxandrolone, namely 17β-hydroxymethyl-17α-methyl-18-nor-2-oxa-5α-androsta-13-en-3-

one and 17α-hydroxymethyl-17β-methyl-18-nor-2-oxa-5α-androsta-13-en-3-one, were 

identified by analysing post-administration human urine samples. Sulfate and glucuronide 

long-term metabolites show the importance of studying phase II metabolism and including 

them as targets in screening approaches. 

Due to ethical reasons, laboratory animals commonly serve as replacement in vivo 

models for human metabolism studies. However, findings from such studies may not always 
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correlate to actual drug metabolism in humans due to species-related differences. Humanized 

mice are a promising in vivo model to overcome such issues whereby transgenic mice with 

overexpressed homozygous urokinase-type plasminogen activator (uPA+/+) and severe 

combined immune deficiency (SID) are bred. The induced conditions of severe chronic liver 

disease by overexpression of uPA and immunodeficiency allow the transfer of human 

hepatocytes without rejection to this model.[299] In doping control research, metabolism of 

steroids in human liver uPA+/+-SID mouse chimeras showed close resemblance to human in 

vivo or in vitro metabolism and detection methods for AAS were established based upon 

results.[300–305]  

In the UK any research involving animals must comply with the Animals (Scientific 

Procedures) Act 1986.[306] Besides an establishment and personal licence, the work has to be 

approved by a project licence before experiments commence. However, in vivo studies can 

be hard to justify for emerging drugs of abuse when there is limited available information 

on the drugs’ safety profile. Furthermore, for animal studies appropriate approved facilities 

as well as experienced personnel are needed. In addition, relatively large amounts of the drug 

may be needed, especially when studies are carried out in larger animals such as cattle or 

horses. This makes in vivo studies a time-consuming and expensive approach. Furthermore, 

in vivo studies cannot differentiate between hepatic, renal, pulmonary or intestinal 

biotransformation. In an effort to reduce, refine, and replace animal experiments, regulatory 

agencies such as the U.S. Food and Drug Administration encourage the investigation of drug 

metabolism and potential drug-drug interactions using in vitro approaches.[307]  
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1.3.2 In vitro methods for assessment of drug metabolism 

In vitro strategies represent a rapid and cost-effective method to draw initial conclusions 

about the metabolic fate of a drug and potential target analytes in drug surveillance, 

particularly when in vivo studies are ethically and financially hard to justify for emerging 

drugs. These strategies can be used to help elucidate metabolite structures as well as identify 

targets for control using hyphenated mass spectrometry techniques. Furthermore, 

determination of drug metabolites’ chromatographic retention times and mass spectrometric 

behaviour facilitates further method development. Although in vitro studies cannot fully 

replace in vivo studies, they can help to reduce and refine in vivo experiments. Additionally, 

the use of in vitro strategies can provide mechanistic insights into metabolic pathways, e.g. 

specify the enzyme(s) and/or tissue(s) involved in the reaction – this information cannot be 

gained by analysing typical samples such as urine and blood obtained from in vivo 

studies.[308] 

Drug metabolism and toxicity are closely linked to the liver, hence, in vitro models are 

typically liver-based and in vitro experiments to characterise the metabolic fate of a drug are 

primarily performed using cellular systems, tissue fractions or recombinant isoenzymes. As 

a rule of thumb, the more complex in vitro systems have a lower throughput and higher cost. 

1.3.2.1 Isolated perfused organs 

The preservation of the full organ structure in isolated perfused organs makes it the most 

complete in vitro system. Isolation and perfusion techniques for organs and their applications 

have been described.[309] In experiments with isolated perfused liver, the perfusate, bile and 

liver tissue can be analysed.[309,310] Bile canaliculi are functional, which therefore makes it a 

good model for bile collection and analysis.[310,311] As it is a very costly, time-consuming 

low-throughput technique, it is not a viable option in control analysis considering the 

substantial number of emerging drugs of abuse, limited availability of organs, and extensive 

size of such organs in larger animals. 

1.3.2.2 Organ slices 

Precision-cut organ slices represent a multicellular three-dimensional (3-D) in vitro 

model that closely mimics the in vivo biomicroarchitecture of the tissue with all cells 

preserved in their natural arrangement. Following preparation of cores from tissues using a 

coring tool, precision slices are cut with a tissue slicer, e.g. Krumdieck, and cultured.[312,313] 
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Preparation and incubation procedures have been described for tissues from rats and 

humans.[314] Cell viability and corresponding enzyme activities decrease over time and when 

incubated intestinal and liver slices showed to be viable for 24 and 96 hours, respectively.[313] 

Due to the limited cell viability, the use of organ slices is restricted as they rapidly deteriorate 

upon culturing. It has been shown that only slices from livers classified as high quality can 

be cold- or cryopreserved[315], however, with an optimised cryopreservation procedure, 

cryopreserved and subsequently cultured slices retained 60 to 90 % biotransformation 

capacity of fresh livers.[316] Some issues of viability, e.g. cell degradation and accumulation 

of waste products, have been addressed with the incorporation of organ slices in microfluidic 

devices to continuously deliver nutrients and oxygen, and remove waste products.[317]  

Organ slices have been used for various purposes in drug metabolism research. For 

example, liver slices in combination with intestinal slices adequately predicted the in vivo 

drug metabolism of three drugs in development.[318] Intestinal slices were shown to be a 

useful tool to asses drug metabolite formation by intestinal DME.[319,320] Moreover, rat organ 

slices were capable of predicting in vivo metabolic clearance of model substrates.[321] Cattle 

liver slices were used to assess the biotransformation and additionally, transcriptomic effects 

of testosterone[322] and/or dehydroepiandrosterone[322,323] using a yeast androgen screen, an 

assay where the human AR is recombinantly expressed in yeast to investigate AR ligands. 

A microfluidic approach using liver and intestinal slices was suggested to assess interorgan 

interactions in drug metabolism.[324] 

1.3.2.3 Isolated primary cells 

Hepatocytes account for over 60 % of all liver cells and 80 % of the liver volume[325] and 

are recognised as the cells within the liver where metabolism primarily occurs. Procedures 

for the isolation of primary hepatocytes from human[326], horse[327,328], cattle[329–331], goat[330], 

rat[332,333], and pig[334] liver tissue have been described inter alia. In general, hepatocytes can 

be isolated from fresh intact liver tissue by perfusion with a calcium-free buffer followed by 

a buffer containing collagenase. Following collagenase digestion the remaining suspension 

of single cells can be used fresh or cryopreserved followed by direct use in suspension[335], 

or plating in monolayer or sandwich culture[336]. After hepatocytes have been isolated, their 

viability is limited, and dedifferentiation accompanied by loss of functionality occur over 

time. Cryopreservation may be accompanied by a loss of cell viability, and in suspension 

cells are only viable for a very limited time (hours), whilst they can be used for a longer 
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period (days) when cultured.[337] For short-term studies, monolayer cultures are sufficient 

but to study various aspects of drug metabolism over a prolonged period, the use of the 

sandwich culture is the most convenient model.[338] Different culture techniques, such as 

coincubation of collagen with heparin[339], micropatterned coculture with fibroblasts[340], 

coculture with liver sinusoidal endothelial cells[341], and use of microfluidic devices[342], 

maintain cell functions for prolonged periods. Furthermore, various more sophisticated 3-D 

cell culture approaches, such as 3-D membrane reactors[338], spheroids consisting of 

hepatocytes, non-parenchymal cells, and extracellular matrix[343,344], and 3-D hepatic 

microtissues[345] have shown promising results. Human cell lines are more stable and their 

use overcomes the issue of limited lifetime associated with primary human hepatocytes, 

however, they express DMEs at very low levels or not at all.[346,347]   

Freshly isolated hepatocytes closely mimic in vivo metabolism processes as they possess 

a complete set of DMEs and cofactors at physiological concentrations. Furthermore, the 

influence of membrane transport proteins such as the apical/canicular transporters P-

glycoprotein and multidrug resistance-associated protein 2 (MRP2) as well as 

basolateral/sinusoidal transporters (MRP3 and MRP4) can be studied.[348] Therefore, they 

represent a valuable in vitro system to derive the clearance[349] and metabolic profiles, 

quantitatively[350] and qualitatively[318,351], that can closely reflect actual in vivo metabolism. 

For example, with primary hepatocytes as in vitro model the metabolism of AAS in 

cattle[352,353] and humans[354,355] was predicted. In addition, cattle primary hepatocytes were 

used in an multiparametric approach to not only determine the metabolism of AAS, but also 

to investigate their effect on DME expression and regulation as well as cytotoxicity.[356]  

To conclude, cellular systems are inherently dynamic models in a constant state of 

change retaining liver and/or cell structures only for a limited time. Samples are generally 

taken from one individual and batches can highly vary due to the interindividual variability 

among the donors. Furthermore, variability can also derive from how tissues are processed 

and maintained. Therefore, morphological, biochemical and functional parameters have to 

be extensively characterised.  
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1.3.2.4 Tissue fractions 

Although perfused livers, liver slices, and isolated primary hepatocytes are the closest in 

vitro models to actual in vivo metabolism and describe a very comprehensive picture, their 

preparation and use is difficult as the viability of these models is only given for a limited 

period. Consequently, only a small number of experiments can be performed with one animal 

liver sample in a short time. Similar to intact hepatocytes, tissue fractions contain a wide 

spectrum of metabolic phase I enzymes such as P450s and/or phase II enzymes including 

UGTs and SULTs (Table 1.5), but no longer within living cells. For this reason, cofactors 

must be added to the respective incubation mixtures to initiate required reactions and the 

donor substrates for conjugation reactions are UDPGA for glucuronidation, PAPS for 

sulfation and acetyl CoA for acetylation, and NADPH and magnesium chloride for NADPH-

dependent metabolism. The two coenzymes NADPH-cytochrome P450 reductase and 

cytochrome b5 as described in Section 1.2.1.1 are present at physiological levels.  

Tissue fractions can be isolated through homogenization of tissue to break-up cells 

followed by differential centrifugation. This centrifugation approach is based on size (µm) 

and density of the particles in the homogenate (g/mL), where larger and denser particles 

pellet at lower centrifugal forces than smaller and less dense particles. For example, nuclei 

have a size of 16-144 µm and a density of > 1.30 g/mL in a sucrose gradient. They sediment 

at low centrifugal forces between 500 and 1000 × gmax, while mitochondria have a size of 

0.16-6.3 µm, a density of 1.17-1.21 g/mL in a sucrose gradient and typically sediment at 

higher centrifugal forces between 3000 and 15 000 × gmax.
[357] For in vitro drug metabolism 

studies, subfractionation procedures are normally based on the presence of different DMEs 

(Table 1.5).  

Homogenization leads to the disruption of the cell surface membrane and release of 

cytosol and internal organelles, including nuclei, mitochondria, lysosomes, and peroxisomes 

in an intact form, while the sheets and tubules of the ER (both rough and smooth) are 

disrupted by homogenization and fragment into small closed vesicles called microsomes.[358] 

Figure 1.4 shows the vesiculation of sheets and tubules from the ER to microsomes when 

tissue is homogenized.[359] Microsomal vesicles can vary in size, density and surface 

charge[360]  and despite such  heterogeneity can be recovered in a relatively pure and high 

yield.[357] The outside of the microsomal membrane corresponds to the cytoplasmic surface 

of the ER.[360] 
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Table 1.5 Selection of metabolic enzymes in liver subcellular fractions 

Metabolic Enzymes Microsomes S9 fractions Cytosol 

Aldehyde oxidase  x x 

CES x x x 

CYP x x  

FMO x x  

Epoxide hydrolase  x (microsomal-bound) x x (soluble) 

NAT  x x 

Methyltransferase x x x 

SULT  x x 

UGT x x  
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Figure 1.4 Fragmentation of the ER during homogenization 
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The supernatant that is obtained after homogenization and a single medium-speed 

centrifugation at ≥ 9000 × g is denoted as the S9 fraction. 9000 x g is the centrifugal speed 

originally used for its preparation, however, a higher centrifugal speed can be employed in 

in an effort to obtain cleaner preparations (usually 12 000 to 15 000 × g). After 

centrifugation, the floating-lipid layer is removed with the remaining supernatant consisting 

of microsomal and cytosolic enzymes, whilst the pellet consisting of cells, mitochondria, 

and nuclei is discarded. The S9 fraction contains a complete set of both phase I enzymes, 

such as P450 and FMO, and phase II enzymes, such as SULTs and UGTs. These 

characteristics make it a good in vitro system to investigate phase I as well as phase II 

metabolic profiles. More types of enzymes are present in S9 fractions compared to 

microsomes and the cytosol, however, metabolites might be produced at lower 

concentrations with S9 fractions than with microsomes or cytosol due to a lower content of 

specific enzymes, e.g. microsomes typically have a higher P450 content and cytosol a higher 

SULT content than S9 fractions.  

Microsomes can subsequently be attained as sediment after a second centrifugal step at 

≥ 100 000 × g. Microsomal preparations are a mixture of membranous elements and 

ribosomes or polysomes present either as separated entities or complexes derived from the 

ER[361] and contain P450s, FMOs, and UGTs (Table 1.5). These enzymes are enriched in 

microsomes and certain metabolites may therefore be generated at higher concentrations 

with microsomes compared to S9 fractions.  

The supernatant of the 100 000 × g centrifugation step represents the cytosol containing 

soluble metabolic phase II enzymes at higher concentrations than in the S9 fraction, but they 

do not contain UGTs. Whilst in vitro studies do not commonly employ incubations with the 

cytosol, it can however be a useful tool when studying pathways that involve N-acetylation 

and/or sulfation. 

Normally, tissue fractions are pooled from several donors to avoid interindividual 

variability and obtain a representative sample of a population. By selecting the pool of 

tissues, preparations can be tailored to study specific metabolic differences, for example, 

relating to gender (male compared to female pool), age (e.g. young versus middle-aged 

versus elderly pool) or species. Typically, characterisation of tissue fractions includes 

quantification of total P450 and cytochrome b5 content, determination of NADPH-

cytochrome P450 reductase activity, and quantitation of metabolic activities with specific 

probe substrates. Relative levels of CYP isoenzymes can be quantified by western blot 

analysis.[362] Several experimental variables including organic solvent[363], buffer type, pH, 
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ionic strength, cofactors and supplements, substrate concentration, protein concentration[364], 

incubation time[365], and sample preparation affect outcomes (personal observations) and are 

chosen depending on the research question.  

For equine doping control applications, in vitro incubations can be used instead of in 

vivo post-administration samples due to a revision of the ILAC-G7 guidelines in 2009.[116] 

Scarth et al. compared the in vitro phase I metabolites generated by horse liver microsomes 

or S9 fractions of eight banned substances (acepromazine, azaperone, celecoxib, fentanyl, 

fluphenazine, tripelennamine, mepivacaine, and methylphenidate) to deconjugated post-

administration samples from previous in vivo studies (acepromazine, azaperone, celecoxib, 

fentanyl, and fluphenazine), previous case reports (tripelennamine and mepivacaine), and 

the available literature (methylphenidate). The study concluded that at least two major in 

vivo metabolites were found to be generated in vitro and recommended the use of in vitro 

technologies in equine drug surveillance.[366] Furthermore, the in vitro phase I metabolism 

of stanozolol was studied using horse liver microsomes as well as liver and lung S9 

fractions.[294] In addition, eight designer steroids were incubated with liver microsomes or 

S9 fractions from the horse. Following LC-HR-MS, LC-MS/MS, and GC-MS analysis, 

phase I metabolites were found to be formed in both fractions in similar abundances, 

however, a number of metabolites could only be detected in samples derived from S9 

incubations and not from microsomal ones. Therefore, the use of both microsomal and S9 

liver fractions was recommended.[295] Equine liver S9 fractions have also been described as 

a useful tool in producing phase II metabolites of drugs and facilitating the development of 

LC-MS assays based on intact metabolites omitting the hydrolysis step in sample 

preparation.[367] More recently, homogenized horse liver has been successfully employed as 

an alternative to microsomes and S9 fractions to study the in vitro phase I metabolism of 

five anabolic agents by GC-MS, the phase II metabolism of 17β-estradiol, morphine, and 

boldenone undecylenate as well as the phase I metabolism of tamoxifen and toremifene by 

LC-HR-MS.[368–370] 

Tissue fractions have also been used in investigating the metabolism of steroids and 

steroids in cattle. Using cattle liver S9 the in vitro formation of prednisolone from 

endogenous levels of cortisol was demonstrated and based on the mean of prednisolone in 

100 bovine urine samples a threshold level of 5 µg/L was recommended.[371] Cattle liver S9 

were also used to bioactivate dehydroepiandrosterone with subsequent use of an androgen-

activity yeast bioassay to screen for hormonal activity in resulting extracts.[372] Moreover, 

putative urinary markers for 17β-boldenone and boldione treatment were proposed based on 
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the results of in vitro incubations of compounds with bovine liver and kidney homogenate, 

S9 fractions, and microsomes.[373]  

As described in Section 1.1.2, liver microsomes and S9 fractions are routinely used in 

human doping control for in vitro experiments to study metabolism and establish detection 

methodologies by determining retention times and studying mass spectrometric 

fragmentation patterns.  

For reaction phenotyping, chemicals that selectively inhibit CYP isoenzymes can be 

added to the incubation mixture to identify the enzymes that are mainly responsible for 

metabolising the drug by comparing to incubations without the inhibitor added. A reduced 

production of metabolite following incubation with a particular inhibitor suggests that the 

inhibited isoform is involved in the metabolism. Various inhibitors that selectively inhibit 

specific human, rat, monkey, and dog CYP isoenzymes have been described.[374] A lot is 

known about the specificity of chemical inhibitors toward a range of different human 

P450s[223] and first steps have been taken to identify similar enzymes in other species using 

this chemical inhibitor approach as tested for stanozolol in equine. This study showed that 

ketoconazole, primarily a CYP3A4 inhibitor, and quercetin, primarily a CYP2C8 inhibitor, 

inhibited the metabolism of the major metabolites 16α- and 16β-hydroxy-stanozolol.[294] 

However, this does not mean that a homologous isoenzyme exists and/or is involved nor that 

an analogous isoenzyme does not exist and/or is involved in the horse. Also, at this point it 

is not possible to assess the selectivity and sensitivity of inhibitors towards certain isoforms 

in these species.  

Tissue fractions are easy to prepare from fresh or frozen tissues and straightforward to 

use providing a level of convenience for systems intended for routine use. They can be 

conveniently stored at - 80 °C for years, freeze/thaw cycles do not significantly lead to a loss 

in enzyme activities[375], and they are cheaper to use compared to other in vitro models. 

However, tissue fractions are not a complete system and are therefore not fully representative 

of the in vivo situation. Whilst the absence of proteins and/or cofactors means certain 

metabolic reactions may/or may not be observed and their use in the extrapolation of 

quantitative measurements to replicate in vivo biotransformation may be limited, tissue 

fractions are a suitable in vitro model to rapidly predict phase I and II metabolism of 

emerging anabolic drugs in sports and food producing animals. 
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1.3.2.5 Heterologously expressed drug metabolizing enzymes  

In addition to the chemical inhibitor approach, the use of recombinant metabolic 

enzymes provides an excellent way to identify the isoenzymes (CYPs, UGTs) involved in 

metabolic reactions (reaction phenotyping) and to study the kinetic profiles of the 

metabolites formed by specific isoenzymes in isolation. As only a single isoenzyme is 

represented, the metabolic contribution of other enzymes is not shown, and therefore, this in 

vitro system is often used in addition to others after the apparent metabolic pathway has been 

determined. Heterologously expressed drug metabolizing enzymes can be produced from 

complementary DNA (cDNA) cloning using a number of approaches. Commonly used 

expression systems include bacterial (Escherichia coli), fungal (Saccharomyces cerevisiae), 

insect cell expression (baculovirus-driven) and mammalian expression (e.g. V79 cells)[376] 

and Yun et al. has reviewed each system’s advantages and disadvantages[377]: The use of 

bacterial expression is a cheap, easy and fast approach but cannot replicate the same post-

translational modifications, which can affect protein folding and functioning. Yeast offers 

similar advantages but with a closer resemblance to mammalian cells. In baculovirus 

expression, a polyhedrin promoter drives expression to high yields and it is easy to scale up. 

However, it is time and labour intensive. Mammalian expression offers the best 

representation of wild-type protein, however, it is an expensive approach. NADPH-

cytochrome P450 reductase and cytochrome b5 are present at endogenous levels in 

mammalian and yeast host cells, whereas, they are not present in bacteria and baculovirus. 

They can be coexpressed with the CYP enzyme. The isoenzymes are not expressed to the 

same level as in normal cells and as a result have to be normalised. In general, all systems 

require substantial technical expertise and time to develop and use.  

Despite advances in molecular biology and genome sequencing, the myriad of equine[378–

382], bovine[383], and pig[384] isoenzymes is only partly characterised yet and isoenzymes are 

not commercially available. Establishing which isoenzymes are responsible and/or dominant 

for metabolite formation is therefore difficult. As described in the previous subchapter, using 

chemical enzyme inhibitors that are known to be selective for particular isoforms in other 

species within tissue fraction incubations represents an alternative approach.  
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1.3.3 Alternative approaches in drug metabolism studies 

Typically, reference material of metabolites of emerging anabolic drugs are not 

commercially available. For this reason, electrochemistry has been used for simulation of 

drug metabolism and synthesis of metabolites in doping research.[385,386] As most 

biotransformations are redox reactions, they can be mimicked using electrochemistry, most 

commonly coupled to ESI-MS or LC-ESI-MS, to detect and identify produced 

metabolites.[387] Moreover, electrochemistry can be used to synthesise metabolites at a 

preparative scale that is sufficient for subsequent nuclear magnetic resonance (NMR) 

analysis and further use.[388] 

Microorganisms can be used as microbial models of mammalian biotransformation.[389] 

For example, the fungus Cunninghamella elegans (C. elegans) has a broad spectrum of 

DMEs[390] and therefore serves as a tool to produce metabolites similar to those observed in 

mammals.[391] C. elegans has been used to produce relevant human[392,393] as well as 

equine[392,394,395] phase I and II drug metabolites for doping research purposes with yields of 

metabolites high enough for NMR analysis and subsequent use as reference material.[396,397] 

Various computational models that can predict potential metabolites are available in the 

form of web services, free, or commercial softwares, which have been comprehensively 

described by Kirchmair et al.[398] For example, METEOR is a commercially available 

software that predicts phase I and II metabolites of xenobiotics based on knowledge and 

rules. However, it tends to produce false-positives by over predicting metabolites in 

comparison with in vivo observed metabolites.[399,400] Previous studies have observed that 

results can vary significantly across computational models.[400] For example, predictions 

from MetaSite, which is another commercial software that predicts the probability of 

metabolic sites to undergo metabolic phase I modifications, were found to be more precise 

albeit less sensitive when compared to results with METEOR.  
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1.4.  Objectives 

Forensic testing of illicit drug use in sports and food producing animals is facing an 

increasing challenge to screen for novel anabolic drugs emerging from human drug 

development. One class of anabolic agents are SARMs that have received growing attention 

relating to their use for potential therapeutic applications. Compared to current therapies 

with testosterone or synthetic AAS, SARM compounds exhibit a favourable 

pharmacological profile demonstrating full anabolic activities in target tissues such as 

muscle and bone but reduced androgenic activities in other tissues such as prostate, heart, 

and liver with the underlying molecular mechanisms for dissociation of the anabolic and 

androgenic activities remaining unknown. Although several SARM compounds have been 

the subject of various human clinical trials, they still lack pharmaceutical approval. Daily 

oral delivery makes administration of SARMs easy whilst extensive metabolism and/or 

quick excretion from the body make their detection challenging. Such ease of use and 

availability over the Internet, advantageous effects, and short detection windows increase 

their potential for abuse and demonstrate the need to develop more advanced control 

screening methods for monitoring of emerging SARM compound use. Knowledge of SARM 

metabolism, particularly where urine is the test sample matrix, is a crucial prerequisite in 

order to establish appropriate target analytes as the parent compound might not be present 

or detectable, and compound metabolites have to be monitored instead. Using compound 

metabolites as additional target analytes besides the intact parent compound in screening 

methods may be beneficial for several additional reasons. Detection of a metabolite can 

corroborate a positive finding confirming SARM exposure and exclude potential 

contamination of a sample. Furthermore, metabolites have been shown to have extended 

detection windows (Sections 1.1.2 and 1.3.1) making it possible to detect drugs for a longer 

time after initial administration. Therefore, the overall aim of the thesis was to investigate 

the in vitro and in vivo metabolism of key SARM compounds to advance forensic testing 

based on drug metabolite profiling and to provide a better understanding of their 

physiological effects. In vivo drug administration studies can help to elucidate metabolic 

pathways, establish excretion time profiles of SARM compounds, and investigate the drug 

response, whereas in vitro tools can be used as alternative approach to produce SARM 

metabolites supporting efforts to reduce, replace, and refine animal experimentation.  

Given the large number of SARM compounds emerging from drug development and the 

need to establish analytical targets, monitoring laboratories require a workflow for 
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metabolite generation and identification in relevant species (e.g. sports and food producing 

animals) that is suitable for even higher throughput than is presently available. Whilst, on 

the one hand larger scale in vivo studies are too time- and resource-consuming, on the other 

hand in vitro systems for metabolite generation such as liver microsomes and S9 fractions 

are not commonly commercially available for sports and food producing animals and the 

production thereof is tedious. To address this issue, work in Chapter 2 aimed to assess the 

potential use of liver homogenates as an alternative in vitro approach to rapidly produce 

metabolites in place of S9 fractions and microsomes which can be adopted by testing 

laboratories to enable quicker incorporation of drug metabolites as target analytes into 

existing screening methods. For this purpose, several fractions including crude 

homogenates, homogenates, S9 fractions, and microsomes isolated from livers of cattle 

(which was chosen as representative and relevant species) were incubated with aryl-

propionamide SARMs (S-1, andarine, and ostarine) and analysed by UHPLC-quadrupole 

time of flight (QTOF) MS to compare the formation of phase I and II metabolites by 

differently prepared fractions.  

Generated drug metabolite profiles are often distinct to individual species (Section 

1.2.3), adding to the complexity of detecting SARM abuse in various relevant species such 

as sports animals (i.e. horses) and food producing animals (i.e. cattle, pigs). Consequently, 

the objective of Chapter 3 of this thesis was therefore to compare and identify the in vitro 

generated metabolites of SARM compounds ostarine, LGD-4033, and RAD140 in a variety 

of relevant species (horse, cattle, pig, and rat) in order to provide insights into shared and 

species-specific mammalian metabolism pathways. For this purpose, species-specific liver 

microsomes (alone or in combination with S9 fractions) were used for the generation of 

phase I and II metabolites of SARM compounds respectively, and metabolite analysis 

performed using UHPLC-ion mobility (IM)-QTOF MS. Moreover, generated metabolites 

from incubations with rat liver fractions were compared to rat urinary metabolites following 

in vivo administration in an attempt to characterise the direct relationship between findings 

from in vitro and in vivo drug metabolism experiments. This work aimed to provide a panel 

of SARM metabolites that can be subsequently included by laboratories for species-specific 

screening improving upon existing methods. To advance this initial investigation on 

interspecies differences in SARM compound metabolism further, Chapter 4 aimed to 

identify the CYP isoenzyme(s) responsible for catalysing the formation of ostarine and 

LGD-4033 phase I metabolites in each species. This was achieved by using a reaction 

phenotyping approach based on addition of selective CYP inhibitors to incubations of the 
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SARM compounds with species-specific liver microsomes and necessitated the 

establishment of a MRM method for UHPLC-MS/MS analysis of ostarine and LGD-4033 

phase I metabolites. These findings seek to examine whether there is potential for drug-drug 

interactions to occur, i.e. when SARM compounds are taken together with other drugs that 

may alter the metabolite profiles and mask SARM administration. 

Conventional in vitro drug metabolism studies primarily focus on the use of liver-based 

strategies, and Chapter 5 sought to expand on this approach by additionally examining 

equine lung, kidney, and small intestinal fractions besides liver to investigate if and to what 

extent metabolites of ostarine, LGD-4033, and RAD140 can be formed by other tissues. 

Microsomes, alone and in combination with S9 fractions, were used to generate phase I and 

II metabolites of SARM compounds, with resulting incubational samples from various 

equine tissues including liver, lung, kidney and small intestine analysed by UHPLC-HR-

MS. The findings from these investigations provide a clearer understanding of involved 

tissues in SARM compound metabolite formation aiming to closer mimic actual in vivo 

metabolism and inform the monitoring of SARMs in specific tissues from horses. 

Illicit administration of SARM compounds is not only considered a threat to the integrity 

of sports and animal products, but also poses a potential health risk as their mechanisms of 

actions have not been fully elucidated yet and unlicensed drugs are not monitored for drug 

safety concerns (pharmacovigilance). As SARMs are typically taken orally, an assessment 

of their effects on the liver as a key metabolic tissue is needed, and Chapter 6 investigated 

the hepatic response at the functional protein level following oral administration of the 

SARM compounds ostarine, LGD-4033, and RAD140 in an in vivo rat model. Additionally, 

a subcellular proteomics approach (Chapter 7) was applied to enrich proteins and gain 

further insights into liver-specific proteomic signatures in response to SARM compound 

administration. These analyses were based on comparative proteomics using two-

dimensional difference gel electrophoresis (2-D DIGE) for differential protein spot detection 

and subsequent matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) 

analysis for protein identification. This work sought to provide an improved understanding 

of the biological and molecular effects following SARM compound administrations.  
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The principle aims of this thesis can be summarised as follows: 

• To investigate the use of bovine liver homogenates as compared to microsomes and 

S9 fractions for the rapid generation of metabolites of emerging aryl-propionamide 

SARM compounds (i.e. S-1, andarine, and ostarine) for subsequent LC-MS 

characterisation (Chapter 2) 

• To establish species-specific in vitro metabolite profiles of SARM compounds 

(ostarine, LGD-4033, and RAD140) by using bovine, equine, porcine, and murine 

liver microsomal and S9 fractions, and to characterise the correlation between in vitro 

and in vivo generated metabolites by analysis through UHPLC-IM-QTOF MS 

(Chapter 3) 

• To develop a targeted MRM UHPLC-MS/MS method for phase I metabolites of 

SARM compounds ostarine and LGD-4033, and subsequently characterise the CYP 

isoenzymes responsible for the formation of these phase I metabolites in cattle, horse, 

pig, and rat (Chapter 4) 

• To compare in vitro generated metabolites of SARM compounds (ostarine, LGD-

4033, and RAD140) by microsomal and S9 fractions from various equine tissues 

based on UHPLC-HR-QTOF MS analysis (Chapter 5) 

• To profile the differential liver protein responses following SARM compound 

(ostarine, LGD-4033, and RAD140) administration using a proteomics approach 

(Chapter 6) 

• To investigate the hepatic responses after SARM compound (ostarine, LGD-4033, 

and RAD140) administration using subcellular proteomic profiling (Chapter 7) 
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Chapter 2: Rapid in vitro Metabolite Generation of 

Emerging Anabolic Drugs for LC-MS Characterisation 
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2.1   Introduction 

In recent years it has become evident that drugs from the pharmaceutical industry 

developed towards treatment of diseases or conditions have potential for abuse in animal 

husbandry and sports. Emerging drugs prone to abuse due to performance-enhancing effects 

include peroxisome proliferator-activated receptor (PPAR) δ agonists such as 

GW501516[401,402], calstabin-ryanodine receptor complex stabilizers such as S-107 and JTV-

519[403], and selective androgen receptor modulators (SARMs)[54]. SARMs are particularly 

attractive alternatives to conventional anabolic androgenic steroids due to their anabolic 

effects, reduced androgenic properties, and favourable pharmacokinetics.[11] Whilst a range 

of issues are associated with the use of these emerging anabolic drugs and as such regulatory 

approval for use has not yet being gained, they are freely marketed and readily available for 

purchase, e.g. over the Internet.[126] Moreover, instances of SARM abuse for muscle gain 

and performance enhancement have been reported in both human athletes as well as sport 

animals[130–133], whilst such compounds may potentially also be illegally administered for 

economic gain to cattle to promote muscle growth posing a threat to animal welfare and 

consumers of food products. 

Agents and methods of doping are constantly evolving and expanding, and therefore 

target analytes of interest and associated analytical methodologies are regularly updated to 

ensure ongoing effective detection.[404,405] In the period since introduction, liquid 

chromatography-mass spectrometry (LC-MS)-based approaches have largely replaced 

traditional gas chromatography-mass spectrometry (GC-MS) as the primary technique for 

monitoring a wide array of substances.[406] While targeted methods using multiple reaction 

monitoring (MRM) capabilities result in high sensitivity, they can only cover a limited range 

of compounds.[153,407] Furthermore, designer drugs whilst still bearing a close structural 

homology to known compounds can be devised to evade detection by such techniques. 

Therefore, MRM is commonly combined with less sensitive precursor ion scanning utilising 

diagnostic product ions to detect related unknown compounds.[144–146] On the other hand, 

non-targeted approaches such as LC-high resolution (HR)-MS provide for adequate 

sensitivity and enable retrospective data mining[152], but several factors still complicate 

endeavours to detect emerging drugs of abuse by existing methods. For novel compounds 

the structures are sometimes not fully disclosed and analytical reference standards may not 

be available. If blood or hair is used for testing, monitoring the unchanged compound may 

be sufficient to detect abuse, but if excreted matrices such as urine are used for analysis 
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additional knowledge on drug metabolism is necessary to establish the appropriate target 

analytes. This can be accomplished through in vivo drug metabolism studies that involve 

administration of drugs to experimental laboratory animals or to the particular species of 

interest. For investigational drugs that often lack toxicological profile data, in vivo studies 

may be ethically hard to justify. Furthermore, in vivo studies are time-consuming, laborious, 

expensive, and require extensive resources including animal facilities and qualified 

personnel. Alternatively, in vitro approaches can serve the purpose of initially producing 

candidate drug metabolites which can subsequently be identified as target analytes and 

incorporated into existing methods.[408] Simple, rapid, and cost-effective in vitro strategies 

that can promptly respond to analytical challenges presented by emerging illegal drugs of 

abuse are therefore required to ensure effective control and monitoring of use. 

S9 fractions and microsomes are established in vitro tools used to produce and 

subsequently identify drug metabolites in drug discovery and doping control.[184,362,366] The 

preparation of liver homogenates by homogenisation of liver in suspension buffer with a 

Potter-Elvehjem tissue grinder was first described in 1936[409], with later studies employing 

ultracentrifugation of homogenates produced using this technique to facilitate the study of 

microsomes and S9 fractions.[410] S9 fractions are the post-mitochondrial supernatant 

obtained from homogenised tissue post centrifugation (≥ 9000 x g) containing phase I (i.e. 

CYPs and FMOs) and phase II (i.e. UGTs and SULTs) enzymes. Through subsequent 

centrifugation of the S9 fraction at high-speed, microsomes as the fragmented membranous 

artefacts of the endoplasmic reticulum containing phase I and UGT enzymes can be 

sedimented. SULTs remain in the subsequent supernatant (cytosol) and sulfations cannot be 

observed using microsomes. Therefore, sulfations and glucuronidations may only be 

simultaneously observed using S9 fractions or homogenates. Such liver tissue preparations 

and fractions are commonly available for laboratory species and humans because of their 

high demand for research and development purposes, however, for sports animals and 

livestock species these materials are not always readily available and only expensive 

customised productions may be offered limiting their use in routine control labs. Whilst 

several drug metabolism studies using liver homogenates have been reported over the 

years[373,411–413], homogenates as an in vitro system are not widely used and have not been 

truly established besides/over microsomes and S9 fractions. More recently, homogenised 

livers have been used to identify phase I and II metabolites for drugs of abuse in place of 

liver microsomes in equine sports testing.[368–370]  
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The field of drug monitoring and control is an arms race, which demands a versatile 

approach to rapidly identify metabolites and target analytes for previously uncharacterised 

and constantly emerging anabolic compounds in sports and food producing animals. While 

conventional in vitro methods such as liver S9 fractions and microsomes have been proven 

effective and are available for humans and laboratory species, they are not readily available 

for sports or food producing animals. The production thereof is tedious, time-consuming and 

specialized equipment is needed, thus preventing many laboratories from establishing 

appropriate target analytes for metabolite-based screening by LC-MS. The aim of the present 

work was therefore to assess the potential for use of bovine liver homogenates as an 

alternative simple, rapid, and cost-effective in vitro approach to rapidly produce metabolites 

in place of S9 fractions and microsomes. Disadvantages of liver homogenates are the 

disruption of the cellular integrity in contrast to isolated primary cells and potential lower 

enzymatic activities in comparison to microsomes and S9 fractions due to the lack of (crude 

homogenates) or minimal (homogenates) enrichment. Cattle were chosen as a representative 

and relevant group of major food-producing animals commonly exposed to anabolic drugs 

and requiring residue control monitoring. The use of liver homogenates could in future be 

used to rapidly generate metabolites for optimisation of screening methods. Furthermore, 

these generated metabolites could be used as potential acceptable reference material 

enforcing National Residue Control Programmes. A variety of bovine liver fractions (liver 

crude homogenates, homogenates obtained from low-speed centrifugation, S9 fractions from 

mid-speed centrifugation, and microsomes isolated via high-speed centrifugation) were 

produced as outlined in Figure 2.1, and characterised and compared in terms of their 

protein/P450/cytochrome b5 content and NADPH-cytochrome P450 reductase/ 7-

ethoxycumerin O-deethylation activity. Prepared fractions were then used to produce phase 

I (microsomes, S9 fractions, crude homogenates, homogenates) and II (S9 fractions, crude 

homogenates, homogenates) metabolites of the SARM compounds ostarine, andarine and S-

1 that were selected as model compounds and samples were analysed by UHPLC-QTOF 

MS. The aryl-propionamide SARMs ostarine, andarine, and S-1 were chosen for this study 

based upon their availability as analytical standards and reported abuse in human and animal 

sports. The formation of metabolites was compared between the fractions by looking at 

qualitative and quantitative differences and similarities to establish if liver homogenates can 

be used in place of S9 fractions and microsomes. This would enable quicker implementation 

of in vitro generated metabolites derived from emerging anabolic drugs as potential target 

analytes into existing methods whilst saving resources due to short, convenient, and simple 
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preparation and ensuring animal welfare and food integrity by effective detection of banned 

substances. 

2.2   Experimental 

2.2.1 Materials and reagents  

Tris(hydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic acid (EDTA) and 

the Pierce bicinchoninic acid (BCA) Protein Assay Kit were from Thermo Fisher Scientific 

(Hemel Hempstead, UK). Nicotinamide adenine dinucleotide phosphate (NADPH) was 

purchased from Roche Diagnostics (Mannheim, Germany). 3´-Phosphoadenosine-5´-

phosphosulfate (PAPS) was purchased from Merck (Darmstadt, Germany). Uridine 5′-

diphospho-glucuronic acid (UDPGA) trisodium salt, alamethicin from Trichoderma viride, 

cytochrome c from bovine heart, nicotinamide adenine dinucleotide reduced disodium salt 

hydrate (NADH), potassium cyanide, sodium cholate hydrate, Triton N-101, glycerol, 

potassium phosphate monobasic and dibasic, magnesium chloride (MgCl2) hexahydrate, 

potassium chloride (KCl), umbelliferone (7-hydroxycoumarin), 7-ethoxyoumarin, and 

chloroform HPLC Plus grade were bought from Sigma-Aldrich (Gillingham, UK). Carbon 

monoxide (CO) compressed in a gas cylinder was from BOC (Guildford, UK). Oasis 

hydrophilic-lipophilic balance (HLB) solid phase extraction (SPE) cartridges (1 cc, 30 mg, 

30 μm) were obtained from Waters (Milford, MA, USA). Methanol and acetonitrile 

Chromasolv for LC-MS was from Honeywell Riedel-de Haën (Seelze, Germany). Ethyl 

acetate Chromasolv for HPLC and acetic acid eluent additive for LC-MS were from Sigma-

Aldrich (Gillingham, UK). Ultrapure water was prepared by a Milli-Q water purification 

system from Merck (Darmstadt, Germany). Analytical standards of ostarine, andarine, and 

S-1 were purchased from Sigma-Aldrich (Gillingham, UK). S-1-d4 was obtained from 

Toronto Research Chemicals (Toronto, Canada). 

2.2.2 Preparation of bovine liver fractions 

Bovine liver samples were collected from six animals at a commercial beef-processing 

abattoir facility, including one Limousin heifer, one Limousin crossbreed heifer, one 

Limousin steer and three Limousin crossbreed steers as shown in Table 2.1, and stored on 

ice. 
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Table 2. 1 Information on cattle, which livers were included in the study, including gender, 

breed, and age at the time of slaughter 

No. Gender Type Breed Age 

1 Female Heifer Limousin 29 months 23 days 

2 Female  Heifer  Limousin cross 30 months 3 days 

3 Male  Steer Limousin 30 months 3 days 

4 Male  Steer Limousin cross 26 months 9 days 

5 Male Steer Limousin cross 29 months 25 days 

6 Male Steer Limousin cross 32 months 8 days 

 

Upon arrival in the laboratory, liver samples were washed and perfused using a plastic 

syringe stuck into visible blood vessels with ice-cold phosphate-buffered saline (PBS) and 

finely minced. The procedure for isolation of S9 fractions and microsomes was adapted from 

Pearce et al.[375] and is illustrated in Figure 2.1. Briefly, after pooling the liver pieces to 

obtain a representative sample, 3 volumes of ice-cold homogenization buffer (50 mM Tris, 

150 mM KCl, and 2 mM EDTA pH 7.4 at 4 °C) were added and the mixture was 

homogenized at 4 °C in five x 45 second intervals at 2000 rpm with a Silverson L5M 

homogenizer with a vertical slotted head. Approximately a third of this crude homogenate 

was stored at -80 °C. The remaining crude homogenate was split in two. The first portion 

was centrifuged at low-speed (1000 × g for 5 min at 4 °C) and the subsequent supernatant 

(homogenate) was stored at -80 °C. The second portion was centrifuged at medium-speed 

(10 400 × gmax for 20 min at 4 °C). An aliquot of the resulting supernatant (S9 fractions) was 

frozen at -80 °C. The rest of the supernatant was centrifuged again at high-speed (105 000 × 

gmax for 60 min at 4 °C). The subsequently obtained microsomal pellet was washed by 

resuspension in 10 mL ice-cold resuspension buffer (150 mM KCl, 2 mM EDTA) and 

pelleted again by centrifugation at 105 000 × gmax for 60 min at 4 °C. The pellet was 

resuspended in 3 mL ice-cold storage buffer (250 mM sucrose) and stored at -80 °C. To 

summarise, the following fractions were prepared from bovine livers: crude homogenates, 

homogenates, S9 fractions, and microsomes. 
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2.2.3 Characterisation of bovine liver fractions 

2.2.3.1. Protein concentration determination 

The protein content of all isolated fractions was determined with the colorimetric Pierce 

BCA assay to calculate the amount of protein to be added to subsequent incubation mixtures. 

The BCA kit was used according to instructions provided by the manufacturer using bovine 

serum albumin (0-1500 µg/mL) as calibration standard with samples prepared in triplicates 

and measured at 562 nm using a Tecan safire2 plate reader (Tecan, Männedorf, Switzerland). 

2.2.3.2. Cytochrome P450 content determination 

Liver fractions were normalised to a final protein concentration of 2 mg/mL in a 

potassium phosphate buffer pH 7.4 containing 1 mM EDTA, 20 % glycerol (v/v), 0.5 % 

sodium cholate (v/v), and 0.4 % Triton N-101 (w/v).[207] P450 contents of the liver fractions 

were subsequently determined by using two methods; the CO-difference method and the 

DT-difference method (further detail in Chapter 1 Section 1.2.1.1). CO gas (10 bar) was 

transferred to a 45 mL parr reactor with a needle valve. For the CO-difference method as 

outlined by Omura and Sato[203], liver fractions (2 ml) were divided into two cuvettes, 

namely the sample and reference cuvette. Following the addition of approximately 5 mg of 

sodium dithionite to both cuvettes, only the sample cuvette was bubbled (at a rate of 

approximately 1 bubble/second by adjusting the valve opening of the reactor to control CO 

flow) with CO for one minute, and absorbance recorded between 400 and 500 nm with a 

Hitachi UV U-1900 spectrophotometer (Hitachi, Tokyo, Japan). At times the presence of 

contaminating haemoglobin can interfere with absorbance spectra. In anticipation of this, the 

DT-difference method was also used for crude homogenates, homogenates, and S9 

fractions.[213–215,414] Here, CO was first bubbled through the sample and reference cuvette, 

then sodium dithionite was added to the sample cuvette only. The concentration of total P450 

was calculated by the difference between the isosbestic absorbance at 490 nm and the Soret 

peak at 450 nm divided by the molar extinction coefficient of 94 mM-1 cm-1 for the CO-

difference method[203] and 104 mM-1 cm-1 for the DT-difference method[214]. All samples 

were prepared in triplicates for measurements. 
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2.2.3.3. Cytochrome b5 content determination 

Cytochrome b5 contents of tissue fractions were determined according to Omura and 

Sato.[203] 25 µL of the fractions were mixed with 970 µL of 100 mM potassium phosphate 

buffer at pH 7.4. After a baseline between 400 and 500 nm was recorded with a Cary WinUV 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), 5 µL of 20 mM NADH 

at a final concentration of 0.1 mM was added to the sample cuvette and the spectrum 

difference recorded. Cytochrome b5 contents were subsequently calculated by the difference 

between 424 and 409 nm divided by a molar extinction coefficient of 185 mM-1 cm-1. All 

samples were prepared for measurements in triplicate. 

2.2.3.4. NADPH-cytochrome P450 reductase activity measurements 

NADPH-cytochrome P450 reductase activity was determined using a modified protocol 

as described by Lake et al.[415] and performed in 96-well microplates. The assay is based on 

using cytochrome c as a surrogate electron acceptor as it does not reoxidise with air.[207] 

Tissue fractions were diluted with 300 mM potassium phosphate buffer containing 5 mM 

MgCl2 at pH 7.7 (assay buffer) to 0.4 mg/mL of protein. To 12.5 µL of the diluted fractions, 

97.5 µL of assay buffer and 20 µL of an aqueous solution of 15 mM potassium cyanide (final 

concentration of 1.2 mM) were added to inhibit the oxidation of cytochrome c by 

mitochondrial cytochrome c oxidase. Then, 80 µL of 0.125 mM cytochrome c in 10 mM 

potassium phosphate buffer at pH 7.7 in a final concentration of 0.05 mM were added to 

samples and preincubated for five minutes at 37 °C and 400 rpm on a micro-plate shaker 

(VWR International, Dublin, Ireland). To initiate the reaction 20 µL of 5 mM NADPH 

dissolved in assay buffer were added to give a final concentration of 0.4 mM NADPH and a 

total assay volume of 250 µL. This resulted in a final protein concentration of 0.02 mg/mL 

that was found suitable providing a linear increase in absorbance over a period of up to three 

minutes. The increase in absorbance with time was measured at 550 nm for four minutes 

using a Tecan safire2 plate reader (n = 8). The molar extinction coefficient of reduced 

cytochrome c at 550 nm has been determined previously to be 21 mM-1 cm-1.[416] The 

NADPH-cytochrome P450 reductase activity was calculated based on the difference in 

absorbance in the first minute divided by the molar extinction coefficient and corrected for 

the sample dilution factor. Instead of the standard cuvettes with a path length of 1 cm as 

described by Lake et al. the assay was performed in a 96 well microplate. Therefore, based 

upon Lambert Beer’s Law the absorbance was corrected for path length. From absorption 
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readings of the mixture at 975 and 900 nm as reference wavelengths in a 96-well microplate 

and a 1 cm standard cuvette respectively the path length of a well was deduced to be 0.714 

cm.[417] 

2.2.3.5. 7-Ethoxycoumarin O-deethylation activity measurements 

7-Ethoxycoumarin is deethylated to 7-hydroxycoumarin by several CYP enzymes in the 

presence of NADPH, and therefore this reaction was utilised as a marker of general phase I 

drug metabolising activity (Figure 2.2). The rate of 7-hydroxycoumarine O-deethylation 

was measured using a modified procedure from Waxman and Chang.[418] 50 mM stock 

solutions of the standards 7-ethoxy- and 7-hydroxycoumarin were dissolved in methanol and 

further diluted with assay buffer (50 mM potassium phosphate buffer with 5 mM MgCl2 at 

pH 7.4). Briefly, 4 µL of 10 mM 7-ethoxycoumarin (final concentration 200 µM) were added 

to 156 µL of assay buffer. Subsequently, 20 µL of liver fraction diluted with assay buffer to 

a protein concentration of 10 mg/mL (final concentration 1 mg/mL) were added and 

preincubated at 37 °C for 10 min in a shaking (300 rpm) incubator (Eppendorf Thermomixer 

comfort, Hamburg, Germany). The reaction was initiated by adding 20 µL of 10 mM 

NADPH. All samples were incubated at 37 °C for 30 min in a shaking incubator (300 rpm). 

For the calibration curve, liver fractions were firstly inactivated by incubation at 45 °C for 

30 min. Then, 4 µL of 7-hydroxycoumarin at concentrations of 1 mM, 750 µM, 500 µM, 

250 µM, 100 µM, or 25 µM (final concentrations 20, 15, 10, 5, 2, or 0.5 µM) were added to 

156 µL of assay buffer. For the blank measurement, 160 µL of assay buffer was used. After 

addition of 20 µL of inactivated liver fractions diluted to 10 mg/mL, the samples were also 

preincubated, 20 µL of 10 mM NADPH were added and incubated at 37 °C for 30 min in a 

shaking incubator (300 rpm). All samples and calibrants were prepared in triplicates. The 

reaction was stopped by adding 25 µL of ice-cold 2 M HCl and placing the tubes on ice. 450 

µL of chloroform was added to each sample and vortexed at 2500 rpm for 5 min in a DVX-

2500 multi-vortexer (VWR International, Dublin, Ireland). Subsequently, samples were 

centrifuged at 3000 × g for 5 min, and 300 µL of the bottom organic layer transferred to a 

clean test tube and back-extracted with 1 mL of 30 mM sodium borate pH 9.2. Samples were 

again multi-vortexed at 2500 rpm for 5 min and centrifuged at 3000 × g for 5 min. 250 µL 

of the top aqueous layer was transferred into a black 96-well microplate and the fluorescence 

of 7-hydroxycoumarin at an excitation wavelength of 370 nm and an emission wavelength 

of 450 nm measured. The 7-ethoxycoumarin O-deethylation activity expressed as nmol 7-
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hydroxycoumarin/min*mg protein was subsequently calculated. The chosen conditions for 

protein concentration (final concentration 1 mg/mL) and incubation time (30 min) showed 

linear metabolite formation. 
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Figure 2.2 7-Ethoxycoumarin O-deethylation 
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2.2.4 In vitro generation of phase I and II SARM metabolites utilising liver 

fractions 

Stock solutions of ostarine, andarine, and S-1 were prepared in acetonitrile at a 

concentration of 10 mM. The stock solutions were diluted in 50 mM potassium phosphate 

and 5 mM MgCl2 at pH 7.4 to a concentration of 250 µM. Similarly, the liver fractions were 

diluted in the same buffer to 5 mg/mL. For the generation of phase I metabolites, 10 µL of 

250 µM ostarine, andarine or S-1 (final concentration 50 µM) were added to 10 µL of 5 

mg/mL liver microsomes, S9 fractions, homogenates, or crude homogenates (final 

concentration 1 mg/mL) and 20 µL of 50 mM potassium phosphate and 5 mM MgCl2 at pH 

7.4. After pre-incubation for 5 min at 37 °C, phase I reactions were initiated upon addition 

of 10 µL of 50 mM NADPH (final concentration 10 mM) as cofactor resulting in a total 

volume of 50 µL. Control samples in the absence of cofactor, test compound or tissue 

fraction were included as blanks to reveal non-cofactor dependent enzymatic degradation, 

distinguish any interfering components originating from the matrix, or compensate for 

chemical instability of the drug. All samples were incubated for two hours at 37 °C in a 

shaking (300 rpm) incubator (Eppendorf Thermomixer comfort) and reactions were stopped 

upon addition of three volumes (150 µL) of ice-cold acetonitrile spiked with S-1-d4 at a final 

concentration of 0.25 ng/mL.  

To generate phase II metabolites, it was first necessary to produce phase I metabolites. 

Therefore, the phase I assay was carried out as described previously, and following the two 

hour incubation stage, 10 µL of 250 µg/mL alamethicin (final concentration 25 µg/mL) 

together with 10 µL of 5 mg/mL liver S9 fractions, homogenates, or crude homogenates 

(final concentration 0.5 mg/mL) in incubation buffer were added. Alamethicin and liver 

fractions were pre-incubated on ice for 10 min prior to use in the assay. Additionally, 10 µL 

of 250 µM PAPS (final concentration 25 µM), 10 µL of 50 mM UDPGA (final concentration 

5 mM) were added as cofactors to initiate production of sulfated and glucuronidated phase 

II metabolites. Finally, 10 µL of 250 µM SARM compound were added resulting in a total 

volume of 100 µL. Samples were further incubated for another two hours at 37 °C 300 rpm 

and reactions were stopped by addition of 100 µL of ice-cold acetonitrile spiked with S-1-

d4 at a final concentration of 2.5 µg/mL.  

After reactions were stopped, samples were held on ice for 15 min and centrifuged at 12 

000 × g (10 °C) for 15 min. 150 µL of the supernatant were transferred to 1.5 mL tubes and 

dried in a miVac Quatro vacuum-integrated centrifugal concentrator system (Fisher 
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Scientific; Loughborough, UK) at room temperature overnight. The samples were 

reconstituted in 500 µL of ultrapure water and vortexed at 2500 rpm for 3 min in a multi-

vortexer. For liquid-liquid extraction, 500 µL of ethyl acetate were added to the aqueous 

samples and vortexed again (2500 rpm, 3min). The upper organic layer was transferred to a 

fresh tube. The extraction was repeated once more by adding 500 µL of ethyl acetate to the 

aqueous phase and vortexing (2500 rpm, 3min). The upper organic layer was removed; 

organic layers were combined and dried down in the miVac Quatro vacuum-integrated 

centrifugal concentrator system. The resulting residue was reconstituted in 75 µL of 

methanol:water (1:1, v/v). The aqueous lower layer was retained for solid phase extraction 

(SPE) of phase II conjugated metabolites. Oasis HLB SPE extraction cartridges were 

conditioned with 1 mL of methanol followed by 1 mL of water. Aqueous layers were loaded, 

washed with 1 mL of 5 % methanol, and eluted with 1 mL of methanol. Eluates were dried 

down at 40 °C under a stream of nitrogen and reconstituted in 75 µL of methanol:water (1:1, 

v/v). Samples were stored at -80 °C prior to LC-MS analysis. 

2.2.5 UHPLC-HR-QTOF MS identification of in vitro generated phase I and 

II metabolites of SARM compounds 

To identify generated phase I and II metabolites, 5 µL of the samples (Section 2.2.4) 

were injected onto an Agilent 1290 Infinity UHPLC system coupled to a 6560 drift tube ion 

mobility quadrupole time of flight (QTOF) mass spectrometer equipped with a dual Agilent 

jet stream electrospray ionisation source from Agilent Technologies (Santa Clara, CA, 

USA). The column oven was maintained at 45 °C and a reversed-phase Acquity UPLC 

ethylene bridged hybrid (BEH) C18 column (dimensions 2.1 x 100 mm, particle size 1.7 

µm) from Waters (Milford, MA, USA) for chromatographic separation was used. Gradient 

elution with ultrapure water containing 0.1 % acetic acid (v/v) as mobile phase A and 

methanol containing 0.1 % acetic acid (v/v) as mobile phase B were used. The gradient and 

flow rate were programmed as follows: 0-0.5 min at 97 % A, 0.5-7.0 min 97 % A to 1 % A, 

7-10 min hold 1 % A, and 10-12 min hold 97 % A, constantly at 0.4 mL/min. The 

autosampler temperature was maintained at 10 °C. The ESI source was operated with a 

nitrogen sheath gas temperature at 400 °C and nitrogen drying gas temperature at 150 °C 

both at a flow rate of 12 L/min. The capillary voltage was set at 4500 V and the nozzle 

voltage at 1600 V. The QTOF mass spectrometer was mass calibrated prior to analyses using 

an Agilent ESI-L low concentration tuning mix (P/N G1969-85000) and operated in negative 
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ESI, mass range m/z 100-1000 at a scan range of 5 spectra/sec in QTOF only mode with two 

scan segments at 0 V and 20 V collision energy. Prior to measurements a reference mix was 

prepared from ammonium trifluoroacetate, purine, and hexakis(1H, 1H, 3H-

tetrafluoropropoxy)phosphazine (HP-0921) using the Reference Mass Solution Kit (P/N 

G1969-85001) according to the manufacturer’s instructions (Agilent Technologies, Santa 

Clara, CA, USA). The calibrant delivery system introduced the reference mix (bottle A) to 

a reference sprayer for automatic recalibration during measurements. Reference mass 

correction was enabled using reference ions m/z 68.9958 (ammonium trifluoroacetate 

fragment CF3), m/z 119.0363 (purine) and m/z 980.0164 (acetate ion HP-0921) in negative 

mode with the following parameters: average scans 1, detection window 50 ppm, and 

minimum height of 500 counts. A mixture of the SARM standards in acetonitrile (500 

ng/mL) was injected before and after the samples (Section 2.2.4) to ensure mass accuracy 

and consistent retention times. Agilent MassHunter Workstation version B07.00 was used 

for data acquisition and analysis. Extracted ion chromatograms (EICs) were generated using 

exact masses of known and expected metabolites ± 10 ppm. The EICs of the proposed 

metabolites in the samples were compared to those of the controls. The identification of 

metabolites was based on accurate masses and fragmentation. 

2.2.6 Statistical analysis 

Descriptive statistics, including the mean ± standard error of the mean (SEM), for 

measurements of P450, cytochrome b5, NADPH-cytochrome P450 reductase, and 7-

ethoxycoumarin O-deethylation (Section 2.2.3) were calculated using IBM SPSS statistics 

version 22 software package. The stratification was crude homogenate, homogenate, S9 

fractions and microsomes. Data were tested for normality and homogeneity of variance. 

Statistical tests utilised included one-way analysis of variance (ANOVA), and a two-tailed 

p-value of < 0.05 was considered statistically significant.   
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2.3   Results and discussion  

2.3.1 Preparation and characterisation of bovine liver fractions 

Four fractions, namely crude homogenate, homogenate, S9 fractions, and microsomes 

were successfully prepared from pooled bovine livers. Crude homogenate was prepared 

through homogenising minced pooled livers followed by centrifugation (1000 × gmax, 5 min) 

with the resulting supernatant (homogenate) retained free of sedimented nuclei, cell debris, 

and erythrocytes. Subsequent centrifuging of crude homogenate (10 400 × gmax, 20 min) 

removed mitochondrial contents yielding the S9 fractions, with further centrifugation at 105 

000 × gmax for one hour resulting in pelleted microsomes. Prepared crude homogenate, 

homogenate, and S9 fractions all contain a set of phase I and II enzymes allowing for the 

study of CYP-, FMO-, UGT-, and SULT-mediated biotransformation of a drug by addition 

of respective cofactors, such as NADPH, UDPGA, and PAPS. In contrast microsomes 

contain endoplasmic reticulum membrane bound enzymes such as CYP, FMO and UGT but 

lack cytosolic enzymes such as SULT. All fractions were characterised by measurements of 

their total protein content, cytochrome b5 content, P450 content, NADPH-cytochrome P450 

reductase activity and dealkylation activity towards 7-ethoxycoumarin as marker substrate 

(Table 2.2). Total protein content was used to normalise the volume of samples to result in 

a final assay concentration of 1 mg/mL. Most oxidations are catalysed by P450, therefore 

P450 and its accessory proteins cytochrome b5 and NADPH-cytochrome P450 reductase 

were quantified in the liver fractions.[419] The rate of 7-ethoxycoumarin O-dealkylation by 

CYPs was quantified in all preparations as a measure of CYP-mediated rate of drug 

metabolism.  

All measured contents and activities of prepared extracts were found to be significantly 

higher in microsomes (Table 2.2). Cytochrome b5 content was lowest in S9 fractions and 

crude homogenates, whilst 7-ethoxycoumarin O-dealkylation activity was lowest in S9 

fractions. The cytochrome b5 content and 7-ethoxycoumarin O-dealkylation activity in 

homogenates were slightly higher than in S9 fractions. This is potentially due to the removal 

of mitochondria that contain cytochrome b5 and P450.[206,420] Homogenates had slightly 

higher values than crude homogenates probably because of removal of cell debris and nuclei. 

The determined NADPH-cytochrome P450 reductase activity was increased only to a small 

degree in S9 fractions as compared to crude homogenates and homogenates, whilst P450 

content was six times higher in microsomes than in crude homogenates, homogenates, and 
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S9 fractions. No significant variation in P450 contents of crude homogenates, homogenates, 

and S9 fractions was observed.  

Two different methods (CO- or DT-difference method as described in Section 2.2.3.2) 

were used to determine the P450 contents (Figure 2.3). The ferrous (reduced) form of P450 

can bind CO resulting in a distinctive wavelength maximum of this complex at 450 nm. The 

CO-difference method measures the difference between the CO complex of reduced P450 

and reduced P450, whereas, the DT-difference method measures the difference between the 

CO complex of reduced P450 and oxidised P450.[203,214] Figure 2.3 (A) illustrates the 

absorbance spectrum of liver microsomes using the CO-difference method. No spectral 

change due to the formation of carboxyhaemoglobin (a complex formed from haemoglobin 

with CO) at 419 nm was observed.[421] Therefore, the CO-difference method was a suitable 

approach to determine the total P450 content. However, due to the presence of large amounts 

of contaminating haemoglobin in crude homogenates, homogenates and S9 preparations, the 

P450 content could only be determined with the DT-difference method. Figure 2.3 (B) 

shows the absorbance spectrum of a homogenate sample using the CO-difference method. 

Carboxyhaemoglobin results in an intense Soret band with a maximum wavelength at 419 

nm. By saturating the reference and sample cuvette first with CO and then only adding DT 

to the sample cuvette as described for the DT-difference method, the effects of 

carboxyhaemoglobin can be precluded as shown in the absorbance spectrum of a 

homogenate sample in Figure 2.3 (C). The Soret peak at 423 nm in Figure 2.3 (C) results 

from a reduction of cytochrome b5 with DT.[422,423] 

For measurements involving spectroscopy, homogenates were more suitable than crude 

homogenates. Centrifuging crude homogenates at a low-speed to produce homogenates 

removed tissue and cell debris which has the potential to interfere with spectral assays. While 

crude homogenates were observed to commonly clog up pipette tips, the low-speed 

centrifugations resulted in clear supernatants which ensures pipetting at accurate volumes. 
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Figure 2.3 Absorbance spectra of P450 measurements with bovine liver (A) microsomes 

using the CO-difference method, (B) homogenate using the CO-difference method, and (C) 

homogenate using the DT-difference method. Soret peak of P450 evident at 450 nm. 
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2.3.2 In vitro generation of SARM metabolites by liver fraction preparations 

Biotransformations of aryl-propionamide-derived SARMs ostarine, andarine, and S-1 

were studied using bovine liver crude homogenates, homogenates, S9 fractions, or 

microsomes. Microsomes were used for the phase I metabolite assay only under addition of 

NADPH as cofactor, whereas the other fractions were also used for the phase I and 

subsequent phase II assay under addition of UDPGA and PAPS for UGT- and SULT-

mediated reactions respectively. A final SARM substrate concentration of 50 µM was used 

in phase I and II metabolite generating incubations as preliminary experiments (data not 

presented) showed that lower concentrations (2 µM, 10 µM, or 25 µM) led to detection of 

less metabolites. Similarly, various incubation times were initially tested (30 min, 60 min, 

90 min, 120 min, 150 min, 180 min, and 240 min) and an incubation time of two hours was 

chosen to be optimal for the formation of metabolites. Longer incubation times did not result 

in increased metabolite formation. 

To identify the metabolites formed from incubations with different liver fractions, 

samples were injected onto the UHPLC-QTOF MS system. MS analysis was performed at 

altering low (0 V) and high (20 V) collision energies resulting in collation of two data sets; 

one scan segment for each collision energy. Data acquired at low collision energy displays 

mainly the molecular ions, whereas collision induced dissociation at the higher 20 V 

collision energy shows the fragment ions. This resulting “pseudo MS/MS” data can reveal 

fragment ions that not only derive from the molecular ion of interest but also from co-eluting 

components as all ions without previous precursor ion selection will be fragmented.[162] 

Using the deprotonated accurate masses of SARM metabolites from the available 

literature[16,19,130,133,141,142,148,164,165,177,184,185] and likely metabolic pathways, extracted ion 

chromatograms for both collision energy scan segments were displayed for samples and 

compared to respective controls (incubations without cofactors, substrate, or liver fractions). 

The measured accurate mass with a mass error ± < 10 ppm from the calculated mass of the 

precursor and product ions characteristic for dissociation routes enabled the deduction of the 

metabolites generated and tentative elucidation of their chemical structures. Mass errors 

(ppm) were calculated by subtracting the theoretical mass (calculated as the monoisotopic 

mass) from the observed mass, divided by the theoretical mass, and multiplied by a 106 

factor. The observed metabolites were typically non-polar and were found in the organic 

rather than the aqueous phase.  
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2.3.2.1. Generated ostarine phase I and II metabolites  

After incubating liver fractions with ostarine, the unmodified substrate ostarine was the 

most abundant analyte observed using UHPLC-QTOF MS analysis. Generated ostarine 

phase I and phase II metabolites with their observed precursor and fragment ions are listed 

in Table 2.3 in ascending order by their retention times. Monohydroxylation (M1a and M1b) 

and O-dephenylation (M3) were the primary phase I metabolic pathways observed. 

Monohydroxylations of the cyanophenol moiety with fragment ions at m/z 134 (+16 Da from 

m/z 118) resulted in two positional isomers M1a and M1b. Two monohydroxylations of 

ostarine were previously observed in bovine urine samples following oral administration of 

ostarine[141,142] and also generated by bovine liver S9 fractions[141]. Bishydroxylations of the 

cyanophenol moiety identified by the fragment ion at m/z 150 resulted in two minor 

metabolites M2a and M2b. In previous studies, bishydroxylated metabolites were not found 

in post-administration bovine urine samples[141,142] and after bovine liver S9 incubations[141], 

but were generated by human liver S9 fractions and one bishydroxylated metabolite was 

found in post-administration canine urine[177]. O-Dephenylation cleaved the benzonitrile ring 

and yielded ostarine metabolite M3. Its formation was also observed to a minor degree in 

controls in the absence of NADPH indicating that it can also be formed NADPH-

independently in the presence of enzymes. Thevis et al. described the O-dephenylated 

ostarine metabolite as a target analyte for doping control purposes.[177] The carboxyl 

analogue of M3 at m/z 301 as previously described in canine[177], bovine[141,142], and human 

urine[175] and metabolites deriving from amide hydrolysis at m/z 220[19,142] and amide 

hydrolysis plus hydroxylation at m/z 201[19,141,142] could not be detected in the current study. 

Main phase II metabolic pathways included glucuronidation of ostarine (M4) and 

glucuronidation of hydroxy-ostarine (M6). Moreover, the glucuronic acid conjugate of 

bishydroxy-ostarine (M7) and sulfated hydroxy-ostarine (M5) were detected.  

Ostarine phase I metabolites were detected in crude homogenates, homogenates, S9 

fractions, or microsomes as shown by the overlaid extracted ion chromatograms in Figure 

2.4. The relative abundances of metabolites were highest in microsomes, followed by S9 

fractions. Metabolites generated by crude homogenates and homogenates showed slightly 

lower relative abundances than by S9 fractions. A similar trend was observed for phase II 

metabolites generated by crude homogenates, homogenates and S9 fractions as illustrated 

by their overlaid extracted ion chromatograms in Figure 2.5. 
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Table 2.3 Ostarine and its phase I followed by phase II metabolites, in ascending order of 

retention time (RT), with their elemental compositions, observed masses in negative mode, 

and chemical structures with ESI fragmentation patterns found after incubation with crude 

homogenates (cH), homogenates (H), S9 fractions (S9), or microsomes (M). Collision 

energies at 20 V for fragment ions (FI), 0 V for precursor ions (PI). 

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
cH H S9 M 

Chemical structure 

with proposed ESI 

fragmentation patterns 

Ostarine  C19H13F3N3O3 388.0892 -5.7 6.03 ✓ ✓ ✓ ✓ 

 
 C12H8F3N2O2 269.0560 6.3      

 C11H8F3N2O 241.0607 5.4      

 C8H4F3N2 185.0346 7.6      

 C7H4NO 118.0305 6.8      

Phase I     cH H S9 M  

Ostarine-M1a 

(Hydroxy-) 

C19H13F3N3O4 404.0882 4.5 5.95 ✓ ✓ ✓ ✓ 

 C12H8F3N2O2 269.0550 2.6      

C8H4F3N2 185.0339 3.8      

C7H4NO2 134.0261 9.7      

Ostarine-M1b 

(Hydroxy-) 

C19H13F3N3O4 404.0875 2.7 5.79 ✓ ✓ ✓ ✓ 

 C12H8F3N2O2 269.0551 3.0      

C8H4F3N2 185.0339 3.8      

C7H4NO 134.0254 4.5      

Ostarine-M2a 

(Bishydroxy-) 

C19H13F3N3O5 420.0815 0.5 5.75 ✓ ✓ ✓ ✓ 

 C7H4NO3 150.0202 3.5      

Ostarine-M2b 

(Bishydroxy-) 

C19H13F3N3O5 420.0820 1.7 5.50 ✓ ✓ ✓ ✓ 

 C12H8F3N2O2 269.0552 3.3      

C7H4NO3 150.0206 6.2      

Ostarine-M3                      

(O-Dephenyl-)α 

C12H10F3N2O3 287.0659 3.5 5.04 ✓ ✓ ✓ ✓  

C8H4F3N2 185.0342 5.4       

Phase II     cH H S9   

Ostarine-M4 

(Glucuronide-) 

C25H21F3NO9 564.1243 1.4 5.79 ✓ ✓ ✓  

C18H16F3N2O8 445.0867 0.7     

C19H13F3N3O3 388.0915 0.3     

C12H10F3N2O3 287.0655 2.1     

C12H8F3N2O2 269.0550 3.0     

C7H4NO 118.0304 5.1     
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Table 2.3 continued 

 

α Also detected in lower intensity in absence of cofactor NADPH  

GlcA … Glucuronic acid  

  

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
cH H S9  

Chemical structure 

with proposed ESI 

fragmentation patterns 

Ostarine-M5 

(Hydroxy-sulfate) 

C19H13F3N3O7S 484.0437 1.0 5.58 ✓ ✓ ✓   

 
C19H13F3N3O4 404.0867 1.0      

C8H4F3N2 134.0243 -3.7      

Ostarine-M6 

(Hydroxy-

glucuronide) 

C25H21F3N3O10 580.1192 1.2 5.44 ✓ ✓ ✓   

C19H13F3N3O4 404.0866 0.7      

C12H8F3N2O2 269.0553 3.7      

C7H4O2N 134.0249 0.7      

Ostarine-M7 

(Bishydroxy- 

glucuronide) 

C25H21F3N3O11 596.1132 -0.3 5.00 ✓ ✓ ✓   

C12H10F3N2O3 287.0662 4.5      

C8H4F3N2 185.0343 5.9      
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Figure 2.4 Overlaid extracted ion chromatograms in segment 1 (0 V) of ostarine and 

associated phase I metabolites generated by (A) microsomes, (B) S9 fractions, (C) 

homogenates, or (D) crude homogenates  
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Figure 2.5 Overlaid extracted ion chromatograms in segment 1 (0 V) of ostarine phase II 

metabolites generated by (A) S9 fractions, (B) homogenates, or (C) crude homogenates.  
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2.3.2.2. Generated andarine phase I and II metabolites 

For andarine, five phase I metabolites were generated by crude homogenates, 

homogenates, S9 fractions or microsomes (Table 2.4). Total ion chromatograms of phase I 

incubation samples are shown in Figure 2.6. The major metabolite was O-dephenyl-andarine 

(M4), which previously has also been described as a main metabolite in bovine liver S9 

fractions[141], equine liver microsomes/S9 fractions[185], human[148] and equine[164] urine 

samples. Its formation was also observed to a minor degree in controls in the absence of 

NADPH or tissue fractions indicating that it can also be formed NADPH-independently in 

the presence of enzymes and due to chemical instability. Notably, M4 can be converted back 

to andarine by cytosolic N-acetyltransferases, however, in vitro this reaction would require 

the addition of cofactor acetyl-CoA and this reaction was not studied herein.[424] O-

Dephenyl-andarine has the same chemical structure/formula as the dihydroxylated 

metabolite of the anti-prostate cancer drug flutamide.[425] Therefore, other relevant urinary 

metabolites should be monitored to discriminate andarine and flutamide intake. M1 

corresponds to the demethylated andarine metabolite and its generation has previously been 

reported by bovine liver S9[141] and equine liver microsomal/S9 fractions[185], however, the 

presence of M1 in in vivo samples has not yet been confirmed. Furthermore, 

monohydroxylation annotated to the N-phenylacetamide ring (M2) with fragment ions at m/z 

166 (deprotonated N-(4-hydroxyphenyl)acetamide) and m/z 205 (deprotonated 4-nitro-3-

trifluoromethylaniline) was observed. M2 formation has been reported in studies with equine 

liver microsomes[185], human[184] and rat[426] liver microsomes/S9 fractions and its presence 

in human urine[176] has been confirmed. Additionally, in the present study demethylation 

plus hydroxylation (M3) with a molecular ion at m/z 442 and a distinctive fragment ion at 

m/z 152 (deprotonated N-(4-dihydroxyphenyl)formamide) was observed. A commonly 

described andarine metabolite formed by deacetylation[141,165,184,185,424,426] was also detected 

(M5) in this study. Nitro reduction has been described in previous studies[164,165,184,185], but a 

corresponding metabolite could not be detected in this study. 

Using bovine liver crude homogenates, homogenates, or S9 fractions, three phase II 

metabolites of andarine were detected, mainly the glucuronic acid conjugate of andarine 

(M6), but also the glucuronic acid conjugate of hydroxy-andarine (M7), and O-dephenyl-

andarine (M8). However, the site of glucuronidation could not be deduced from the fragment 

ions. In the present study sulfated conjugates were not generated for andarine or associated 

metabolites using bovine liver fractions. Previous studies described the formation of M6 
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using human[184] or equine[185] liver microsomes/S9 fractions and its presence in human urine 

samples[130,133,148,176] has been confirmed. Similarly, formation of M7 was previously 

reported by human[184] or equine[185] liver microsomes/S9 fractions and it was found in 

human urine. Thevis et al. reported two hydroxy-andarine glucuronides with different 

glucuronidation sites; by deducing chemical structures from the fragment ions of collision 

induced dissociation experiments, one site was attributed to C-14 and the other to the 

hydroxyl-group that was introduced on the N-phenylacetamide ring.[148] Two hydroxy-

andarine glucuronides were also found in human urine samples by Grata et al.[133] M8 has 

not previously been described to be formed by in vitro incubations, however, it was detected 

in human urine samples[130,133,148].   
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Table 2.4 Andarine and associated phase I followed by phase II metabolites, in ascending 

order of retention time (RT), with their elemental compositions, observed masses in negative 

mode, and chemical structures with ESI fragmentation patterns found after incubations with 

crude homogenates (cH), homogenates (H), S9 fractions (S9), or microsomes (M). Collision 

energies at 20 V for fragment ions (FI), 0 V for precursor ions (PI). 

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
cH H S9 M 

Chemical structure 

with proposed ESI 

fragmentation patterns 

Andarine C19H17F3N3O6 440.1090 3.4 5.85 ✓ ✓ ✓ ✓ 

 
C11H8F3N2O4 289.0453 3.8      

C10H8F3N2O3 261.0508 5.7      

C7H4F3N2O2 205.0243 6.3      

C8H8NO2 150.0570 6.0      

Phase I     cH H S9 M  

Andarine-M1 

(Demethyl-) 

C18H15F3N3O6 426.0932 3.3 5.80 ✓ ✓ ✓ ✓ 

 
C11H8F3N2O4 289.0454 4.2      

C10H8F3N2O3 261.0510 6.5      

C7H4F3N2O2 205.0243 6.3      

C7H6NO2 136.0415 8.1      

Andarine-M2 

(Hydroxy-) 

C19H17F3N3O7 456.1031 1.5 5.72 ✓ ✓ ✓ ✓ 

 
C11H8F3N2O4 289.0452 3.5      

C10H8F3N2O3 261.0503 3.8      

C7H4F3N2O2 205.0240 4.9      

 C8H8NO3 166.0518 4.8      

Andarine-M3 

(Demethyl-hydroxy-) 

C18H15F3N3O7 442.0877 2.0 5.68 ✓ ✓ ✓ ✓ 

 
C11H8F3N2O4 289.0453 3.8      

C10H8F3N2O3 261.0503 3.8      

C7H4F3N2O2 205.0241 5.4      

C7H6NO3 152.0363 6.6      

Andarine-M4                      

(Dephenyl-)α 

C18H15F3N3O7 307.0560 4.2 5.37 ✓ ✓ ✓ ✓  

C7H4F3N2O2 205.0241 5.4      

Andarine-M5                       

(Deacetyl-) 

C17H15F3N3O5 398.0982 3.3 5.15 ✓ ✓ ✓ ✓  

C11H8F3N2O4 289.0450 2.8      

 C10H8F3N2O3 261.0505 4.6      

 C7H4F3N2O2 205.0243 6.3      
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Table 2.4 continued 

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
    

Chemical structure 

with proposed ESI 

fragmentation patterns 

Phase II     cH H S9   

Andarine-M6          

(Glucuronide) 

C25H25F3N3O12 616.1396 0.0 5.56 ✓ ✓ ✓  

C11H8F3N2O4 289.0449 2.4     

C10H8F3N2O3 261.0502 3.4     

C7H4F3N2O2 205.0240 4.9     

Andarine-M7      

(Hydroxy-

glucuronide) 

C25H25F3N3O13 632.1340 -0.8 5.44 ✓ ✓ ✓  

C10H8F3N2O3 261.0504 4.2     

C7H4F3N2O2 205.0250 9.8     

Andarine-M8   

(Dephenyl-

glucuronide) 

C17H18F3N2O11 483.0868 0.0 4.96 ✓ ✓ ✓  

C11H8F3N2O4 289.0448 2.1     

C10H8F3N2O3 261.0502 3.4     

 

α Also detected in lower intensity in absence of cofactor NADPH and in absence of tissue fractions 

GlcA … Glucuronic acid 
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Figure 2.6 Total ion chromatograms of incubation samples with andarine and NADPH using 

(A) microsomes, (B) S9 fractions, (C) homogenates, or (D) crude homogenates as enzyme 

source for generation of phase I metabolites after liquid-liquid extraction (organic phase).   
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2.3.2.3. Generated S-1 phase I and II metabolites  

S-1 is structurally very similar to andarine except that the N-acetyl group has been 

replaced by a fluoro group. Therefore, in this case deacetylation and demethylation reactions 

as previously described for andarine were not observed. This is the first study to look at the 

in vitro metabolism of S-1 in bovine. Tentative metabolites for S-1 are listed in Table 2.5.  

Observed phase I reactions included monohydroxylations (M1a, M1b, M1c), 

bishydroxylations (M2a, M2b) and O-dephenylation (M3). M1a, M1b, and M3 were the 

major observed phase I metabolites in vitro. Kuuranne et al. reported the generation of three 

monohydroxylated metabolites by human liver microsomes/S9 fractions[184]. 

Bishydroxylated metabolites were not observed in any previous studies, however, they were 

only produced to a minor degree in the present study. An overlaid extracted ion 

chromatogram of m/z 417.0715 for the hydroxylated andarine metabolites M1a, M1b, and 

M1c from incubations with bovine liver microsomes, S9 fractions, homogenates and crude 

homogenates is presented as an example in Figure 2.7. Mass spectra from the two 

chromatographic traces were extracted for M1a from incubations with liver homogenates. 

Andarine-M4 is the same metabolite that has been formed by O-dephenylation of S-1 (M3). 

In previous studies M3 has been observed by incubations with human liver microsomes/S9 

fractions[184] and in equine plasma[165] and urine[164] samples. Similarly to andarine, nitro 

reduction was not observed.  

Six phase II metabolites were observed after incubations of S-1 with crude homogenates, 

homogenates, or S9 fractions. Observed metabolic reactions were glucuronidation of S-1 

(M4), sulfation (M5a, M5b), and glucuronidation of hydroxylated S-1 (M6a, M6b, M6c). 

Kuuranne et al. have previously described the formation of glucuronic acid conjugate of S-

1, sulfation of hydroxylated S-1, and three glucuronic acid conjugates of hydroxylated S-1 

by human liver microsomes/S9 fractions[184]. Furthermore, sulfation of hydroxylated S-1was 

reported previously in a preclinical S-1 metabolism study in rat urine.[16] Figure 2.8 shows 

a representative overlaid extracted ion chromatogram of m/z 593.1036 for the glucuronidated 

hydroxy-andarine metabolites M6a, M6b, and M6c generated from incubations with bovine 

liver S9 fractions, homogenates, or crude homogenates. Mass spectra were extracted for M6c 

from incubations with liver homogenates. 
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Table 2.5 S-1 and associated phase I followed by phase II metabolites, in ascending order 

of retention time(RT), with their elemental compositions, observed masses in negative mode, 

and chemical structures with ESI fragmentation patterns found after incubations with crude 

homogenates (cH), homogenates (H), S9 fractions (S9), or microsomes (M). Collision 

energies at 20 V for fragment ions (FI), 0 V for precursor ions (PI). 

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
cH H S9 M 

Chemical structure 

with proposed ESI 

fragmentation patterns 

S-1 C17H13F4N2O5 401.0733 -8.2 6.59 ✓ ✓ ✓ ✓  

 C11H8F3N2O4 289.0455 4.5      

 C10H8F3N2O3 261.0507 5.4      

 C7H4F3N2O2 205.0240 4.9      

 C6H4FO 111.0255 2.7      

Phase I     cH H S9 M  

S-1-M1a                  

(Hydroxy-) 

C17H13F4N2O6 417.0743 6.7 6.47 ✓ ✓ ✓ ✓  

C11H8F3N2O4 289.0451 3.1      

C10H8F3N2O3 261.0502 3.4      

C7H4F3N2O2 205.0242 5.9      

 C6H4FO2 127.0212 9.4      

S-1-M1b                 

(Hydroxy-) 

C17H13F4N2O6 417.0724 2.2 6.08 ✓ ✓ ✓ ✓ 

 

C11H8F3N2O4 289.0448 2.1      

C10H8F3N2O3 261.0501 3.1      

C7H4F3N2O2 205.0239 4.4      

 C6H4FO2 127.0212 9.4       

S-1-M2a                  

(Bishydroxy-) 

 

C17H13F4N2O7 433.0665 0.2 6.06 ✓ ✓ ✓ ✓  

C11H8F3N2O4 289.0449 2.4      

C10H8F3N2O3 261.0502 3.4      

C7H4F3N2O2 205.0239 4.4      

C6H4FO3 143.0156 4.2      

S-1-M1c                  

(Hydroxy-) 

C17H13F4N2O6 417.0738 5.5 5.96 ✓ ✓ ✓ ✓  

C11H8F3N2O4 289.0451 3.1      

 C10H8F3N2O3 261.0505 4.6      

 C7H4F3N2O2 205.0240 4.9      

 C6H4FO2 127.0208 6.3      
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Table 2.5 continued 

Compound/ 

Metabolite 

Elemental 

composition 

[M-H]- 

Observed 

PI/FI ions 

[M-H]- m/z 

Error 

ppm 

RT 

min 
cH H S9 M 

Chemical structure 

with proposed ESI 

fragmentation patterns 

S-1-M2b                  

(Bishydroxy-) 

C17H13F4N2O7 433.0663 -0.2 5.76 ✓ ✓ ✓ ✓  

C11H8F3N2O4 289.0445 1.0 

C10H8F3N2O3 261.0503 3.8 

C7H4F3N2O2 205.0237 3.4 

C6H4FO3 143.0156 4.2 

S-1-M3                                   

(O-Dephenyl-)α 

C18H15F3N3O7 307.0565 5.9 5.37 ✓ ✓ ✓ ✓  

C7H4F3N2O2 205.0246 7.8 

Phase II     cH H S9   

S-1-M4           

(Glucuronide-) 

C23H21F4N2O11 577.1085 -0.3 6.33 ✓ ✓ ✓   

C17H13F4N2O5 401.0769 0.7 

    

S-1-M5a              

(Hydroxy-sulfate) 

C17H13F4N2O9S 497.0289 1.2 6.02 ✓ ✓ ✓   

C17H13F4N2O6 417.0722 1.7 

C11H8F3N2O4 289.0447 1.7 

C10H8F3N2O3 261.0500 2.7 

C7H4F3N2O2 205.0236 2.9 

C6H4FO2 127.0207 5.5 

S-1-M6a                        

(Hydroxy-

glucuronide) 

C23H21F4N2O12 593.1040 0.7 5.83 ✓ ✓ ✓  

 

 

C17H13F4N2O6 417.0719 1.0 

C11H8F3N2O4 289.0449 2.4 

C10H8F3N2O3 261.0498 1.9 

C7H4F3N2O2 205.0237 3.4 

S-1-M6b                   

(Hydroxy-

glucuronide) 

C23H21F4N2O12 593.1038 0.3 5.64 ✓ ✓ ✓ 
 

 

C17H13F4N2O6 417.0715 0.0 

C7H4F3N2O2 205.0237 3.4 

S-1-M5b             

(Hydroxy-sulfate) 

C17H13F4N2O9S 497.0281 -0.4 5.59 ✓ ✓ ✓   

C17H13F4N2O6 417.0717 0.5 

C7H4F3N2O2 205.0236 2.9 

S-1-M6c                   

(Hydroxy-

glucuronide) 

C23H21F4N2O12 593.1048 2.0 5.47 ✓ ✓ ✓  

C17H13F4N2O6 417.0721 1.4 

C12H12F4O8 303.0531 3.0 

C11H8F3N2O4 289.0448 2.1 

C10H8F3N2O3 261.0502 3.4 

C7H4F3N2O2 205.0237 3.4 

α Also detected in lower intensity in absence of cofactor NADPH and in absence of tissue fractions; GlcA … Glucuronic acid 
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Figure 2.7 Representative chromatograms and mass spectra: Extracted ion chromatograms 

of m/z 417.0715 (M1a-c) from incubations of S-1 with microsomes (red trace), S9 fractions, 

(black trace), homogenates (green trace), or crude homogenates (blue trace). Mass spectra 

were extracted from the green trace of M1a. (A) Segment 1 with 0 V and (B) Segment 2 with 

20 V collision energy. 

 

(A) 

 

 

 

 

 

 

 

 

 

(B)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

M1a 

M1b 

M1c 

M1a 
M1c 

M1b 



 

81 

Figure 2.8 Representative chromatograms and mass spectra: Extracted ion chromatograms 

of m/z 593.1036 (M6a-c) from incubations of S-1 with S9 fractions, (black trace), 

homogenates (green trace) or crude homogenates (blue trace). Mass spectra were extracted 

from the green trace of M6c. (A) Segment 1 with 0 V and (B) segment 2 with 20 V collision 

energy. 
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Table 2.6 Summary of the in vitro metabolites of ostarine, andarine, and S-1 found after 

incubations with crude homogenates (cH), homogenates (H), S9 fractions (S9), or 

microsomes (M – phase I only, phase II not applicable (N/A)). 

Compound/Metabolite cH H S9 M 

Ostarine  ✓ ✓ ✓ ✓ 

   Phase I     

Ostarine-M1a (Hydroxy-) ✓ ✓ ✓ ✓ 

Ostarine-M1b (Hydroxy-) ✓ ✓ ✓ ✓ 

Ostarine-M2a (Bishydroxy-) ✓ ✓ ✓ ✓ 

Ostarine-M2b (Bishydroxy-) ✓ ✓ ✓ ✓ 

Ostarine-M3 (O-Dephenyl-) ✓ ✓ ✓ ✓ 

   Phase II     

Ostarine-M4 (Glucuronide-) ✓ ✓ ✓ N/A 

Ostarine-M5 (Hydroxy-sulfate) ✓ ✓ ✓ N/A 

Ostarine-M6 (Hydroxy-glucuronide) ✓ ✓ ✓ N/A 

Ostarine-M7 (Bishydroxy- glucuronide) ✓ ✓ ✓ N/A 

Andarine  ✓ ✓ ✓ ✓ 

   Phase I     

Andarine-M2 (Hydroxy-) ✓ ✓ ✓ ✓ 

Andarine-M3 (Demethyl-hydroxy-) ✓ ✓ ✓ ✓ 

Andarine-M4 (Dephenyl-) ✓ ✓ ✓ ✓ 

Andarine-M5 (Deacetyl-) ✓ ✓ ✓ ✓ 

   Phase II     

Andarine-M6 (Glucuronide) ✓ ✓ ✓ N/A 

Andarine-M7 (Hydroxy-glucuronide) ✓ ✓ ✓ N/A 

Andarine-M8 (Dephenyl-glucuronide) ✓ ✓ ✓ N/A 

S-1 ✓ ✓ ✓ ✓ 

   Phase I     

S-1-M1a (Hydroxy-) ✓ ✓ ✓ ✓ 

S-1-M1b (Hydroxy-) ✓ ✓ ✓ ✓ 

S-1-M2a (Bishydroxy-) ✓ ✓ ✓ ✓ 

S-1-M1c (Hydroxy-) ✓ ✓ ✓ ✓ 

S-1-M2b (Bishydroxy-) ✓ ✓ ✓ ✓ 

S-1-M3 (O-Dephenyl-) ✓ ✓ ✓ ✓ 

   Phase II     

S-1-M4 (Glucuronide-) ✓ ✓ ✓ N/A 

S-1-M5a (Hydroxy-sulfate) ✓ ✓ ✓ N/A 

S-1-M6a (Hydroxy-glucuronide) ✓ ✓ ✓ N/A 

S-1-M6b (Hydroxy-glucuronide) ✓ ✓ ✓ N/A 

S-1-M5b (Hydroxy-sulfate) ✓ ✓ ✓ N/A 

S-1-M6c (Hydroxy-glucuronide) ✓ ✓ ✓ N/A 
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2.4  Conclusions  

Microsomal or S9 fractions are typically used to produce drug metabolites by 

preliminary in vitro metabolism investigations for use in the development of analytical MS-

based approaches. However, liver microsomes or S9 fractions are not readily available for 

many species such as cattle and the production thereof is laborious, time-consuming, and 

requires specialized equipment. This study demonstrates the potential for using bovine liver 

homogenates as a simple, rapid, and cost-effective in vitro strategy in lieu of microsomes 

and/or S9 fractions helping to provide material which can be used to promptly adapt 

analytical techniques towards reactive monitoring of emerging anabolic drug use in 

livestock. All prepared bovine liver fractions (including crude homogenates, homogenates, 

or S9 fractions for generation of phase I or II metabolites, or microsomes for producing phase 

I metabolites) were demonstrated to be capable of producing metabolites of SARM 

compounds ostarine, andarine, and S-1 that are of importance as potential analyte targets for 

MS analytical monitoring in biofluid matrices such as urine and/or plasma. While SARMs 

were used as model compounds in this study, the approach is anticipated to be equally 

applicable to other compounds. Observed differences in metabolite formation of investigated 

SARM compounds between various liver fractions were not of a qualitative nature as 

observed metabolites were produced by all investigated fractions but were rather 

quantitative. All described metabolites were produced and detected after incubations with 

crude homogenates, homogenates, or S9 fractions for generation of phase I or II metabolites, 

or microsomes for producing phase I metabolites. Certified reference materials for generated 

metabolites were not commercially available and thus could not be absolutely quantified. 

Microsomes were shown to produce phase I metabolites of investigated SARMs at relative 

higher abundances than by S9 fractions or homogenates, which may be due to the higher 

content of P450 and cytochrome b5 and NADPH-cytochrome P450 reductase activity of 

microsomes that also resulted in a higher P450-mediated generation of 7-hydroxycoumarin 

relative to S9 fractions, homogenates, or crude homogenates. Therefore, whilst the use of 

microsomes could prove advantageous in the generation and subsequent detection of 

metabolites produced at low levels, typically for drug monitoring purposes the more 

abundant metabolites are preferentially chosen as target analytes. S9 fractions and 

homogenates offer the advantage of possessing a full set of phase I and II enzymes and 

consequently some metabolites (e.g. deriving from conjugation with sulfate) may be missed 

through only using microsomes, and therefore a combination of both microsomes and S9 
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fractions is commonly employed for such investigations.[184,185] In contrast to the current 

study where the same number of metabolites was formed by all investigated fractions, Wong 

et al. observed that equine liver homogenates typically generated more phase I metabolites 

of anabolic steroids than equine liver microsomes.[369] Wong et al. also reported the 

formation of phase I and II metabolites by equine liver homogenates without addition of 

cofactors[368], whereas in the present study phase I and II metabolite formation was reliant 

on addition of relevant cofactors (NADPH, UDPGA, PAPS). These different observations 

could be attributed to a variety of factors such as species differences between cattle and 

horses (discussed in detail in Chapter 3) or relate to differences in the preparation of 

homogenates. In this study homogenates were prepared by homogenisation of fresh livers, 

with optional low-speed centrifugation and freezing of aliquoted samples until use, whereas 

Wong et al. first froze and stored liver pieces, which were then thawed and homogenised 

prior to use.[368–370] The current approach is advantageous as it allows for characterisation of 

batches of prepared homogenates (Section 2.3.1) and offers greater consistency between 

individual aliquots.  

Bovine liver homogenates were shown to be a promising in vitro system that can be used 

in place of microsomes and S9 fractions to rapidly produce metabolites and accelerate 

implementation of emerging anabolic drugs such as SARMs and metabolites thereof in LC-

MS routine control regimes for the livestock sector. The use of homogenates instead of 

microsomes and/or S9 fractions offers several advantages with this current work 

demonstrating the technique to be an accessible alternative approach that does not require 

specialised equipment such as an ultracentrifuge and resulting short preparation times - 

crucial considerations for monitoring laboratories. It is envisaged that the use of 

homogenates as an in vitro tool is equally applicable for additional species and classes of 

drugs alongside those presented herein. For example, the Hong Kong Jockey Club Racing 

Laboratory has expanded their use of equine liver homogenates to several classes of 

drugs.[368–370] Future work in Chapter 3 will compare the in vitro metabolite profiles of 

SARMs between several sport, food producing, and laboratory animals and assess how well 

the in vitro formed metabolites reflect actual in vivo metabolism of SARMs. 
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Chapter 3: Interspecies Comparative Profiling of in vitro 

and in vivo Generated SARM Metabolites by UHPLC-ion 

mobility-QTOF MS
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3.1   Introduction 

Selective androgen receptor modulators (SARMs) are a class of orally active small 

molecule compounds with tissue-selective ligand binding to the androgen receptor that have 

emerged from therapeutic drug development.[11] While they act as full androgen receptor 

agonists in muscle and bone, they act as partial agonists or antagonists in the prostate and 

seminal vesicles.[33,427,428] Metabolic amplification via 5-α-reductase as observed for 

testosterone does not occur for non-steroidal SARMs[429], therefore their use results in 

reduced side-effects compared to those of anabolic androgenic steroids such as risk of 

prostate cancer in men and virilization in women, while still maintaining advantageous 

anabolic effects on skeletal muscle and bone mass.[6,427] An array of SARM compounds 

based on different pharmacophores has emerged over the last two decades[405] following the 

first non-steroidal SARMs which were based on an aryl-propionamide core structure.[4] 

From this group of compounds, ostarine (S-22, MK-2866, enobosarm, GTx-024) has 

advanced as one of the lead compounds and has been tested in several clinical trials on 

muscle wasting in cancer cachexia, breast cancer, and stress urinary incontinence.[61,64,75,76] 

Another clinically promising SARM candidate is LGD-4033 (VK5211, ligandrol), which is 

based on a pyrrolidinyl-benzonitrile pharmacophore[49] and has been found to increase 

muscle mass without altering prostate-specific antigen[81]. Clinical application of LGD-4033 

in patients with acute hip fracture has been evaluated in a phase II trial.[82] Yet another 

structurally distinguished SARM with clinical potential is the phenyl-oxadiazole RAD140 

(testolone) which has been enrolled in a phase I clinical trial in patients with breast 

cancer.[53,104] Overall, SARM compounds have demonstrated efficacy and favourable safety 

profiles in various clinical trials, however, to date they have not gained approval for clinical 

application. 

Although SARMs are investigational drug candidates for research purposes, many 

SARM compounds such as ostarine, LGD-4033, and RAD140 can be easily sourced over 

the Internet from non-reputable sources making them widely available around the 

globe.[123,124] Such ease of availability combined with their anabolic properties make them 

prone to abuse and like other anabolic agents, SARMs may be used in sports to enhance 

performance and in livestock farming to increase animal productivity. The World Anti-

Doping Agency (WADA), International Federation of Horseracing Authorities (IFHA), and 

the European Commission have banned the use of SARMs in human sports, horse racing, 

and food producing animals respectively.[109,112,117] In athletes, the WADA testing figures 



 

87 

have shown an increasing numbers of test samples reporting positive for ostarine, LGD-

4033, and RAD140, with more than doubling from 32 positive samples in 2015 to 65 

reported in 2017.[137,139] Moreover, in equestrian sports the SARM compound andarine has 

been detected in equine blood samples [131], and the increasing number of reported cases on 

illegal SARM use underlines the threat SARMs pose to sports and food integrity. 

Knowledge of the metabolism of SARMs is crucial to monitoring programs that aim to 

determine the absence or presence of these illegal drugs.[184] SARMs may be (ab)used in 

several species and although there can be similarities, differences in drug metabolism 

between species are numerous and unpredictable.[265] Several studies have investigated the 

metabolites formed following administration of ostarine in humans[175,176], rats[19], dogs[177], 

cattle[141,142], and horses[164,165]. Furthermore, the in vitro generated metabolites of ostarine 

in cattle (phase I)[141] and humans (phase I and II)[177] using liver S9 fractions  have been 

studied. For LGD-4033, human urinary metabolites following LGD-4033 

administration[132,178,179]  and metabolites produced by incubations of LGD-4033 with liver 

microsomes or S9 fractions (phase I and glucuronidations)[127] were reported. Moreover, 

LGD-4033 was administered to horses and its metabolites in plasma and urine were 

elucidated.[180] To date, only the metabolites of RAD140 in human urine and produced by 

human liver microsomes (phase I) have been described[181]; the metabolism of RAD140 in 

other relevant species such as equine, bovine, or porcine has not been investigated. Most 

knowledge on biotransformation is known regarding human and laboratory animals through 

safety efforts in drug development and toxicity studies. Whilst information on drug 

metabolising enzymes in sports and food producing animals is limited, it has become evident 

that these species may be increasingly exposed to xenobiotics, and concerns surrounding 

consumer health and animal welfare have fuelled endeavours to gather information on 

species-relevant biotransformation and limit exposures. In vitro strategies such as the use of 

liver fractions represent a rapid and cost-effective method to draw initial conclusions about 

the metabolic fate of a drug and potential target analytes for use within drug surveillance, 

particularly when in vivo drug administration studies are ethically and financially hard to 

justify for an ever-increasing range of emerging drugs. These strategies help elucidate 

tentative metabolite structures as well as identify potential targets for control analysis 

facilitating further method development. For equine doping control applications, metabolites 

generated from in vitro incubations with liver fractions are accepted as reference materials 

since a revision of the ILAC-G7 guidelines in 2009.[116] Despite increased research efforts, 
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in vitro systems including liver fractions are still not readily available commercially for 

sports and food-producing animals possibly due to low demand.  

For drug metabolism studies liquid chromatography (LC) coupled to high resolution 

(HR)-mass spectrometry (MS) is a commonly employed analytical technique to analyse 

complex samples obtained from in vitro incubations or acquired following in vivo 

administration.[430] Compared to low resolution MS (Chapter 4) that determines the m/z for 

each ion as nominal mass, high resolution MS features high resolution and mass accuracy 

and therefore measures to several decimal places allowing for determination of exact masses. 

By additionally coupling LC-HR-MS to ion mobility spectrometry (IMS), isomeric (i.e. 

identical molecular formula but distinct structure) and isobaric (i.e. same nominal mass but 

different molecular formula) compounds can be separated, and background noise can be 

reduced. While there are several IMS technologies such as travelling wave ion mobility 

spectrometry (TWIMS), differential mobility analyzer (DMA), and trapped ion mobility 

spectrometry (TIMS), drift tube ion mobility spectrometry (DTIMS) was the first designed 

form of IMS[431] and nowadays allows for reproducible collision cross section (CCS) 

determinations.[432] In DTIMS, the measured drift time, which is the time the ionized 

molecule takes to pass the ion mobility cell or drift tube and determined by the experimental 

parameters (drift tube length, temperature, drift gas pressure, drift voltages, mass of buffer 

gas species, and analyte molecule), can be converted to the CCS using the Mason-Schamp 

equation.[433] TWIMS, DMA, and TIMS measurements can also provide CCS values, 

however, generally indirectly after instrument calibration with compounds of known 

CCS.[434,435] The CCS value is a fundamental property of the analyte that represents the area 

of the interaction between ions and drift gas which is determined by the size and shape of 

the molecules. Therefore, CCS values can be used as additional identifiers for analyte 

characterisation[436,437] and/or to derive structural information from the separation of isomers 

in this third dimension by comparison with authentic reference standards and/or theoretical 

CCS values from molecular modelling that cannot be achieved with LC-MS alone.[438–440] 

Moreover, the added dimension of ion mobility enhances the selectivity and sensitivity of 

measurements by reducing background noise resulting in greater signal to noise ratios and 

separating the analyte signals and co-eluting matrix compounds.[441] In drug metabolism 

studies, this makes it easier to find the analytes of interest and cleans up product ion spectra, 

particularly from all-ion-fragmentation data where full scan and MS/MS of all incoming ions 

are recorded, thus improving the quality of obtained mass spectra.  
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Identifying in vitro generated metabolites of SARM compounds in a variety of relevant 

species can provide insights into shared and species-specific mammalian metabolism 

pathways and provides for comparison to in vivo metabolite profiles characterising the 

correlation between findings from in vitro and in vivo experiments. This provides a 

framework of appropriate species-specific metabolites to screen for aiding the development 

or improvement of analytical methods seeking to detect SARM compounds administration 

in various species of interest by identifying which metabolites are formed and including 

them into the methods, providing indisputable proof of ingestion and potentially extending 

detection windows. In this study, the comparative metabolite profiles of in vitro and in vivo 

generated metabolites of the SARM compounds ostarine, LGD-4033, and RAD140 chosen 

based on their distribution in black market products, supplements, and documented illegal 

use in humans, are reported for the first time. Liver microsomes and S9 fractions of major 

livestock species (i.e. cattle and pig), sport animals (horse), and laboratory species (rat) were 

prepared and characterised in terms of total protein, cytochrome b5, and P450 levels, as well 

as by NADPH-cytochrome P450 reductase and 7-ethoxycoumarin O-deethylation activity. 

Microsomes alone were used for generation of phase I metabolites and also in combination 

with S9 fractions for generation of phase II metabolites and were selected over tissue 

homogenates as in vitro systems to ensure observation of very low abundant metabolites. 

Subsequently, in vitro profiles of SARM metabolites generated by various microsome and 

S9 preparations were assessed and compared across species, assessing the potential of such 

in vitro systems to accurately reflect in vivo metabolism observed using a rat administration 

model. Metabolite analyses were performed on an UHPLC-ion mobility-QTOF MS system 

to provide CCS values from drift tube IMS using nitrogen drift gas (DTCCSN2) as an 

additional identifier of SARM metabolites in addition to information on retention times and 

accurate masses of precursor and fragment ions. Such findings contribute to 

comprehensively clarifying the differences and similarities amongst in vitro generated 

SARM compound metabolites in different species by using species-specific liver fractions 

and assessing relevance to actual in vivo drug metabolites excreted in urine following SARM 

administrations.   
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3.2   Experimental 

3.2.1 Materials and reagents 

Tris, EDTA, Pierce BCA Protein Assay Kit, and micro-centrifugal filters (750 µL, PTFE, 

0.2 µm pore size) were sourced from Thermo Fisher Scientific (Hemel Hempstead, UK). 

Sodium hydroxide pellets GPR RECTAPUR® were purchased from VWR (Dublin, 

Ireland). NADPH and β-glucuronidase (EC 3.2.1.31)/arylsulfatase (EC 3.1.6.1) from Helix 

pomatia were from Roche Diagnostics (Mannheim, Germany) and PAPS from Merck 

(Darmstadt, Germany). UDPGA trisodium salt, alamethicin from Trichoderma viride, 

cytochrome c from bovine heart, NADH, oxalyl chloride, potassium cyanide, sodium cholate 

hydrate, Triton N-101, glycerol, potassium phosphate monobasic and dibasic, magnesium 

chloride (MgCl2) hexahydrate, umbelliferone (7-hydroxycoumarin), 7-ethoxyoumarin, 

chloroform HPLC Plus grade, dimethyl sulfoxide (DMSO) LiChrosol® for LC, polyethylene 

glycol (PEG) 300, ethanol (puriss. p.a., ACS reagent, absolute alcohol, without additive, 

≥99.8%), and acetic acid eluent additive for LC-MS were bought from Sigma-Aldrich 

(Gillingham, UK). Methanol and acetonitrile ChromasolvTM for LC-MS were from 

Honeywell Riedel-de Haën (Seelze, Germany). Ultrapure water was prepared by a Milli-Q 

water system from Merck (Darmstadt, Germany). The analytical standard for ostarine was 

purchased from Sigma-Aldrich (Gillingham, UK), for LGD-4033 from Cayman Chemical 

supplied by Cambridge Bioscience (Cambridge, UK), for RAD140 from BOC Sciences 

(New York, USA), and for S-1-d4 from Toronto Research Chemicals (Toronto, Canada). 

All other chemicals and reagents used were from Sigma-Aldrich (Gillingham, UK). 

3.2.2 In vivo SARM administration study 

32 Sprague Dawley rats (Charles River Laboratories, Wilmington, MA, USA) were 

randomly distributed to four study groups (n = 8 per group; one control group and three 

treatment groups) and administered daily orally by gavage 1 mL of PEG300:ethanol 80:20 

v/v without drug (control group), with ostarine (3 mg/kg body weight), with LGD-4033 (3 

mg/kg body weight), or with RAD140 (3 mg/kg body weight) for 17 days. Urine sample 

collection was initiated two hours after the initial administration and took one hour to 

perform. A second batch of urine was collected following administration on day 9. Urine 

samples were also collected prior to drug administration to check for interfering matrix 

components. Animals were exsanguinated under terminal general anaesthesia 24 hours after 

the last administration and liver tissues recovered immediately, frozen on dry ice, and stored 
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at -80°C. All procedures were conducted under regulations as outlined within the UK 

Animals (Scientific Procedures) Act 1986, reviewed and approved by the Animal Welfare 

and Ethical Review Body (AWERB) ethical review procedures at Queen’s University 

Belfast. 

3.2.3 Preparation of species-specific subcellular liver fractions 

Information on animals from which liver tissues were sourced including number of 

pooled livers, breed, and age is summarised in Table 3.1. Bovine, equine, and porcine liver 

samples were collected from commercial processing abattoirs and transported on ice to the 

laboratory, perfused with ice-cold PBS, finely minced and frozen at -80 °C. Rat liver samples 

were obtained from the control group animals of the described in vivo SARM administration 

study (Section 3.2.2). All liver samples were thawed simultaneously and preparations 

performed at 4 °C in a cold room. Livers from several individuals were pooled to reduce 

individual polymorphisms, and furthermore, only livers from male animals were included to 

negate potential gender differences. The procedure for isolation of S9 fractions and 

microsomes (Figure 3.1) was adapted from Pearce et al.[375] Briefly, after pooling liver 

pieces to obtain a representative sample, 3 volumes (36 mL) of ice-cold homogenization 

buffer consisting of 50 mM Tris-HCl, 150 mM KCl, and 2 mM EDTA pH 7.4 at 4 °C were 

added and the mixture homogenized in five x 45 second intervals at 2000 rpm with a 

Silverson L5M homogenizer with a vertical slotted head in a 50 mL tube. This was repeated 

twice, once to prepare the S9 fractions and again to isolate microsomes. Subsequently, 

samples were centrifuged at 15 700 × gmax (4 °C) for 20 min, the pellet discarded, and the 

supernatant (S9 fractions) either aliquoted and frozen at -80 °C, or transferred to a fresh tube 

and centrifuged at 105 000 × gmax (4 °C) for 60 min. The subsequently obtained microsomal 

pellet was resuspended in 14 mL of ice-cold resuspension buffer consisting of 150 mM KCl 

and 2 mM EDTA followed by another centrifugation step at 105 000 × gmax (4 °C) for 60 

min. The resuspension buffer was then discarded, and the pellet resuspended in 3 mL of ice-

cold storage buffer (250 mM sucrose), aliquoted and frozen at -80 °C. The protein 

concentration, P450 content, cytochrome b5 content, NADPH-cytochrome P450 reductase 

activity and 7-ethoxycoumarin O-deethylation activity of S9 and microsomal fractions were 

determined as described in Chapter 2 Section 2.2.3. For the P450 assay, the carbon 

monoxide was produced by the reaction of oxalyl chloride with sodium hydroxide.[442] The 

DT-difference method was used as described in Chapter 2 Section 2.2.3.2 for 

measurements.[443]   
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Table 3.1 Specifications of animal livers used for preparation of species-specific subcellular 

fractions (microsomal/S9) 

Species  No. Gender Type Breed Age 

Bovine 1 Male Steer Limousin 30 months 3 days 

 2 Male Steer  Limousin cross 29 months 25 days 

 3 Male  Steer Limousin cross 32 months 8 days 

 4 Male  Steer Limousin cross 36 months 9 days 

Equine 1 Male Gelding Thoroughbreed, Chestnut Colt 114 months 29 days 

 2 Male Gelding Thoroughbreed, Bay Colt 44 months 13 days 

 3 Male Gelding Thoroughbreed, Bay Colt 79 months 

 4 Male Gelding Thoroughbreed, Bay Colt 82 months 26 days 

 5 Male Gelding Thoroughbreed, Bay Colt 108 months 

 6 Male Gelding Thoroughbreed, Bay Colt 136 months 20 days 

 7 Male Gelding Thoroughbreed, Bay Colt 151 months 20 days 

Murine 1 Male  Sire Sprague-Dawley 2 months 16 days 

 2 Male  Sire Sprague-Dawley 2 months 16 days 

 3 Male Sire Sprague-Dawley 2 months 16 days 

 4 Male  Sire Sprague-Dawley 2 months 16 days 

 5 Male Sire Sprague-Dawley 2 months 16 days 

 6 Male Sire Sprague-Dawley 2 months 16 days 

 7 Male Sire Sprague-Dawley 2 months 16 days 

 8 Male Sire Sprague-Dawley 2 months 16 days 

Porcine 1 Male Boar Large white Landrace Duroc cross 23-24 weeks 

 2 Male Boar Large white Landrace Duroc cross 23-24 weeks 

 3 Male Boar Large white Landrace Duroc cross 23-24 weeks 

 4 Male Boar Large white Landrace Duroc cross 23-24 weeks 

 5 Male Boar Large white Landrace Duroc cross 23-24 weeks 
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Figure 3.1 Scheme of preparation of species-specific (A) S9 fractions and (B) microsomes 

by differential (ultra)centrifugation.  
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3.2.4 In vitro generation of phase I and II SARM metabolites 

10 mM stock solutions of SARM compounds were prepared - ostarine was dissolved in 

acetonitrile, LGD-4033 in ethanol, and RAD140 in DMSO - with 250 µM working stocks 

derived through dilution with incubation buffer (50 mM potassium phosphate buffer and 5 

mM MgCl2, pH 7.4). For generation of phase I metabolites, the total volume of incubation 

samples was 100 µL. 20 µL of 250 µM SARM compound (ostarine, LGD-4033, or RAD140; 

final concentration of 50 µM) were added to 40 µL of incubation buffer. Then, 20 µL of 5 

mg/mL pooled liver microsomes (bovine, equine, murine, or porcine: final concentration of 

1 mg/mL) in incubation buffer were added. After pre-incubation for 5 min at 37 °C in a 

shaking (300 rpm) Thermomixer comfort (Eppendorf, Stevenage, UK), phase I reactions 

were initiated upon addition of 20 µL of 50 mM NADPH (final concentration of 10 mM) as 

cofactor in incubation buffer. All samples were incubated for two hours at 37 °C (300 rpm). 

To generate the phase II metabolites, it was first necessary to produce phase I 

metabolites. Therefore, the phase I assay preceded a phase II assay. Briefly, 10 µL of 250 

µM of SARM compound (ostarine, LGD-4033, or RAD140) were added to 20 µL of 

incubation buffer. Further, 10 µL of 5 mg/mL pooled liver microsomes (bovine, equine, 

murine, or porcine) were added and the mixtures were pre-incubated for 5 min at 37 °C (300 

rpm). The phase I reactions were started by adding 10 µL of 50 mM NADPH and phase I 

metabolites were generated for two hours at 37 °C (300 rpm). Imminently before the addition 

of further reagents, alamethicin and liver S9 fractions were pre-incubated on ice for 10 min. 

To initiate the production of phase II metabolites, 10 µL of 250 µg/mL alamethicin with 10 

µL of 5 mg/mL liver S9 fractions (bovine, equine, murine, or porcine) in incubation buffer 

(final concentrations 25 µg/mL and 0.5 mg/mL), 10 µL of 250 µM PAPS (final concentration 

of 25 µM) diluted in incubation buffer, 10 µL of 50 mM UDPGA (final concentration of 5 

mM) dissolved in incubation buffer, and 10 µL of 250 µM SARM compound (final 

concentration of 50 µM) were added. The samples were incubated for another two hours at 

37 °C (300 rpm). The total volume for phase II incubation samples was 100 µL.  

Phase I and II reactions were stopped upon addition of one equal volume (100 µL) of 

ice-cold methanol spiked with S-1-d4 at a concentration of 5 µg/mL. Subsequently, the 

samples were put on ice for 15 min and centrifuged at 12 000 × g (10 °C) for 15 min. 150 

µL of the supernatant were transferred into an HPLC vial with insert. A 5 µL aliquot of the 

sample solution was injected onto the UHPLC-IM-QTOF MS system. Control samples in 

the absence of cofactor, test compound, or tissue fraction for respective were included as 
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blanks to reveal non-cofactor dependent enzymatic degradation, distinguish any interfering 

components originating from the matrix, or compensate for chemical instability of the drug. 

3.2.5 Urine profiling of in vivo generated SARM metabolites 

Rat urine samples (Section 3.2.2) were adjusted to pH 5.2 with 1 M acetic acid, and two 

100 µL of aliquots transferred to 1.5 mL tubes. For detection of phase I and II metabolites, 

100 µL of methanol spiked with 0.5 µg/mL S-1-d4 were added to 100 µL of rat urine. For 

cleavage of phase II metabolites, 2 µL of a mixture of β-glucuronidase (EC 3.2.1.31) and 

arylsulfatase (EC 3.1.6.1) from Helix pomatia were added to 100 µL of urine sample, 

incubated at 50 °C for 90 min in a heat block followed by addition of 100 µL methanol with 

0.5 µg/mL S-1-d4. Afterwards, all samples were vortexed, cooled at -20 °C for 10 min and 

centrifuged for 15 min at 12 000 × g for precipitation. 150 µL of the supernatant was 

transferred into centrifugal filters and centrifuged at 10 400 × g for 5 min. The filtrate was 

directly transferred into an HPLC vial with insert, and 5 µL injected onto the UHPLC-IM-

QTOF MS system. 

3.2.6 UHPLC-IM-QTOF MS profiling of in vitro and in vivo formed 

metabolites of SARM compounds  

To determine the profiles of in vitro (Section 3.2.4) and in vivo (Section 3.2.5) formed 

SARM metabolites an Agilent 1290 Infinity UHPLC system coupled to a 6560 drift tube 

(DT) ion mobility quadrupole time of flight (QTOF) mass spectrometer equipped with a dual 

Agilent jet stream electrospray ionisation source (Dual AJS ESI) was used (Agilent 

Technologies, Santa Clara, CA, USA). Chromatographic separation utilised a reversed-

phase Acquity UPLC BEH C18 (dimensions 2.1 x 100 mm, particle size 1.7 µm) column 

from Waters (Milford, MA, USA) maintained at 45 °C. Gradient elution was performed 

using ultrapure water with 0.1 % acetic acid (v/v) as mobile phase A and methanol with 0.1 

% acetic acid (v/v) as mobile phase B. Gradient and flow rate were programmed as follows: 

0-0.5 min at 97 % A, 0.5-7.0 min 97 % A to 1 % A, 7-10 min hold 1 % A, and 10-12 min 

hold 97 % A, constantly at 0.4 mL/min. Autosampler temperature was held at 10 °C. The 

ESI source was operated in negative ionisation mode with a nitrogen sheath gas temperature 

at 400 °C, and nitrogen drying gas temperature at 150 °C, both at a flow rate of 12 L/min. 

The nebulizer gas pressure was 25 psi, the capillary voltage was 4500 V, the nozzle voltage 

1600 V and the fragmentor was set at 380 V. The ion mobility trapping funnel operated with 



 

96 

a trap fill time of 8400 µs and a trap release time of 150 µs. The ion mobility drift tube 

entrance voltage was set to 1700 V and the exit voltage at 250 V with a gas pressure of 3.95 

Torr and temperature at 26 °C using high purity nitrogen as collision gas. The rear funnel 

entrance voltage was set at 240 V and the rear funnel exit at 43 V. For acquisition 1 frame/sec 

and 13 transients/frame were recorded. The QTOF mass spectrometer was tuned and mass 

calibrated prior to analyses in extended dynamic range (2 GHz) with a low mass range (1700 

m/z) using an Agilent ESI-L low concentration tune mix. During analysis the MS was 

operated in a mass range 100-1100 m/z in alternating frames (0 and 20 V). For single field 

calibration the tune mix was infused for 0.5 min between every ten samples using the same 

ion mobility and MS settings as for the analyte samples. Agilent MassHunter Workstation 

version B08.00 was used for data acquisition. Firstly, collected data were submitted to the 

Agilent IM-MS Reprocessor for accurate mass recalibration using reference masses of 

calibrant ions (negative mode: purine 119.0363 m/z and HP-0921 acetate ion 980.0163 m/z). 

Secondly, using the single field CCS calibration function in the Agilent IM-MS Browser 

B.08.00 slope (beta) and intercept (tfix) were deduced from measurements of calibrant ions 

from the tune mix with standardised DTCCSN2 values.[432] Three calibrants in negative mode 

at m/z 301.9981, 601.9784, and 1033.9881 were used. Subsequently, beta and tfix values 

were linked to sample files and used for automatic DTCCSN2 calculations from measured drift 

times. Agilent IM-MS Browser B.08.00 was used for feature extractions and data analysis. 

Chromatograms (Figure 3.5) were produced using Skyline daily[444] version 4.2.1.19095 

applying the following descriptors for SARM metabolites: molecular formula, “adduct 

description” (singly deprotonated [M-H]), retention time, drift time, and CCS values.  
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3.3   Results and discussion 

3.3.1. Characterisation of species-specific liver microsomes and S9 fractions 

It is well documented that enzyme content and activity can vary among species, and 

whilst laboratory animals have been examined thoroughly, studies that provide specification 

data on liver microsomes and S9 fractions from food producing species in a direct 

comparison under the same conditions are rare.[271] The cytochrome b5 content, P450 

content, NADPH-cytochrome P450 reductase activity, and 7-ethoxycoumarin-O-

deethylation activity determined in the different species and based on protein concentration 

are given in Table 3.2. Besides the P450 monooxygenases, the haemprotein cytochrome b5 

and the flavoprotein NADPH-cytochrome P450 reductase are main components of the 

electron transfer system that mediates P450 drug metabolism.[445] Furthermore, 7-

ethoxycoumarin O-deethylation has been used in this study as to assess P450-mediated drug-

metabolising activity. The substrate 7-ethoxycoumarin is deethylated by multiple CYP 

enzymes.[418] Yet, it has not been established which CYP enzymes are involved in the 

reaction in all investigated species and the involvement of CYP enzymes may differ across 

species. On the one hand characterisation of the prepared fractions was a necessary step to 

ensure the quality (i.e. enzymatic activity and ability to produce drug metabolites) of the 

prepared fractions and on the other hand enabled a direct comparison across species. 

Table 3.2 shows that the highest cytochrome b5 content was observed in bovine liver 

microsomes, whereas the highest P450 content and NADPH-cytochrome P450 reductase 

activity was observed in rat liver microsomes. Although porcine liver microsomes showed a 

lower P450 content and NADPH-cytochrome P450 reductase activity than rat liver 

microsomes, they had the highest rate of 7-ethoxycoumarin O-deethylation. Previously, 

Nebbia et al. have determined the NADPH-cytochrome P450 reductase activity, P450 and 

cytochrome b5 content and in bovine, equine, porcine, and murine liver microsomes.[271] In 

accordance with the current study, bovine liver microsomes had the highest cytochrome b5 

content and rat liver microsomes showed the highest P450 content amongst these species. In 

both studies, cattle and horses showed a relatively low NADPH-cytochrome P450 reductase 

activity compared to pigs and rats. It should be noted that differences not only exist between 

species but also within species depending on breed or gender.[262,263] 

For S9 fractions the contents and activities determined were three to nine-fold lower than 

that for corresponding microsomal fractions. P450, NADPH-cytochrome P450 reductase 

and cytochrome b5 are enriched in microsomes as they are integral membrane proteins 



 

98 

primarily anchored to the cytoplasmic surface of the endoplasmic reticulum of eukaryotic 

cells.[197,203–205] As they are primarily linked to microsomes, their measurements in S9 

fractions are less reported. Murine and equine liver S9 fractions had the highest P450 

content, whilst murine liver S9 also showed the highest NADPH-cytochrome P450 

reductase, deethylation activity, and cytochrome b5 content. Similar to microsomes, bovine 

and equine liver S9 showed a lower NADPH-cytochrome P450 reductase activity than in 

porcine and murine liver S9. 

To summarise, the P450 content did not correlate with the rate of deethylation indicating 

that other factors such as the expression levels of isoenzymes and their involvement towards 

the substrate metabolism may play a more decisive role than the overall amount of P450 

enzymes. Moreover, the cytochrome b5 content and NADPH-cytochrome P450 reductase 

activity was not seemingly correlated to the rate of the probe substrate metabolism. However, 

previously reported studies with cytochrome b5 and NADPH-cytochrome P450 reductase 

knock-out mice have shown that they affect CYP enzyme activities and drug 

metabolism.[202,446] 
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3.3.2. Characterisation of species-specific in vitro generated SARM compound 

metabolites 

An objective of this study was to provide a direct comparison between the metabolites 

of the SARM compounds ostarine, LGD-4033, and RAD140 formed in vitro by sports, food 

producing, and laboratory animals. By analysing generated metabolites using UHPLC-ion 

mobility-QTOF MS with alternating voltages (0 V and 20 V), partial structural 

characterisation was enabled through accurate mass measurement of precursor and product 

ions including acquired information on tentative fragmentation (“pseudo MS/MS”). Using 

this data-independent mode full MS unfragmented data and fragments of all ions are 

obtained with a single injection. By using ion mobility interfering background noise was 

removed and cleaned-up product ion spectra ions were obtained. CCS values were calculated 

from measured ion mobility drift times to serve as additional compound identifiers. 

3.3.2.1. In vitro generated metabolites of ostarine 

All observed in vitro metabolites of ostarine produced by bovine, equine, porcine, and 

murine liver microsomes alone (phase I) or in combination with S9 fractions (phase II) are 

listed in Table 3.3 and the proposed metabolic pathway with tentative chemical structures 

is illustrated in Figure 3.2. Mass spectrometric fragmentation of ostarine and associated 

metabolites has previously been closely described by Thevis et al.[175,177] 

In this study hydroxylation on the cyanophenyl ring (B-ring) with a shift + 16 Da from 

m/z 118 to m/z 134 was observed in two metabolites M1a and M1b. M1a was detected in all 

species, whereas M1b was not detected in porcine. Another hydroxylated metabolite M2 

with unmodified rings m/z 118 and m/z 185 but a hydroxylated methyl group was found in 

bovine, equine, and murine liver microsomal samples, however, not in porcine. Previously, 

Thevis et al. described three monohydroxylated metabolites after incubation of ostarine with 

human liver S9 fractions and in a dog urine sample following ostarine administration.[177] 

Furthermore, two out of these three metabolites (M1a or M1b and M2) could be verified in 

human urine samples after ostarine intake.[175] In bovine, Rijke et al.[141] described two 

monohydroxylated metabolites excreted in urine following ostarine administration and 

formed by liver S9 fractions compared to three formed by bovine liver microsomes in the 

current study.  

Three metabolites M3a, M3b, and M3c were formed by bishydroxylation on the B-ring 

with a shift of + 32 Da of m/z 118 to m/z 150. M3a was formed by bovine, equine and murine 
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liver microsomes, whereas M3b only in murine liver microsomal samples and M3c was 

detected in all investigated species. In earlier studies by Thevis et al., two bishydroxylated 

metabolites were detected in human liver S9 and in a dog urine sample[177], but could not be 

detected in human urine[175].  

Additionally, O-dephenylation (M4), amide hydrolysis (M5) of ostarine, and subsequent 

hydroxylation of M5 (M6) were generated from in vitro preparations in all investigated 

species. Previously, the ostarine metabolite formed by O-dephenylation has also been 

observed in bovine[141], and human liver S9[177] incubation samples, as well as canine[177], 

bovine[141] and human[175] urine samples. A dephenlyated and carboxylated metabolite with 

m/z 301 was found in human[175] and bovine urine samples[141,142] and produced by bovine 

liver S9 incubations[141], but could not be detected in any of the current study samples. The 

presence of M5 has also been described in equine urine samples.[164] M6 has been described 

to be generated from in vitro preparations using bovine liver S9 fractions[141] and was 

observed in bovine[142] as well as rat[19] urine samples following in vivo administration. 

Besides the amide hydrolysis products M5 and M6, 3-(4-cyanophenoxy)-2-hydroxy-2-

methylpropanoic acid with m/z 220 was initially described by Kim et al. in rat urine 

samples[19] and later also found in bovine urine samples[142], however, this metabolite could 

not be detected in this study.  

Glucuronidation of ostarine (M7) was produced by in vitro incubations with liver 

microsomes in combination with S9 fractions from all species. A loss of cyanophenol m/z 

119 yielded the glucuronic acid analogue of m/z 269 at m/z 445. Moreover, this metabolite 

has been previously found in bovine[141], rat[19], canine[177] and human[175,176] urine samples, 

and was generated by human liver S9 incubations[177]. Sulfation of a hydroxylated B-ring 

metabolite (M8) was observed after incubations with bovine liver microsomes and S9 

fractions. Previously, M8 was found in bovine[141], rat[19], canine[177], and human[175] urine 

samples, and generated by human liver S9[177]. Two metabolites M9a and M9b formed by 

glucuronidations of hydroxylated B-ring metabolites were derived from in vitro 

preparations. M9a was generated by bovine and M9b was generated by murine, equine, and 

porcine liver microsomes in combination with S9 fractions. The glucuronidation of M9a and 

M9b could be assigned to the hydroxylated B-ring due to the molecular ion at m/z 310 which 

corresponds to the glucuronic acid conjugate of the deprotonated hydroxy-4-cyanophenol 

(m/z 176 + m/z 134). Other studies reported one glucuronide-conjugated monohydroxylated 

metabolite of ostarine following in vivo administration in bovine[141], rat[19], and canine[177] 

urine samples, and in vitro generated by human liver S9[177], whereas two in vivo formed 
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metabolites were reported in human urine samples[175]. A glucuronidated bishydroxylated 

metabolite (M10) was produced from in vitro incubation samples with liver microsomes in 

combination with S9 fractions from all investigated species. The glucuronidation of M10 

could be assigned to the bishydroxylated B-ring due to the molecular ion at m/z 326 which 

corresponds to the glucuronic acid conjugate of the deprotonated bishydroxy-4-cyanophenol 

(m/z 176 + m/z 150). The formation of this metabolite has been previously observed by 

human liver S9[177] and in a human urine sample[175]. M11 and M12 were formed by sulfation 

and glucuronidation of M6 respectively. M11 was in vitro generated by all investigated 

species, whereas M12 was only present after in vitro incubations of equine and porcine liver 

microsomes in combination with S9 fractions. Previously, ostarine metabolite M11 formed 

by sulfation of M6 was reported as in vivo-derived metabolite in rat urine samples[19] as well 

as equine plasma[165] and urine[164] samples, whereas ostarine metabolite M12 formed by 

glucuronidation of M6 has only been previously reported in equine plasma[165] and urine[164] 

following in vivo administration. Hansson et al. described an in vivo formed ostarine 

metabolite from amide hydrolysis followed by bishydroxylation and sulfation in equine 

urine[164] and plasma[165] samples, but this metabolite was not detected in the current study. 

To summarise, after incubations with liver fractions, ostarine was extensively 

metabolised in all species, with in total 13 metabolites identified from bovine, equine, and 

murine incubations and ten from porcine. Most metabolites (M1a, M3c, M4, M5, M6, M7, 

M10, and M11) were observed in all species examined in this study, with M1b, M2, and 

M3a generated by bovine, equine and murine liver microsomes, but not by porcine. M9b 

was produced by equine, porcine and murine liver microsomes in combination with S9, 

whereas the positional isomer M9a and the sulfated equivalent M8 was only found in 

incubations with bovine liver microsomes in combination with S9 fractions, with M3b 

exclusive to rats. 
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Table 3.3 Elemental compositions, observed masses in negative mode, retention times (RT), 

and CCS values of ostarine and metabolites found in bovine (B), equine (E), porcine (P), 

and rats (R) after incubations with microsomes (phase I) and S9 fractions (phase II) and in 

rat urine (RU) after 1-2 h after administration on day 1 (D1) and day 9 (D9). Collision energy 

at 20 V for fragment ions (FI), 0 V for precursor ions (PI). Comparison with metabolites 

found in post-administration rat urine samples with (phase I) and without (phase II) 

enzymatic hydrolysis. In vivo metabolites were ranked by abundance (1 = most abundant). 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

Ostarineα C19H13F3N3O3 388.0892 -5.7 6.04 193.6 ✓ ✓ ✓ ✓ ✓ ✓ 

 C12H8F3N2O2 269.0552 3.3   

 C11H8F3N2O 241.0576 -7.5   

 C8H4F3N2 185.0330 -1.1   

 C7H4NO 118.0307 7.6   

Phase I            

M1a          

Hydroxylationα 

C19H13F3N3O4 404.0871 1.7 5.95 191.0 ✓ ✓ ✓ ✓ ✓3 ✓3 

C12H8F3N2O2 269.0542 -0.4   

C8H4F3N2 185.0336 2.2   

C7H4NO2 134.0255 5.2   

M1b       

Hydroxylationα 

C19H13F3N3O4 404.0868 1.0 5.79 195.3 ✓ ✓  ✓  ✓5 

C12H8F3N2O2 269.0557 5.2  

C8H4F3N2 185.0339 3.8  

C7H4NO2 134.0254 4.5  

M2  

Hydroxylation 

C19H13F3N3O4 404.0850 -3.5 5.70 194.4 ✓ ✓  ✓   

C11H6F3N2O2 255.0401 5.5  

C8H4F3N2 185.0344 6.5  

C7H4NO 118.0302 3.4  

M3a 

Bishydroxylation 

C19H13F3N3O5 420.0832 4.5 5.75 193.4 ✓ ✓  ✓   

C7H4NO3 150.0202 3.3  

M3b 

Bishydroxylation 

C19H13F3N3O5 420.0811 -0.5 5.65 191.9    ✓   

C7H4NO3 150.0200 1.3       

M3c 

Bishydroxylation 

C19H13F3N3O5S 420.0837 5.7 5.50 194.0 ✓ ✓ ✓ ✓  ✓4 

C12H8F3N2O2 269.0526 -6.3 

C7H4NO3 150.0196 4.0 

M4                       

O-Dephenylationβ 

C12H10F3N2O3 287.0642 -2.4 5.04 159.0 ✓ ✓ ✓ ✓ ✓2 ✓2 

C8H4F3N2 185.0333 0.5   

M5                    

Amide hydrolysis 

C8H4F3N2 185.0338 3.2 4.76 127.0 ✓ ✓ ✓ ✓  ✓6 
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Table 3.3 continued 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

M6                    

Amide hydrolysis 

+ hydroxylation 

C8H4F3N2O 201.0291 5.0 4.72 131.2 ✓ ✓ ✓ ✓ ✓1 ✓1 

- 181.0226 -  

Phase II            

M7  

Glucuronidation 

C25H21F3N3O9 564.1255 3.5 5.81 225.7 ✓ ✓ ✓ ✓ ✓2 ✓3 

C18H16F3N2O8 445.0871 1.6  

C19H13F3N3O3 388.0908 -1.5   

C12H10F3N2O3 287.0651 0.7  

C12H8F3N2O2 269.0541 -0.7   

C8H4F3N2 185.0341 4.9  

C7H4NO 118.0306 6.8  

M8   

Hydroxylation      

+ sulfation 

C19H13F3N3O7S 484.0435 0.6 5.62 199.7 ✓    ✓3 ✓2 

C19H13F3N3O4 404.0870 1.7   

C12H8F3N2O2 269.0529 -5.2   

C8H4F3N2 134.0243 -3.7   

M9a 

Hydroxylation       

+ glucuronidation 

 

C25H21F3N3O10 580.1202 2.9 5.37 225.8 ✓     ✓6 

C19H13F3N3O4 404.0870 1.7   

C13H12NO8 310.0592 7.7   

C12H8F3N2O2 269.0538 -1.9   

C7H4NO2 134.0254 4.5   

M9b                        

Hydroxylation        

+ glucuronidation 

C25H21F3N3O10 580.1187 0.3 5.32 223.6  ✓ ✓ ✓   

C19H13F3N3O4 404.0864 0.2   

C13H12NO8 310.0592 7.7   

C7H4NO2 134.0243 -3.7   

M10  

Bishydroxylation 

+ glucuronidation 

C25H21F3N3O11 596.1144 1.7 5.01 227.6 ✓ ✓ ✓ ✓  ✓5 

C19H13F3N3O5 420.0817 1.0 

C13H12NO9 326.0516 -0.6 

C7H4NO3 150.0188 -6.0 

M11                 

Amide hydrolysis  

+ hydroxylation      

+ sulfation 

C8H4F3N2O4S 280.9868 6.8 4.15 148.8 ✓ ✓ ✓ ✓ ✓1 ✓1 

C8H4F3N2O 201.0270 -5.5   

- 181.0214 -   

M12             

Amide hydrolysis                 

+ hydroxylation    

+ glucuronidation 

C14H12F3N2O7 377.0611 2.4 3.97 178.3  ✓ ✓   ✓4 

C8H4F3N2O 201.0274 -3.5   

α Adduct ions formed: Ostarine [M+Cl]- 424.0698 CCS 271.6; M1a [M2-H]- 809.1788 CCS 262.1; M1b [M2-H]- 809.1795 CCS 271.1 

β Also detected in lower intensity in absence of cofactor NADPH and in absence of tissue fractions  



 

105 

 

Figure 3.2 Proposed chemical structures of in vitro and/or in vivo formed phase I and II 

metabolites of ostarine. Metabolite numbers refer to Table 3.3. Arrows indicate tentative 

metabolic pathways.   
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3.3.2.2. In vitro generated metabolites of LGD-4033 

The produced in vitro metabolites for LGD-4033 are listed in Table 3.4 and the proposed 

metabolic pathway with tentative chemical structures is illustrated in Figure 3.3. Mass 

spectrometric fragmentation of LGD-4033 and its metabolites has previously been described 

using LC-MS in positive ESI and samples derived from incubations with human liver 

microsomes or S9 fractions[127], and an athlete’s urine sample[132] as well as in negative ESI 

using an electrochemical synthesis approach and human liver microsomes[49]. Furthermore, 

studies on LGD-4033 metabolism with human liver microsomes[178], in human urine[178,180], 

and equine urine and plasma[180] with samples acquired following administration have been 

conducted. 

LGD-4033 was mainly detected as an adduct ion with acetic acid to m/z 397 and also as 

a deprotonated molecular ion at m/z 337. LGD-4033 has two asymmetric centres resulting 

in four stereoisomers. Chiral centres of LGD-4033 are marked with an asterisk * in Figure 

3.3. Whilst the epimers cannot be seperated, the diastereomers were seperated 

chromatographically at 6.48 min with a CCS of 179.4 Å² and at 6.34 min with a CCS of 

182.8 Å². Two peaks for LGD-4033 were also observed in the study by Fragkaki et al.[179] 

M1a was observed after incubations with liver microsomes from all investigated species 

and is suggested to arise from N-oxidation as it elutes at 6.38 min slightly after the main 

peak for LGD-4033 at 6.34 min. Alternatively, it could be formed from hydroxylation of the 

LGD-4033 diastereomer at 6.48 min. Due to lack of fragmentation, site of hydroxylation for 

M1a could not be assigned. Moreover, three hydroxylated metabolites (M1b-d) of LGD-

4033 were produced by incubation with bovine, equine, porcine, and murine liver 

microsomes. Fragments at m/z 199, 185, and 170 showed that the trifluoromethyl-

benzonitrile moiety stayed intact. Therefore, hydroxlyation of the pyrrolidine moiety is 

proposed for M1b-d. Additionally, abundant acetate adduct formation for M1c and M1d was 

observed. Cox et al.[132] reported three in vivo-derived metabolites from monohydroxylations 

on the pyrrolidine ring in a human urine sample that tested positive for LGD-4033, whereas 

only one was detected in human urine following administration of LGD-4033 to a volunteer 

by Fragkaki et al.[179]. In comparison, Thevis et al. reported two monohydroxylations on the 

pyrrolidine moiety produced by human liver microsomal incubations[49]. In the current study 

monohydroxylation of the benzonitrile aromatic ring was not observed, however, formation 

of this metabolite was previously described in vitro by preparations with human liver 
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microsomes[49,178] and in vivo as it was detected within human urine from a positive doping 

sample[132].  

M2 was generated in vitro by microsomal samples from all investigated species. For M2 

the fragment ion at m/z 253 suggests a hydroxylation on the pyrrolidine part followed by an 

oxidation to a carbonyl. These metabolic reactions previously yielded one metabolite in 

samples from incubations with human liver microsomes or S9 fractions[127], four metabolites 

in a hydrolysed human urine sample[132], and three in another human urine sample after 

hydrolysis[179].  

LGD-4033 metabolite M3a formed by bishydroxylation of the pyrrolidine ring was in 

vitro generated by incubations of liver microsomes from all investigated species. 

Furthermore, another ostarine metabolite M3b formed by bishydroxylation of the pyrrolidine 

ring was produced by incubation with equine liver microsomes. One bishydroxylated 

pyrrolidine moiety metabolite has also been described by previous in vitro studies in 

human[49,127,178] and equine[180], whereas, two metabolites were detected in further studies 

with human urine samples[132,179]. Formation of an ostarine metabolite derived from 

monohydroxylation on both aromatic rings has been described in vitro using human liver 

microsomes[49] and in vivo in human urine from a positive doping sample [132], but this 

metabolite was not found in this study.  

Previous studies of equine urine samples acquired following LGD-4033 administration 

detected a trihydroxylated metabolite.[180] Moreover, two trihydroxylated metabolites were 

found to be excreted in human urine following administration of LGD-4033 to a 

volunteer.[179] In this study, one trihydroxylation for LGD-4033 was generated for the first 

time in vitro by equine liver microsomes (M4a). Due to the presence of m/z 185 (M4a) 

suggesting that the benzonitrile ring remained unchanged, hydroxylations can be assigned 

to the pyrrolidine part. LGD-4033 metabolite M5a formed by hydroxylation with subsequent 

pyrrolidine cleavage (M5a) was observed in vitro in all investigates species. Moreover, this 

metabolite was also observed once in human samples in vitro[127] and in vivo[132,178,179].  

M6 was formed from LGD-4033 after a loss of the pyrrolidine ring with subsequent 

hydroxylation of M6 leading to M7, both metabolites were in vitro generated by all 

investigated species. While this metabolic reaction (loss of the pyrrolidine ring) has been 

observed in the metabolism of other compounds with a pyrrolidine ring such as the synthetic 

cathinones α-pyrrolidinovalerophenone (α-PVP)[447] and methylenedioxy-pyrovalerone 

(MDPV)[447,448], the current study is the first to observe it for LGD-4033. Furthermore, 

metabolites with the accurate mass of m/z 185.0332 and m/z 201.0281 were also formed from 
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ostarine (Section 3.3.2.1 Table 3.3). Therefore, in forensic testing it should be differentiated 

if these metabolites originate from LGD-4033 or ostarine. 

Two metabolites (M8a-b) were formed by glucuronidation of LGD-4033 that could arise 

from N+- and O-glucuronidation. M8a was only generated by equine liver S9, whereas M8b 

was formed by all investigated species. M8a was only formed to a minor degree and 

chromatographically not well separated from M8b, which could explain why its CCS value 

was not reported in the feature list. A previous in vivo administration study in equine by 

Hansson et al. supports these findings by describing two glucuronides in urine and plasma 

with one potentially corresponding to an N+-glucuronide of LGD-4033.[180] Several other 

studies analysing human urine samples following LGD-4033 intake only report one 

glucuronide of LGD-4033.[178–180]  

Moreover, four metabolites (M9a-d) were formed through further glucuronidation of 

hydroxylated LGD-4033 metabolites. M9a was formed in vitro by all investigated species, 

whilst M9b was generated by murine, M9c by murine and equine, and M9d only by equine 

liver fractions. In accordance with these results, three metabolites formed by glucuronidation 

and hydroxylation of LGD-4033 were found in equine urine and plasma samples following 

LGD-4033 administration by Hansson et al.[180]. 

M10 represents a methoxylated metabolite that was produced by liver microsomes and 

S9 fractions of all investigated species. Previously, the methylation of hydroxylated LGD-

4033 was described for two metabolites formed by human liver microsomes or S9 

fractions[127] and one metabolite found in  human urine following LGD-4033 intake[179]. A 

bishydroxylated glucuronated metabolite (M11b) was in vitro generated by incubation with 

rat liver microsomes in combination with S9 fractions, a metabolite which was previously 

found in equine urine samples[180], but in this study was not produced in vitro by equine. 

Furthermore, all investigated species in vitro generated M12 (formed by glucuronidation of 

M5) and M13 (formed by sulfation of M7). M13 is described for the first time herein as 

metabolite of LGD-4033, however, it is not a unique metabolite of LGD-4033 as it has also 

been formed in vitro and in vivo from ostarine (Section 3.3.2.1 Table 3.3, Section 3.3.3 

Figure 3.6). 

To conclude, a total of 15 metabolites of LGD-4033 was generated by bovine and porcine 

in vitro systems, 19 and 18 were formed by equine and murine respectively; 15 metabolites 

thereof were produced by all investigated species. One in vitro-derived metabolite was 

shared by two species (M9c in horses and rats), three in vitro-derived metabolites (M3b, 

M4a, M9d) were exclusive to horses and two (M9b, M11b) were exclusively formed by rats.   
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Table 3.4 Elemental compositions, observed masses in negative mode, retention times, and 

CCS values of LGD-4033 and metabolites found in bovine (B), equine (E), porcine (P), and 

rats (R) after incubations with microsomes (phase I) and/or S9 fractions (phase II) and in rat 

urine (RU) after 1-2 h after administration on day 1 (D1) and day 9 (D9). Collision energy 

at 20 V for fragment ions (FI), 0 V for precursor ions (PI). Comparison with metabolites 

found in post-administration rat urine samples with (phase I) and without (phase II) 

enzymatic hydrolysis. In vivo metabolites were ranked by abundance (1 = most abundant). 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

LGD-4033α C16H15F6N2O3
α 397.0993α 0.3 6.48 179.4 ✓ ✓ ✓ ✓   

C14H11F6N2O 337.0785 1.2   

C13H10F3N2O 267.0757γ,δ 2.2   

C11H6F3N2O 239.0437 -0.4   

C8H3F4N 170.0218 -2.9   

LGD-4033 α C16H15F6N2O3
α 397.0993α 0.3 6.34 182.8 ✓ ✓ ✓ ✓ ✓ ✓ 

C14H11F6N2O 337.0764 -5.0   

C13H10F3N2O 267.0742 -3.4   

C11H6F3N2O 239.0449 4.6   

C8H3F3N 170.0231 4.1   

Phase I 

M1a                                

N-Oxide/ 

Hydroxylation 

C14H11F6N2O2 353.0710 5.7 6.38 167.6 

 

✓ ✓ ✓ ✓ ✓3 ✓4 

C13H10F3N2O2 283.0720 7.1  

M1b 

Hydroxylation α 

C14H11F6N2O2 353.0756 7.4 5.85 168.2 ✓ ✓ ✓ ✓   

C10H6F3N2O 227.0448 4.4  

C9H6F3N2 199.0503 7.0   

C8H4F3N2 185.0331 -0.5  

C8H3F3N 170.0222 -0.6   

M1c 

Hydroxylation α 

C16H15F6N2O4
 α 413.0970 α 6.8 5.59 184.6 ✓ ✓ ✓ ✓   

C14H11F6N2O2 353.0743 3.7   

C13H10F3N2O2 283.0702 0.7   

C10H6F3N2O 227.0435 -1.3   

C8H4F3N2 185.0348 8.6   

M1d 

Hydroxylation α 

C16H15F6N2O4
 α 413.0936α -1.5 5.35 183.7 ✓ ✓ ✓ ✓   

C14H11F6N2O2 353.0716 -4.0   

C10H6F3N2O 227.0449 4.8   
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Table 3.4 continued 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

M2         

Hydroxylation             

+ double bond α 

C14H9F6N2O2 351.0580 -0.3 5.46 169.0 ✓ ✓ ✓ ✓ ✓6 ✓7 

C13H8F3N2O2 281.0543 γ,δ 2.1   

C13H6F3N2O 263.0441 -3.4   

C11H4F3N2O2 253.0236 2.4   

C12H8F3N2 237.0656 4.6   

C8H3F3N 170.0236 7.6   

M3a 

Bishydroxylation 

C14H11F6N2O3 369.0699 5.4 5.48 174.6 ✓ ✓ ✓ ✓ ✓1 ✓1 

C13H8F3N2O3 281.0553 3.2   

C13H6F3N2O 263.0436 1.5   

C12H8F3N2 237.0655 4.2   

C8H4F3N2 185.0339 3.8   

M3b 

Bishydroxylation 

C14H11F6N2O3 369.0702 6.2 5.04 170.2  ✓     

C10H6F3N2O 227.0455 7.5 

C9H6F3N2 199.0495 3.0 

C8H3F3N 170.0233 5.9 

M4a 

Trihydroxylation 

C14H11F6N2O4 385.0647 4.7 5.35 173.9  ✓   ✓8 ✓5 

C12H6F3N2O 251.0453 6.0  

C10H6F3N2O 227.0452 6.2  

C9H6F3N2 199.0481 -4.0  

C8H3F3N 170.0228 2.9  

M4b 

Trihydroxylation 

C14H11F6N2O4 385.0651 5.7 5.27 175.2     ✓4 ✓3 

C11H7F6N2O 297.0493 8.4   

C12H8F3N2O2 269.0551 3.0   

C12H6F3N2O 251.0427 -4.4   

C11H8F3N2O 241.0607 5.4   

C8H4F3N2 185.0349 9.2   

M5a 

Hydroxylation      

+ pyrrolidine ring 

cleavage 

C14H13F6N2O2 355.0897 2.8 5.71 172.1 ✓ ✓ ✓ ✓   

C13H12F3N2O2 285.0858 0.7   

C12H8F3N2O 253.0593 -0.4   

C10H6F3N2O 227.0440 0.9   

C8H4F3N2 185.0341 4.9   
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Table 3.4 continued 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

M5b 

Hydroxylation       

+ pyrrolidine ring 

cleavage 

C14H13F6N2O2 355.0915 7.9 5.55 170.2 ✓ ✓ ✓ ✓ ✓5 ✓8 

C13H12F3N2O2 285.0872 5.6   

C12H12F3N2O 257.0921 7.8   

C10H5F3N2O 226.0369 1.8   

C9H6F3N2 199.0497 4.0   

C8H4F3N2 185.0350 9.7   

C8H3F3N 170.0235 7.1   

M6 Loss of 

pyrrolidine 

C8H4F3N2 185.0336 2.2 4.76 126.9 ✓ ✓ ✓ ✓ ✓7 ✓6 

M7 Loss of 

pyrrolidine              

+ hydroxylation 

C8H4F3N2O 201.0276 -2.5 4.73 131.4 ✓ ✓ ✓ ✓ ✓2 ✓2 

- 181.0256 -   

- 154.0144 -   

Phase II 

M8a 

Glucuronidation 

C20H19F6N2O7 513.1105 0.6 6.03 -  ✓     

C13H10F3N2O 267.0763 1.9 

C5H5O3 113.0244 0.0 

M8b 

Glucuronidation 

C20H19F6N2O7 513.1094 -1.6 5.94 201.8 

 

✓ ✓ ✓ ✓ ✓3 ✓5 

C14H11F6N2O 337.0763 -5.3  

C13H10F3N2O 267.0737 -5.2  

C6H7O6 175.0248 0.0  

M9a 

Hydroxylation       

+ glucuronidation 

C20H19F6N2O8 529.1061 1.9 5.87 204.4 ✓ ✓ ✓ ✓ ✓2 ✓2 

M9b 

Hydroxylation       

+ glucuronidation 

C20H19F6N2O8 529.1054 0.4 5.41 210.7    ✓   

C14H11F6N2O2 353.0734 1.1   

C10H6F3N2O 227.0452 6.2   

C5H5O3 113.0244 8.8   

M9c 

Hydroxylation       

+ glucuronidation 

C20H19F6N2O8 529.1035 -3.0 5.06 208.1  ✓  ✓   

C6H9O7 193.0348 -3.1   

C5H5O3 113.0235 -8.0   

M9d 

Hydroxylation       

+ glucuronidation 

C20H19F6N2O8 529.1047 -0.8 4.85 210.4  ✓     

C6H9O7 193.0339 -7.8   
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Table 3.4 continued 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

M10 

Hydroxylation              

+ methylationα β 

C17H17F6N2O4
α 427.1093 α -1.4 6.16 188.6 ✓ ✓ ✓ ✓   

C15H14F6N2O2 367.0910 6.3 

C14H12F3N2O2 297.0866 γ,δ 3.4 

C13H8F3N2O 265.0614 7.5 

C12H8F3N2 237.0664 8.0 

M11a 

Bishydroxylation 

+ glucuronidation 

C20H19F6N2O9 545.0978 -4.0 5.12 203.9      ✓3 

C14H11F6N2O3 369.0663 -4.3   

C5H5O3 113.0251 6.2   

M11b 

Bishydroxylation 

+ glucuronidation 

C20H19F6N2O9 545.1003 0.6 4.94 205.3    ✓  ✓4 

C14H11F6N2O3 369.0691 3.3   

C6H9O7 193.0347 -3.6   

C5H5O3 113.0248 3.5   

M12 

Hydroxylation          

+ pyrrolidine ring 

cleavage                       

+ glucuronidation 

C20H21F6N2O8 531.1193 -2.8 5.26 209.7 ✓ ✓ ✓ ✓   

M13 Loss of 

pyrrolidine                  

+ hydroxylation                 

+ sulfation 

C8H4F3N2O4S 280.9858 3.2 4.15 148.6 ✓ ✓ ✓ ✓ ✓1 ✓1 

C8H4F3N2O 201.0294 6.5  

- 181.0226 -  

α Adduct ions formed: LGD-4033 [M-H+CH3CO2H]- 397.0993 CCS 182.8 (RT 6.34) and 179.4 (RT 6.48) 

M1b [M+Cl]- 389.0514 CCS 174.9, [M-H+CH3CO2Na]- 435.0739 CCS 187.3, [2M-H]- 707.1532 CCS 237.1 

M1c [M-H +CH3CO2H]- 413.0970 CCS 184.6 

M1d [M-H +CH3CO2H]- 413.0980 CCS 183.7 

M2 [M+Cl]- 387.0357 CCS 174, [M-H +CH3CO2H]- 411.0794 CCS 182.3 

M5a [M+Cl]- 391.0646 CCS 179.8 

M5b [M+Cl]- 391.0650 CCS 177.6, [2M-H]- 711.1827 CCS 253.6 

M10 [M-H+CH3CO2H]-  427.1093 CCS 188.6 

β Also detected in lower intensity in absence of cofactor NADPH  

γ post-source fragmentation 

δ in-source fragmentation 
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GlcA … Glucuronic acid 

Figure 3.3 Proposed chemical structures of in vitro and in vivo formed phase I and II 

metabolites of LGD-4033. Metabolite numbers refer to Table 3.4. Arrows indicate tentative 

metabolic pathways.   
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3.3.2.3. In vitro generated metabolites of RAD140 

RAD140 was found to be poorly metabolised in all species with observed metabolites 

listed in Table 3.5 and corresponding proposed metabolic pathway with tentative chemical 

structures illustrated in Figure 3.4.  

The molecular ion of RAD140 at m/z 392 could not be detected with RAD140 principally 

reported as a chloride adduct at m/z 428. Additionally, in-source fragmentation of RAD140 

was seen to lead to the loss of an acetaldehyde group (- 44 Da) resulting in a fragment ion at 

m/z 348 - this mass spectrometric fragmentation of RAD140 has been previously described 

by Sobolevsky et al.[181] 

Three monohydroxylated metabolites M1a, M1b, and M1c were observed. The detected 

fragment ion at m/z 193.0174 for M1a and M1c corresponds to a + 16 Da shift of the 2-

chloro-3-methylbenzonitrile moiety, and hence hydroxylation is proposed on this residue. 

Due to a lack of fragmentation, the site of hydroxylation for M1b cannot be elucidated. M1a 

and M1b were exclusively produced by bovine liver microsomes, whereas M1c was in vitro 

generated by all studied species. A study by Sobolevsky et al.[181] has also previously 

described two hydroxy-metabolites in human urine samples after RAD140 administration 

and the formation of one hydroxy- and one bishydroxy-metabolite after incubation of 

RAD140 with human liver microsomes. However, in the current study a bishydroxy-

metabolite was not formed by in vitro incubation samples. 

Glucuronidation of RAD140 (M2) was observed to be formed in vitro in all studied 

species, and moreover two metabolites, M3a-b, were formed through hydroxylation and 

glucuronidation. M3a was produced by bovine and porcine in vitro preparations with the 

fragment ion at m/z 193.0174 pointing at hydroxylation of the 2-chloro-3-methylbenzonitrile 

residue. M3b was generated by bovine, equine, and murine liver microsomes and could not 

be further structurally elucidated due to a lack of fragmentation, and it could not be 

determined if these metabolites (M2, M3a-b) are N- or O-glucuronides. In accordance with 

this study, previous investigations by Sobolevsky et al. of human urine samples acquired 

following RAD140 intake have reported conjugation of RAD140 and two of its hydroxy 

metabolites with glucuronic acid.[181] 
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Table 3.5 Elemental compositions, observed masses in negative mode, retention times, and 

CCS values of RAD140 and metabolites found in bovine (B), equine (E), porcine (P), and 

rats (R) after incubations with microsomes (phase I) and/or S9 fractions (phase II) and in rat 

urine (RU) after 1-2 h after administration on day 1 (D1) and day 9 (D9). Collision energy 

at 20 V for fragment ions (FI), 0 V for precursor ions (PI). Comparison with metabolites 

found in post-administration rat urine samples with (phase I) and without (phase II) 

enzymatic hydrolysis. 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

RAD140α       C20H15ClN5O2
α 428.0708α 4.9 5.89 204.4 ✓ ✓ ✓ ✓ ✓ ✓ 

C18H11ClN5O 348.0657 γ -0.3   

C17H10ClN4O 321.0551 0.9   

C8H5N2O 145.0411 2.8   

C8H3N2 127.0305 2.4   

RAD140          

- acetaldehydeδ 

C18H11ClN5O 348.0667 2.6 5.89 195.1 ✓ ✓ ✓ ✓  ✓ 

C8H3N2 127.0306 3.1   

Phase I 

M1a 

Hydroxylation 

C20H15ClN5O3 408.0886 4.2 5.85 191.2 ✓      

C18H11ClN5O2 364.0619 γ 3.3   

M1a  

Hydroxylation          

- acetaldehydeδ 

 

C18H11ClN5O2 364.0626 5.2 5.85 182.3 ✓      

C9H6ClN2O 193.0174 0.0  

C8H5ClN2O 180.0109 4.4  

C8H5N2O 145.0413 4.1  

M1b  

Hydroxylation 

C20H15ClN5O3 408.0904 8.6 5.62 201.4 ✓      

C18H11ClN5O2 364.0631 γ 6.6  

M1c  

Hydroxylationα 

C20H16ClN5O3
α 444.0665α 6.5 5.35 204.7 ✓ ✓ ✓ ✓   

C20H15ClN5O3 408.0883 3.4 

C18H11ClN5O2 364.0611γ 1.1 

C9H6ClN2O 193.0175 0.5 

C9H4N3O 170.0370 5.9 

M1c  

Hydroxylation          

- acetaldehydeδ 

C18H11ClN5O2 364.0617  2.7 5.35 189.7 ✓ ✓ ✓ ✓ ✓ ✓ 

C9H4N3O 170.0366 3.5   

Phase II 

M2 

Glucuronidation 

C26H23ClN5O8 568.1245 0.7 5.52 230.2 ✓ ✓ ✓ ✓   

C9H9O7 193.0354 0.0   
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Table 3.5 continued 

Compound/ 

Metabolic 

reaction(s) 

Negative mode (deprotonated ions) 

RT 

min 

DTCCSN2

Å² 

In vitro In vivo 

Elemental 

composition  

Observed PI/FI 

ions m/z 

Error 

ppm 

B E P R            RU                                                

.  D1              D9 

M3a 

Hydroxylation      

+ glucuronidation 

C26H23ClN5O9 584.1223 5.6 5.37 228.3 ✓  ✓    

C24H19ClN5O8 540.0931 0.6    

C18H11ClN5O2 364.0628 5.8   

C9H6ClN2O 193.0181 3.6   

C9H4N3O 170.0365 2.9   

C8H5N2O 145.0414 4.8   

C18H11ClN5O2 364.0619 γ 3.3   

M3b 

Hydroxylation       

+ glucuronidation 

 

C26H23ClN5O9 584.1195 0.9 5.02 230.3 

 

✓ ✓  ✓   

C24H19ClN5O8 540.0935 1.3  

C18H11ClN5O2 364.0607 0.0  

C9H9O7 193.0356 1.0  

α Adduct ions formed:  RAD140 [M+Cl]- 428.0708 CCS 204.4 

                                     M1c [M+Cl]- 444.0665 CCS 204.7 

γ post-source fragmentation 

δ in-source fragmentation 
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GlcA … Glucuronic acid 

Figure 3.4 Proposed chemical structures of in vitro and/or in vivo formed phase I and II 

metabolites of RAD140. Metabolite numbers refer to Table 3.5. Arrows indicate tentative 

metabolic pathways. 
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3.3.3. Comparison of in vitro and in vivo formed SARM compound metabolite 

profiles 

In order to assess how accurately in vitro generated metabolites reflect in vivo formed 

metabolites of SARMs, urine obtained from Sprague-Dawley rats that were administered 

different SARM compounds was investigated. After two hours of initial oral drug 

administration urine samples were collected over the duration of an hour, this was repeated 

following daily SARM administration on day nine. Urine samples were either directly 

analysed for detection of phase II metabolites or hydrolysed with β-

glucuronidase/arylsulfatase for detection of phase I metabolites. Observed urinary 

metabolites are summarised within Table 3.3 (ostarine), Table 3.4 (LGD-4033), and Table 

3.5 (RAD140) - Phase I and II metabolites are ranked by abundance separately (1 = most 

abundant). As observed for in vitro metabolism, ostarine and LGD-4033 were extensively 

metabolised and produced several in vivo metabolites whereas RAD140 was metabolically 

stable and only one in vivo formed phase I metabolite was observed. Several in vivo formed 

metabolites were observed in rat urine samples collected after initial administration of 

ostarine and LGD-4033, with further metabolites found in the samples collected following 

nine days of repeated compound administrations. 

For ostarine, the unchanged parent compound was observed in samples derived from in 

vitro incubations of rat microsomes/S9 fractions and in rat urine samples from the in vivo 

administration study. The majority of metabolites observed in rat urine samples were 

produced by rat liver microsomal/S9 fractions including M1a, M1b, M3c, M4, M5, M6, and 

M7. Formation of one monohydroxylated (M2), two bishydroxylated (M3a and M3b), and 

one hydroxylated glucuronide metabolite (M9b) by rat liver microsomes could not be 

confirmed within rat urine samples. Conversely, a structural isomer of M9b (M9a) was 

observed exclusively in rat urine following ostarine administration, and likewise two phase 

II metabolites (M8 and M12) were found in rat urine samples, but not within in vitro 

preparations.  

LGD-4033 was observed to be excreted unmodified in rat urine to a minor extent with 

the intact compound also present following incubations with rat liver microsomes/S9. 

Several metabolites (M1b-d, M5a, M9b-c, M10, M12) were limited to detection within in 

vitro preparations in rats. Previously, the formation of M10 has been reported in human liver 

S9 fractions[127], however, in the current study it has not been detected within in vivo samples. 

Conversely, M11a was found to be excreted in rat urine but was not generated via in vitro 
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preparations, with trihydroxyltions (M4a-b) similarly only present in rat urine samples 

following LGD-4033 administration but not produced by rat liver microsomes. However, a 

number of observed metabolites (M1a, M2, M3a, M5b, M6, M7, M8b, M9a, M11b, M13) 

in rats were formed in vitro by liver micrsosomes alone (phase I) or in combination with S9 

fractions (phase II) and in vivo following LGD-4033 administration with subsequent 

excretion into urine. This is the first study to describe the loss of the pyrrolidine ring as a 

pathway for LGD-4033 metabolism, with associated metabolites M6, M7 and M13 all found 

to be formed by in vitro incubations and following in vivo administration (Figure 3.5). As 

these metabolites were also seen to be formed post ostarine administration (Figure 3.6), 

monitoring of the parent compounds and/or further metabolites should be used to 

discriminate intake of these two SARMs. Moreover, 4-amino-2-

(trifluoromethyl)benzonitrile (ostarine M5, LGD-4033 M6) is also an impurity defined by 

the European Pharmacopoeia and a reported in vitro formed rat metabolite of the anti-

prostate cancer drug bicalutamide (Casodex).[426] The pyrrolidine ring within LGD-4033 

makes it highly suceptible to metabolism[449], and in the current study, the bishydroxy 

metabolite M3a was the main phase I metabolite observed in rat urine samples following 

LGD-4033 administration. This is in accordance with Sobolevsky et al. who recommended 

the bishydroxlyated metabolite for monitoring of LGD-4033 in human urine[178], which was 

subsequently supported by the case report of detection of LGD-4033 in an athlete's urine 

[132].  

As observed during in vitro metabolite investigations, RAD140 was metabolically stable 

following in vivo administration. Besides the parent compound detected as a chloride adduct 

and/or as an in-source fragment (cleavage of acetaldehyde) in rat urine, one hydroxylated 

metabolite was detected after in-source cleavage of acetaldehyde (M1c) within both in vitro 

prepared samples and rat urine samples following RAD140 administration. Phase II 

metabolites were not detected within rat urine after RAD140 treatment, whilst a glucuronide 

of RAD140 and the hydroxylated metabolite were produced by rat liver microsomes in 

combination with S9 fractions. This is in accordance with observations of the high metabolic 

stability of RAD140 in previous experiments with rat, monkey, and human liver 

microsomes.[53] By introducing a 4’-blocking group to the phenyl ring, Miller et al. avoided 

P450-mediated hydroxylation of this moiety yielding a high metabolically stable SARM.[53] 

Sobolevsky et al. suggest that monitoring of the unchanged compound RAD140 is 

sufficient[181], which is supported by the current study taking in-source fragmentation and 

adduct formation into account.   
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Figure 3.5 EICs of LGD-4033 metabolites M6, M7, and M13 from rat urine following 

administration (left) and prior to administration (right). Mass spectra with low and high 

collision energy shown below. 

LGD-4033 metabolite M6 m/z 185.0332 

Rat urine LGD-4033 administration (day 9) Rat urine prior LGD-4033 administration 

  

 

 

 

LGD-4033 metabolite M7 m/z 201.0281 

Rat urine LGD-4033 administration (day 9) Rat urine prior LGD-4033 administration 

 

 

 

 

 

 

 

LGD-4033 metabolite M13 m/z 280.9849 

Rat urine LGD-4033 administration (day 9) Rat urine prior LGD-4033 administration  

 

 

 

 

 

Mass spectrum (low collision energy) 

Mass spectrum (high collision energy) 

Mass spectrum (low collision energy) 

Mass spectrum (low collision energy) 

Mass spectrum (high collision energy) 
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Table 3.6 Summary of in vitro and in vivo metabolites of ostarine, LGD-4033, and RAD140 

found after incubations with bovine (B), equine (E), porcine (P), rat (R) microsomes (phase 

I metabolites) plus S9 fractions (phase II metabolites) and in rat urine after administration. 

Compound/Metabolic reaction(s) 

In vitro In vivo 

B E P R 
RU 

D1 D9 

Ostarine  ✓ ✓ ✓ ✓ ✓ ✓ 

M1a Hydroxylation ✓ ✓ ✓ ✓ ✓ ✓ 

M1b Hydroxylation ✓ ✓  ✓  ✓ 

M2 Hydroxylation ✓ ✓  ✓   

M3a Bishydroxylation ✓ ✓  ✓   

M3b Bishydroxylation    ✓   

M3c Bishydroxylation ✓ ✓ ✓ ✓  ✓ 

M4 O-Dephenylation ✓ ✓ ✓ ✓ ✓ ✓ 

M5 Amide hydrolysis ✓ ✓ ✓ ✓  ✓ 

M6 Amide hydrolysis + hydroxylation ✓ ✓ ✓ ✓ ✓ ✓ 

M7 Glucuronidation ✓ ✓ ✓ ✓ ✓ ✓ 

M8 Hydroxylation + sulfation ✓    ✓ ✓ 

M9a Hydroxylation + glucuronidation ✓     ✓ 

M9b Hydroxylation + glucuronidation  ✓ ✓ ✓   

M10 Bishydroxylation + glucuronidation ✓ ✓ ✓ ✓  ✓ 

M11 Amide hydrolysis + hydroxylation + sulfation ✓ ✓ ✓ ✓ ✓ ✓ 

M12 Amide hydrolysis + hydroxylation + glucuronidation  ✓ ✓   ✓ 

LGD-4033 (RT 6.48 min) ✓ ✓ ✓ ✓   

LGD-4033 (RT 6.34 min) ✓ ✓ ✓ ✓ ✓ ✓ 

M1a N-Oxide/ Hydroxylation ✓ ✓ ✓ ✓ ✓ ✓ 

M1b Hydroxylation ✓ ✓ ✓ ✓   

M1c Hydroxylation ✓ ✓ ✓ ✓   

M1d Hydroxylation ✓ ✓ ✓ ✓   

M2 Hydroxylation + double bond ✓ ✓ ✓ ✓ ✓ ✓ 

M3a Bishydroxylation ✓ ✓ ✓ ✓ ✓ ✓ 

M3b Bishydroxylation  ✓     

M4a Trihydroxylation  ✓   ✓ ✓ 

M4b Trihydroxylation     ✓ ✓ 

M5a Hydroxylation + pyrrolidine ring cleavage ✓ ✓ ✓ ✓   

M5b Hydroxylation + pyrrolidine ring cleavage ✓ ✓ ✓ ✓ ✓ ✓ 

M6 Loss of pyrrolidine ✓ ✓ ✓ ✓ ✓ ✓ 

M7 Loss of pyrrolidine + hydroxylation ✓ ✓ ✓ ✓ ✓ ✓ 

M8a Glucuronidation   ✓     

M8b Glucuronidation ✓ ✓ ✓ ✓ ✓ ✓ 

M9a Hydroxylation + glucuronidation ✓ ✓ ✓ ✓ ✓ ✓ 

M9b Hydroxylation + glucuronidation    ✓   

M9c Hydroxylation + glucuronidation  ✓  ✓   

M9d Hydroxylation + glucuronidation  ✓     

M10 Hydroxylation + methylation ✓ ✓ ✓ ✓   

M11a Bishydroxylation + glucuronidation      ✓ 

M11b Bishydroxylation + glucuronidation    ✓  ✓ 

M12 Hydroxylation + pyrrolidine ring cleavage + glucuronidation ✓ ✓ ✓ ✓   

M13 Loss of pyrrolidine + hydroxylation + sulfation ✓ ✓ ✓ ✓ ✓ ✓ 
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Table 3.6 continued 

Compound/Metabolic reaction(s) 

In vitro In vivo 

B E P R 
RU 

D1 D9 

RAD140 ✓ ✓ ✓ ✓ ✓ ✓ 

RAD140 - acetaldehyde ✓ ✓ ✓ ✓  ✓ 

M1a Hydroxylation ✓      

M1a Hydroxylation - acetaldehyde ✓      

M1b Hydroxylation ✓      

M1c Hydroxylation ✓ ✓ ✓ ✓   

M1c Hydroxylation - acetaldehyde ✓ ✓ ✓ ✓ ✓ ✓ 

M2 Glucuronidation ✓ ✓ ✓ ✓   

M3a Hydroxylation + glucuronidation ✓  ✓    

M3b Hydroxylation + glucuronidation ✓ ✓  ✓   

  



 

124 

3.4   Conclusions 

In-house prepared liver microsomes and S9 fractions from cattle, horses, pigs, and rats 

were used to generate species-specific metabolites of SARM compounds ostarine, LGD-

4033, and RAD140. Whilst characterisation of isolated liver fractions revealed significant 

differences with regards to the total P450 content, cytochrome b5 content, and NADPH-

cytochrome P450 reductase activity between species (Section 3.3.1), no generalisations 

could be made in relation to the complexity of drug metabolism between these species. For 

example, whilst murine liver microsomes were shown to contain the highest amount of P450, 

which intuitively points to a higher level of enzymatic activity, porcine liver microsomes 

however exhibited the highest activity towards P450-mediated 7-ethoxycoumarin O-

dealkylation.  

Comparative investigations of in vitro formed metabolites of SARM compounds 

between species were performed by UHPLC-IM-QTOF MS analyses. Although in this study 

structural isomers such as hydroxylated metabolites were already well separated by reversed-

phase chromatography, IM-MS enabled further distinguishing of metabolites based on 

determined CCS values with observed differences in the range of 0.14 % to 4.06 %. The 

comparison of theoretical CCS values to experimental CCS values typically produces 

relatively large errors (e.g. MOBCAL trajectory method[450] root mean square error 15.05 

%[451], MetCCS Predictor[452] median relative error of ~ 3 %[453], ISiCLE (based on 

refactoring MOBCAL code for trajectory method calculations) average error 3.2 %[454], 

DeepCCS median relative error 2.7 %[455]) which may hinder further structural 

characterisation of isomers in the current study. Therefore, the possibility of using a 

computational approach to gain additional structural insights was not explored. As CCS 

values are largely independent of sample matrix, analyte concentration, and 

chromatography, the CCS values of SARM metabolites calculated herein can be used as 

additional identifiers for compound identification by other laboratories. Drift time alignment 

aided removal of interfering ions from high and low energy mass spectra, improving the 

quality of data generated.  

Although adduct formation depends on solvent types, mobile phase additives, and source 

conditions, it plays a significant role in the monitoring of SARMs with the adduct of LGD-

4033 been previously shown to extend the detection time in equine plasma and lower the 

limit of detection (LOD) in equine plasma and urine.[180] In the present study, extensive 

acetate adduct formation was observed for LGD-4033 and the associated metabolites M1c-
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d and M10. The deprotonated molecule of RAD140 and its hydroxylated metabolite M1c 

could not be detected, the compounds either formed chloride adducts or were fragmented in-

source by cleavage of acetaldehyde. 

As summarised in Table 3.6 interspecies differences within determined in vitro 

metabolite profiles were observed, highlighting the need to study the metabolism of 

emerging anabolic agents such as SARMs specifically within the species of interest. 

Although, numerous in vitro formed metabolites for ostarine (eight out of 16 in vitro-derived 

metabolites), LGD-4033 (15 out of 22) and RAD140 (two out of six) were demonstrated to 

be shared by all species, several in vitro generated metabolites were seen to be exclusively 

associated to individual species e.g. equine (M3b, M4a, M8a, and M9d from LGD-4033), 

bovine (M8 and M9a from ostarine, M1a-b from RAD140) or rodent (M3b from ostarine, 

M9b and M11b from LGD-4033), with no distinctive in vitro-derived metabolites observable 

for porcine. Other metabolites were formed in vitro by three species (M1b, M2, and M3 from 

ostarine and M3b from RAD140 in bovine, equine, and murine as well as M9b from ostarine 

in equine, porcine, and murine) or two species (M12 from ostarine in equine and porcine, 

M9c from LGD-4033 in equine and murine, M3a from RAD140 in bovine and porcine) with 

no observed predictable pattern. Although sulfation has been reported to be absent or 

reduced in pigs than in other species[456], pig liver microsomes in combination with S9 

fractions produced two metabolites (M11 from ostarine, M13 from LGD-4033) that were 

formed by sulfate conjugation to the hydroxylated 4-amino-2-(trifluoromethyl)benzonitrile 

metabolite. Three distinct metabolites with identical chemical structures (same RT, 

precursor and fragment ions, and CCS values) were formed from both ostarine (M5, M6, 

M11) and LGD-4033 (M6, M7, M13) in all investigated species by in vitro incubations and 

following in vivo administration. These metabolites were described for LGD-4033 for the 

first time in this study.  

For rats the in vitro approach using liver microsomes alone (phase I metabolites) or in 

combination with S9 fractions (phase II metabolites) from rats, was seen to generate the 

majority of in vivo formed urinary metabolites as summarised in Table 3.6. For RAD140 

only one in vivo formed metabolite by hydroxylation was found in urine, which was also 

generated by incubations with rat liver microsomes. Nine out of the 12 observed rat urinary 

metabolites for ostarine were also generated by in vitro incubation of this SARM compound 

with rat liver fractions, with only three phase II metabolites (M8, M9a, M12) detected in rat 

urine that were not produced in vitro. Similarly, ten out of 13 in vivo formed LGD-4033 

metabolites were observed following in vitro incubations, with three metabolites (two phase 
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I metabolites M4a-b and one phase II metabolite M11a) observed exclusively in urine. 

Conversely, several metabolites (M2, M3a-b, and M9b for ostarine; M1b-d, M5a, M9b-c, 

M10, and M12 for LGD-4033; and M2 and M3b for RAD140) were generated in vitro, with 

analysis of rat urine samples could not confirm their formation following respective in vivo 

administrations. In accordance with findings from the current study, Scarth et al. compared 

the in vitro and in vivo metabolism of eight drugs relevant to equine sports testing 

(acepromazine, azaperone, celecoxib, fentanyl, fluphenazine, mepivacaine, 

methylphenidate, and tripelennamine), concluding that at least two in vivo produced major 

metabolites were also formed in vitro, with several metabolites found in vitro not previously 

been described in vivo.[366] These observed differences between in vitro and in vivo generated 

metabolite profiles may be a consequence of several factors (including concentration of 

protein, substrate, cofactors, and incubation time) which can impact the variety and 

abundance of metabolites formed in vitro. Moreover, liver subcellular fractions do not 

account for extrahepatic metabolism pathways and fail to replicate the precise cellular 

conditions. It is a simplified model to study drug metabolism acting to provide a snapshot of 

the dynamic and complex system that comprises a cell. 

The present study has shown that the in vitro formed metabolites of the SARM 

compounds ostarine, LGD-4033, and RAD140 differ amongst the investigated species 

(cattle, horse, pig, rat). Considering the complexity of in vivo drug metabolism, in vitro and 

in vivo generated profiles of formed SARM metabolites were in good agreement as the 

majority of metabolites were present in both. Therefore, in the absence of in vivo samples or 

controlled studies liver microsomes and S9 fractions of the species of interest are a valuable 

tool to initially identify potential target analytes for SARMs and improve/facilitate the 

development of screening methods. Observed metabolites could be used for screening of 

SARM compounds in biological matrices of sports and food producing animals with 

additional identification based on RT, precursor ions, product ions, and CCS values. Future 

research is needed to determine the quantitative differences in SARM metabolite formation 

across species and identify which isoenzymes catalyse various metabolic pathway reactions 

(Chapter 4).  
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Chapter 4: CYP Reaction Phenotyping of in vitro 

Generated SARM Metabolites by UHPLC-MS/MS  
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4.1. Introduction 

In mammalian tissues cytochrome P450 enzymes (CYPs) play a key role in the 

metabolism of many xenobiotics and drugs.[457] On the basis of gene sequence CYPs are 

assigned a family number and a subfamily letter, and then differentiated by a number for the 

isoenzyme. There are 18 mammalian CYP enzyme families with only CYP families 1, 2, 

and 3 responsible for drug metabolism.[458] Animals differ from humans with regards to 

elimination pathways and CYP-mediated catalytic activities, CYP isoform composition, and 

expression.[374,459] CYP isoenzymes belonging to families 1-3 in human, rat, horse, pig, and 

cattle are summarised in Table 4.1. CYP1A and CYP2E are seen to be well conserved across 

species, whereas species-specific isoforms of CYP2C, CYP3D, and CYP3A show 

considerable differences.[374] Enzyme mapping in veterinary species is still in its early stages 

with early research focused on western blot analysis to determine the expression of drug 

metabolising enzymes immuno-related to human variants, quantification of P450 content, 

and measurement of the catalytic activities of substrates selective for human 

isoenzymes.[271,460] Developments in molecular methods have allowed for cheaper and more 

accessible gene sequencing, which has since led to an increased although not yet complete 

characterisation of CYPs in various species.[382,461]  

CYPs are a fundamental and complex component of drug metabolism with several 

internal (e.g. genetic polymorphisms, sex) and external (e.g. drug administration) factors 

affecting their activities (Chapter 1 Sections 1.2.1.1 and 1.2.3). Whenever several drugs are 

taken concurrently drug-drug interactions can occur because they share metabolic pathways 

and/or certain drugs can selectively induce or inhibit CYPs. Besides clinical relevance drug-

drug interactions have become of concern to anti-doping laboratories. Drugs that can inhibit 

CYPs and are not prohibited by the WADA such as the antifungal agents ketoconazole or 

miconazole were shown to decrease the production of metabolites normally selected as target 

analytes for intake of prohibited drugs such as toremifene[462] and stanozolol[463]. Co-

administration of a prohibited drug with a non-prohibited drug that modulates the pathways 

of the former can be a doping masking strategy.[462–465] Therefore, it is important to know 

which isoenzymes catalyse the metabolite formation of a drug to further investigate the 

potential for drug-drug interactions to occur. 

The U.S. Food and Drug Administration encourages the investigation of drug 

metabolism and potential drug-drug interactions using in vitro approaches[307] with CYP 

reaction phenotyping experiments capable of identifying the CYP isoenzyme(s) largely 
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responsible for the formation of individual metabolites.[466,467] Such experimental 

approaches centre on the incubation of the drug of interest with complementary DNA 

(cDNA) expressed CYPs, i.e. particular selectively expressed CYP isoenzymes (see Section 

1.3.2.5), and/or incubations with liver microsomes and CYP selective inhibitors. The 

expressed enzyme approach can establish if a metabolite is produced by a certain CYP, but 

cDNA expressed CYPs are not commercially available for sports and food producing 

animals. The alternative inhibitor-based approach focuses on the decreased formation of 

metabolites within incubations performed with CYP selective inhibitors as compared to 

inhibitor-free controls. 

Within drug metabolism studies high resolution-mass spectrometry (HR-MS) based 

approaches (as used in Chapter 2 and 3) are a pivotal tool seeking to obtain exact masses, 

derive elemental compositions and extract structural information on known and unknown 

metabolites.[162,163,468] Besides HR-MS, unit resolutions mass spectrometers such as triple 

quadrupole instruments can be used for metabolite screening and identification.[469] When it 

comes to quantification of drugs and their metabolites, targeted LC-MS/MS methods in 

multiple reaction monitoring (MRM) mode offer especially high levels of specificity and 

sensitivity. However, several injections in different scan modes such as product ion and 

precursor ion scanning are necessary to scout MS/MS transitions and optimise MRM 

transitions of drug metabolites.[470] Each type of mass spectrometer has its advantages and 

disadvantages and a more comprehensive understanding can be gained by combining 

information from different instruments.  

SARM compounds ostarine and LGD-4033 have been shown to be extensively 

metabolised and their in vitro species-specific metabolite profiles have been established 

(Chapter 3). By using a CYP reaction phenotyping approach based on selective CYP 

inhibitors the present study aims to investigate the CYP isoenzyme(s) responsible for in vitro 

formation of phase I metabolites of ostarine and LGD-4033 in bovine, equine, murine, and 

porcine. This information can then be used to highlight the potential for drug-drug 

interactions to occur that may alter the metabolite profiles and mask SARM administration. 

Due to the low number of phase I metabolites identified for RAD140 in Chapter 3 and the 

herein applied more laborious LC-MS/MS approach, RAD140 was not included for 

investigation in this study. Samples were prepared by incubations of ostarine or LGD-4033 

with liver microsomes from respective species with and without CYP selective inhibitors. A 

necessary aim of this study that preceded the analysis of the samples was therefore the 

establishment of a targeted MRM UHPLC-MS/MS method to detect previously identified 
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(in Chapter 3 by UHPLC-IM-QTOF MS) phase I in vitro metabolites of ostarine and LGD-

4033. A systematic multistep approach based on full scan, precursor and product ion 

screening was used to develop the MRM UHPLC-MS/MS method. The presented approach 

and MRM method herein can be adopted by control laboratories for sports and food 

producing animals to improve targeted methods by inclusion of not only SARM compounds, 

but also their associated metabolites. The data-dependant MRM approach is particularly of 

interest for metabolites present at trace levels due to increased selectivity and sensitivity 

compared to data-independent approaches.[471] Relative abundances of formed phase I 

metabolites from incubations without inhibitors were used to assess differences with regards 

to major and minor in vitro formed metabolites within investigated species and compared to 

incubations with a range of selected inhibitors (one at a time) to identify CYP isoenzymes 

participating in phase I SARM metabolism pathways in studied species based on decreased 

formation of metabolites. Reaction phenotyping enabled identification of CYP isoenzymes 

that are likely to be involved in the metabolism of ostarine or LGD-4033. 

[374,472] [374,472] [378–382,473] [220] [461,474] 
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4.2. Experimental 

Materials, reagents, preparation of species-specific subcellular liver fractions, and in 

vitro generation of phase I SARM metabolites are described in Chapter 3 Sections 3.2.1, 

3.2.3, and 3.2.4. Moreover, α-naphthoflavone, 8-methoxypsoralen, sertraline hydrochloride, 

quercetin, sulfaphenazole, ticlopidine hydrochloride, quinidine, chlormethiazole, and 

ketoconazole were purchased from Sigma-Aldrich (Gillingham, UK). 

4.2.1 Preparation of samples for CYP reaction phenotyping 

As described by Scarth et al.[294], incubations with addition of chemicals that inhibit 

certain human CYP isoforms were performed in order to provide preliminary information 

on which isoenzymes may be responsible for phase I metabolism reactions of SARMs 

ostarine or LGD-4033 in bovine, equine, porcine, and murine species. Inhibitor solutions 

were prepared at a concentration of 10 mM in ultrapure water (ticlopidine, chlormethiazole) 

or DMSO. Chemical inhibitors of specific human CYP isoforms added are summarised in 

Table 4.2. Selection of inhibitors and inhibitor concentrations were based on the literature 

(see references in Table 4.2). Briefly, 10 µL of 50 mM phosphate buffer with 5 mM MgCl2 

at pH 7.4, 10 µL of 5 mg/mL bovine/equine/murine or porcine pooled liver microsomes, 10 

µL of 5 mM NADPH and 10 µL of the inhibitor solution (inhibitor B, C, D, E, F, G, H, I, or 

J; see Table 4.2 for letters assigned to inhibitors)were mixed and preincubated at 37 °C 300 

rpm for 15 min. Then, 10 µL of 250 µM SARM compound (ostarine or LGD-4033) were 

added to a total volume of 50 µL and samples were incubated at 37 °C for 30 min in a shaking 

(300 rpm) incubator. Control samples without addition of inhibitors were included (assigned 

letter A) and also used for estimation of relative abundances of in vitro metabolites. All 

samples were prepared in triplicates. Reactions were stopped by adding 50 µL of ice-cold 

methanol spiked with 1 µg/mL S-1-d4. Samples were centrifuged at 12 000 × g (10 °C) for 

15 min and 60 µL of the supernatant were transferred into an HPLC vial with insert. A 5 µL 

aliquot of the sample solution was injected onto the UHPLC-MS/MS system. Based on the 

metabolite formation in control samples, which was set to 100 %, the percentage of 

metabolite formation in samples with inhibitors was calculated. Significance of reduced 

metabolite formation and hence inhibition was tested by two-tailed unpaired t-test using 

GraphPad Prism. 

  



 

133 

Table 4.2 Chemical inhibitors for human CYP isoenzymes, assigned letters used in the 

results section for simplicity, final assay concentrations and references. 

Inhibitor Human CYP 
Assigned 

letter 

Final assay 

concentration 

(µM) 

References 

α-Naphthoflavone 1A2 B 1 [223,294] 

8-Methoxypsoralen  2A6 C 10 [294,475] 

Sertraline 2B6 D 10 [294,476,477] 

Quercetin 2C8 E 20 [223,294,478] 

Sulfaphenazole 2C9 F 5 [223,294,478–480] 

Ticlopidine 2C19 G 10 [223,294] 

Quinidine  2D6 H 1 [223,294,479,480] 

Chlormethiazole  2E1 I 10 [223,294,481] 

Ketoconazole  3A4 J 1 [223,294,478–480] 
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4.2.2 UHPLC-MS/MS MRM method development for CYP reaction 

phenotyping 

For analyses of the CYP inhibition samples (Section 4.2.1) an Acquity UPLC I-Class 

system (Waters, Milford, MA) coupled to a Xevo triple quadrupole mass spectrometer (TQ-

MS; Waters, Manchester, UK) equipped with an electrospray ionisation source was 

employed. The LC conditions were as follows: Cortecs UPLC C18 (dimensions 2.1 x 100 

mm, particle size 1.6 µm) column (Waters, Milford, MA, USA) maintained at 45 °C, and 

gradient elution with ultrapure water containing 0.1 % acetic acid (v/v) as mobile phase A 

and methanol containing 0.1 % acetic acid (v/v) as mobile phase B. The gradient and flow 

rate were programmed as follows: 0-1 min at 97 % A, 1-7 min 97 % A to 1 % A, 7-8 min 

hold 1 % A, and 8-10 min hold 97 % A, constantly at 0.4 mL/min. The temperature in the 

autosampler was kept at 10 °C. The MS instrument was operated in negative ESI mode. 

Reference standards of ostarine and LGD-4033 (1 µg/mL) were infused for manual tuning 

to determine the MS ion (parent or adduct), optimise source conditions (capillary and cone 

voltage, desolvation temperature, gas flows) and scout MS/MS transitions. The optimised 

ESI source conditions for sample analysis were as follows: desolvation temperature at 500 

°C, desolvation nitrogen gas flow 1000 L/h, source temperature at 150 °C, and cone nitrogen 

gas flow 100 L/h. The capillary voltage was set at 1 eV and the cone voltage at 25 V. Argon 

was used as a collision gas with a flow rate of 0.15 mL/min. Initially, incubations samples 

(prepared as described in Chapter 3 Section 3.2.4) were injected and the MS acquisition 

was performed at a collision energy (CE) of 5 eV (m/z 50-1000) in full or precursor ion scan 

mode, followed by product ion scans (CE at 5, 10, 15, 20, 25, or 30 V) to establish retention 

times, fragment ions, and collision energies. Selected ions and experimental settings for 

precursor and product ion scanning are presented in Table 4.3. Based on these initial 

experiments and results from the UHPLC-IM-QTOF MS analysis (Chapter 3 Sections 

3.3.2.1-2) a targeted MRM method for the two most abundant transitions was established for 

the measurement of the CYP inhibition samples (Section 4.2.1). Waters MassLynx software 

version 4.1 was used for data acquisition and analysis. This approach was also used for the 

estimation of relative abundances of in vitro metabolites in the absence of synthetic reference 

materials that would allow for accurate quantification.  
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Table 4.3 Selected ions for precursor and product ion scanning for SARM metabolites of 

ostarine and LGD-4033 and experimental settings including collision energy (CE), retention 

times (RT), mass range (m/z), and scan time (sec). Cone voltage was set at 25 V. 

Precursor ion scanning 

Compound Precursor ions of 

m/z 

CE (V) RT (min) m/z Scan time (sec) 

Ostarine 269.05 15 0-10 100-500 0.5 

185.03 30    

118.03 20    

LGD-4033 267.10 10    

 239.05 20    

 185.03 20    

 170.02 25    

Product ion scanning 

 Product ions of 

m/z 

CE (V) RT (min) m/z Scan time (sec) 

Ostarine 420.08 * 4.51-6.30 50-500 0.225 

 404.09  4.96-6.30   

 287.06  4.51-4.75   

 257.05  4.76-4.95   

 201.03  4.00-4.50   

 185.03  4.20-4.50   

LGD-4033 385.06  4.50-6.00   

 369.09  4.50-5.50   

 367.09  5.51-6.00   

 355.09  4.50-6.30   

 353.07  4.50-6.30   

 351.06  4.50-6.30   

*CE 5, 10, 15, 20, 25, or 30 V 

  



 

136 

4.3. Results and discussion 

4.3.1 UHPLC-MS/MS MRM method development for CYP reaction 

phenotyping 

To enable targeted analysis of samples for CYP reaction phenotyping (Section 4.2.1) a 

UHPLC-MS/MS MRM method to detect phase I in vitro metabolites of ostarine and LGD-

4033 was established using a systematic multistep approach based on full scan, precursor 

and product ion screening. Incubation samples of ostarine or LGD-4033 with liver 

microsomes (prepared as described in Chapter 3 Section 3.2.4) were analysed in full scan 

mode to initially screen for metabolites by extracting ion chromatograms of metabolites of 

ostarine[19,141,164,165,175,177] and LGD-4033[49,127,132,178–180] previously described in the 

literature and identified in previous Chapters 2 and 3. Reference standards of ostarine and 

LGD-4033 were tuned manually by direct infusion, with fragment ions at m/z 118, 185, and 

269 for ostarine and m/z 267, 239, 185, and 170 for LGD-4033 identified (Table 4.3). 

Subsequently, identified fragment ions from tuning were used for precursor ion scanning to 

look for expected and unexpected metabolites. Finally, multiple injections of incubation 

samples in product ion scan mode using precursor masses of tentative metabolites (Table 

4.3) with alternating collision energies (5, 10, 15, 20. 25, or 30 V) were carried out. 

Subsequently, the two major transitions and ideal collision energies were established for the 

MRM methods for ostarine and LGD-4033 and their respective metabolites. Transitions and 

total ion chromatograms for ostarine and metabolites are summarised in Table 4.4, and for 

LGD-4033 and metabolites in Table 4.5.  

Metabolites and their interspecies differences have been described in Chapter 3 

Sections 3.3.2.1-2 and numbers assigned in Chapter 3 have been retained for simplicity. 

The LGD-4033 metabolite M1a as described in Chapter 3 was not observed potentially due 

to a shorter incubation time used for the samples for CYP reaction phenotyping (Section 

4.2.1) in this study (30 min as compared to two hours in Chapter 3). Although the same 

reference standard for LGD-4033 was used in the previous chapter and herein, LGD-4033 

was observed to only produce one peak in this study as opposed to two in Chapter 3 which 

was attributed to diastereomers of LGD-4033. A possible explanation for this is that different 

LC-MS systems were used in this chapter (Section 4.2.2) and Chapter 3 (Section 3.2.6). 

Furthermore, LGD-4033 metabolites M6 and M7 described in Chapter 3 Section 3.3.2.2 

were not included here, as they were only found after measurements for this chapter were 

completed.  
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Table 4.4 Monitored transitions of S-1-d4, ostarine, and associated metabolites during LC–

MS/MS analysis with chromatographic traces (presented in the respective row). Transitions 

with asterisk were employed as quantifiers. 

 

  

Compound Molecular ion, 

[M-H]- m/z 

Fragment ions, 

[M-H]- m/z 

CE, 

V 

RT window, 

min 

Total ion chromatogram (TIC) trace 

S-1-d4 405.10 

261.05* 20 

5.94-6.34 

 

 

 
 

 

 

 

 

 

289.04 20 

Ostarine 388.09 

118.03* 20 

5.42-5.82 

269.05 15 

M1a 

 
404.09 

201.03 20 

5.55-5.95 

285.05* 15 

M1b 

 
404.09 

134.02* 20 

5.36-5.76 

269.05 20 

M2 

 

404.09 

 

118.03 20 

5.11-5.51 

255.04* 20 

M3a 

 

420.08 

 

150.02* 25 

5.16- 5.56 

206.05 20 

M3b 

 
420.08 

150.02* 20 

4.93-5.33 

269.05 25 

M3c 

 
420.08 

150.02* 25 

5.05-5.46 

185.03 20 

M4 

 
287.06 

185.03* 25 

4.46-4.86 

257.05 15 

M5 185.03 

  

4.18-4.58 

M6 201.03 

154.01 25 

4.13-4.54 

181.02* 20 

min 
5.95 6.00 6.05 6.10 6.15 6.20 6.25 6.30 

%
 

0 

100 6.13 

min 
5.45 5.50 5.55 5.60 5.65 5.70 5.75 5.80 

%
 

0 

100 5.62 

min 
5.15 5.20 5.25 5.30 5.35 5.40 5.45 5.50 

%
 

0 

100 5.30 

min 
5.4
0 

5.4
5 

5.5
0 

5.5
5 

5.6
0 

5.6
5 

5.7
0 

5.7
5 

%
 

0 

100 5.5
5 

min 
5.60 5.65 5.70 5.75 5.80 5.85 5.90 

%
 

0 

100 5.75 

min 
4.95 5.00 5.05 5.10 5.15 5.20 5.25 5.30 

%
 

0 

100 5.12 

min 
5.10 5.15 5.20 5.25 5.30 5.35 5.40 5.45 

%
 

0 

100 

5.26 

min 
4.50 4.55 4.60 4.65 4.70 4.75 4.80 4.85 

%
 

0 

100 4.65 

min 
4.15 4.20 4.25 4.30 4.35 4.40 4.45 4.50 

%
 

0 

100 4.34 

min 
5.20 5.25 5.30 5.35 5.40 5.45 5.50 5.55 

%
 

0 

100 5.36 

min 
4.20 4.25 4.30 4.35 4.40 4.45 4.50 4.55 

%
 

0 

100 4.37 
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Table 4.5 Monitored transitions of S-1-d4, LGD-4033, and its metabolites during LC–

MS/MS analysis with chromatographic traces (presented in the respective row). Transitions 

with asterisk were employed as quantifiers. 

Compound Molecular ion,            

[M-H]- m/z 

Fragment ions, 

[M-H]- m/z 

CE, 

V 

RT window, 

min 

Total ion chromatogram (TIC) trace 

S-1-d4 405.10 

261.05* 20 

5.94-6.34 
 

 

 

 

 

 

289.04 20 

LGD-4033 337.08 

170.02 25 5.70-6.10 

267.08* 10 

M1b 
353.07 

199.05* 20 

5.23-5.63 

227.004 25 

M1c 353.07 

185.03 20 

4.97-5.37 

283.07* 10 

M1d 
353.07 

170.02 30 

4.75-5.15 

227.04* 20 

M2 

 

351.06 

 

237.06 20 

4.84-5.24 

281.05* 15 

M3a 

 
369.07 

237.06 25 

4.86-5.26 

281.05* 15 

 

M3b 

 

369.07 

170.02 20 

4.45-4.85 
227.04* 15 

M4a 385.06 

170.02* 30 

4.75-5.15  

227.04 15 

M5a/b 355.09 

185.03 25 

4.94-5 .34 

285.08* 15 

 

  

min 
4.90 4.95 5.00 5.05 5.10 5.15 5.20 5.25 

%
 

0 

100 5.06 

min 
5.95 6.00 6.05 6.10 6.15 6.20 6.25 6.30 

%
 

0 

100 6.12 

min 
5.75 5.80 5.85 5.90 5.95 6.00 6.05 

%
 

0 

100 5.90 

min 
5.25 5.30 5.35 5.40 5.45 5.50 5.55 5.60 

%
 

0 

100 5.42 

min 
5.00 5.05 5.10 5.15 5.20 5.25 5.30 5.35 

%
 

0 

100 5.15 

min 
4.80 4.85 4.90 4.95 5.00 5.05 5.10 

%
 

0 

100 4.94 

min 
4.85 4.90 4.95 5.00 5.05 5.10 5.15 5.20 

%
 

0 

100 5.03 

min 
4.95 5.00 5.05 5.10 5.15 5.20 5.25 5.30 

%
 

0 

100 5.22 

5.13 

min 
4.80 4.85 4.90 4.95 5.00 5.05 5.10 

%
 

0 

100 4.95 

min 
4.50 4.55 4.60 4.65 4.70 4.75 4.80 

%
 

0 

100 4.64 
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4.3.2 In vitro generated SARM metabolites identified by UHPLC-MS/MS 

To identify major and minor in vitro generated metabolites of ostarine or LGD-4033, the 

relative contribution of each metabolite to the sum of measured metabolites was determined. 

Due to a lack of reference compounds for the metabolites absolute quantification was not 

possible. Peak areas of quantifier ion (*) traces from chromatograms of ostarine (Table 4.4) 

or LGD-4033 (Table 4.5) metabolites generated by bovine, equine, porcine, or murine liver 

microsomes without inhibitor (A, Section 4.2.1) were integrated by Waters MassLynx 

software, averages calculated (samples were prepared in triplicates), summed up and set to 

100 %. Percentages for each metabolite were calculated and relative contributions of ostarine 

(Figure 4.1) and LGD-4033 (Figure 4.2) metabolites illustrate major and minor in vitro 

metabolites generated by bovine, equine, porcine, and murine liver microsomes. It should 

be noted that in the previous chapter metabolites generated by rat liver microsomes in vitro 

did not fully reflect the actual in vivo metabolites observed within rat urine samples 

(discussed in Chapter 3 Section 3.3.3). Therefore, in this study the abundances of the in 

vitro metabolites do not necessarily reflect their presence and/or abundance in in vivo 

samples. 

For ostarine (Figure 4.1), M1a was shown to be the major in vitro metabolite in bovine 

(44 %), equine (44 %), and murine (52 %), whereas M4 (64 %) was the most abundant 

metabolite in porcine (64 %) followed by M1a (22 %). M4 was also considerably produced 

by bovine (15 %), equine (15 %), and rat (16 %) liver microsomes. M1b (23 %) was another 

main metabolite in bovine, whereas it was a minor metabolite in equine (<1 %) and murine 

(1.4 %). M3c was also significantly formed in bovine (15 %) and murine (13 %) and a rather 

insignificant metabolite in porcine (2 %) and equine (<1 %). M5 was an important metabolite 

in equine (24 %) as well as in porcine and murine (each 10 %), and relatively less abundant 

in bovine (3 %). 

Relative contributions of LGD-4033 metabolites (Figure 4.2) showed that 

hydroxylations of LGD-4033 were primarily generated in bovine, equine, and murine liver 

microsomes. Whereas M1b was the most abundant in vitro metabolite in bovine, M1d was 

the major metabolite produced by equine liver microsomes. After incubations with murine 

liver microsomes, M1c was primarily generated followed by M1b and M1d. Porcine liver 

microsomes generated mainly the metabolites formed by hydroxylation and pyrrolidine ring 

cleavage M5a and M5b, which were only formed to a minor extent in the other species. M3b 

and M4a were only produced by equine liver microsomes to a minimal extent.   
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Figure 4.1 In vitro generated ostarine phase I metabolites. Relative contributions of each 

metabolite were expressed as a percentage of the sum of measured metabolites based on 

mean integrated peak areas of quantifier ion traces (n = 3).  
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Figure 4.2 In vitro generated LGD-4033 phase I metabolites. Relative contributions of each 

metabolite were expressed as a percentage of the sum of measured metabolites based on 

mean integrated peak areas of quantifier ion traces (n = 3).  
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4.3.3 CYP selective inhibition for reaction phenotyping 

Using a CYP inhibitor based in vitro approach reaction phenotyping experiments were 

carried out to identify which CYP isoform(s) is/are involved in the formation of metabolites 

of ostarine and LGD-4033. Human CYP selective inhibitors were added to incubations with 

bovine, equine, porcine, or murine liver microsomes with ostarine or LGD-4033 to 

determine if they affected metabolite formation (Section 4.2.1). Samples were prepared in 

triplicates and inhibition was determined by comparing the extent of metabolite formation 

in the presence of human CYP selective inhibitors for 30 min to the extent of generated 

metabolites in comparable incubations without inhibitors. The most abundant ions were used 

as quantifiers as shown in Table 4.4 and Table 4.5. Peak areas were corrected for internal 

standard responses and the mean of integrated peak areas ± standard error of the mean (SEM) 

as a measure for metabolite formation was calculated. Metabolite formation observed in 

inhibitor-free incubations was designated as 100 %, and percentage of metabolite formation 

in samples with added inhibitors was calculated. Inhibition of metabolite formation confirms 

that the CYP is involved in this metabolite pathway. The incubation of in vitro liver 

microsomal samples together with ostarine or LGD-4033 and human CYP specific inhibitors 

was an attempt to initially establish which isoenzymes of each species are involved in the 

formation of the metabolites. Scarth et al. have previously used the CYP reaction 

phenotyping approach to study the formation of hydroxy-stanozolol in equine.[294] 

4.3.3.1 CYP selective inhibition for reaction phenotyping of ostarine 

metabolites 

The effects of human CYP inhibitors on the formation of ostarine metabolites in bovine, 

equine, porcine, and murine liver microsomes are illustrated in Figure 4.3. The structural 

isomers M1a, M1b, M3a, M3b, and M3c show similar inhibition profiles in each investigated 

species. Human CYP2A6, CYP2B6, CYP2C8, CYP2C9, and CYP3A4 inhibitors caused at 

least a 40% inhibition of hydroxylations (M1a and M1b) and bishydroxylations (M3a, M3b, 

and M3c) in all species. Quinidine, (a selective inhibitor of human CYP2D6), decreased the 

formation of all reported metabolites by two-thirds in rats. It also decreased metabolite 

formation of M1a (bovine, porcine), M1b (bovine, equine), M3a (bovine, equine) and M3c 

(bovine, equine, porcine) to a minor degree (24-39 % inhibition). M2 formation was mainly 

reduced by the human CYP2A6 inhibitor, but also by the human CYP2B6, CYP2C8, and 

CYP2C19 inhibitors in bovine, equine, and murine samples. The metabolite M6 was 
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inhibited by over 20 % in equine and porcine samples and by 48 % in bovine samples when 

the human CYP2A6 inhibitor 8-methoxypsoralen was added. Contrary the compound did 

not affect formation of M6 in rats. CYP may play a minor role in the formation of M5 as 

liver amidase can hydrolyse the amide bond.[190] M4 formation was only affected by 

inhibitors to a small extent, which suggests M4 is mainly formed by other non-CYP mediated 

pathways. For ostarine metabolism the involvement of human orthologous isoenzymes 

CYP2A6, CYP2B6, CYP2C8, CYP2C9, and CYP3A4 can be concluded. Other orthologous 

enzymes corresponding to human CYP1A2 and CYP2D6 may be involved to a minor extent. 

4.3.3.2 CYP selective inhibition for reaction phenotyping of LGD-4033 

metabolites 

The effects of human CYP inhibitors on the formation of LGD-4033 metabolites in 

bovine, equine, porcine, and murine liver microsomes are illustrated in Figure 4.4. The 

human CYP2A6 inhibitor 8-methoxysporalen inhibited formation of M1b, M1c, and M1d in 

all investigated species as well as of M3b and M4a in equine. Moreover, in porcine samples 

M1b was decreased by over half by the CYP2B6 and CYP2C19 inhibitor. Additionally, in 

porcine and bovine samples M1d was reduced by the CYP2C8 inhibitor. The CYP3A4 

inhibitor ketoconazole diminished the formation of M2, M3a, and M5b suggesting that the 

metabolites are formed by CYP3A4. On the other hand, in bovine 8-methoxypsoralen greatly 

induced formation of M2, M3a and M5b, which might be explained by 8-methoxypsoralen 

caused induction of CYP3A4.[482] A similar trend was observed for M5a in rats where 

elevated levels of M5a in samples with 8-methoxyspsoralen may be caused by induction of 

CYP3A4. Human CYP2A6, CYP2B6, CYP2C8, and CYP3A4 inhibitors decreased the 

formation of M2 (except in bovine) and M3a. The equine exclusive in vitro metabolite M3b 

was significantly reduced upon addition of the human CYP2A6 inhibitor and M4a by human 

CYP2A6, CYP2C8 and CYP3A4 inhibitors. To conclude, LGD-4033 seems to be mainly 

metabolised by human orthologous isoenzymes of CYP2A6, CYP2B6, CYP2C8, and 

CYP3A4. In the metabolism of LGD-4033 human orthologous isoenzymes of CYP1A2, 

CYP2C9, CYP2C19, CYP2D6, and CYP2E1 may play a minor role as addition of selective 

human inhibitors did not greatly diminish metabolite formation.  
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Figure 4.3 CYP selective inhibition for reaction phenotyping of ostarine. Y-axis: Metabolite 

formed in %. X-axis: A without inhibitor - concentration designated to 100 % - were 

compared to B-J with inhibitors and tested for significance (* p < 0.05, ** p < 0.01, *** p < 

0.001). Bars present the means of the integrated peak areas of three incubations ± SEM  
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Figure 4.4 CYP selective inhibition for reaction phenotyping of LGD-4033. Y-axis: 

Metabolite formed in %. X-axis: A without inhibitor - concentration designated to 100 % - 

were compared to B-J with inhibitors and tested for significance (* p < 0.05, ** p < 0.01, 

*** p < 0.001). Bars present the means of the peak areas of three incubations ± SEM.  
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4.4. Conclusions 

CYP isoenzymes likely involved in the metabolism of the SARM compounds ostarine 

and LGD-4033 were determined (CYP reaction phenotyping) by using an in vitro approach 

with human CYP selective inhibitors. This entailed using liver microsomes to generate phase 

I metabolites and the development of a targeted MRM UHPLC-MS/MS method for the 

detection of ostarine, LGD-4033, and associated metabolites. Initially, full scan, precursor 

and product ion scanning experiments were carried out to scout for metabolites previously 

described in Chapter 3. Transitions of the precursor ions of phase I metabolite target 

analytes to the two most abundant product ions formed at optimised collision energies were 

selected to establish a targeted MRM method. Although this process was more time and 

resource-consuming than the previously employed untargeted HR-MS approach utilised 

within Chapter 3, the resulting MRM method offers advantages in terms of sensitivity and 

selectivity due to selective ion transmission of defined transitions for target analytes. The 

presented approach and MRM method herein can be adopted to improve targeted methods 

by inclusion of not only SARM compounds, but also their associated metabolites. For control 

laboratories, the monitoring of SARM metabolites can have several advantages as they can 

be detectable over a more prolonged time than the unchanged compounds since 

biotransformation can occur faster than elimination. For example, in human hydrolysed urine 

samples LGD-4033 was detectable for three to six days whereas its dihydroxylated 

metabolite was found for up to 20 days after ingestion.[179] Additionally, the monitoring of 

SARM metabolites is of particular interest as detection of metabolites delivers proof of 

ingestion and cannot arise from contamination of the sample. 

By plotting relative abundances of the generated ostarine and LGD-4033 metabolites, 

interspecies differences were shown to be not only qualitative (Chapter 3) but also 

quantitative in nature. Relative abundances of SARM metabolites revealed appreciable 

differences between mammalian species in the distribution of in vitro formed metabolites. 

In cattle, horses, and rats the main in vitro generated metabolite for ostarine was a 

hydroxylated metabolite M1a, whereas in pigs it was the O-dephenyl-metabolite M4. 

Moreover, the hydroxylated ostarine metabolite M1b was a main in vitro metabolite formed 

by cattle liver microsomes, whilst it was only formed to a minor extent by equine and rat 

liver microsomes and not at all by pig liver microsomes. For LGD-4033, positional isomers 

of hydroxylated LGD-4033 were produced at varying levels in investigated species. For 

example, the most abundant in vitro LGD-4033 metabolite in cattle was the hydroxylated 
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metabolite M1b, which was also a major metabolite in rats but a minor metabolite in horses 

and pigs. Furthermore, in equine, and rats the hydroxylated LGD-4033 metabolites M1d and 

M1c were the most abundant respectively. The most abundant LGD-4033 metabolite formed 

by pig liver microsomes was through pyrrolidine ring cleavage and hydroxylation (M5b), 

which also constituted a major metabolite in cattle but only a minor one in horses and rats. 

These observed variations in product selectivity can be due to differences in CYP 

isoenzymes orthologues.[483] 

CYP isoenzymes that catalyse ostarine and LGD-4033 phase I metabolite formation were 

identified by CYP reaction phenotyping by assessing the impact of specific CYP inhibitors 

on the metabolism of LGD-4033 and ostarine by liver microsomal incubations. This strategy 

can shed some insight into which orthologous CYP isoenzymes in the species of interest 

may be involved. An obstacle to this method is that the potential of added substances to 

specifically inhibit isoenzymes has been established in humans but not in the other species, 

e.g. differences in the response to selective human CYP inhibitors in rat and human liver 

microsomes have been noted.[484] Therefore, human CYP selective inhibitors may not exhibit 

the same selectivity or response towards orthologous enzymes in sports and food producing 

animal species. For example, in the present study the human CYP2E1 inhibitor 

chlormethiazole does not inhibit but rather induce the formation of the bishydroxylated 

ostarine metabolite M3c in equine. Moreover, the human CYP2A6 inhibitor 8-

methoxypsoralen also induces the hydrolysis of the amide bond in ostarine to M5 in bovine 

and porcine. In addition, the concentrations of inhibitors that were used in the assays were 

added in an excess of their published human IC50 to compensate for differences in affinities 

that may occur between species. However, when CYP specific inhibitors are used at higher 

concentrations they may also inhibit other CYP enzymes, e.g. the human CYP3A4 inhibitor 

ketoconazole also inhibits human CYP2D8 at concentrations over 10 µM.[485] If and at which 

concentrations the used substances inhibit isoenzymes in bovine, equine, and porcine has 

not been established yet. A lack of P450 identification across species makes it difficult to 

assign the observed reactions to single orthologous isoenzymes. 

Changes to metabolite levels in response to the presence/absence of CYP inhibitors 

revealed nuanced patterns between species. CYP2A, 2B, 2C, and 3A families of all species 

were primarily observed to be involved in the metabolism of ostarine and LGD-4033. 

Additionally, these findings indicate that the majority of the metabolites of ostarine and 

LGD-4033 were formed by several CYP isoenzymes. For example, CYP2A6, CYP2B6, 

CYP2C8, CYP2C, and CYP3A4 orthologous enzymes catalysed formation of hydroxylated 
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(M1a-b) and bishydroxlated (M3a-c) ostarine metabolites in all investigated species. Where 

multiple CYPs are involved in the formation of a metabolite, other CYPs may compensate 

for metabolite generation for a CYP that is inhibited. On the other hand, metabolites may be 

formed by only one specific CYP as was shown by the inhibition of equine-exclusive 

bishydroxylated metabolite M3b in incubations with the CYP2A6 inhibitor 8-

methoxypsoralen. Non-CYP mediated pathways may also play a role in the formation of 

SARM metabolites, e.g. ostarine metabolites M4 formed by O-dephenylation and M5 

formed by amide hydrolysis. Additional studies with recombinant single CYPs are needed 

to further improve the understanding of interspecies differences and variations in SARM 

metabolism. 

Orthologous CYP isoenzymes to human CYP2A6, CYP2B6, CYP2C8, CYP2C9 (only 

ostarine), and CYP3A4 were mainly involved in the metabolism of ostarine and LGD-4033, 

therefore co-administered veterinary drugs that inhibit or induce these can potentially alter 

the metabolite profiles of ostarine and LGD-4033 which should be considered by monitoring 

laboratories. The results show that veterinary drugs that are inhibitors for CYPs involved in 

SARM metabolism, such as the antifungal agent ketoconazole (which inhibits human 

CYP3A4), can decrease the formation of certain ostarine and LGD-4033 metabolites. This 

demonstrates that drug-drug interactions can occur between banned SARMs and non-

prohibited veterinary drugs. Although drug-drug interactions may not be clinically relevant 

as ostarine and LGD-4033 were metabolised by several CYPs and pathways, they may be 

relevant to monitoring laboratories by altering metabolite profiles and potentially masking 

SARM administration. In order to avoid false-negative samples the analysis should be 

expanded as much as possible and not only include the unchanged compounds and major, 

relatively high abundant metabolites but also minor, relatively low abundant metabolites as 

well as non-prohibited drugs that may alter metabolite formation of other drugs by CYP 

interactions and mask SARM administration.  
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Chapter 5: Profiling of in vitro Generated Metabolites of 

SARM Compounds by Equine Tissues 
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5.1.  Introduction 

Horse racing is a multibillion dollar industry[486] and similar to human sports, guidelines 

have been established in equestrian sports that ban the in- and out-of-competition use of 

specified drugs to prevent unfair advantages and because of animal welfare concerns. 

Administering SARMs, a class of anabolic agents, to horses has been prohibited since 2015 

as outlined in the International Agreement on Breeding, Racing and Wagering 

(IABRW).[112,113] SARMs increase lean muscle mass and bone density with similar anabolic 

effects to anabolic androgenic steroids (AAS), but with reduced side effects in androgenic 

tissues such as the prostate.[11,487,488] Their tissue-selective effects make them promising drug 

candidates to treat diseases associated with muscle mass and bone density loss, e.g. cachexia 

or sarcopenia.[54] Although, several SARM compounds such as ostarine[61,64,75,76], LGD-

4033[82], and RAD140[53,104] have advanced into clinical testing, none has gained clinical 

approval yet. The anabolic properties of SARMs make them prone to abuse in sports to gain 

muscle mass with the goal of enhancing performance, and the illegal use of the SARM 

andarine in race horses illustrates the importance of equestrian anti-doping control schemes 

enforcing established guidelines.[131] 

Illicit administration of banned compounds such as SARMs to horses could threaten the 

integrity of the food supply chain. In certain European countries, horses have also gained 

importance as minor food producing animals. Although not bred for food purposes, sport 

performance horses are often sold for food processing at the end of their racing careers. 

However, many of these horses will frequently have received drugs prohibited for use in 

animals entering the food chain. National residue control plans stipulate testing of animal-

derived products for drug residues.[118] In the European Union, growth promoters such as 

SARMs have been banned in food producing animals.[117] For example, administration of 

the non-steroidal anti-inflammatory drug phenylbutazone to Thoroughbred race horses that 

are subsequently sold for slaughter for human consumption has been identified as a particular 

public health risk due to bone marrow suppression caused by phenylbutazone in humans.[489] 

To help prevent such drugs entering the food-chain, animal therapeutic treatments must be 

recorded and documented within a horse passport, but various compliance issues have been 

identified with this process.[490]  

Establishing methods for detection of SARM (ab)use requires prerequisite knowledge 

on drug compound metabolism, as often traces of the original administered parent compound 

may no longer be present or detectable, in which case the only option for reliable detection 
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is to monitor associated formed metabolites. There are numerous examples where 

metabolites have been demonstrated to be detectable for a more prolonged period relative to 

initially administered unchanged compounds.[396,491] The detection of metabolites can also 

corroborate that a drug has been metabolised by the horse and rule out the possibility of a 

false positive which may for example arise from sample contamination. The metabolic fate 

of a drug depends on both hepatic and extra-hepatic biotransformation, and whilst the liver 

plays a dominant role in the first pass metabolism of ingested xenobiotics, the small intestine, 

lung and kidney also express drug metabolising enzymes.[492] In the horse, expression of 

CYP3A isoenzymes has previously been studied in liver, lung, and intestine[493,494], and 

differential expression profiling of drug metabolising enzymes has shown that CYP1A and 

CYP2C have the highest expression in equine intestines whereas CYP2E and CYP2A are 

highest in equine liver.[219]  

As SARM compounds such as ostarine, LGD-4033, and RAD140 can be orally 

administered[19,53,81], small intestinal epithelial cells (enterocytes) are the first site where drug 

metabolism can occur. Most drugs are transformed in the liver into more hydrophilic 

metabolites, with generated metabolites and/or unchanged compounds further metabolised 

and/or directly eliminated by the kidneys into urine but can also enter the bile and be excreted 

into the small intestine and duodenum. Here, compounds can either be reabsorbed 

(enterohepatic recycling) or can pass through the large intestine and be excreted in the faeces. 

Moreover, compounds may be excreted via secondary routes through the lungs, sweat, tears, 

saliva, or hair. SARMs and associated metabolites have been previously detected in several 

matrices including urine, plasma, faeces and hair.[19,142,159,164,165,180,183]  

Conventional in vitro studies on metabolite formation have focused primarily on the use 

of liver-based strategies[495] as liver is the major site of drug metabolism. This study seeks 

to investigate and evaluate the in vitro metabolism of selected SARM compounds by 

microsomes alone (to generate phase I metabolites) and in combination with S9 fractions (to 

generate phase II metabolites) from various equine tissues including liver, lungs, kidneys, 

and small intestine. The SARM compounds ostarine, LGD-4033, and RAD140 have been 

selected for investigation based on their ease of availability and reported use in 

equines.[124,128,129] Observing the in vitro metabolites produced by multiple organs allows us 

to determine potential sites of SARM metabolite formation and compare the profile of 

metabolites generated. Whilst other studies have employed equine lung alongside liver S9 

fractions and confirmed liver as the major site of drug metabolism[294,367], the current 

investigation will expand the approach by additionally examining kidney and small intestinal 
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fractions to investigate if and to what extent SARM metabolites can be formed by other 

tissues. This will provide a snapshot of the similarities and differences in metabolite 

production in a range of different metabolic tissues and elucidate whether other metabolic 

tissues such as kidneys, lungs or intestines produce the same range of SARM metabolites as 

liver. As such, this study will serve to inform whether metabolite formation in minor 

metabolic tissues merits further study. A specific case where this could prove useful is in the 

development of MS methods requiring information on target analytes to monitor for 

prohibited substances such as SARMs in specific tissues. Furthermore, identification of 

SARM-derived metabolites in equines using this approach of this study may provide an 

insight into actual in vivo metabolism thereby improving upon the current knowledge of 

where SARMs metabolism occurs and identify the main sites of metabolism.  
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5.2. Experimental 

Materials and reagents have been described in Chapter 2 Section 2.2.1. LGD-4033 was 

purchased from Cayman Chemical supplied by Cambridge Bioscience (Cambridge, UK) and 

RAD140 was from BOC Sciences (New York, USA). 

5.2.1 Preparation of equine tissue microsomes and S9 fractions 

Equine tissue samples were collected at a commercial abattoir facility from five animals 

as shown in Table 5.1, including one Thoroughbred bay filly, one Thoroughbred chestnut 

filly, two Thoroughbred chestnut mares, and one Thoroughbred bay gelding. Tissues 

collected from each animal were liver, kidney, lung and small intestine and were 

immediately cooled on ice. Upon arrival in the laboratory, tissue samples were washed with 

ice-cold PBS (with SIGMAFAST protease inhibitor tablets for intestines) and finely minced. 

All work was carried out in a cold room at 4 °C. The procedure for isolation was adapted 

from Pearce et al.[375] and Damre et al.[496] for handling of intestines. Mucosal cells were 

scraped from the intestinal tissue. After pooling pieces of each tissue separately from several 

animals to obtain a representative sample, 3 volumes of ice-cold homogenization buffer (50 

mM Tris, 150 mM KCl, and 2 mM EDTA pH 7.4 at 4 °C) were added and the mixture was 

homogenized at 4 °C in five x 45 seconds intervals at 2000 rpm with a Silverson L5M 

homogenizer with a vertical slotted head in a 50 mL tube. The tubes were centrifuged at 10 

400 × gmax (4 °C) for 20 min. The pellet was discarded, and an aliquot of the supernatant (S9 

fractions) was collected and frozen at -80 °C. The remaining supernatant was transferred to 

a fresh tube and centrifuged at 105 000 × gmax (4 °C) for 60 min. The pellet was resuspended 

in 10 mL ice-cold resuspension buffer (150 mM KCl, 2 mM EDTA) followed by another 

centrifugation step at 105 000 × gmax (4 °C) for 60 min. The resuspension buffer was then 

discarded, and the pellet was resuspended in 3 mL ice-cold storage buffer (250 mM sucrose), 

aliquoted and frozen at -80 °C. In summary, S9 fractions and microsomes were prepared 

from liver, lung, kidney, and small intestine. 
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Table 5.1 Information on horses, which tissues were included in the study, including 

gender, breed, and age at the time of slaughter 

No. Gender Type Breed Age 

1 Female Filly Thoroughbred, Bay 7 years 

2 Female  Filly  Thoroughbred, Chestnut 8 years 

3 Female  Mare Thoroughbred, Chestnut 9 years 

4 Female  Mare Thoroughbred, Chestnut 11 years 

5 Male Gelding Thoroughbred, Bay 14 years 

 

  



 

155 

5.2.2 Characterisation of equine tissue microsomes and S9 fractions 

Protein concentration, P450 content, cytochrome b5 content, NADPH-cytochrome P450 

reductase activity, and 7-ethoxycoumarin O-dealkylation were determined as described in 

Chapter 2 Section 2.2.3 with the following changes: 

5.2.2.1 Cytochrome P450 content determination 

In Chapter 2 Section 2.2.3.2 the CO for the P450 assay was from a gas cylinder. In this 

chapter the CO was produced by the reaction of oxalyl chloride with sodium hydroxide.[442] 

For the measurements the DT-difference method as described in Chapter 2 Section 2.2.3.2 

was used.[443] 

5.2.2.2 Cytochrome b5 content determination 

The sample volume used for equine liver and lung microsomes was 25 µL as used in 

Chapter 2 Section 2.2.3.3. 100 µL of equine kidney microsomes and liver S9 and 200 µL 

of equine intestinal microsomes and S9 fractions were used for measurements. Addition of 

respective volumes of 100 mM potassium buffer pH 7.4 and 5 µL of 20 mM NADH resulted 

in a total assay volume of 1 mL. 

5.2.2.3 NADPH-cytochrome P450 reductase activity measurements 

The total assay volume of 250 µL stayed the same. The following sample volumes and 

final concentrations were used for a linear response curve over three minutes: 

• 12.5 µL of 0.4 mg/mL (final concentration 0.02 mg/mL) equine liver microsomes or 

S9 fractions (as used in Chapter 2 Section 2.2.3.4) 

• 25 µL of 0.4 mg/mL (final concentration 0.04 mg/mL) equine lung or kidney 

microsomes 

• 90 µL of 0.4 mg/mL (final concentration 0.14 mg/mL) equine intestinal microsomes 

• 90 µL of 1 mg/mL (final concentration 0.36 mg/mL) equine lung, kidney, or 

intestinal S9 fractions 

5.2.2.4 7-Ethoxycoumarin O-deethylation activity measurements 

Different concentrations of 7-hydroxycoumarin for the calibration curves were used. To 

measure 7-hydroxycoumarin formation in tissue S9 fractions, 4 µL of the metabolite 
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reference standard at concentrations of 250, 100, 50, 10, 5, and 1 µM (final concentrations 

5, 2, 1, 0.2, 0.1, and 0.02 µM) were added. For tissue microsomes, 4 µL of 7-

hydroxycoumarin at concentrations of 1000, 750, 500, 250, 50 and 5 µM (final 

concentrations 20, 15, 10, 5, 1, and 0.1 µM) were added. The activity in lung microsomes 

was unexpectedly high, and an additional calibrant for 7-hydroxycoumarin at 40 µM end 

concentration was needed. 

5.2.3 In vitro generation of phase I and II SARM metabolites 

Assay conditions for generation of phase I and II SARM metabolites using microsomes 

and S9 fractions were described in Chapter 2 Section 2.2.4. For clarity, the pipetting scheme 

is presented in Table 5.2. 

Table 5.2 In vitro assays conditions for generation of phase I and II SARM metabolites 

Compound Concentration Volume added (µL) End concentration  

50 mM phosphate buffer + 5 mM MgCl2 - 20 - 

SARM compound                                

(Ostarine, LGD-4033, or RAD140) 

250 µM 10 50 µM 

Equine microsomes from liver, lung, 

kidney, or small intestine 

5 mg/mL 10 1 mg/mL 

NADPH 50 mM 10 10 mM 

Total volume incubation samples  50  

Incubation for 2 hours at 37 °C. 

Phase I reactions stopped upon addition of 150 µL ice-cold acetonitrile. 

Phase II reactions added the following: 

S9 fractions from liver, lung, kidney, or 

small intestine 

5 mg/mL 10 0.5 mg/mL 

Alamethicin 250 µg/mL 10 25 µg/mL 

UDPGA 50 mM 10 5 mM 

PAPS 250 µM 10 25 µM 

SARM compound                                         

(Ostarine, LGD-4033, or RAD140) 

250 µM 10 50 µM 

Total volume incubation samples  100  

Incubation for 2 hours at 37 °C. 

Phase II reactions stopped upon addition of 100 µL ice-cold acetonitrile. 
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5.2.4 UHPLC-QTOF MS profiling of in vitro generated SARM metabolites 

Analysis of in vitro samples was performed on a UHPLC-QTOF MS system as described 

in Chapter 2 Section 2.2.5. However, instead of full scan MS mode data acquisition was 

performed in auto MS/MS mode with a list preferred of precursor ions for ostarine, LGD-

4033, or RAD140 phase I or II metabolites. The list shown in Table 5.3 includes expected 

metabolites based on a literature search. Spectral parameters were set as follows: mass range 

100-1000 m/z (MS) and 50-1000 m/z (MS/MS), acquisition rate 5 spectra/sec (MS) and 20 

spectra/sec (MS/MS), acquisition time 200 ms/spectrum (MS) and 50 ms/spectrum 

(MS/MS), transients/spectrum 1597 (MS) and 259 (MS/MS) with a narrow (~1.3 m/z) 

isolation width in MS/MS. The collision energy was fixed at 20 V. Maximum five precursors 

per cycle were selected with an absolute threshold of 200 and a relative threshold of 0.01 %.  
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Table 5.3 List of preferred precursor ions in auto MS/MS data acquisition mode for ostarine, 

LGD-4033, or RAD140 phase I or II metabolites. References (Ref.) are provided for 

metabolites previously described in the literature.  

Compound Phase I 

Preferred     

precursor 

ions m/z 

Ref. Phase II 
Preferred 

precursor 

ions m/z 

Ref. 

Ostarine  388.0914  + Glucuronidation 564.1235 [19,141,164,175–

177,497] 

Hydroxylation 404.0864 [19,141,142,175–

177] 

+ Glucuronidation 580.1185 [19,141,142,175–

177,497] 

 + Sulfation 484.0432 [19,141,142,175,177] 

Bishydroxylation 420.0813 

 

[177] + Glucuronidation 596.1135 [175,177] 

 + Sulfation 500.0382 [177] 

O-Dephenylation 287.0649 [141,164,175,177] + Glucuronidation 463.0969 [175] 

O-Dephenylation + carboxylation 301.0442 [141,142,175]    

Amide hydrolysis + hydroxylation 

A-ring 

201.0281 [19,141] + Glucuronidation 377.0602 [164,165] 

 + Sulfation 280.9849 [19,164,165] 

Amide hydrolysis A-ring 185.0332 [164]    

LGD-4033  337.0781  + Glucuronidation 513.1102 [178–180] 

 + Sulfation  417.0349  

Hydroxylation 353.0730 [49,132,178,179] + Glucuronidation 529.1051 [179,180] 

 + Sulfation  433.0298  

Hydroxylation + double-bond 351.0574 [127,132,179]    

Bishydroxylation 369.0679 [49,127,132,178–

180] 

+ Glucuronidation 545.1000  

 + Sulfation 449.0248  

Hydroxylation + pyrrolidine ring 

cleavage 

355.0887 [127,132,178,179] + Glucuronidation 531.1208 [179] 

 + Sulfation 435.0455  

Hydroxylation + methylation 367.0887 [127]    

Trihydroxylation 385.0629 [179,180]    

RAD140 (-acetaldehyde) 392.0920 

(348.0658) 

 + Glucuronidation 568.1241  

 + Sulfation 472.0488  

Hydroxylation (-acetaldehyde)  408.0869 

(364.0607) 

[181] + Glucuronidation 584.1190  

 + Sulfation  488.8815  

Bishydroxylation (-acetaldehyde) 424.0818 

(380.0556) 

 + Glucuronidation 600.1139  

 + Sulfation  504.0386  
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5.3. Results and discussion 

5.3.1 Characterisation of equine tissue microsomes and S9 fractions 

In-house prepared equine microsomes and S9 fractions from livers, lungs, kidneys, and 

small intestines were characterised by measuring their protein concentration, cytochrome b5, 

P450 content, NADPH-cytochrome P450 reductase and 7-ethoxycoumarin O-dealkylation 

activity (Table 5.4). For microsomes, cytochrome b5 content, P450 content, and NADPH-

cytochrome P450 reductase activity were highest in liver followed by lung, kidney and small 

intestine. The P450 content in lung was three-fold lower than in liver. A study by Lakritz et 

al. supports this observation, reporting a three-fold greater equine hepatic P450 content than 

in lung microsomes. In comparison the P450 content in murine lung microsomes has been 

reported 20-40 fold lower than in murine liver microsomes.[213] Another study showed seven 

to 14-fold lower P450 contents in lung than in liver microsomes of the investigated species 

namely rat, rabbit, mouse, hamster, and guinea pig.[498] This suggests that horses have a 

higher lung/liver ratio of total P450 and may have higher P450 activity in lung tissues in 

comparison to other species. The highest 7-ethoxycoumarin O-dealkylation rate was 

measured in lung microsomes potentially due to the increased presence of CYP enzymes 

with high affinity to the substrate. For example, in horses all seven CYP3A isoenzymes are 

present in the lung whereas only four CYP3A isoenzymes were identified in liver.[493,494] 

Experiments with recombinant human CYP isoenzymes have shown that besides CYP1 and 

CYP2, CYP3 isoenzymes are also involved in the dealkylation of 7-ethoxycoumarin.[499]  

In this study, the P450 content of intestinal microsomes and S9 fractions as well as 

kidney S9 fractions could not be determined. This was likely caused by an insufficient level 

of sensitivity in the employed method for the detection of very low levels of P450. However, 

a study by Tydén et al. reported the P450 content and CYP3A isoenzyme expression levels 

in equine intestinal microsomes.[493] Furthermore, in this study the cytochrome b5 content 

could not be determined in lung and kidney S9 fractions most likely due to obstructing 

spectrometric absorbances from the sample matrices. Schmitz et al. have previously 

observed unusual spectrometric patterns in equine lung microsomes that prevented the 

determination of the P450 content.[500]  
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5.3.2 In vitro equine tissue generated SARM metabolites 

SARM compounds ostarine, LGD-4033, or RAD140 were incubated with microsomes 

and S9 fractions prepared from equine liver, lung, kidney, or small intestinal tissues with 

derived samples subsequently analysed by UHPLC-QTOF MS in auto MS/MS mode. 

Microsomes alone were used for generation of phase I metabolites and also in combination 

with S9 fractions for generation of phase II metabolites and were selected over tissue 

homogenates as in vitro systems to ensure observation of very low abundant metabolites. 

Identification of tentative metabolic pathways/metabolites were based on accurate masses of 

the precursor ions and fragmentation thereof as shown in Table 5.5 (ostarine), Table 5.6 

(LGD-4033), and Table 5.7 (RAD140). Assigned numbers have been retained from 

Chapter 3 Section 3.3.2 for simplicity. Moreover, mass spectrometric fragmentation has 

been discussed in Chapter 3 Section 3.3.2. All identified metabolites are summarised in 

Table 5.8 presented at the end of Section 5.3. 

5.3.2.1. In vitro equine tissue generated metabolites of ostarine 

As previously described in Chapter 3 Section 3.3.2.1, three hydroxylated metabolites 

(M1a>M1c>M1b) were produced by equine liver microsomes. Additionally, M1a was 

generated after incubations with microsomes derived from equine small intestines. 

Bishydroxylation of ostarine was only observed in equine liver microsomes. Ostarine 

metabolite M4 resulting from O-dephenylation was found in incubations from liver, lung, 

kidney, and small intestinal microsomes. However, this metabolite was also found in control 

samples without NADPH as cofactor and without tissue fractions, showing that it can result 

from non-CYP mediated or non-enzymatic reactions. Ostarine metabolite M5 resulting from 

amide hydrolysis was produced by liver, kidney, and small intestinal microsomes. 

Furthermore, M5 was observed in control samples without NADPH also suggesting non-

CYP mediated metabolism. M5 was found hydroxylated (M6) in Chapter 3, however, in 

this study, no distinct peak for M6 was observed, most likely due to the high background 

noise for the EIC of m/z 201. Ostarine was conjugated with glucuronic acid (M7) after 

incubation with liver and kidney fractions. Representative chromatograms and mass spectra 

including MS and MS/MS traces of M7 are shown in Figure 5.1. Glucuronidation of a 

hydroxylated and bishydroxylated ostarine metabolite were only observed after incubations 

with liver fractions. Whereas conjugation of M6 with sulfate (M11) was found in samples 

with liver and kidney fractions. M4, M5, and M11 have been previously detected in in equine 
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urine after administration of ostarine.[164] Moreover, M11 was found in equine plasma.[165] 

Additionally, glucuronidation of M5 and dihydroxylation followed by sulfation of M5 were 

detected in equine urine and plasma[164,165], however, these metabolites were not produced 

by in vitro incubation samples in the current study.  
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5.3.2.2. In vitro equine tissue generated metabolites of LGD-4033 

Out of the four hydroxylated LGD-4033 metabolites (M1a-d) produced by equine liver 

microsomes, two were also generated by kidney (M1a and M1b) and one by lung (M1a) 

microsomes. LGD-4033 metabolites M2, M3a-b, M4a, and M5a were exclusively found in 

incubation samples with equine liver microsomes. Besides liver microsomes LGD-4033 

metabolite M5b was found after incubation with equine lung microsomes. Loss of the 

pyrrolidine moiety resulting in M6 and hydroxylated M6 were only observed to be formed 

by equine liver microsomes. Conjugation of LGD-4033 with glucuronic acid resulted in two 

metabolites M8a-b in liver incubation samples as described in Chapter 3 Section 3.3.2.2. 

Metabolite M8b was also found in lung, kidney and intestinal incubation samples. 

Chromatograms of LGD-4033 and its glucuronidated metabolite(s) are shown in Figure 5.2. 

Hydroxylation followed by methylation of LGD-4033 (M10) was formed by equine liver, 

kidney, and small intestinal fractions. However, its formation was also observed in control 

samples without cofactors or tissue fractions indicating non-CYP-mediated and non-

enzymatic formation. Formation of M9c-d, M12 and M13 were exclusive to liver fractions.  

Phase I and II urinary and plasma metabolites of LGD-4033 in horses have been 

described by Hansson et al.[180] In accordance with the results presented herein, M3a-b, M4a 

(only in urine samples), M8a-b, and M9c-d were detected. Moreover, a bishydroxylated 

glucuronidated metabolite in urine was previously described, despite not been formed within 

in vitro samples in this study. Hansson et al. did not detect the unchanged compound in 

equine urine after administration of LGD-4033, corroborating its extensive metabolism that 

has been observed in vitro by the formation of several metabolites herein.  

5.3.2.3. In vitro equine tissue generated metabolites of RAD140 

Only one phase I metabolite and two phase II metabolites for RAD140 were produced 

by liver samples in accordance with data from Chapter 3 Section 3.3.2.3. Besides liver, 

hydroxylation of RAD140 was also observed in lung microsomal samples. Furthermore, 

conjugation of RAD140 with glucuronic acid occurred not only in the liver but also in the 

kidney. 
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Table 5.8 Summary of in vitro metabolites of ostarine, LGD-4033, and RAD140 found after 

incubations with equine liver (Li), lung (Lu), kidney (K), and small intestinal (Int) 

microsomes (phase I metabolites) and in combination with S9 fractions (phase II 

metabolites). 

Compound/Metabolic reaction(s) Li Lu K Int 

Ostarine  ✓ ✓ ✓ ✓ 

M1a Hydroxylation ✓   ✓ 

M1b Hydroxylation ✓    

M2 Hydroxylation ✓    

M3a Bishydroxylation ✓    

M3b Bishydroxylation    ✓ 

M4 O-Dephenylation ✓ ✓ ✓ ✓ 

M5 Amide hydrolysis ✓  ✓ ✓ 

M7 Glucuronidation ✓  ✓  

M9b Hydroxylation + glucuronidation ✓    

M10 Bishydroxylation + glucuronidation ✓    

M11 Amide hydrolysis + hydroxylation + sulfation ✓  ✓  

LGD-4033 (RT 6.48 min)  ✓ ✓ ✓ ✓ 

LGD-4033 (RT 6.34 min)  ✓ ✓ ✓ ✓ 

M1a N-Oxide/ Hydroxylation ✓ ✓ ✓  

M1b Hydroxylation ✓  ✓  

M1c Hydroxylation ✓    

M1d Hydroxylation ✓    

M2 Hydroxylation + double bond ✓    

M3a Bishydroxylation ✓    

M3b Bishydroxylation ✓    

M4a Trihydroxylation ✓    

M5a Hydroxylation + pyrrolidine ring cleavage ✓    

M5b Hydroxylation + pyrrolidine ring cleavage ✓  ✓  

M6 Loss of pyrrolidine ✓    

M7 Loss of pyrrolidine + hydroxylation ✓    

M8a Glucuronidation ✓    

M8b Glucuronidation ✓ ✓ ✓ ✓ 

M9c Hydroxylation + glucuronidation ✓    

M9d Hydroxylation + glucuronidation ✓    

M10 Hydroxylation + methylation ✓  ✓ ✓ 

M12 Hydroxylation + pyrrolidine ring cleavage + glucuronidation ✓    

M13 Loss of pyrrolidine + hydroxylation + sulfation ✓    

RAD140  ✓ ✓ ✓ ✓ 

RAD140 - acetaldehyde ✓ ✓ ✓ ✓ 

M1c Hydroxylation ✓ ✓   

M1c Hydroxylation - acetaldehyde ✓ ✓   

M2 Glucuronidation ✓  ✓  

M3b Glucuronidation + Hydroxylation ✓    
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5.4. Conclusions 

While in vivo drug metabolism studies may show the most representative picture of 

possible biotransformations of a drug, in vitro based studies do not involve animal 

experimentation and can be tailored to study mechanistic aspects of metabolite formation. 

Liver-based in vitro systems are the most popular, as liver is recognised as the main organ 

responsible for drug metabolism. In this study, kidney, lung, and small intestine in vitro 

systems were included alongside a liver in vitro system to investigate SARM compound 

metabolism. The aim was to determine the sites of biotransformation of selected SARM 

agents (ostarine, LGD-4033, and RAD140) in equines and to expand on the current 

knowledge of their in vitro metabolism by studying several tissue-based in vitro systems. 

Although the in vivo generated metabolites of ostarine and LGD-4033 been previously 

characterised[164,165,180], nevertheless due to the innate advantages of using in vitro over in 

vivo methods (Chapter 1 Section 1.3), it is worthwhile studying metabolites produced by in 

vitro incubations of liver which are acceptable for use as reference material by horse racing 

laboratories.[116].  

SARM metabolites (summarised in Table 5.8) were produced by liver, lung, kidney and 

small intestinal microsomes alone (phase I) and in combination with S9 fractions (phase II). 

Comparison of SARM-generated metabolites by various tissues using UHPLC-QTOF MS 

confirmed liver to be the major site of SARM metabolism. The majority of metabolites were 

exclusively formed by liver using microsomes for generation of phase I metabolites (M1b, 

M2, and M3a from ostarine, M1c-d, M2, M3a-b, M4a, M5a, M6, and M7 from LGD-4033) 

or in combination with S9 fractions for generation of phase II metabolites (M9a and M10 

from ostarine, M9c-d, M12, and M13 from LGD-4033, and M3b from RAD140). Moreover, 

liver microsomes and S9 fractions possessed the highest NADPH-cytochrome P450 activity, 

P450 and cytochrome b5 content relative to other investigated tissues. Several SARM 

metabolites formed by CYP- and UGT-catalysed reactions were not only produced by liver 

but also to a minor extent by lung, kidney, and small intestinal microsomes and S9 fractions. 

Ostarine metabolite M4 (O-dephenylation) was shown to be formed by microsomes from all 

investigated tissues. Similarly, LGD-4033 metabolite M8b (glucuronidation) was generated 

by microsomes/S9 fractions from all investigated tissues. Besides liver, lung and kidney 

microsomes also generated LGD-4033 metabolite M1a by hydroxylation or N-oxide 

formation. Hydroxylation of ostarine (M1a) was formed by liver and small intestinal 

microsomes, whereas hydroxylation of RAD140 (M1c) and LGD-4033 (M1b) was observed 
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by liver and lung microsomes. Kidney was found to be the second most metabolically active 

tissue after liver based on the number of phase I (M5 from ostarine, M1b and M5b from 

LGD-4033) and phase II (M7 and M11 from ostarine, M10 from LGD-4033, M2 from 

RAD140) metabolites formed using microsomes and S9 fractions that were also observed 

using fractions from livers. However, P450 content, cytochrome b5 content, NADPH-

cytochrome P450 reductase and 7-ethoxycoumarin O-dealkylation activities were higher in 

lung microsomes and S9 fractions than kidney, suggesting different CYP isoforms to be 

present at varying levels in lung and kidney. Ostarine metabolite M5 formed by amide 

hydrolysis was also produced by in vitro incubations with intestinal microsomes, with the 

LGD-4033 metabolite M10 formed by addition of a methoxy group by intestinal 

microsomes/S9 fractions. These observations show that lungs, kidneys, and small intestines 

produce a limited range of metabolites compared to liver, thus they are minor sites of in vitro 

SARM metabolite formation and may potentially form these metabolites in vivo.  

The results presented herein suggest that besides liver, CYP and UGT are also present in 

equine lungs, kidneys, and small intestine. Moreover, one sulfation of an ostarine metabolite 

(M11) was observed in liver and kidney fractions suggesting the presence of SULT in equine 

liver and kidney. Molecular analysis of CYPs in equine liver, lungs, kidneys, and intestine 

has been described[219,271,378–380,493,494], but expression of phase II metabolising enzymes such 

as UGTs and SULTs has not yet been fully elucidated. In equine liver microsomes 

expression of a UGT1A isoform was previously detected by immunoblotting with 

antibodies.[501] Recently, expression levels of equine orthologous to human UGT1A6 and 

UGT3A2 were shown to be higher in liver compared to kidneys and lungs (which exhibited 

similar levels).[502] In horses individual SULT isoforms have not yet been explicitly 

described but gene family expansion analysis has inferred several equine SULT proteins.[503] 

By observing glucuronidations and sulfations of SARMs and/or derived metabolites this is 

the first in vitro equine study to report UGT activities in small intestine and SULT activities 

in kidney. Although there is limited information on phase II DMEs in the horse, 

glucuronidation and sulfation are important biotransformation pathways, with for example 

AAS and respective metabolites being extensively conjugated with glucuronic acid and 

sulfate.[504] For SARM compounds and metabolites thereof, glucuronidation was shown to 

be a major pathway by this study, and therefore detection of phase II conjugates or sample 

hydrolysis prior to analysis are important considerations in equine sports drug 

surveillance.[367,505] 
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This study describes potential sites of SARM metabolite formation in horses within 

multiple in vitro organ tissue models reflecting possible in vivo metabolism processes, 

demonstrating that not only hepatic but also extrahepatic phase I and II DMEs may be 

involved in SARM metabolism. This study confirmed liver to be the major site of in vitro 

SARM metabolite generation. As no additional metabolites were identified by kidney, lung, 

intestinal in vitro systems further to liver, it is sufficient to investigate drug metabolism by 

liver-based systems unless specific target analytes in specific tissues e.g. kidney are needed 

for monitoring purposes. Future research focusing on recombinant expression and 

characterisation of DMEs in horses is needed to gain a better mechanistic understanding of 

the involved isoenzymes that metabolise drugs in different tissues. Work in Chapter 4 

applied a CYP reaction phenotyping approach to evaluate which CYP isoenzymes are 

involved in catalysing SARM metabolite formation in liver microsomes, and with the present 

study demonstrating SARMs to be metabolised primarily in the liver, forthcoming Chapters 

6 and 7 will seek to investigate the in vivo responses of relative protein levels in liver to 

SARM compound administrations. 
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Chapter 6: Characterisation of in vivo Hepatic Protein 

Responses to SARM Compounds 
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6.1  Introduction 

Selective androgen receptor modulators (SARMs) are a group of small molecule 

synthetic compounds that tissue-selectively bind to the androgen receptor (AR).[5] The AR 

is a member of the steroid hormone nuclear receptors and is widely expressed in numerous 

tissues.[506] Given its important role in many biological processes including the reproductive, 

musculoskeletal, cardiovascular, immune, neural, and haemopoietic system but also in 

cancer, the AR is a versatile drug target.[507] The AR is closely linked with several hormone-

related diseases such as prostate, breast, ovarian, and pancreatic cancer as well as anabolic 

deficiencies such as muscle atrophy and osteoporosis. AR ligands can act as antagonists, 

agonists, or selective modulators and are considered as potential therapeutics. Upon agonist 

binding the AR can translocate from the cytoplasm to the nucleus and functions as 

transcription factor or it can directly initiate cellular events in the cytoplasm.[508] 

Testosterone, its more potent metabolite dihydrotestosterone (DHT), and structurally 

derived synthetic anabolic androgenic steroids (AAS) are AR agonists that exert anabolic 

(increased muscle mass, bone density) and androgenic (impaired libido, virilisation, acne) 

effects with many clinical applications.[509] SARMs can act as AR agonists in muscle and 

bone with similar anabolic effects to AAS, but as partial agonists or antagonists in 

androgenic tissues (e.g. prostate and seminal vesicles) thereby separating the anabolic from 

the androgenic activities.[510] They are not substrates for 5α-reductases and aromatases and 

therefore the metabolic amplification of androgenic or estrogenic functions of AAS, notably 

the conversion of testosterone to DHT and estradiol, is eliminated.[429] The underlying 

molecular mechanisms of SARM tissue selectivity are not fully elucidated, but ligand-

specific conformational AR changes and subsequent different coregulator recruitment as 

well as tissue-specific expression of coregulators may play a role.[7–9,39] SARMs mode of 

action is not limited to the genomic level and also affects several non-genomic pathways.[10]  

Due to their tissue-specific effects, SARMs present potential targeted therapy options to 

address certain medical conditions while reducing off-target side effects. Moreover, good 

oral bioavailability and a pharmacokinetic profile that is consistent with daily dosing make 

SARMs a promising class of therapeutic drugs.[511] The first SARMs have been structurally 

derived from the AR antagonist bicalutamide and further optimisations led to SARMs with 

an aryl-propionamide core structure including ostarine (S-22, GTx-024) as one of the lead 

drug candidates licensed by GTx Inc.[4,18] Ostarine improved lean body mass and physical 

function in a phase II trial with healthy participants.[55] Moreover, it showed promise to treat 
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AR positive triple negative (tested negative for estrogen receptors, progesterone receptors, 

and excess HER2 protein) breast cancer by inhibiting tumour-related gene expression and 

paracrine factors. Subsequently, it has entered clinical trials for cachexia[64], muscle wasting 

in patients with non-small cell lung cancer[72], stress urinary incontinence[75],  and breast 

cancer[62,79,512]. Other promising candidates include LGD-4033 with a pyrrolidinyl-

benzonitrile pharmacophore by Viking Therapeutics (VK5221), which has been tested in a 

phase II clinical trial for hip fractures.[81,82] Moreover, RAD140 developed by Radius 

Pharmaceuticals was shown to be a potent AR agonist in breast cancer cells but not in 

prostate cells leading to AR-mediated repression of estrogen receptor 1 gene expression and 

has entered a phase I clinical trial with hormone receptor positive breast cancer 

patients.[53,104,513] Despite not yet been approved for therapeutic use, SARMs can be obtained 

online[129] and have also been found as unlabelled substances in nutritional supplements[514].  

The illegal use of investigational SARM compounds such as ostarine, LGD-4033, and 

RAD140 by athletes has increased significantly in recent years[139], particularly in non-

athletes striving to look more lean and muscular with as yet unknown long-term health 

consequences.[515] As these non-approved SARMs are taken orally and liver is the main 

organ of metabolism, it is important to gain more information on the effects of SARMs on 

liver tissues. AAS use has been associated with several adverse effects on the liver ranging 

from reversible elevations in liver functions tests such as transaminases to 

pathophysiological changes such as tumours.[3] A superior safety profile of SARMs over 

AAS has been evaluated with only transient elevated alanine aminotransferase levels 

observed in 8.3 % of patients treated with ostarine.[6,55] The AR is also expressed in the 

liver[516], thus, SARMs may also exert liver-specific actions that have not yet been 

unravelled. 

Complex perturbations in biological systems in response to drug administration can be 

studied by a range of omics-focused approaches.[517] Proteomics sits at the interface of 

transcriptomics and metabolomics and can be applied to highlight actual changes in 

functional protein levels. Proteins are central to most major cellular processes and responses 

at the protein level can provide important information towards deciphering the molecular 

mechanisms of drug activity and effect.[518] This study investigates the alterations to the 

proteome within the rat liver following recurrent sub-toxic oral administration of the SARM 

compounds ostarine, LGD-4033, and RAD140. A comprehensive knowledge of tissue-

selective molecular action mechanisms and responses triggered by such SARM compounds 

with different pharmacophores can aid the design of more effective SARM compounds and 
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guide new therapeutic strategies. Livers from control and SARM-treated animals were 

homogenised and lysates analysed using comparative proteomic analysis combining two-

dimensional difference gel electrophoresis (2-D DIGE) to determine differential abundances 

of hepatic proteins resulting from SARM treatment, with subsequent matrix-assisted laser 

desorption/ionization-time of flight (MALDI-TOF) protein identification. Findings 

presented herein provide a deeper understanding into the biological and molecular effects of 

responses to different SARM compound administrations in the liver, a defined drug target 

which also acts as a key metabolic tissue.  
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6.2  Experimental  

6.2.1 Materials and reagents 

Urea, thiourea, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate 

(CHAPS), Tris, glycine, sodium dodecyl sulfate (SDS), Triton X-100, DL-dithiothreitol 

(DTT), acrylamide/bis-acrylamide 30 % solution, ammonium persulfate (APS), L-lysine 

monohydrochloride, ammonium bicarbonate, ammonium sulfate, Coomassie brilliant blue 

G-250, PEG 300, ethanol (puriss. p.a., ACS reagent, absolute alcohol, without additive, 

≥99.8%), acetonitrile (LC-MS grade), α-cyano-4-hydroxycinnamic acid (CHCA), 

trifluoroacetic acid (TFA), and formic acid (LC-MS grade) were purchased from Sigma-

Aldrich (Gillingham, UK). Phosphoric acid 85 wt. % solution in water as well as 

iodoacetamide were from Acros Organics (Loughborough, UK). Dimethylformamide 

(labelling grade) and cyanine dyes (Cy2, Cy3, Cy5 N-hydroxysuccinimide (NHS) ester 

minimal dyes) were obtained from Lumiprobe (Hannover, Germany). PlusOne 

tetramethylethylenediamine (TEMED), Immobiline DryStrips pH 3-10 non-linear (NL) 24 

cm, immobilised pH gradient (IPG) buffer pH 3-10 NL, and DeStreak Rehydration Solution 

were from GE Healthcare Life Sciences (Amersham, UK). Ultrapure water was prepared by 

a Milli-Q water system from Merck (Darmstadt, Germany). Sequencing grade modified 

porcine trypsin (lyophilized) was purchased from Promega (Southampton, UK) and peptide 

calibration standard II for mass spectrometry with a covered mass range 700-3500 Da was 

from Bruker Daltonics Inc. (Bremen, Germany).  

6.2.2 In vivo SARM administration study 

32 Sprague Dawley rats (Charles River Laboratories Wilmington, MA, USA) were 

randomly distributed to four study groups (n = 8 per group) and administered daily orally by 

gavage 1 mL of PEG 300:ethanol 80:20 v/v without drug, with ostarine (3 mg/kg body 

weight), with LGD-4033 (3 mg/kg body weight), or with RAD140 (3 mg/kg body weight) 

for 17 days. Animals were exsanguinated under terminal general anaesthesia 24 hours after 

the last administration. Then, liver tissues were recovered immediately, frozen on dry ice 

and stored at -80 °C. All procedures were conducted under regulations as outlined within the 

UK Animals (Scientific Procedures) Act 1986, reviewed and approved by the Animal 

Welfare and Ethical Review Body (AWERB) ethical review procedures at Queen’s 

University Belfast. 
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6.2.3 Preparation of liver lysates 

Liver samples from individual animals (approximately 50 µg) were homogenised in 800 

µL of DIGE lysis buffer (7 M urea, 2 M thiourea, 2 % CHAPS, 30 mM Tris) using BeadBug 

prefilled tubes, 2.0 mL capacity with 3.0 mm Zirconium beads, from Sigma-Aldrich 

(Gillingham, UK) with a Precellys 24 homogeniser (Montigny-le-Bretonneux, France). 

Samples were processed at 6000 rpm for 30 seconds, cooled on ice for 1 min, centrifuged at 

1000 × g (4 °C) and placed on ice again. The homogenisation was repeated three more times 

and samples were then centrifuged at 16 000 x g (4 °C) for 15 min. The resulting supernatant 

was aliquoted and stored at -80 °C. 

6.2.4 Minimal fluorescent reciprocal labelling 

The preliminary protein concentration was determined using a 2-D Quant kit following 

manufacturer’s instructions (GE Healthcare Life Sciences, Amersham, UK) and adjusted to 

5-10 mg/mL. The pH of samples was then adjusted to 8.5 at 4 °C with 250 mM NaOH in 

DIGE lysis buffer and the 2-D Quant assay repeated to determine the final protein 

concentration of the samples. Protein samples were differentially labelled with fluorescent, 

spectrally distinct cyanine dyes (Cy2, Cy3, and Cy5 NHS ester minimal dyes). 5 nmol of 

Cy2, Cy3, and Cy5 were each dissolved in 12.5 µL anhydrous dimethylformamide resulting 

in a concentration of 400 pmol/µL. Subsequently, 50 μg protein of each sample were labelled 

with 1 µL of this Cy3 or Cy5 dye solution. Samples were labelled using a reciprocal labelling 

approach, in which half of each experimental group is labelled with Cy3 and the other half 

with Cy5 to eliminate inconsistencies in spot intensities due to preferential labelling.[519] 25 

μg protein of each sample were combined to create a pooled sample comprised of an equal 

quantity of protein from each sample serving as internal standard for normalisation of protein 

levels - this pooled internal sample was labelled with 4 µL of Cy2 dye solution. Labelling 

was performed on ice for 50 min in the dark, and reactions were quenched under addition of 

1 µL 20 mM lysine to individual samples and 4 µL to pooled samples. Before labelled 

samples were combined, they were left on ice for 10 min in the dark. Quenched Cy3 and 

Cy5 labelled samples were diluted with 10 µL of DIGE lysis buffer and combined as outlined 

in Table 6.1. The quenched Cy2 labelling pool was diluted with 40 µL of DIGE lysis buffer 

and added in equal amounts to the combined samples resulting in a total amount of 150 µg 

protein per combined sample. Additionally, 450 µg unlabelled pooled lysate protein were 

added to each combined sample for Coomassie staining and spot picking. 
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6.2.5 2-D DIGE 

4.5 µL of 1 M DTT were added to each combined sample and placed on ice for 15 min. 

1.25 µL of IPG buffer (pH 3-10) was further added and the total sample volumes were 

adjusted to 450 µL with DeStreak rehydration solution. Samples were added to the sample 

tray of the Bio-Rad (Hemel Hempstead, UK) Multiphor II system (strips 1-12 Table 6.1) or 

PROTEAN i12 IEF system (strips 13-20 Table 6.1) and overlaid with 24 cm Immobiline 

DryStrips pH 3-10 NL (gel side down) for overnight rehydration (13 hours) at 100 V and 20 

°C. Following rehydration, strips were subjected to isoelectric focusing (IEF) using the 

following Bio-Rad protocol (24 cm pH 3-10 NL G) at 20 °C: 250 V for 30 min, gradient of 

250 V to 10 000 V over two hours, 10 000 V for six hours. Focused strips were stored at -80 

ºC overnight. At room temperature focused strips were placed in equilibration buffer (50 

mM Tris-HCl pH 8.8, 6 M urea, 30 % glycerol, 2 % SDS, 0.002 % bromophenol blue) 

containing 1 % DTT for 15 min and equilibration buffer containing 2.5% iodoacetamide for 

another 15 min. Equilibrated strips were placed onto 12.5 % lab-cast SDS-polyacrylamide 

gels (low fluorescent glass plates) and overcasted with 0.5 % agarose in Laemmli 

electrophoresis running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS). An Ettan 

DALTsix electrophoresis unit from GE Healthcare Life Sciences (Amersham, UK) filled 

with Laemmli electrophoresis running buffer was used for second dimension gel 

electrophoresis for up to six gels at a time (Table 6.1). 12 mL of 10 % SDS were added in 

the upper chamber. The first step of electrophoresis was performed at 80 V, 10 mA per gel 

and 1 W per gel for one hour at 500 V, the second step at 40 mA per gel and 13 W per gel 

for six hours. 
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Table 6.1 Experimental set-up for 2-D DIGE analysis of liver lysates. Four or six gels were 

run at a time with eight replicates (1-8) in each of the four study groups (control, ostarine, 

LGD-4033, RAD140). A normalisation pool of all samples was labelled with Cy2. 

Individual samples were labelled with Cy3 and Cy5. 

 

Strip/Gel Sample 

1 Cy2 Pool/ Cy3 Control 1/ Cy5 RAD140 1 

2 Cy2 Pool/ Cy3 RAD140 2/ Cy5 Control 6 

3 Cy2 Pool/ Cy3 RAD140 3/ Cy5 Ostarine 1 

4 Cy2 Pool/ Cy3 Control 2/ Cy5 Ostarine 2 

5 Cy2 Pool/ Cy3 RAD140 4/ Cy5 Ostarine 3 

6 Cy2 Pool/ Cy3 RAD140 5/ Cy5 Control 7 

7 Cy2 Pool/ Cy3 Ostarine 4/ Cy5 RAD140 6 

8 Cy2 Pool/ Cy3 Ostarine 5/Cy5 Ostarine 6 

9 Cy2 Pool/ Cy3 Control 3/ Cy5 Ostarine 7  

10 Cy2 Pool/ Cy3 Control 4/ Cy5 RAD140 7 

11 Cy2 Pool/ Cy3 Ostarine 8/ Cy5 Control 8 

12 Cy2 Pool/ Cy3 Control 5/ Cy5 RAD140 8 

13 Cy2 Pool/ Cy3 Control 1/ Cy5 LGD-4033 5 

14 Cy2 Pool/ Cy3 Control 2/Cy5 LGD-4033 6 

15 Cy2 Pool/ Cy3 LGD-4033 3/ Cy5 Control 5 

16 Cy2 Pool/ Cy3 LGD-4033 4/ Cy5 Control 6 

17 Cy2 Pool/ Cy3 Control 3/ Cy5 LGD-4033 7 

18 Cy2 Pool/ Cy3 Control 4/ Cy5 LGD-4033 8 

19 Cy2 Pool/ Cy3 LGD-4033 1/ Cy5 Control 7 

20 Cy2 Pool/ Cy3 LGD-4033 2/ Cy5 Control 8 

 

 



 

183 

6.2.6 DIGE imaging and spot analysis 

Gel plates were cleaned using 70 % ethanol and placed onto black anti-reflective plastic 

screens prior to imaging using a G:BOX Chemi XX9 gel documentation system with an edge 

lighting unit plus Cy2, Cy3, and Cy5 emission filters (Syngene, Cambridge, UK). Gel 

images were acquired with an aperture of f/4.0, automatic exposure with no pixel binning 

and manual adjustment of the focus in 16-bit TIF using GeneSys software version 1.5.6.0 

(Syngene, Cambridge, UK). Acquired images were uploaded to SameSpots version 

4.6.1.218 (TotalLab, Newcastle upon Tyne, UK) for differential protein abundance analysis 

between treatment and non-treatment groups. A reference image for alignment was selected 

and warping vectors applied both automatically and manually. Background subtraction, Cy2 

internal standard normalization and spot detection were processed by the software. For the 

experimental design control versus treated, images were grouped into respective conditions 

(ostarine, LGD-4033, RAD140, non-treated control) and spots were selected based on 

relative-fold-changes and significance (p < 0.05, ANOVA). Relative fold-changes were 

calculated as ratio treated/control of average normalized spot volumes. 

6.2.7 Spot picking and in-gel digestion 

Gels were fixed overnight in 50% methanol and 3% phosphoric acid, and then stained 

with a colloidal Coomassie brilliant blue solution (17% ammonium sulfate, 34% methanol, 

3% phosphoric acid, and 0.035 % Coomassie brilliant blue G-250) for 4 days and destained 

with ultrapure water. Gels were placed onto a white screen light converter and scanned using 

the G:BOX Chemi XX9 gel documentation system equipped with a UV transluminator from 

Syngene (Cambridge, UK). Images were recorded using GeneSys software. The scanned 

preparative gels were matched with the Cy2 reference image using SameSpots software to 

pick protein spots with differential abundances in livers of SARM treated animals relative 

to non-treated animals (Section 6.3.2). Protein spots of interest were excised manually from 

preparative gels using a clean scalpel. 50 μL of 1:1 acetonitrile: 100 mM ammonium 

bicarbonate were added to the gel pieces to destain them at 37 ºC for one hour in a shaking 

(700 rpm) Thermomixer comfort (Eppendorf, Stevenage, UK) followed by dehydration for 

30 min at room temperature with 500 μL of acetonitrile. Tubes were centrifuged at 5000 × 

g for 1 min, the supernatant removed, and gel pieces stored at -80 ºC. Approximately 10 µL 

of 13 ng/μL modified trypsin in 10 mM ammonium bicarbonate/10 % acetonitrile were used 

to completely rehydrate the gel pieces while keeping them on ice for two hours. For trypsin 
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digestion of the proteins, they were subsequently incubated overnight at 37 ºC in a heat 

block. The condensate was removed from the tube lid, effectively desalting the sample. 10 

µL of 0.1 % TFA were added to stop digestion and rehydrate the gel pieces. Approximately 

15 µL (twice the volume of the gel piece) of acetonitrile with 0.1 % TFA were added to 

rehydrated gel pieces and samples were sonicated for 15 min to extract tryptic digests for 

MALDI analysis. 

6.2.8 MALDI-TOF analysis and peptide mass fingerprinting 

1 µL of tryptic digest was spotted onto a polished steel 384 plate MALDI target plate 

(Bruker, Billerica, MA, USA) and mixed with 1 µL of saturated CHCA in 30:70 acetonitrile: 

0.1% TFA (v/v). External calibration was performed prior to sample acquisition and every 

five spots using peptide calibration standard II 700-3500 Da (Bruker working stock diluted 

1:10 with saturated CHCA in 30:70 acetonitrile: 0.1% TFA (v/v)). Analysis was performed 

using a Bruker AutoFlex speed MALDI-TOF (Bruker, Billerica, MA, USA) in positive 

ionization reflective mode with Smartbeam 6 ultra-laser using FlexControl version 3.4 

operating software (Bruker, Billerica, USA). The following conditions were used: ion source 

1, 19.14 kV; ion source 2, 16.79 kV; lens voltage, 8.09 kV, reflector 1, 21.14 kV; reflector 

2, 9.67 kV; pulsed ion extraction, 120 ns; gain factor, 10 x and 30 x, and matrix  suppression 

mass cut-off, 450 Da. Acquisitions were based on an average of 2000 shots at 1000 Hz using 

random walk sample carrier (800 µm) over the mass range 700-4000 Da. Smoothing and 

background subtraction were automatically employed using FlexAnalysis version 3.4 

(Bruker, Billerica, MA, USA). Trypsin autodigestion fragments (842.509 Da, 1045.5637 Da, 

and 2211.1040 Da) were used as internal calibrants. Peptide mass fingerprinting (PMF) was 

performed using the Mascot Server version 2.5 (www.matrixscience.com) with masses with 

S/N > 10 searched against SwissProt or NCBIprot with Rattus taxonomy. Contaminant 

masses were removed via search against the contaminants database and blank spot 

measurements resulting in a filtered peak list. Search parameters were as follows: trypsin 

specificity with 1 missed cleavage, monoisotopic mass, carbamidomethylation of all 

cysteine residues set as fixed modification, methionine oxidation set as variable 

modification, and a peptide mass tolerance of 100 ppm. Searches were performed using the 

raw and the filtered peak list with reported scores resulting from the filtered peak list. 

Furthermore, where applicable the theoretical relative molecular mass (Mr) and isoelectric 

http://www.matrixscience.com/
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point (pI) of the identified proteins were checked against their gel position to confirm 

identities. 

6.2.9 Bioinformatics analysis of proteomics data 

Accession numbers and gene names were added to identified proteins (Table 6.3) using 

UniProt (https://www.uniprot.org/).[520] Subsequently, the list of UniProt accession numbers 

was submitted to PANTHER Version 14.1 (http://www.pantherdb.org/)[521] to assign Gene 

Ontology (GO) biological processes, molecular functions, and cell compartments to 

identified proteins (Table 6.3). 

To explore the involvement of identified proteins in biological pathways, gene names 

were submitted to Reactome Version 68 (https://reactome.org/).[522] Gene names from liver 

were automatically converted to human homologues and mapped to pathways. Statistical 

tests for over-representation were performed resulting in p-values and false discovery rates 

(FDR) presenting corrected over-representation probability (Table 6.4). 

6.3   Results and discussion 

6.3.1 SARM compound administration study 

SARM compounds ostarine, LGD-4033, and RAD140 were administered daily (9.00 

am) at a dose of 3 mg/kg body weight to rats (n = 8 per group) for 17 days. During the animal 

study, no adverse effects were observed in control nor SARM-treated groups. Body weight 

was measured before the study, on days five, eight, and eleven of the treatment, and after the 

last administration on day 17 - No significant change in body weight was observed between 

study groups over the study period.  

6.3.2 2-D DIGE comparative proteomic profiling and MALDI-TOF protein 

identification 

Proteomic analysis of rat livers (n = 8 per group) from SARM treated (ostarine, LGD-

4033 or RAD140) and non-treated (control) groups was performed using 2-D DIGE. An 

average of 1478 protein spots were detected on 2-D DIGE gel images using SameSpots 

software. Based on relative fold-change and significance (p < 0.05), eleven protein spots 

were found to be altered in response to SARMs treatments relative to non-treated controls 

(Table 6.2). Ostarine, LGD-4033, and RAD140 each led to distinct protein changes. Seven 

protein spots were uniquely altered in response to LGD-4033 (4 decreased, 3 increased), 

https://www.uniprot.org/
http://www.pantherdb.org/
https://reactome.org/
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three to RAD140 (1 decreased, 2 increased) and one decreased in response to ostarine. 

SameSpots analysis was performed separately for ostarine/RAD140/control (gels 1-12) and 

LGD-4033/control (13-20) as gels did not perfectly align, which leads to missing values 

(N/A not applicable) in Table 6.2 for non-significant protein spots. This variation was 

probably due to two different IEF systems (Multiphor II for strips 1-12 and PROTEAN i12 

for strips 13-20) that had to be used as the Multiphor II stopped working mid-study.  

Figure 6.1 illustrates a representative Coomassie-stained gel with assigned spot numbers 

of selected protein spots that displayed modified abundances in livers following SARM 

treatments relative to non-treated controls. For identification, protein spots were manually 

excised from Coomassie-stained gels and trypsin-digested extracts were analysed with 

MALDI-TOF. After submission of a list of detected peptides to the Mascot Server, six 

protein spots were successfully identified, corresponding to five unique proteins: protein 

disulfide-isomerase A1 (P4HB) altered in response to RAD140, and 3-alpha-hydroxysteroid 

dehydrogenase (AKRCR14), alpha-soluble NSF attachment protein (NAPA), serum 

paraoxonase/lactonase 3 (PON3), and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) altered in response to LGD-4033. Treatment with ostarine led to decreased 

relative hepatic levels of a single protein spot (spot no. 1212), which could not be identified. 

In total, five protein spots with differential abundances in treated groups relative to the non-

treated group could not be identified by MALDI-TOF. This potentially may be due to an 

insufficient protein quantity or insufficient trypsin digestion obstructing protein spot 

identification, or it could also be that the associated protein sequence has not yet been 

registered within a reference database.  
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6.3.3 Functional annotation and pathway analysis of identified proteins 

The proteins which exhibited altered abundances following SARM administration were 

further investigated using bioinformatics in an effort to gain an insight into their functions 

and the pathways affected by these SARMs. 

Following submission of the protein list to PANTHER (Section 6.2.9), the proteins were 

determined to be involved in the following biological processes: cellular processes (NAPA, 

GAPDH, P4HB, and AKR1C14), biological regulation and cellular localisation (NAPA), 

response to stimulus (P4HB and PON3), and metabolic processes (GAPDH and AKR1C14) 

(Table 6.3). The majority of these proteins are primarily catalytic (GAPDH, P4HB, and 

AKR1C14) in function with the exception of NAPA which is involved in protein complex 

formation (Table 6.3). In terms of location, proteins were associated with cytosol (GAPDH 

and AKR1C14), ER (P4HB), plasma membrane (NAPA and P4HB), the extracellular space 

and intracellular membrane-bound organelles (PON3). 

Reactome (Section 6.2.9) was used to assign pathways to the identified proteins. They 

are involved in several pathways (Table 6.4), primarily metabolism (PON3, GAPDH, 

AKR1C14). PON3 (decreased by LGD-4003) is a high-density lipoprotein-associated 

protein primarily expressed in the liver and participates in the prevention of low-density 

lipoprotein oxidation[523]. AAS are known to induce changes in lipid profiles and exogenous 

testosterone administration was shown to increase PON3.[6,524] Therefore, similar to 

testosterone, LGD-4033 may play a role in PON3 regulation affecting lipid profiles. Another 

protein involved in metabolism pathways is GAPDH (also found decreased by LGD-4033), 

a multifunctional enzyme that can translocate within the cell compartments manifesting 

pleiotropic effects.[525] The AR can be coactivated by GAPDH, forming a protein complex 

that translocates from the cytoplasm to the nucleus, thereby enhancing transcriptional 

activity of the AR.[526] Cytosolic GAPDH is known to be inactivated to counteract oxidative 

stress [527] and depressed GAPDH levels could be a cellular response to oxidative stress 

related to LGD-4033 administration. Moreover, AKR1C14 (decreased by LGD-4033) is 

associated with metabolism; it catalyses the conversion of DHT to its less active 3-β-diol 

metabolite. Additionally, NAPA (decreased by LGD-4033) is involved in vesicle-mediated 

transport, whilst the protein di-sulfide isomerase (PDI) P4HB (increased by RAD140) plays 

a role in the metabolism of proteins, cellular response to stimuli, signal transduction, 

transport of small molecules, extracellular matrix organisation, and immune system. 

Upregulation of PDIs can be caused by an activation of the unfolded protein response (UPR) 
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under conditions of ER stress.[528] Upon accumulation of misfolded proteins, PDIs act as 

chaperones and target terminally misfolded proteins for ER-associated degradation 

(ERAD).[529] Initially, UPR asserts a protective and adaptive mechanism but can shift to 

apoptosis under sustained chronic ER stress. Oxidative protein folding produces reactive 

oxygen species that can cause an imbalance in the redox status of the ER leading to oxidative 

stress.[530] Therefore, increased levels of P4HB following RAD140 administration may be 

linked to oxidative stress. 
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Table 6.4 Reactome analysis (see Section 6.2.9) of identified proteins with differentially 

altered levels in rat livers following SARMs administration relative to non-treated controls. 

For protein names corresponding to gene names see Table 6.3.  

Pathway name 

No. 

Entities 

found 

No. 

Entities 

total 

Entities  

p-value 

Entities 

FDR 

Submitted gene 

entities found 

Cellular responses to external stimuli 1 505 0.243 0.243 P4hb 

      Cellular responses to stress 1 408 0.201 0.201 P4hb 

             Detoxification of reactive oxygen species 1 39 0.021 0.054 P4hb 

Extracellular matrix organisation 1 301 0.151 0.151 P4hb 

      Collagen formation 1 90 0.047 0.054 P4hb 

             Collagen biosynthesis & modifying enzymes 1 67 0.036 0.054 P4hb 

Immune system  1 2233 0.739 0.739 P4hb 

      Cytokine signalling in immune system 1 777 0.352 0.352 P4hb 

              Signalling by interleukins 1 458 0.223 0.223 P4hb 

                        Interleukin-12-family signalling 1 56 0.030 0.054 P4hb 

Metabolism 3 2132 0.088 0.088 Pon3, Gapdh, 

Akr1c14 

      Metabolism of carbohydrates 1 300 0.151 0.151 Gapdh 

               Glucose metabolism 1 98 0.052 0.054 Gapdh 

      Metabolism of lipids 2 746 0.056 0.056 Pon3, Akr1c14 

                Fatty acid metabolism 1 179 0.093 0.093 Pon3 

                          Arachidonic acid metabolism 1 59 0.031 0.054 Pon3 

Metabolism of steroids 1 152 0.079 0.079 Akr1c14 

                          Bile acid & bile salt metabolism 1 43 0.023 0.054 Akr1c14 

      Metabolism of vitamins and cofactors 1 192 0.099 0.099 Akr1c14 

Metabolism of fat-soluble vitamins 1 48 0.026 0.054 Akr1c14 

          Retinoid metabolism & transport 1 44 0.023 0.054 Akr1c14 

Metabolism of proteins 1 2010 0.076 0.076 P4hb 

       Regulation of insulin-like growth factor transport &                    

.      uptake by insulin-like growth factor binding proteins 

1 124 0.065 0.065 P4hb 

Signal transduction 2 2758 0.460 0.460 Akr1c14, P4hb 

       Signalling by Hedgehog 1 150 0.078 0.078 P4hb 

                 Hedgehog ligand biogenesis 1 65 0.034 0.054 P4hb 

Transport of small molecules 1 731 0.334 0.334 P4hb 

        Plasma lipoprotein assembly, remodelling &                 

.       clearance 

1 72 0.038 0.054 P4hb 

                   Plasma lipoprotein assembly 1 19 0.010 0.054 P4hb 

                            VLDL assembly 1 5 0.003 0.054 P4hb 

Vesicle-mediated transport 1 761 0.346 0.346 Napa 

        Membrane trafficking 1 635 0.297 0.297 Napa 

   ER to Golgi anterograde transport 1 155 0.081 0.081 Napa 

             COPI-mediated anterograde transport 1 102 0.054 0.054 Napa 

             COPII-mediated vesicle transport 1 68 0.036 0.054 Napa 

         Intra-golgi- & retrograde golgi-to-ER-traffic 1 206 0.106 0.106 Napa 
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6.4   Conclusions 

This study investigated the effects of SARM compound (ostarine, LGD-4033, and 

RAD140) administration on the rat liver proteome using 2-D DIGE methodologies. 

Comparative analysis of relative hepatic protein profiles provided a holistic overview of 

protein abundance changes following SARM treatments. Whilst the effects of SARM 

GSK212A on skeletal muscle proteins have been reported previously[531], this is the first 

reported study that has investigated the proteomic responses in liver post-SARM 

administrations. Key findings of the present study were that even after a relatively short 

treatment period of 17 days with daily dosing (3 mg/kg body weight), relative levels of 11 

protein spots were altered in livers of SARM-treated animals compared to control non-

treated group, with five significantly decreased and six increased. Ostarine, LGD-4033, and 

RAD140 each exerted distinct effects as reflected in the comparative liver protein profiles. 

Six protein spots corresponding to five unique proteins were identified by MALDI-TOF and 

play a role in a number of biological pathways. Levels of three proteins (PON3, GAPDH, 

and AKR1C14) that play a role in metabolism were decreased and one protein (NAPA) with 

functions in vesicle-mediated transport was increased in response to LGD-4033 

administrations. Relative levels of P4HB which is involved in several biological pathways 

including the ER stress response were increased upon RAD140 treatment. In the current 

study, two identified proteins (GAPDH and P4HB) could be linked to oxidative stress. Use 

of AAS such as stanozolol[532], nandrolone[533], or testosterone[534] is already known to 

disrupt oxidative homeostasis and causes an oxidative stress response in rat liver, and further 

research is needed to investigate if SARM compounds can mediate an oxidative stress 

response.  

Additional investigations on the tissue-selective effects of SARM compounds in liver 

(Chapter 7) will further investigate the proteomic response by employing subcellular 

fractionation to isolate subcellular compartments such as nuclei, mitochondria, cytosol, and 

microsomes (derived from ER artefacts). Subcellular fractionation enriches proteins by 

localisation and helps to assign proteins to their subcellular compartment which is important 

for interpretation of protein function. Proteomic analysis of subcellular fractions is 

anticipated to achieve greater proteome coverage and aid characterisation of low-level 

relative protein abundance changes due to enrichment and assign protein functions more 

clearly due to knowledge of protein subcellular localisation. 
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Chapter 7: Subcellular Proteomic Profiling of Hepatic 

Responses to SARMs 
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7.1   Introduction 

Previous work (Chapter 6) has reported the differential protein response in liver to 

treatment with SARMs (ostarine, LGD-4033 or RAD140) compared to vehicle-treated 

control group animals. Liver tissue total protein lysates were analysed by comparative 

proteomic analysis (2-D DIGE) followed by MALDI-TOF protein identification with 

distinct changes in the protein profile to each investigated SARM compound revealed. Liver 

is the most metabolically active tissue, the whole liver proteome consists of over 10,000 

proteins[535]  and many of which are unique to this tissue[516]. 2-D DIGE allowed for highly 

sensitive protein labelling and separation of complex protein mixtures in liver based on 

molecular weight and isoelectric point. However, due to the high dynamic range of protein 

concentrations, low abundant proteins can be masked by high abundant proteins. A dynamic 

range of almost seven orders of magnitude for liver proteins has been described[536], and the 

classical approach of analysing the proteome of whole liver lysates may dilute or mask 

specific cellular responses by presenting average levels of a blend of proteins from different 

cell compartments. Specific proteins can be major components of an organelle but present a 

minority when the whole liver proteome is considered.  

Subcellular proteomics provides an alternative strategy to the traditional approach of 

analysing whole tissue samples by combining biochemical fractionation techniques with 

proteomic-based approaches.[537] Prior to proteomic analysis, tissue cells are disrupted and 

organelles can be fractionated by different methods such as density gradient centrifugation 

or differential ultracentrifugation.[538] This strategy offers several advantages as each 

subcellular compartment has a varied set of proteins and subcellular proteomics can be used 

to localise proteins within each cell compartment.[539] Moreover, it provides functional 

context for identified proteins by organelle localisation. Proteins can be present in multiple 

organelles and their subcellular localisation governs their functions.[540] The proteome is 

dynamic; protein levels and subcellular localisation can change in response to stimuli. 

Additionally, fractionation enriches target organelles and their proteins, which leads to better 

resolution and detection in 2-D gel electrophoresis, especially for low abundant proteins. 

Using enriched subcellular fractions for protein extraction reduces the complexity of the 

sample by displaying a subset of proteins in cells.  

In the present study, a subcellular proteomics approach was employed to enrich proteins 

and gain further insights into liver-specific proteomic signatures in response to different 

SARM compound administrations. For this purpose, livers from three animal SARM 
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compound (ostarine, LGD-4033, or RAD140) treatment groups and a control group (n = 8 

per group) were processed simultaneously, with livers pooled, homogenised, and 

fractionated into their major intracellular components (cytosol, mitochondria, nuclei) and 

microsomes (derived from ER artefacts) by differential (ultra)centrifugation. Extracted 

proteins from subcellular samples were subjected to 2-D DIGE followed by comparative 

profiling of spots with differentially altered abundances and subsequent protein 

identification. Relevance of the proteome response and identified proteins in various 

molecular pathways was subsequently investigated with a view to determining the molecular 

effects of SARM compound action and to provide information on the potential mechanisms 

by which different SARMs mediate their tissue-selective effects in liver.  
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7.2   Experimental  

7.2.1 Materials and reagents 

Methods described here used the same materials and reagents as outlined in Chapter 6 

Section 6.2.1. Additionally, Pierce EDTA-free protease inhibitor mini tablets from Thermo 

Fisher Scientific and trichloroacetic acid (TCA) were purchased from Sigma-Aldrich 

(Gillingham, UK) and EASYstrainer cell sieves for 50 mL tubes with a mesh size of 100 µm 

were from Greiner Bio-One (Stonehouse, UK). 

7.2.2 In vivo SARM administration study 

Liver samples were collected from the in vivo SARM administration study as described 

in Chapter 6 Section 6.2.2. 

7.2.3 Preparation of subcellular liver fractions 

The method for differential centrifugation used to isolate subcellular fractions (Figure 

7.1) was modified from a protocol by Cox and Emili[541]. The preparation was mainly 

performed in a cold room (4 °C) and samples were kept on ice. Livers (n = 8 per treatment 

group; 1.5 g each) were pooled, finely minced with scissors and transferred into a 50 mL test 

tube. As a wash step 30 mL of PBS was added, samples were centrifuged at 100 × g (4 °C) 

for 1 min and the supernatant discarded. This wash step was repeated four more times. 

Shortly before use, homogenisation buffer consisting of 50 mM Tris-HCl, 150 mM KCl, 250 

mM sucrose, 5 mM MgCl2, and 1 mM EDTA pH 7.4 at 4 °C was supplemented with protease 

inhibitors (1 EDTA-free mini tablet/ 100 mL). To rinse the livers one more time, 30 mL of 

homogenisation buffer was added, the samples were centrifuged at 100 × g (4 °C) for 1 min 

and the supernatant discarded. Subsequently, 3 volumes (36 mL) of homogenisation buffer 

were added and the samples were homogenised manually with a Wheaton Potter-Elvehjem 

tissue grinder (PTFE pestle and glass tube with 50 mL capacity, chamber clearance 0.1 - 

0.15 mm). Homogenates were transferred to a 50 mL tube with a cell sieve (100 µm mesh 

size) on top and centrifuged at 250 × g (4 °C) for 5 min to remove red blood cells and cell 

debris. The pellet was discarded, and the supernatant transferred to a fresh test tube. 

Centrifugation at 250 × g was repeated once more followed by centrifugation at 800 × g (4 

°C) for 15 min, and 20 mL of homogenisation buffer added to the resulting supernatant. The 

pellet (nuclei) was resuspended in 5 volumes (35 mL) of homogenisation buffer and 

centrifuged at 1000 × g (4 °C) for 15 min. The nuclear pellet was saved, and the supernatant 
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transferred to a fresh test tube. Supernatants were centrifuged at 1000 × g (4 °C) for 15 min 

for three and four more times respectively, whereby the resulting nuclear pellet was always 

saved, and the supernatant used for the next centrifugation. Nuclear pellets were combined 

and 44 mL of nuclei buffer consisting of 2 M sucrose, 50 mM Tris-HCl, 150 mM KCl, 5 

mM MgCl2, 1 mM EDTA, 1 mM DTT, and protease inhibitors (1 EDTA-free mini tablet/ 

100 mL) pH 7.4 at 4 °C were added. Samples were centrifuged at 80 000 × gmax (4 °C) for 

one hour, resulting supernatant discarded, and the nuclear pellets resuspended in 3 mL of 

homogenisation buffer without protease inhibitor tablets, aliquoted and stored at -80 °C. 

Supernatants for isolation of mitochondria, cytosol, and microsomes were combined and 

centrifuged at 12 000 × gmax (4 °C) for 20 min. The supernatant was saved and the pellet 

(mitochondria) was resuspended in 50 mL of homogenisation buffer and repeatedly 

centrifuged at 12 000 × gmax (4 °C) for 20 min. This time the supernatant was discarded, and 

the mitochondrial pellet was resuspended in 3 mL of homogenisation buffer without protease 

inhibitor tablets, aliquoted and stored at -80 °C. The saved supernatant was repeatedly 

centrifuged at 12 000 × gmax (4 °C) for 20 min as well, whereby the pellet was discarded, and 

the resulting supernatant for isolation of cytosol and microsomes was centrifuged at 105 000 

× gmax (4 °C) for one hour. The supernatant (cytosol) was transferred to a fresh test tube, 

aliquoted and frozen at -80 °C. The microsomal pellet was resuspended in 50 mL of washing 

buffer consisting of 150 mM KCl, and 1 mM EDTA pH 7.4 at 4 °C and centrifuged at 105 

000 × gmax (4 °C) for one hour. The supernatant was discarded, and the microsomal pellet 

resuspended in 2 mL of homogenisation buffer without protease inhibitor tablets, aliquoted, 

and stored at -80 °C.  

To summarise, the following subcellular fractions were isolated from rat livers (n = 8 per 

group) of untreated (control group) and SARM treated groups (ostarine, LGD-4033, and 

RAD140) by homogenisation and (ultra)centrifugation: nuclei (NUC), mitochondria (MIT), 

cytosol (CYT), and microsomes (MIC). 
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Figure 7.1 Scheme of subcellular fractionation by differential ultracentrifugation. Four 

fractions were isolated: nuclei, mitochondria, cytosol, and microsomes. Pellets were washed 

by resuspension followed by centrifugation and ultimately resuspended in homogenisation 

buffer without protease inhibitor tablets. 
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7.2.4 Subcellular protein extraction 

75 µL of homogenisation buffer (50 mM Tris, 150 mM KCl, 250 mM sucrose, 5 mM 

MgCl2, 1 mM EDTA supplemented with 1 EDTA-free protease inhibitor mini-tablet/ 100 

mL) and 2 % Triton were added to an equal volume of each isolated fraction. Then, samples 

were incubated at 4 °C for one hour in a shaking (400 rpm) Thermomixer comfort 

(Eppendorf, Stevenage, UK). To shear DNA, samples of nuclear and mitochondrial fractions 

were passed 10 times through a 21 gauge needle. Lysed fractions were centrifuged at 10 000 

× g (4 °C) for 10 min and 100 µL of the supernatant were transferred into a fresh 1.5 mL 

tube. For protein precipitation, 800 µL of acetone and 100 µL of TCA were added, vortexed 

and left at -20 °C overnight. Samples were centrifuged at 10 000 × g (4 °C) for 10 min and 

the supernatant discarded. The pellet was resuspended in 1 mL of acetone by vortexing and 

sonication and stored at -20 ° C for one hour. This acetone wash was repeated two more 

times and the cleaned-up pellet resuspended in lysis buffer.  

7.2.5 Minimal fluorescent reciprocal labelling 

Procedures for minimal fluorescent labelling were followed as described previously in 

Chapter 6 Section 6.2.4. Subcellular samples were labelled in duplicate using a reciprocal 

labelling approach to eliminate inconsistencies in spot intensities due to preferential labelling 

and combined (Table 7.1 strip/gel 1-4). Instead of adding unlabelled protein to the 

fluorescent labelled samples as for lysates in Chapter 6, preparative gels with 400 µg or 600 

µg of unlabelled protein were run on separate IEF strips (Table 7.1 strip/gel 5-6).  

7.2.6 2-D DIGE comparative subcellular profiling and MALDI-TOF protein 

spot identification 

Comparative 2-D DIGE and MALDI-TOF analysis of protein spots with differential 

abundances were performed as previously described (Chapter 6 Sections 6.2.5-6.2.8). The 

workflow for preparation and analysis of analytical gels and preparative gels is illustrated in 

Figure 7.2. Analytical gels using 2-D DIGE were used for comparative proteomic profiling, 

whilst preparative gels using 2-D gel electrophoresis (GE) with Coomassie staining were 

subsequently used for protein spot identification by MALDI-TOF and PMF.  
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Table 7.1 Experimental set-up for 2-D DIGE analysis of subcellular fractions (NUC - nuclei, 

MIT - mitochondria, CYT - cytosol, MIC - microsomes). Six gels including four analytical 

DIGE gels with each sample of the four groups (ostarine, LGD-4033, RAD140, control) in 

duplicate (1, 2) and two preparative gels (400 µg or 600 µg protein) were run at a time. A 

normalisation pool of all samples was labelled with Cy2. Individual samples were labelled 

with Cy3 and Cy5. 

 

Strip/Gel Sample 

1 Cy2 Pool NUC/ Cy3 NUC Control 1/ Cy5 NUC LGD-4033 1 

2 Cy2 Pool NUC/ Cy3 NUC Ostarine 1/Cy5 NUC RAD140 1 

3 Cy2 Pool NUC/ Cy3 NUC LGD-4033 2/ Cy5 NUC Ostarine 2 

4 Cy2 Pool NUC/ Cy3 NUC RAD140 2/ Cy5 NUC Control 2 

5 400 µg NUC 

6 600 µg NUC 

1 Cy2 Pool MIT/ Cy3 MIT Control 1/ Cy5 MIT LGD-4033 1 

2 Cy2 Pool MIT/ Cy3 MIT Ostarine 1/Cy5 MIT RAD-140 1 

3 Cy2 Pool MIT/ Cy3 MIT LGD-4033 2/ Cy5 MIT Ostarine 2 

4 Cy2 Pool MIT/ Cy3 MIT RAD-140 2/ Cy5 MIT Control 2 

5 400 µg MIT 

6 600 µg MIT 

1 Cy2 Pool CYT/ Cy3 CYT Control 1/ Cy5 CYT LGD-4033 1 

2 Cy2 Pool CYT/ Cy3 CYT Ostarine 1/Cy5 CYT RAD140 1 

3 Cy2 Pool CYT/ Cy3 CYT LGD-4033 2/ Cy5 CYT Ostarine 2 

4 Cy2 Pool CYT/ Cy3 CYT RAD140 2/ Cy5 CYT Control 2 

5 400 µg CYT 

6 600 µg CYT 

1 Cy2 Pool MIC/ Cy3 MIC Control 1/ Cy5 MIC LGD-4033 1 

2 Cy2 Pool MIC/ Cy3 MIC Ostarine 1/Cy5 MIC RAD140 1 

3 Cy2 Pool MIC/ Cy3 MIC LGD-4033 2/ Cy5 MIC Ostarine 2 

4 Cy2 Pool MIC/ Cy3 MIC RAD140 2/ Cy5 MIC Control 2 

5 400 µg MIC 

6 600 µg MIC 
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7.2.7 Bioinformatics analysis of proteomics data 

The Kyoto Encyclopedia of Genes and Genomes Release 89.1 (KEGG, 

https://www.genome.jp/kegg/)[542], which is a collection of manually curated knowledge 

databases, was utilised to perform functional analysis. The KEGG classification was used to 

assign pathways and functional hierarchies to identified protein spots. Pathway enrichment 

analysis based on hypergeometric distribution followed by FDR correction was performed 

by submitting gene names for proteins to ShinyGo v060 

(http://bioinformatics.sdstate.edu/go/).[543] Biological pathways that were significantly 

enriched in the gene lists were subsequently identified. UniProt accession numbers for the 

identified protein spots were submitted to the Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) version 11.0 (https://string-db.org/)[544] to generate protein-

protein interaction networks. STRING is a prediction software using several sources and 

techniques such as automated text mining, genomic context predictions, previous knowledge 

in databases, lab experiments, and co-expression to score this evidence and suggest a 

functional link.  

  

https://www.genome.jp/kegg/
http://bioinformatics.sdstate.edu/go/
https://string-db.org/


 

204 

7.3   Results 

7.3.1 2-D DIGE comparative subcellular proteomic profiling and MALDI-

TOF protein spot identification 

To enrich organelle-specific proteins and detect more subtle changes in response to 

SARM administration within the liver proteome, pooled rat livers were subfractionated into 

major cellular compartments (nuclei, mitochondria, microsomes, and cytosol) by differential 

(ultra)centrifugation. Proteomic analysis of rat liver subcellular fractions from SARM 

treated and non-treated control groups was performed using 2-D DIGE.  

For gel images of each fraction, “between subject design” was used to analyse 

differences in protein spot abundance between treatment and control conditions. After spot 

detection and filtering using SameSpots software, 1437 protein spots within nuclei, 1664 

within mitochondria, 1844 within microsomes, and 1796 within cytosol have been detected 

on 2-D DIGE images. Spot volumes were automatically normalised against Cy2 pools as 

internal standard and log transformed to stabilise variance. Outputs of the analysis included 

protein profiles of each spot with log transformed average spot volumes  ±  standard 

deviation (Figure 7.3). Spot volumes were normalised, and fold-changes were calculated as 

ratios of normalised volumes of a single spot between gels of treatment and control groups. 

Spots of interest between control and treatment group were selected based on relative fold-

changes and significance (p < 0.05, ANOVA). Levels of 112 protein spots in total following 

treatment with SARM compounds were altered and are summarised in Table 7.2. Their 

location in representative Coomassie-stained gels with 400 µg protein of nuclei, 

mitochondria, microsomes, and cytosol after alignment with 2-D DIGE gels using 

SameSpots software is illustrated in Figure 7.4. 

Venn diagrams were produced (Figure 7.5) to visualise the selected spots which 

exhibited increased or decreased abundances between treatment and control groups.[545] The 

relative abundance of 18 spots was uniquely altered in response to ostarine treatment (5 

decreased, 13 increased). LGD-4033 and RAD140 uniquely altered abundances in 35 spots 

(five decreased, 30 increased) and in 24 spots (6 decreased, 18 increased) respectively. Eight 

spots had significantly altered relative levels by both ostarine and RAD140 treatment (four 

decreased, four increased), seven by both ostarine and LGD-4033 (one decreased, six 

increased), and eight by both LGD-4033 and RAD140 (five decreased, three increased). 

Relative abundances of 12 spots were commonly altered in response to each of the three 

SARM treatments. In total after ostarine administration 45 protein spots exhibited altered 
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levels (17 decreased, 28 increased). In response to LGD-4033 a total of 62 protein spots were 

modified in abundance (18 decreased, 44 increased). Upon RAD140 administration 52 

protein spot levels were modified relative to the control group with an increase observed for 

30 and a decrease for 22 spots. When looking at the number of spots by subcellular sample, 

a similar number of spots given in brackets was found to be altered by all three SARM 

compounds combined in cytosol (44), microsomes (40), and nuclei (41) whereas 

mitochondrial samples displayed the lowest number (29) of altered spots (Figure 7.6). 

Cytosol was the most impacted subcellular compartment by ostarine with 20 detected protein 

spots, whereas the least number of spots altered by ostarine was observed in mitochondrial 

samples with four spots. The largest number (21) of protein spots whose relative levels were 

altered by LGD-4033 were detected in samples from nuclei, with the lowest number of 12 

spots found in mitochondria. In samples after RAD140 administration, spots with altered 

levels were relatively evenly distributed across all four compartments. 

Following selection, spots of interest were manually excised from preparative 

Coomassie-stained gels with 400 µg and 600 µg protein of nuclei, mitochondria, microsomes 

or cytosol (Figure 7.4) for protein identification by tryptic in-gel digestion and MALDI-

TOF analysis. Following a Mascot search using MS-acquired peak lists of peptides, 89 

protein spots were identified corresponding to 58 unique proteins, and 22 spots could not be 

identified (Table 7.2). Nine identified proteins elicited a similar response in all treatment 

groups (increase of PDIA3, PDIA6, AIFM1A, INMT, and PCCB; decrease of DMGDH, 

GAPDH, NDUFS1, and NDUFS2). A representative mass spectrum from the mitochondrial 

spot no. 954 that has been identified as protein di-sulfide isomerase A3 is presented in Figure 

7.3.  
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(A)  2-D DIGE comparative subcellular proteomic profiling using SameSpots 

software 

 

 

 

 

 

 

(B)  Protein spot identification using MALDI-TOF analysis and Mascot server 

 

Figure 7.3 Spot no. 954 (nuclei) was selected as representative spot to illustrate the 

workflow. (A) Protein spot profile with log transformed average spot volumes ± standard 

deviation. The spot abundance was significantly (p < 0.05) increased upon treatment with 

ostarine, LGD-4033, or RAD140. (B) Representative MALDI spectrum obtained after 

tryptic digestion of a colloidal Coomassie-stained protein spot. Upon submission of the 

peptide peak list to the Mascot server, spot number 954 was identified as protein di-sulfide 

isomerase A3.11 peptides matched the protein sequence. Peptide sequences have been partly 

assigned to the observed mass fragments. 
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Figure 7.4 Coomassie-stained gel images used for spot picking with assigned spot numbers 

of selected proteins of rat liver (A) nuclei, (B) mitochondria, (C) microsomes, and (D) 

cytosol samples (400 µg protein). 
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Figure 7.4 continued Coomassie-stained gel images used for spot picking with assigned spot 

numbers of selected proteins of rat liver (A) nuclei, (B) mitochondria, (C) microsomes, and 

(D) cytosol samples (400 µg protein).  
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Figure 7.6 Number of spots with differential response to treatment with ostarine, LGD-4033, 

or RAD140 compared to the control group in subcellular samples from cytosol (CYT), 

microsomes (MIC), mitochondria (MIT), and nuclei (NUC). The yellow bar displays the 

number of spots with altered levels in response to all three SARM compounds combined per 

subcellular compartment. 
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7.3.2 KEGG pathway and enrichment analysis of identified proteins 

As proteins control many biological processes and can have a variety of molecular 

functions, MALDI-TOF identified proteins were assigned to pathways and protein families 

(Table 7.3) using the KEGG (https://www.genome.jp/kegg/)[542] databases, and classified 

into the following KEGG BRITE protein families: metabolism, genetic information 

processing, environmental information processing, cellular processes, organismal systems, 

and human diseases. Some of the proteins were not in the database and as such were not 

assigned to protein families. 

Figure 7.7 illustrates the relative contribution (%) of identified proteins to each specified 

network, with all three SARM treatments demonstrating similar trends in terms of the protein 

distribution within networks, with most associated with metabolism, and principally amino 

acid, carbohydrate, and energy metabolism. Proteins associated with metabolism accounted 

for 38 %, 37 % and 30 % of all significantly regulated proteins in subcellular liver samples 

by ostarine, LGD-4033 and RAD140 respectively. 15 %, 18 %, and 19 % of identified 

proteins for ostarine, LGD-4033 and RAD140 respectively were linked to organismal 

systems, and similarly, 17 % (ostarine), 18 % (LGD-4033), and 19 % (RAD140) were 

assigned to the human diseases network. Genetic and environmental information processing, 

cellular responses, and unassigned networks accounted for a minority of identified proteins. 

To identify specific KEGG pathways that were overrepresented, lists of gene names 

derived from MALDI-TOF identified proteins were submitted to ShinyGO v060 using rat as 

matching species and a false discovery rate (FDR) corrected p-value cut-off of 0.05. The 

search was limited to the 20 most significant terms (Table 7.4) and enrichment analysis 

revealed 12 pathways to be significantly impacted in response to all three SARM treatments. 

These were mostly related to metabolism, but also human diseases (Alzheimer’s, 

Huntington’s, Parkinson’s), genetic information processing (protein processing in the ER) 

and organismal systems (thermogenesis). For example, the enriched pathway for protein 

processing in the ER included protein di-sulfide isomerase A3 (PDIA3), protein di-sulfide 

isomerase A6 (PDIA6), endoplasmin, protein di-sulfide isomerase A1 (P4HB), endoplasmic 

reticulum chaperone binding immunoglobulin protein (BIP), heat shock protein 90-beta 

(HSP90AB1), neutral alpha-glucosidase AB isoform X2 (GANAB), and/or transitional 

endoplasmic reticulum ATPase (VCP) and was mapped using KEGG as illustrated in Figure 

7.8. 

  

https://www.genome.jp/kegg/
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Figure 7.7 Identified proteins were classified into the following networks as specified by 

the KEGG pathway database: metabolism, genetic information processing, environmental 

information processing, cellular processes, organismal systems, and human diseases. Some 

of the proteins were not in the database and as such were not assigned to protein families. 

The differently coloured sectors of the pie chart show the percentage.   

Ostarine

LGD-4033 Not assigned

4 % 

Cellular processes 

7 % 

Human diseases    

18 %

Environmental 

information processing 

7 % 

Genetic information processing 

9 %

Metabolism

37 %

Organismal systems 

18 %

RAD140 Not assigned

3 % 
Cellular processes 

9 % 
Environmental 

information processing 

9 % 

Human diseases    

19 %

Organismal systems 

19 %

Genetic information processing 

11 %

Metabolism

30 %

Metabolism 

38 % 

 

Genetic information processing 

13 % 

Organismal systems 

15 % 

Human diseases    

17 % 

Environmental 

information processing 

8 %  

Cellular processes 

9 %  
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Table 7.4 Overrepresented KEGG pathways with a false discovery rate corrected p-value of 

0.05 for ostarine, LGD-4033, and RAD140 following submission of gene names derived 

from protein spots to ShinyGO v0.60. Pathways found to be enriched in all treatment groups 

are underlined.  

KEGG pathway name 
Genes 

in list 
Gene names 

Total 

genes 

Enrichment 

FDR 

Ostarine     

Metabolic pathways 13 Gapdh Akr1d1 Dmgdh Pccb Pgm1 Ndufs2 

Uqcrc1 Ndufs1 Aox3 Cps1 Kyat3 Aco2 Bhmt 

1251 1.77E-09 

Protein processing in endoplasmic 

reticulum 
5 Vcp P4hb Pdia6 Pdia3 Hsp90b1 162 8.77E-06 

Carbon metabolism 4 Gapdh Pccb Cps1 Aco2 118 5.89E-05 

Glycine, serine and threonine metabolism 3 Dmgdh Gnmt Bhmt 40 6.37E-05 

Alzheimer’s disease 4 Gapdh dufs2 Uqcrcr1 Ndufs1 176 1.70E-04 

Biosynthesis of amino acids 3 Gapdh Cps1 Aco2 79 3.31E-04 

Oxidative phosphorylation 3 Ndufs2 Uqcrc1 Ndufs1 136 1.29E-03 

Glyoxylate and dicarboxylate metabolism 2 Pccb Aco2 30 1.29E-03 

Parkinson’s disease 3 Ndufs2 Uqcrc1 Ndufs1 144 1.29E-03 

Non-alcoholic fatty liver disease (NAFLD) 3 Ndufs2 Uqcrc1 Ndufs1 154 1.42E-03 

Cysteine and methionine metabolism 2 Kyat3 Bhmt 48 2.25E-03 

Tryptophan metabolism 2 Aox3 Kyat3 48 2.25E-03 

Huntington’s disease 3 Ndufs22 Uqcrc1 Ndufs1 190 2.25E-03 

Valine, leucine and isoleucine degradation 2 Pccb Aox3 53 2.37E-03 

Drug metabolism 2 Gstm2 Aox3 53 2.37E-03 

Glycolysis / Gluconeogenesis 2 Gapdh Pgm1 61 2.77E-03 

Thermogenesis 3 Ndufs22 Uqcrc1 Ndufs1 233 2.77E-03 

Drug metabolism 2 Ces1d Gstm2 72 3.43E-03 

Chemical carcinogenesis 2 Gstm2 Kyat3 72 3.43E-03 

HIF-1 signalling pathway 2 Gapdh Tf 101 6.33E-03 

LGD-4033     

Metabolic pathways 12 Gapdh Akr1d1 Dmgdh Pccb Pgm1 Ndufs2 

Ndufs1 Dhtkd1 Aox3 Cps1 Gstz1 Pcca 
1251 1.14E-07 

Carbon metabolism 4 Gapdh Pccb Cps1 Pcca 118 1.33E-04 

Valine, leucine and isoleucine degradation 3 Pccb Aox3 Pcca 53 2.76E-04 

Glyoxylate and dicarboxylate metabolism 2 Pccb Pcca 30 2.68E-03 

Propanoate metabolism 2 Pccb Pcca 31 2.68E-03 

Parkinson’s disease 3 Ndufs2 Ndufs1 Vdac1 144 2.68E-03 

Tyrosine metabolism 2 Aox3 Gstz1 36 2.83E-03 

Protein processing in endoplasmic 

reticulum 
3 Vcp Pdia6 Pdia3 162 2.83E-03 

Glycine, serine and threonine metabolism 2 Dmgdh Gnmt 40 2.87E-03 
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Table 7.4 continued 

KEGG pathway name 
Genes 

in list 
Gene names 

Total 

genes 

Enrichment 

FDR 

Alzheimer’s disease 3 Gapdh Ndufs2 Ndufs 176 2.87E-03 

Tryptophan metabolism 2 Dhtkd1 Aox3 48 3.10E-03 

Huntington’s disease 3 Ndufs2 Ndufs1 Vdac1 190 3.10E-03 

Drug metabolism 2 Gstm1 Aox3 53 3.48E-03 

Lysine degradation 2 Plod2 Dhtkd1 58 3:87E-03 

Glycolysis / Gluconeogenesis 2 Gapdh Pgm1 61 3.99E-03 

Thermogenesis 3 Ndufs2 Ndufs1 Atcb 233 4.00E-03 

Biosynthesis of amino acids 2 Gapdh Cps1 79 5.85E-03 

HIF-1 signaling pathway 2 Gapdh Tf 101 8.92E-03 

Oxidative phosphorylation 2 Ndufs2 Ndufs1 136 1.38E-02 

Apoptosis 2 Actb Aifm1 132 1.38E-02 

RAD140     

Metabolic pathways 13 Gapdh Gls2 Acly Dmgdh Pccb Otc Ndufs2 

Uqcrc1 Ndfus1 Mccc2 Cps1 Aco2 Ftcd 

1251 4.61E-08 

Carbon metabolism 5 Gapdh Cat Pccb Cps1 Aco2 118 6.20E-06 

Protein processing in endoplasmic 

reticulum 5 
Hspa5 Pdia6 Pdia3 Hsp90ab1 Hsp90b1 162 1.98E-05 

Biosynthesis of amino acids 4 Gapdh Otc Cps1 Aco2 79 2.45E-05 

Glyoxylate and dicarboxylate metabolism 3 Cat Pccb Aco2 30 4.74E-05 

Alzheimer’s disease 4 Gapdh Ndufs2 Uqcrc1 Ndufs1 176 3.85E-04 

Antigen processing and presentation 3 Hspa5 Pdia3 Hsp90ab1 76 5.62E-04 

Arginine biosynthesis 2 Otc Cps1 19 1.03E-03 

Citrate cycle (TCA cycle) 2 Acly Aco2 30 2.14E-03 

Oxidative phosphorylation 3 Ndufs2 Uqcrc1 Ndufs1 136 2.14E-03 

Parkinson’s disease 3 Ndufs2 Uqcrc1 Ndufs1 144 2.14E-03 

Fluid shear stress and atherosclerosis 3 Gstm1 Hsp90ab1 Hsp90b1 140 2.14E-03 

Alanine, aspartate and glutamate 

metabolism 

2 Gls2 Cps1 36 2.23E-03 

Non-alcoholic fatty liver disease (NAFLD) 3 Ndufs2 Uqcrc1 Ndufs1 154 2.23E-03 

Huntington’s disease 3 Ndufs2 Uqcrc1 Ndufs1 190 3.80E-03 

Valine, leucine and isoleucine degradation 2 Pccb Mccc2 53 4.06E-03 

Thermogenesis 3 Ndufs2 Uqcrc1 Ndufs1 233 5.97E-03 

Drug metabolism 2 Ces1d Gstm1 72 6.25E-03 

Thyroid hormone synthesis 2 Hspa5 Hsp90b1 72 6.25E-03 

Complement and coagulation cascades 2 Fgb Serpina1 80 7.30E-03 
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7.3.3 STRING protein-protein interaction network analysis 

Biological processes are often mediated by a complex network of multiple proteins. To 

generate protein-protein interaction networks and predict functional associations, accession 

numbers of identified proteins for each investigated SARM compound were submitted to the 

STRING database v11 (https://string-db.org/)[544]. Interaction sources included text-mining, 

co-expression, known interactions from databases and experimentally determined, and 

predicted interactions based on gene neighbourhood, fusions, and co-occurrence. The 

minimum required interaction score was set at 0.70 (high confidence). Networks of known 

and predicted protein-protein interactions were automatically generated (Figure 7.9). 

STRING did not match the following proteins: Q5QE80, Q64573, Q58FK9, 

NP_001178707.1, and XP_008757993.1. The nodes which are displayed in arbitrary colours 

represent proteins. The lines represent the interactions between proteins with line colours 

displaying the type of interaction evidence. Disconnected nodes were hidden from the 

network. Permanently accessible links are provided here:  

(A)  Ostarine 

https://version-11-0.string-db.org/cgi/network.pl?networkId=nLoDRTZ9kzaA  

(B) LGD-4033 

https://version-11-0.string-db.org/cgi/network.pl?networkId=Qabcrqh5RAwB  

(C) RAD140 

https://version-11-0.string-db.org/cgi/network.pl?networkId=ZyqCxezUcApS  

      Analysis of functional protein interactions using STRING revealed several protein-

protein interactions and protein clusters. One cluster which became apparent is that 

comprised of numerous proteins associated with oxidative phosphorylation (NDUFS2, 

UQCRC1, NDUFS1, NDUFB10) and metabolic pathways (ACLY, NDUFS2, UQCRC1, 

NDUFS1, NDUFB10, ACO2). Another cluster consists of proteins involved in protein 

processing in the ER (P4HB, HSPA5, PDIA6, PDIA3, HSP90AB1, HSP90B1, GANAB, 

VCP). 

  

https://string-db.org/
https://version-11-0.string-db.org/cgi/network.pl?networkId=nLoDRTZ9kzaA
https://version-11-0.string-db.org/cgi/network.pl?networkId=Qabcrqh5RAwB
https://version-11-0.string-db.org/cgi/network.pl?networkId=ZyqCxezUcApS
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7.4   Discussion 

The effects of SARM compounds on the liver protein profile was a focus of this study 

as the liver is the primary site of SARM metabolism. Whilst the effects of the SARM 

compound GSK212A on skeletal muscle proteins[531], has been reported previously, the work 

detailed in Chapter 6 was the first study to investigate the hepatic proteomic response to a 

range of SARM compound treatments (ostarine, LGD-4033, or RAD140). The current study 

continues that work by assessing proteomic response to SARM compounds in the liver 

within the following subcellular constituents: cytosol, mitochondria, nuclei, and 

endoplasmic reticulum-derived microsomes. In Chapter 6, SARM administrations were 

shown by proteomic analysis using a 2-D DIGE approach to alter relative protein levels in 

liver tissue. In this study, organelle-specific hepatic proteins were enriched by subcellular 

fractionation prior to 2-D DIGE analysis with the objective of detecting and identifying more 

subtle changes to the relative protein profiles than that which could be observed from 

analysis of whole liver tissue lysates. 58 unique proteins from 159 protein spots with altered 

abundances following treatment with ostarine, LGD-4033, or RAD140 compared to the 

control group were identified by MALDI-TOF, two of which had been previously reported 

in Chapter 6 (glyceraldehyde-3-phosphate dehydrogenase and protein disulfide-isomerase 

A1). Three proteins described in Chapter 6 (alpha-soluble NSF attachment protein, 3-alpha-

hydroxysteroid dehydrogenase, and serum paraoxonase/lactonase 3) were not identified in 

this study, a possible explanation for this could be that they were differentially altered but 

not identified by MALDI-TOF or that they were not detected as differentially altered due to 

the different methodology used (pooling of liver samples followed by subcellular 

fractionation vs. single biological replicates of liver lysates). 

In the first step, comparative analysis of proteins revealed changes in proteomic profiles 

between the treated and non-treated groups with observed overall changes typically 

heterogeneous for each SARM compound, but also including shared responses between two 

or all the investigated compounds. In this study it was shown that SARMs show compound 

specific effects on the protein profile as the majority of protein spot levels were uniquely 

altered in response to one SARM compound. The three investigated compounds ostarine, 

LGD-4033, and RAD140 all have different chemical scaffolds which may lead to variant 

interaction with the AR and subsequent pathways accounting for the divergence in protein 

responses. Despite the different responses, relative abundances of 12 spots were commonly 

altered in response to treatments with either ostarine, LGD-4033, or RAD140 showing that 
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they also exhibit common effects possibly due to their interaction with the AR. 

Subsequently, selected protein spots were identified following trypsin digestion and 

MALDI-TOF analysis and bioinformatics approaches utilised to interpret significantly 

enriched pathways and interaction networks. Nine out of the 12 common altered spots were 

identified (increase of PDIA3, PDIA6, AIFM1A, INMT, and PCCB; decrease of DMGDH, 

GAPDH, NDUFS1, and NDUFS2) with functions associated with metabolic pathways 

(GAPDH, DMGDH, PCCB, NDUFS2, NDUFS1) and protein processing in the ER (PDIA3, 

PDIA6).  

Following enrichment analysis of proteins with KEGG as reference database, common 

enriched functional pathways were identified to derive a biological meaning from the 

proteomics data set. The identified role of amino acid metabolism is considered to be of 

particular interest, as several proteins whose relative levels were found to be altered by 

SARM compound administrations are involved in amino acid synthesis and degradation. 

Carbamoyl phosphate synthase (CPS1) plays a role in biosynthesis of the amino acid 

arginine and was identified in several protein spots due potentially to post-translational 

modifications and degradation products of the protein leading to a shift in pI and/or MW.[546] 

In most cases treatment with LGD-4033 and ostarine resulted in an increased level of CPS1 

with the exception of spot 2251 that resulted in decreased levels of CPS1 after LGD-4033 

and RAD140 treatments. CPS1 catalyses the formation of carbamoyl phosphate from 

ammonia and bicarbonate using ATP with N-acetyl glutamate as essential cofactor[547] and 

is the rate-limiting enzyme in the urea cycle. Increase of CPS1 levels during SARM 

treatment suggests promotion of the urea cycle that is associated with an irreversible loss of 

nitrogen through urea excretion. However, nitrogen retention and a subsequent decrease of 

urea are key indicators of anabolic metabolism.[548] Another enzyme in the arginine 

biosynthesis pathway, ornithine carbamoyltransferase which generates citrulline from the 

reaction between carbomoyl phosphate and ornithine to form citrulline was shown to be 

reduced in livers of RAD140 treated animals. A previous study has demonstrated that 

ornithine supplementation decreases blood ammonia through activation of the urea cycle and 

attenuates the feeling of physical fatigue[549] - during exercise ammonia build up and 

accumulation has been suggested to provoke fatigue.[550,551] Glutaminase, an additional 

protein also linked to this pathway and which catalyses the hydrolysis of glutamine to 

glutamate and ammonia, was found to be increased within RAD140 animals. Increased 

plasma levels of glutamine after treatment with the SARM GLPG0492 have been observed 
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previously[552] with glutaminase increasing levels of glutamate, and subsequently α-

ketoglutarate, which in turn elevates mitochondrial oxidation and ATP generation[553]. 

Within the glycine, serine and threonine metabolism KEGG pathway, the relative levels 

of three proteins were demonstrated to be altered in response to SARM compounds. Firstly, 

levels of dimethylglycine dehydrogenase (DMGDH) which is involved in the catabolism of 

the amino acid choline and catalyses the demethylation of dimethylglycine (DMG) to 

sarcosine were decreased following ostarine, LGD-4033, and RAD140 administration. 

Decreased Dmgdh gene expression is linked to an increased level of DMG[554], and DMG is 

sold as a dietary supplement with disputed performance enhancing effects and is used 

widespread in horses where a reduction of blood lactate levels and increase of travelled 

distance have been observed during DMG intake.[555] Secondly, the relative levels of two 

transferases in the choline oxidation pathway were elevated - betaine-homocysteine S-

methyltransferase in response to ostarine administration and glycine N-methyltransferase 

upon ostarine and LGD-4033 administration. Proteins whose levels were differentially 

altered with functions in the catabolism of essential branched-chained amino acids (BCAA) 

valine, leucine, and isoleucine included methylcrotonoyl-CoA carboxylase beta chain 

(MCCC2), propionyl-CoA carboxylase alpha (PCCA) and beta chain (PCCB), and aldehyde 

oxidase 3 (AOX3). MCCC2 functions as a ligase in the degradation of leucine and had 

increased levels within the RAD140 group relative to the control group. PCCA levels were 

similarly increased by LGD-4033, and PCCB also by ostarine and RAD140, with both 

proteins involved in the degradation of valine and isoleucine to synthesise succinyl CoA. 

AOX3 catalyses the oxidation of aldehydes into carboxylic acids such as in the L-valine 

degradation pathway and its levels were increased following ostarine or LGD-4033 

treatment. Similarly, administration of testosterone was observed to increase mRNA of 

aldehyde oxidase in female rats.[556] 

According to the KEGG classification, several proteins whose levels were differentially 

altered are associated with carbohydrate metabolism pathways including aconitrate 

hydratase (ACO2), ATP-citrate synthase (ACLY), hydroxyacid oxidase 1 (HAO1), catalase 

(CAT), PCCA, PCCB, phosphoglucomutase-1 (PGM1) and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH). ACO2 and ACLY, two proteins of the citrate cycle, were 

decreased by RAD140, with decreased levels of ACO2 also associated with ostarine. ACO2 

interconverts isocitrate and citrate, whilst ACLY reversibly forms citrate with oxaloacetate 

and acetyl-CoA. SARMs have previously been linked to the citrate cycle with intermediates 

of the citrate cycle citrate, fumarate, and pyruvate significantly increased in plasma by 
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SARM GLPG0492.[552] HAO1 and CAT are part of the glyoxylate metabolism and their 

levels were increased in the ostarine and RAD140 treated groups. Ostarine and LGD-4033 

administration elevated relative levels of PGM1 which catalyses the bi-directional 

interconversion of glucose-1-phosphate and glucose-6-phosphate. Another differentially 

altered protein in the glycolysis pathway is GAPDH which catalyses the sixth step of 

glycolysis to convert glyceraldehyde 3-phosphate into D-glycerate 1,3-bisphosphate. Within 

cytosol fractions, GAPDH protein spot abundances were decreased in the ostarine, LGD-

4033, and RAD140 groups relative to the control group. GAPDH was previously identified 

in Chapter 6 from a protein spot with decreased levels after LGD-4033 treatment. Cytosolic 

GAPDH is known to be inactivated to counteract oxidative stress [527] and depressed GAPDH 

levels could be a cellular response to oxidative stress related to SARM compound 

administration. Biphosphonates which are used as drugs in the treatment of osteoporosis, 

have also shown to downregulate Gapdh[557] and the osteoprotective effects of ostarine and 

LGD-4033 have been reported as potential therapeutic benefits in osteoporosis 

treatment[558,559]. On the other hand, a proteomics study on liver of Fathead Minnows 

reported an increase of GAPDH protein after treatment with the AAS 17β-trenbolone.[560] 

Furthermore, an increase in Gapdh expression was observed in a prostate cancer cell line 

and functioned as AR coactivator in the cytosol enhancing its transcriptional activity in the 

nucleus.[526] Besides its well-known glycolytic and AR coactivator function in the cytosol, 

GAPDH possesses multifunctional roles within several subcellular compartments and 

cellular processes such as nuclear membrane assembly, endocytosis, and cell death.[561] 

GAPDH can be imported to mitochondria through the voltage-dependent anion channel.[562] 

Voltage-dependent anion-selective channel protein 1 showed decreased levels upon LGD-

4033 administration in this study. 

Besides the citrate cycle and glycolysis, oxidative phosphorylation plays a role in cellular 

respiration. Oxidative phosphorylation was identified as a significantly enriched pathway in 

KEGG analysis. NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (NDUFS2) and 

NADH-ubiquinone oxidoreductase (NDUFS1) were found at decreased levels in 

microsomes after ostarine, LGD-4033, and RAD140 treatments suggesting reduced 

oxidative phosphorylation. NDUFS1 and 2 are both subunits of complex I and inhibition of 

complex I has been linked to anti-tumour growth.[563] In nuclei samples an increase of NADH 

dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10 (NDUFB10) was observed by 

LGD-4033 and in microsomal samples cytochrome b-c1 complex subunit 1 (UQCRC1) 

decreased after ostarine and RAD140 treatment. 
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SARMs were shown to influence levels of several proteins that are involved in protein 

processing in the ER with protein disulfide isomerase A3 (PDIA3) and A6 (PDIA6) levels 

increased by all three SARMs relative to the control. Moreover, the levels of two more 

chaperones, protein disulfide isomerase A1 (P4HB) and endoplasmin, were increased 

following RAD140 and ostarine treatment. P4HB was previously found increased within 

liver tissue in Chapter 6 after RAD140 treatment. Under conditions of ER stress, protein 

disulfide isomerase expression is upregulated to target terminally misfolded proteins for ER-

associated degradation (ERAD).[564] Transitional endoplasmic reticulum ATPase, another 

protein involved in ERAD, was increased by ostarine and LGD-4033 administration. Its 

function is to segregate proteins from binding ones so they can be degraded by the 

proteasome.[565] Heat shock protein 90-beta (HSP90AB1) that can act as a chaperone was 

slightly decreased by RAD140 and also plays a role in androgen receptor (AR) signalling. 

In the absence of ligands it forms a complex with the AR keeping it in a high affinity ligand-

binding position and hence inhibition of HSP90 blocks AR signalling.[566] Additionally, 

RAD140 administration elevated the levels of endoplasmic reticulum chaperone binding 

immunoglobulin protein (BIP). In fact, PDIA3, BIP, and endoplasmin were firstly described 

together as glucose-regulated proteins (GRP) as their expression increases as stress response 

after glucose depletion.[567] ER stress is caused by factors that disrupt protein folding such 

as energy deprivation, oxidative stress, disease, increased protein trafficking, and chemical 

triggers.[568] On accumulation of misfolded proteins, the unfolded protein response (UPR) is 

triggered, and the initial response is adaptive by upregulating expression of chaperones to 

increase folding and degradation of proteins and thus restore homeostasis.[569] If ER stress 

cannot be alleviated apoptosis is induced.[570] In this study only levels of two proteins that 

are linked to apoptosis were slightly increased, apoptosis inducing factor 1 following 

treatment with all investigated SARM compounds and spectrin alpha chain after ostarine or 

RAD140 treatment. Not only accumulation of misfolded proteins can initiate the UPR but 

also other factors that perturbate homeostasis such as a decrease in cellular ATP which in 

turn inhibits sarcoplasmic/ER Ca2+-ATPase pump activity and decreases ER calcium 

levels.[571] The current study revealed several proteins (NDUFS1, NDUFS2, GAPDH, 

ACO2, and/or ACLY) involved in cellular respiration decreased by SARMs that could 

potentially cause a shortage in ATP and initiate UPR. Several ER stress-associated 

chaperones were increased by SARMs. However, it is yet to be determined which upstream 

processes cause the observed elevated levels.  
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Notably, many of the identified proteins also play roles in tumorigenesis or in the 

development of other diseases. For example, oxidative phosphorylation complex I enzymes 

were found downregulated in Alzheimer’s disease[572] whilst GAPDH overexpression is 

reported in many cancers.[573] Cellular processes within diseased states may greatly differ 

from physiological conditions, and therefore, pathophysiological processes can influence 

drug-induced effects. As an agent targeting muscle anabolic pathways, ostarine has been 

previously trialled as a treatment for cachexia, a chronic muscle wasting disease, but failed 

to demonstrate clear functional benefits in phase III trials.[72,105] Since it has become clear 

that monotherapy with SARMs is unable to counteract cachectic catabolic signalling 

pathways, co-administration of SARMs with known anti-cachectic agents combines 

anabolic potential of SARMs with inhibition of catabolic signalling leading to an improved 

anabolic response.[574] Therefore, there is potential for this work to be expanded using animal 

models for human diseases to gain a better understanding of the proteomic response to 

SARMs within pathophysiological states. 

7.5  Conclusions 

The current study presents a comprehensive analysis of differentially altered proteins in 

liver of SARM (ostarine, LGD-4033, and RAD140)-treated rats revealing a complex 

response in the liver proteome with a plethora of proteins affected across multiple pathways. 

The coverage of proteins with differentially altered levels in the hepatic response to oral 

administration of SARM compounds was greatly expanded by using subcellular fractions as 

compared to lysates (Chapter 6). Subcellular fractionation was shown to enhance the 

detection of low-level protein abundance changes. However, subfractionation entails a 

certain degree of cross-contamination of organelles by other organelles or organelle 

disruption[575]. Ostarine, LGD-4033, and RAD140 were each observed to exert distinct 

effects as reflected in the observed comparative liver protein profiles. Out of 112 altered 

protein levels in response to SARM compounds ostarine, LGD-4033, and RAD140 12 spots 

were found to be altered in response to all of them, the remaining majority of protein spot 

abundances were only changed in response to one or two of the investigated SARMs.  

Enrichment analysis highlighted several shared overrepresented pathways in response to 

treatment with the investigated SARM compounds. Proteins with altered abundances 

following SARM treatment were principally associated with metabolic processes including 

amino acid, energy, and carbohydrate metabolism. Furthermore, several proteins involved 
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in protein processing within the ER had elevated differential abundances in response to 

treatment with SARMs. A reason for this could be that SARM administration disrupts the 

redox balance potentially by altering aforementioned metabolic processes leading to 

perturbations of the ER and oxidative stress as has been associated with the use of AAS. 

This could subsequently trigger the UPR, a process that initially enables repression or upon 

prolonged activation induction of apoptosis and/or autophagy. Although androgens such as 

testosterone are known to regulate lipid and cholesterol homeostasis in the liver[576], SARMs 

do not seem to alter pathways in lipid metabolism.  

The current study promotes an understanding of the effects of SARM compounds on the 

liver, identifying potentially affected biochemical pathways upon SARM administration that 

merit more in-depth investigations. Future work can build on this to advance drug 

development and clinical trial processes. Further multi-omics studies are needed to decipher 

the underlying molecular upstream and downstream mechanisms of SARMs considering the 

current findings on differentially altered relative protein profiles. Moreover, proteomics 

studies analysing other target tissues such as testes, breasts, bone marrow, and brain would 

be useful in establishing tissue-selective responses following SARM compound 

administration. Whilst it was shown in this study that there are immediate changes to the 

relative protein levels in the liver upon SARM administration, the long-term effects of 

SARM compound administration and their effects when administered at supraphysiologic 

doses have yet to be investigated. 
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Over the last two decades the class of compounds known as SARMs has attracted 

considerable attention in drug development due to their anabolic effects and other favourable 

characteristics (e.g. tissue specificity, oral bioavailability, and reduced side effects) over 

other conventional anabolic agents such as testosterone, resulting in a chemical diverse and 

extensive array of compounds. Although several SARM compounds have been investigated 

in clinical trials and several are still on-going, they have not yet been approved for 

pharmaceutical use and can be easily sourced and bought for example through Internet 

sources. Such availability has threatened to escalate their misuse with products marketed as 

dietary supplements found to illegally contain SARM compounds which may constitute a 

risk for public health. Due to their myoanabolic properties, SARMs pose potential for abuse 

in sports and with a rising number of adverse analytical findings in routine testing have been 

banned in human sports by WADA and in equestrian sports by the FEI and IFHA. Abuse of 

SARM compounds in livestock animals for growth-promoting purposes also poses a threat 

to animal welfare and food integrity, with potential for associated dietary-related 

contamination putting consumers at risk. Therefore, the work of this thesis has sought to 

investigate the in vitro and in vivo metabolism of a number of key SARM compounds to help 

aid attempts to detect their administration and also to explore the potential biological effects of 

these emerging drugs. 

A new and ever-expanding range of SARM compounds with the potential for abuse in 

several species including sports and food producing animals have emerged on the black 

market which can be used to circumvent current legislation, regulatory controls, and 

detection procedures in a range of fields of analysis. For control laboratories comprehensive 

screening procedures that include the most representative target analytes are vital to 

effectively detect substance abuse and trigger confirmatory analysis. Simple, reliable, rapid, 

and cost-effective in vitro strategies that can promptly respond to analytical challenges in 

the control of emerging illegal drug use are therefore required to predict their metabolites 

and ensure effective drug monitoring by implementing metabolites into test methods. Liver 

homogenates (Chapter 2) from cattle (chosen as a representative and relevant target species) 

were shown to be an in vitro tool that can be easily prepared and used to rapidly produce 

metabolites of SARM compounds for LC-MS characterisation. After incubation of a range 

of liver preparations (including crude homogenates, homogenates, or conventionally used 

S9 fractions or microsomes) with representative SARM compounds (ostarine, andarine, and 

S-1) in the presence of required co-factors (NADPH phase I, UDPGA and PAPS phase II), 

drug metabolite compounds were concentrated by selected protein precipitation and LLE 
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procedures. Metabolites generated through in vitro incubations were separated by UHPLC 

and identified by QTOF MS with collision energy switching (0 and 20 V). All prepared 

bovine liver fractions were capable of producing metabolites of the aryl-propionamide 

SARM compounds ostarine, andarine, and S-1 that are important target analytes to improve 

routine monitoring. SARM compounds for investigation were chosen based on their 

availability as certified analytical reference compounds and as black/grey-market products 

easily procured by potential users on the Internet. Since drug development of andarine and 

S-1 has come to a halt due to the favourable pharmacokinetic profile of ostarine, only 

ostarine has advanced to the clinical stage (Section 1.1.1). Although some compounds may 

be more relevant to clinical trials than others, they should ideally all be integrated into testing 

schemes as clinically less advanced compounds may still be abused in an attempt to 

circumvent detection, and therefore rapid and simple in vitro strategies are necessary to 

investigate their metabolism. Isolated fractions from cattle livers were characterised by 

determining their protein, P450, cytochrome b5 content, and NADPH-cytochrome c 

reductase, 7-ethoxycoumarin O-dealkylation activity, which was essential for this study to 

ensure and demonstrate the quality of the fractions with regards to enzymatic activity and 

ability to produce drug metabolites. However, for routine preparation of liver homogenates 

only the measurement of the protein concentration is required for addition of an adequate 

protein amount (generally 0.5-2 mg protein/mL, with 1 mg protein/mL used in the current 

study). Of course, other parameters can provide a measure to monitor for batch-to-batch 

variability, but their determination is not essential to the use of the fractions for the 

production of drug metabolites. The use of homogenates was shown to be effective and 

efficient, offering several advantages over microsomes and/or S9 fractions such as simple 

preparation and use, as well as a low cost in resources and time – all key attributes that could 

facilitate the adoption of homogenates as an in vitro approach into routine workflows of 

monitoring laboratories on a broad scale. One prerequisite for the preparation of 

homogenates is a supply of liver tissues from abattoirs, preferably fresh and from healthy 

animals. This could present a potential bottleneck to the routine use of homogenates to 

rapidly produce metabolites for LC-MS characterisation. However, from the experience of 

the work within this thesis abattoirs supported tissue donations for research purposes. While 

in early drug development, drug safety and efficacy testing current trends favour the use of 

advanced complex in vitro models such as 3-D cultures, organoids, and liver-on-a-chip 

platforms (Section 1.3.2) to closer mimic physiological conditions, a simpler approach such 

as homogenates was proposed to facilitate the rapid identification and selection of 
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metabolites for incorporation into LC-MS based monitoring approaches. The large number 

of potential emerging drugs of abuse necessitates not a complex in vitro approach but one 

such as the proposed liver homogenate approach that is high-throughput and can be adopted 

for use with several species and classes of drugs by multiple laboratories.  

Due to their anabolic properties, SARMs may be misused in a number of species 

including sports and food producing animals. Species differences in the metabolism of drugs 

are numerous and unpredictable (Section 1.2.3), this is of relevance to laboratories 

monitoring for drugs of abuse such as SARMs. Therefore, the phase I and phase II 

metabolites produced by incubations with liver microsomes alone (phase I) or in 

combination with S9 fractions (phase II) of several relevant species and SARM compounds 

ostarine, LGD-4033, and RAD140 were characterised by UHPLC-IM-QTOF MS analysis 

(Chapter 3). Simultaneous preparation of liver microsomes and S9 fractions from sports 

(horse), food producing (cattle, pig), and laboratory (rat) animals allowed for a direct 

comparison of their P450 content, cytochrome b5 content, NADPH-cytochrome P450 

reductase and 7-ethoxycoumarin O-dealkylation activity. As mentioned earlier this was 

found necessary to characterise and ensure the quality of the in vitro systems. Furthermore, 

significant inter-species differences with regards to these parameters were observed 

underlining the complexity of drug metabolism between species. Analysis of samples 

prepared from in vitro incubations in Chapter 3 was performed similarly to Chapter 2 with 

the optional ion mobility mode of the Agilent 6560 DT IM-QTOF mass spectrometer 

switched on. The utilisation of ion mobility as a third dimension in addition to retention time 

and m/z improved the quality of acquired spectral data by filtering out interferences that elute 

at the same time as analytes but differ in drift time. Measurement of drift times allowed for 

calculation of compound-specific CCS values to be used as additional identifiers thus 

enhancing confidence in compound identification. Additional data comes at the price of 

increased complexity and time required for data analysis. Despite great technical advances 

in IM-MS over the last decade, there are still opportunities to further improve the 

bioinformatics tools using ion mobility data, e.g. library support for Agilent’s IM-MS 

browser (similar to the transition list in Skyline daily) or a function to overlay extracted ion 

chromatograms using Skyline daily, or to develop software applications that accurately 

predict CCS and structural relationships. For routine analysis IM-MS has potential to further 

reduce false positives by implementing CCS values of drugs and metabolites thereof into 

library matching besides retention times and mass spectra.  
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Work in Chapter 3 focused on ostarine, LGD-4033, and RAD140 as key SARM 

compounds based on their availability in bulk quantities from chemical suppliers as 

analytical reference material and from web shops and reports of their abuse in human sports 

(Section 1.1.2) that may coincide with their likelihood to be misused in sport and food 

producing animals. Generally, ostarine and LGD-4033 were shown to be extensively 

metabolised whereas RAD140 was metabolically stable. Characterised in vitro metabolite 

profiles revealed similarities but also differences in metabolites produced as observed in 

comparison of the investigated species. Species-specific in vitro metabolites were observed 

in cattle, horses, and rats but not for pigs. For LGD-4033 three metabolites (formed by loss 

of pyrrolidine, subsequent hydroxylation and sulfation) that were produced by all 

investigated species were described herein for the first time and have not been reported in 

previous studies.[178–180] Although data mining approaches[162] (e.g. EIC, product ion filter, 

background subtraction, and/or control sample comparison) allow for the sensitive detection 

of metabolites, unexpected ones can still be missed, and data analysis is also dependent on 

the analyst. Besides biological variables (Section 1.2.3), metabolite identification is also 

dependent on sample preparation procedures and analytical techniques. Several minor 

metabolites that were produced by bovine liver microsomes/S9 fractions within this chapter 

(M2, M3b, M5, M6, M11, and M12) were not previously observed by work with bovine 

liver fractions performed in Chapter 2. This may be due to the increased selectivity and 

sensitivity provided for by the additional separation power of ion mobility, and/or 

differences in sample preparation procedures (protein precipitation followed by LLE in 

Chapter 2 and protein precipitation in Chapter 3). Furthermore, the in vitro generated 

metabolites using rat liver microsomes (phase I) and in combination with S9 fractions were 

compared to in vivo formed metabolites detected in rat urine samples following 

administration of ostarine, LGD-4033, or RAD140. Urine samples were collected for one 

hour on day 1 two hours after initial SARM compound administration and on day 9 after 

consecutive daily administration. Similarly to in vitro incubations RAD140 remained 

metabolically stable with only one urinary metabolite formed by hydroxylation. Ostarine and 

LGD-4033 were not only extensively modified in vitro but also in vivo with various 

metabolites characterised in rat urine. While several metabolites were produced shortly after 

administration of ostarine and LGD-4033, additional metabolites were observed in urine 

collected on day 9 following a daily dosing regimen. Animals were sacrificed at the end of 

the study to collect livers for proteomics studies in Chapters 6 and 7 and use livers of the 

non-treated control group for production of microsomes and S9 fractions subsequently used 
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in Chapter 3. Consequently, a drug excretion profile to identify long-term metabolites could 

therefore not be established. Considering the employed subcellular in vitro liver fractions 

represent a reductionist approach to the organism, organ, tissue, and cellular level using 

optimised experimental conditions, it provided a relatively good representation of actual in 

vivo formed metabolites. Only one urinary metabolite formed from RAD140 was observed, 

which was also formed in vitro. Out of 12 in vivo generated urinary metabolites of ostarine 

nine thereof were produced by rat liver microsomes/S9 fractions. Also, the majority of in 

vivo formed LGD-4033 metabolites were observed following in vitro incubations (ten out of 

13). While this shows that only a few metabolites were observed in urine for ostarine and 

LGD-4033 that were not produced in vitro, several metabolites were also generated in vitro 

from RAD140, ostarine, and LGD-4033 with their production not confirmed in vivo. 

Therefore, when implementing metabolites from in vitro studies into testing procedures it is 

recommended to keep updated with the latest literature for information on confirmation of 

their formation and any newly described metabolites in vivo in the respective species.  

To determine the distinct CYP isoenzymes involved in the formation of phase I 

metabolites of ostarine and LGD-4033, another in vitro approach centred on the incubation 

of species-specific liver microsomes (produced within Chapter 3) with ostarine or LGD-

4033 together with CYP-selective inhibitors was used to measure the decrease in metabolite 

formation (Chapter 4, CYP reaction phenotyping). SARM compounds ostarine and LGD-

4033 were chosen for this investigation as they produced several phase I metabolites as 

observed in Chapter 3. The development of a targeted MRM UHPLC-MS/MS for 

monitoring phase I metabolites of ostarine and LGD-4033 preceded the CYP reaction 

phenotyping experiments. A systematic multistep approach with full scan, precursor and 

product ion screening was used to establish a targeted method for monitoring SARM 

metabolites in MRM mode. Although this was not the primary aim of the study, it 

demonstrated how information gained from drug metabolism studies can be used for method 

development/improvement, especially considering that routine analyses are often performed 

with triple quadrupole mass spectrometers. Primary findings of the study were that bovine, 

equine, murine, and porcine CYP orthologues of human CYP2A6, CYP2B6, CYP2C8, 

CYP2C9 (only ostarine), and CYP3A4 were mainly involved in the metabolism of ostarine 

and LGD-4033. Consequently, co-administered veterinary drugs that inhibit or induce these 

CYP isoenzymes can potentially alter the metabolite profiles of ostarine and LGD-4033 

which should be taken into consideration in future by monitoring laboratories as this can 

potentially mask an intake of these SARMs.  
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With regards to CYP isoenzymes, interspecies differences were less pronounced than 

expected. However, the chemical inhibitors used are selective towards human CYP 

isoenzymes, and as such selectivity towards CYP isoenzymes in other species is not well 

understood. CYP reaction phenotyping studies are common in human drug development 

being applied to investigate at an early stage the potential individual variability in drug 

metabolism due to CYP gene polymorphisms and potential metabolism-mediated drug-drug 

interactions of new chemical entities – these are two critical issues when developing new 

therapeutic drugs. Further research is needed to fully determine, isolate, and characterise the 

CYP isoenzymes in veterinary species, and to establish the selectivity of chemical inhibitors 

used in this study towards these species-specific CYPs in order to improve upon the 

employed CYP reaction phenotyping approach herein. Future studies could follow up on this 

work by using single cDNA expressed specific CYP isoenzymes, which are more active than 

liver microsomes but were not commercially available (Section 1.3.2.5). Using a singular 

species-specific CYP and monitoring the formation of metabolites by certain CYP would 

enable to further elucidate which isoenzymes produce specific metabolites and gain an 

improved understanding of how SARMs are metabolised in different species. Ideally an 

integrated approach using both methods, chemical inhibitors and heterologously expressed 

individual recombinant CYP, would be used to gain confidence in the results considering 

the limitations of each method.  

To expand on the liver-based in vitro tools employed in this thesis, the metabolism of 

SARM compounds ostarine, LGD-4033, and RAD140 by multiple equine tissue microsomal 

and S9 fractions was investigated in an effort to better mimic actual in vivo metabolism 

(Chapter 5). In addition to liver, metabolism of SARM compounds by other relevant 

metabolic tissues, namely kidneys, lungs, and small intestine, was investigated. Compared 

to in vivo models, in vitro tools provide for the opportunity to independently study tissues 

and investigate the extent to which they metabolise drugs. Analysis of in vitro samples from 

incubations of equine liver, lung, kidney, or small intestinal microsomes alone (phase I) and 

in combination with S9 fractions (phase II) was performed on an UHPLC-QTOF MS system 

in auto MS/MS mode with a list of preferred ions and collision energy switching (0 V and 

20 V). Compared to the data-independent acquisition (“pseudo MS/MS” mode, all-ion 

fragmentation) used in Chapter 2 and 3 that fragments all ions leading to spectra that may 

contain fragments from co-eluting components, this data-dependent acquisition mode 

provided additional selectivity in recording MS/MS spectra by using a predefined list of 

expected metabolites. However, several metabolites described in Chapter 3 (ostarine M3c, 
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M6, and M12, LGD-4033 M7) could not be detected either due to differences in the 

acquisition mode or sample preparation (protein precipitation followed by LLE and SPE for 

the aqueous phase in Chapter 5 and protein precipitation in Chapter 3).This work 

demonstrated that whilst extrahepatic pathways can potentially contribute to the metabolism 

of SARM compounds, no additional metabolites were produced by extrahepatic tissues, and 

liver-based in vitro technologies can be considered sufficient for preliminary prediction of 

drug metabolism.  

Substance abuse of SARM compounds is not only a threat to sports and food integrity 

but also a public health risk through intentional (e.g. doping) or unintentional, unknowing 

(e.g. contamination or undeclared ingredient in dietary supplements, potential dietary-related 

contamination of animal products) exposure. In order to elucidate physiological effects of 

SARM compound use, the hepatic response to ostarine, LGD-4033, and RAD140 was 

investigated in terms of protein profiles using 2-DIGE and MALDI-TOF (Chapters 6 and 

7) approach. Following SARM compound administration to rats at a sub-toxic dose (3 mg/kg 

body weight) for 17 days mimicking a therapeutic dosing regimen (Section 1.1.1), 

differential analysis of liver lysates revealed that treatments altered levels of six protein spots 

following LGD-4033 exposure, four protein spots following RAD140, and one following 

ostarine administration (Chapter 6). Following Coomassie staining of gels, trypsin digestion 

of excised spots, MALDI-TOF analysis, and PMF six out of these 11 spots were identified 

corresponding to five unique proteins. Levels of three proteins (PON3, GAPDH, and 

AKR1C14) that play a role in metabolism were decreased and one protein (NAPA) with 

functions in vesicle-mediated transport was increased in response to LGD-4033 

administrations. Relative levels of P4HB which is involved in several biological pathways 

including the ER stress response were increased upon RAD140 treatment. 

Crude tissue lysates can underestimate low abundance changes and subsequently, to 

facilitate investigation of more subtle changes in the protein expression profiles organelle-

specific proteins were enriched by subcellular fractionation (Chapter 7). Comparative 

analysis revealed that a total of 112 protein spot levels were altered following treatment with 

SARM compounds ostarine, LGD-4033, and RAD140. While protein levels of 12 spots were 

found to be altered in response to all SARM compounds, ostarine, LGD-4033, and RAD140 

were each observed to exert distinct effects as shown by their uniquely altered liver protein 

profiles. Ostarine uniquely altered abundances in 18 spots (five decreased, 13 increased), 

LGD-4033 in 35 spots (five decreased, 30 increased), and RAD140 in 24 spots (six 

decreased, 18 increased). Eight spots had significantly altered relative levels by both ostarine 
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and RAD140 treatment (four decreased, four increased), seven by both ostarine and LGD-

4033 (one decreased, six increased), and eight by both LGD-4033 and RAD140 (five 

decreased, three increased). The results show that subcellular fractionation greatly enhanced 

the detection of low-level protein abundance changes in comparison to the whole tissue 

approach (a total of 11 versus 112 protein spots). One problem with subfractionation is the 

cross-contamination of organelles by other organelles or organelle disruption.[575] Measures 

such as careful homogenisation and fractionation at cool temperatures were followed to keep 

cross-contamination to a minimum. Organelle assignment is further complicated by the fact 

that proteins can have single or multi-organelle distribution within cells or translocate 

between cellular compartments.[577] Another problem with subfractionation was that four 

samples (nuclei, mitochondria, microsomes, cytosol) were obtained from one (liver 

homogenate). Therefore, liver samples (n = 8 per group) were pooled prior to fractionation 

taking biological variation into account and samples were then analysed in duplicate 

(technical replicate).[578,579] 

Functional analysis of identified proteins from Chapter 7 highlighted several shared 

overrepresented pathways in response to treatment with investigated SARM compounds. 

Proteins with altered abundances following SARM treatment were principally associated 

with various metabolic processes including amino acid, energy, and carbohydrate 

metabolism. Levels of several proteins involved in protein processing within the ER were 

elevated, potentially pointing towards a stress response. The fundamental effects of a drug 

are reflected at the cellular level and proteomics was used to measure the effects of SARMs 

on functional protein levels as a product of translation. It has been observed that SARMs 

exhibit dose-dependent effects[559] and therefore, higher doses and/or a longer treatment 

period with SARMs merit further investigations. Future research into the molecular effects 

of SARM compounds using complimentary omics such as metabolomics (e.g. MS, NMR) 

or genomics (e.g. DNA sequencing, genotyping) approaches can help to identify down- and 

up-stream signalling processes and causality in conjunction with the proteomics data 

presented herein to provide a high-level systems biology perspective for affected complex 

and dynamic interactions. Additionally, by the development and use of novel bioinformatics 

approaches (e.g. deep learning and artificial intelligence) to mine various data sets, further 

biological meaning and interactions may be derived from the herein presented differential 

protein profiles.  

The employed 2-D gel electrophoresis approaches in Chapters 6 and 7 for comparative 

protein analysis and protein identification provided adequate protein separation and 
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resolution by pI and MW.[580] Horizontal streaking mainly in the basic region of the gels was 

observed which could be due to the electroendoosmotic flow of water from the cathode to 

the anode, poor solubility of proteins, and/or contaminants such as nucleic acids. Some 

highly abundant proteins showed vertical streaking due to protein overload. Intrinsic 

limitations such as poor solubility and transition into IPG strips or SDS-PAGE gels of 

hydrophobic proteins could be partly overcome in future studies by LC-MS approaches. Five 

protein spots in Chapter 6 and 22 protein spots in Chapter 7 could not be identified by 

MALDI-TOF analysis which is probably due to an insufficient protein quantity or trypsin 

digestion. It could also be that the protein sequence for these proteins has not yet been 

registered in a reference database.  

Described approaches and observations in this thesis inform about the in vitro and in vivo 

formed metabolites of key SARM compounds that could advance analytical methods in the 

control and monitoring of illegal SARM use enforcing regulations and maintaining high 

standards for animal welfare, sports and food integrity with the accurate prediction and 

detection of metabolites a prerequisite to confirm that a drug has been administered. The 

thesis focused on a selected range of key SARM compounds including S-1, andarine, and 

ostarine in Chapter 2 and ostarine, LGD-4033, and RAD140 in Chapters 3-7. Many more 

SARM compounds such as SARM 2-f and GSK2881078 (Section 1.1.1) are emerging as 

potential drugs of abuse. Therefore, the use of liver homogenates (Chapter 2) provides a 

rapid, cheap, and easy alternative approach to study the in vitro fate of novel emerging 

SARMs and thereby continuously improve upon control analyses to meet these new 

challenges. Testing for misuse of SARMs is relevant in a number of species and it has been 

shown that the metabolism of SARMs should be studied on a species-by-species basis due 

to interspecies differences in SARM metabolism (Chapter 3). Although in vivo SARM 

administration studies are favourable to study formed metabolites (Chapter 3), it is unlikely 

that all emerging SARMs will be administered to all relevant species to study their 

metabolism making the presented in vitro approaches such as use of liver homogenates 

(Chapter 2), microsomes, and S9 fractions (Chapters 3-5) indispensable tools to predict 

SARM compound metabolism. Besides the lack of authentic post-administration samples, 

unavailability of reference standards for metabolites is a bottleneck in drug metabolism 

research. Therefore, the position of functional groups, e.g. hydroxy or sulfate group, could 

not be fully assigned by LC-MS analyses as metabolic formation of several regioisomers is 

possible. Besides chemical synthesis and the use of C. elegans, future research could 

investigate the use of liver homogenates as means to produce sufficient amounts of 
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metabolites for purification by preparative HPLC followed by structural elucidation using 

NMR and/or infrared (IR) spectroscopy. UHPLC-HR-MS and UHPLC-MS/MS techniques 

allowed for efficient separation and detection of SARM metabolites and it is envisaged that 

recent developments in LC-MS such as miniaturized systems will allow for on-site drug 

testing using mobile laboratories in future. Comparative proteomic profiling of hepatic 

responses following administration of ostarine, LGD-4033, and RAD140 provided insights 

into the effects of SARMs at a molecular level thus providing a better understanding of the 

complex physiological effects of SARMs in vivo. Future studies measuring specific 

oxidative stress biomarkers, e.g. glutathione, malondialdehyde, and protein carbonyl content 

in liver and using high-content analysis to monitor morphological changes of hepatocytes 

upon addition of SARMs are needed to further evaluate if SARMs cause oxidative stress. 

This thesis has identified in vitro and in vivo metabolites of key SARM compounds in 

relevant species that can be used to advance metabolite-based forensic testing and provided 

a better understanding of the in vivo effects of key SARM compounds in liver as a key 

metabolic tissue using a proteomics approach.  
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